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Resumen

L
A magnetorresistencia (MR) es una propiedad física que exhiben numerosos

materiales. Consiste en la variación de la resistencia eléctrica del material

bajo la aplicación de un campo magnético.

En los pasados años, se ha informado de varios materiales que mostraban una muy

fuerte MR, especialmente cerca de la temperatura de transición magnética. Debido

a los altos valores de la MR, este comportamiento ha sido bautizado con el nombre

de magnetorresistencia "colosal" (CMR, del inglés "Colossal MagnetoResistance").

Esto les hace muy interesantes para detectar campos magnéticos, especialmente en la

industria del almacenamiento magnético de información, y en otros diferentes tipos de

sensores.

En 1996, se descubrió que el Tl�Mn�O� presentaba CMR. Debido a la dificultad in-

herente a su síntesis a altas presiones, se han realizado pocos estudios de este material.

Algunos modelos teóricos han pretendido establecer el origen de la MR. Pero la falta

de datos publicados sobre compuestos derivados no ha permitido dar una respuesta

definitiva a este interesante problema.

En el presente estudio hemos preparado y caracterizado cinco nuevas familias de piro-

cloros derivados del Tl�Mn�O�, sustituyendo bien en posiciones Tl�	, bien en posi-

ciones Mn�	, con cationes iso- o aliovalentes: Bi�	 y Cd�	 para sustituciones de Tl;

Ti�	, Sb
	 y Te�	 para el Mn.

Se ha recogido un conjunto de datos muy completo, para la caracterización: desde

estudios estructurales (difración de Rayos-X y de neutrones en polvos) hasta datos de

calor específico, pasando por medidas de transporte y magnetotransporte (incluyendo

datos de efecto Hall).

Se ha realizado un análisis exhaustivo de los datos. Con él se ha explicado, a la luz de

los modelos existentes, el comportamiento de cada familia individual. Se incluye tam-

bién un estudio estructural y de transporte bajo condiciones de alta presión. Además,

se comparan los datos de todas las familias, permitiéndonos evaluar la bondad de los
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modelos propuestos más relevantes.

Mediante el presente estudio se ha establecido cuál es el mecanismo responsable del

comportamiento magnetorresistivo mostrado por el sistema, se ha encontrado y discu-

tido en detalle la naturaleza de las interacciones magnéticas presentes en el sistema,

así como su relación con las propiedades de transporte.



Conclusiones

� Hemos demostrado que el pirocloro Tl�Mn�O�, y cinco series diferentes de

nuevos compuestos, sustituidos en las subredes de Tl o de Mn, pueden prepararse

a la moderada presión de 2 GPa. El trabajar a esas presiones hace posible

obtener una cantidad de muestra suficiente para poder caracterizar a fondo las

propiedades físicas de los diferentes materiales.

� Los compuestos fueron caracterizados mediante difracción de Rayos-X, difrac-

ción de neutrones (también a altas presiones); medidas magnéticas, de transporte

(también bajo presión) y magnetotransporte (incluidas medidas de efecto Hall y

de calor específico), tanto en materiales cerámicos como en polvos compacta-

dos. En particular, las nuevas familias de pirocloros de Talio-Manganeso estudi-

adas fueron: Tl�Mn�O�, Tl���Bi�Mn�O� (x � 0.2), Tl���Cd�Mn�O� (x � 0.5),

Tl�Mn���Ti�O� (x � 0.4), Tl�Mn���Sb�O� (x � 0.5) y Tl�Mn���Te�O� (x �

0.2).

� Todos los compuestos son ferromagnéticos, con temperaturas de transición (TC)

en el rango de 80 a 190 K. El momento de saturación a baja temperatura es cerca

de 2.5 magnetones de Bohr por átomo de Mn. Para la familia con sustitución

con Bi, a bajas temperaturas aparece una fase de vidrio de espín.

� Todos los compuestos son "half-metals", solamente con electrones de la banda

minoritaria contribuyendo al transporte.

� Ha sido hallada una fuerte correlación tanto de las propiedades magnéticas como

de las de transporte con el número de portadores.

� Hay dos interacciones magnéticas actuando en el sistema, como fue propuesto

por Núñez-Regueiro y Lacroix: un ’súper-intercambio’, vía caminos Mn–O–Mn

y un ’intercambio indirecto’, producido por la hibridación de las banda Mn(��)

con la banda de Tl–O’.
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� Mediante las diferentes substituciones químicas se ha sido capaz de variar el

número de portadores en tres órdenes de magnitud. Se ha aumentado el número

de portadores para las muestras sustituidas con Ti, Sb y Te; y se ha reducido para

el caso de Bi y Cd.

� La principal contribución a la dispersión de portadores tiene origen magnético.

Es muy pronunciada justo por encima de TC, debido a fluctuaciones de espín,

produciendo un salto en la resistividad (transición ’metal-aislante’).

� Se ha encontrado un descenso en la resistividad cuando se aplica un campo mag-

nético. Este efecto, especialmente pronunciado justo por encima de la transición

magnética, es conocido como magnetorresistencia. Se debe a la supresión de las

fluctuaciones de espín cuando se aplica el campo.

� Hemos encontrado valores extraordinariamente grandes de la razón de magne-

torresistencia para algunas de las familias (sustituciones con Bi y Cd). En con-

creto, para el Tl���Cd���Mn�O� la razón de magnetorresistencia a 9 Teslas es

mayor que 10� % a 115 – 134 K. Que sepamos, es la mayor razón de magnetor-

resistencia que haya sido publicada.

� Justo por encima de TC aparecen polarones magnéticos en el sistema, que con-

tribuyen al transporte mediante saltos a posiciones vecinas. Este mecanismo es

activado térmicamente.

� En la mayoría de las familias se produce un súbito incremento en la resistividad

a baja temperatura, debido a un proceso de bloqueo de Coulomb, por la carga de

las partículas.

� Para temperaturas por encima de 1.2TC la magnetorresistencia es proporcional

al cuadrado de la imanación normalizada:���� � �������
�, independiente-

mente de la temperatura. El factor de proporcionalidadC escala con el inverso

del número de portadores:� � ���. Esta expresión difiere ligeramente del

modelo teórico de Majumdar y Littlewood, que predice� � �����. La diferen-

cia se debe a los bajos valores del producto�� �.

� La resistividad de las muestras cerámicas viene determinada en gran parte por

los contactos entre partículas. Sin embargo, es posible que las dependencias con

la temperatura y el campo reflejen el comportamiento intrínseco, volumétrico
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del material en el caso de que la resistencia de la muestra no sea más que unos

dos órdenes de magnitud mayor que la resistencia intrínseca. En muestras más

resistivas la magnetorresistencia viene dominada por los contactos entre partícu-

las.

� Se ha encontrado una magnetorresistencia que varía como H� para las mues-

tras de polvos prensados de Tl�Mn�O�, tanto por encima como por debajo de

TC. Esto último no se había publicado que ocurriera en ninguna otra mues-

tra de polvos compactados de ningún "half-metal". Es atribuido a la naturaleza

semimetálica del Tl�Mn�O�, que produce una capa superficial semiconductora,

con deflexión electrónica, con el momento del espín del Mn�	 máximo. La

variación cuadrática se explica —fenomenológicamente— en términos de la

magnetización de una región no alineada en la superficie de la partícula, con

salto o "tunnelling" de electrones a través de las intercaras.
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«He was the sort of painter who can paint leaves better than trees. He used to spend a long

time on a single leaf, trying to catch its shape, and its sheen, and the glistening of dewdrops on

its edges. Yet he wanted to paint a whole tree, with all of its leaves in the same style, and all of

them different.

There was one picture in particular which bothered him. It had begun with a leaf caught in

the wind, and it became a tree; and the tree grew, sending out innumerable branches, and

thrusting out the most fantastic roots. Strange birds came and settled on the twigs and have

to be attended too. Then, all round the Tree, and behind it, through the gaps in the leaves and

boughs, a country began to open out; and there were glimpses of a forest marching over the

land, and of mountains tipped with snow...»

J. R. R. Tolkien

Leaf, by Niggle





Abstract

M
AGNETORESISTANCE(MR) is a physical property exhibited by many ma-

terials. It consists of the variation of the electrical resistivity of the ma-

terial upon the application of a magnetic field.

In the past few years, some magnetic materials have been reported to exhibit a very

strong MR, specially in the vicinity of the magnetic transition temperature. Due to

the high values of the MR, the behaviour is known as "colossal" magnetoresistance

(CMR). This makes them very interesting for magnetic field sensoring, specially in

the magnetic information storage industry and in other different types of sensors.

In 1996, Tl�Mn�O� was reported to posses CMR. Due to the difficulty inherent to

its high-pressure synthesis, few studies have been carried out in this material. Some

theoretical models claim to establish the origin for the MR. But the lack of reported

data on related compounds did not allow a definite answer to this interesting problem.

In the present study we have prepared and characterized 5 new families of Tl�Mn�O�-

related pyrochlores, substituting either at Tl�	 or at Mn�	 sites with iso-, as well as

alio-valent cations: Bi�	 and Cd�	 for Tl-substitutions; Ti�	, Sb
	 and Te�	 for Mn.

A very complete set of data were collected for the characterization; from structural

studies (X-Rays and neutron powder diffraction) to specific-heat data; going through

transport and magnetotransport measurements (including Hall-effect data).

A thorough analysis of the data was performed. The behaviour of each individual

family was explained, in the light of the existing models. A structural and transport

study under high-pressure conditions is included. We also give a comparison of the

data for all the families, allowing us to evaluate the goodness of the most relevant

proposed models.

By the present study, the mechanism responsible for the MR behaviour exhibited by the

system is established; the nature of the magnetic interactions present in the system was

unravelled and discussed in detail; as well as the relation to the transport properties.
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Chapter 1

Introduction

1.1 The materials century

T
HE cliché "we live in a material world" seems so true. Even a cursory

cataloguing of materials around us adds up to an impressive list. There

are so many to choose from —and almost all of them new— that we now

enjoy the luxury of choice, a privilege denied to our ancestors. We have

just finished a century clearly marked by the scientific development. In the 20th cen-

tury more materials have come into being than in all past centuries combined. Michael

Ashby (Ashby, 1987), in one of his schematic diagrams, elegantly depicts the road

travelled: from stones, flints, and pottery to tough engineering ceramics; from wood,

skins, and fibers to polymers and plastics; from alluvial gold and copper to compound

semiconductors. The list is truly grand.

History signposts periods of human achievement by the materials that made them pos-

sible (Arunachalam, 2000):Neolithic, to remind us of artisans who molded clay to

pottery; andChalcolithic, when metals were smelted and shaped. The Bronze Age.

The Iron Age. And thus the list goes on. What materials should represent last century?

The sheer number of possibilities and lack of a historical distance make this a difficult

choice. The spectacular growth of materials science and technology in last century has

made its impact on materials development.

Last century has seen an incredible change in developed society: it is the information

revolution, based on radio, television, telecommunications of many kinds, computers

everywhere, the Internet, intelligent monitoring and control systems, and a host of

other services (Cottrell, 2000). One materials development has made all this possible:

the silicon chip. The triumphal outcome of the second half-century’s intense research

1



2 Chapter 1. Introduction

and development of semiconductors is that silicon chips are now made in millions and

are the heart of all these information systems.

Second only to the silicon chip in shaping modern society is the revolution in plastics,

polymers, and synthetic fabrics, the familiar products of which surround us every-

where. A century ago there was only celluloid. Now numerous such materials are in

everyday domestic use, with an inexhaustible variety of different applications in an

incredible range of forms.

Another prominent development has been the introduction of aluminium, both for sim-

ple but ubiquitous domestic utensils and, in a much more demanding role, for aircraft

structures, which has made the era of cheap mass air transport possible.

Less spectacular, but perhaps even more important, has been the massive production

and widespread use of structural steel, again, as in the case of aluminium, a fruit of

cheap production on a truly heroic scale. In fact, steel remains to this day the cheapest

way of buying sheer tensile strength.

Parallel to this important "applications" development, the century just finished has

carried out an important development in the knowledge of the world we live in

(Sánchez Ron, 2000). Many of this applications have been possible due to theoret-

ical discoveries. But also a big number of applications have oriented scientist to new

theories. Such is the case of the laser, discovered by Charles Townes in 1958, which

triggered the research in coherent light.

1.2 The Magnetoresistive Effect

Together with the development of the silicon chip, many discoveries have allow the

revolution of the information technology. One of these discoveries has been the mag-

netoresistive effect. This effect is the variation of the resistivity of a material in the

presence of a magnetic field. Such effect has been known from a long time ago, spe-

cially in metals: the phenomenon was first discovered in the ferromagnetic metals iron

and nickel by Kelvin (Lord Kelvin, 1884), who found in these materials an increase in

resistance for a magnetic field parallel to the current and a decrease for magnetic field

perpendicular to current. But this effect is a second order one in metals, so it is very

small (Marton, 1959).
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1.2.1 Giant Magnetoresistance

It was not until the development of the thin films growth that the effect was of a re-

newed interest. It was discovered that a multilayer configuration exhibits a "gigantic"

magnetoresistive effect. So this effect, in such magnitude was called Giant Magne-

toresistance (GMR). After this discovery, many multilayered systems were found to

exhibit GMR.

A multilayer is a structure that consists of several thin layers. The most common

situation is when there is a set of layers of alternate metallic materials, a magnetic one

and a non-magnetic one (Fig. 1.1). Examples of such structures are Fe/Cr, Ag/Ni,

etc. There is a magnetic interaction between the magnetic layers, mediated by the non-

magnetic separator. That interaction has been demonstrated to alternate in sign as the

spacer layer thickness increases (Parkinet al., 1990). Therefore, for certain thicknesses

of the non-magnetic layer there is an antiferromagnetic (antiferromagnetic) interaction

between magnetic layers. When a current is applied between the extremes of such a

configuration, the electrons find an extra resistance at the magnetic interfaces. This

is due to the fact that the up- (down-) spin electrons are scattered by the magnetic

down (up) moments of the magnetic layers. When one applies a magnetic field such

as to ferromagnetically align the multilayers (for example, along the up direction),

the down-spin electrons will be scattered, but the up-spin ones will not, and will pass

through the multilayer finding a very low resistance (both materials are metals) (Fig.

1.1).

This effect in multilayers was widely used for magnetic sensoring, specially in mag-

netic information storage devices, as reading heads. A known current passes through

a trilayer arrangement (Fig 1.2). This reading head is approached to the magnetic sub-

strate, and depending on the sign of the magnetic field created by the magnetic domain,

the voltage drop across the trilayer is substantially changed, and the sign obtained.

1.2.2 Colossal Magnetoresistance

But some years later, another discovery attracted the scientists attention. It was the

large magnetoresistance found by von Helmholtet al. (von Helmholtet al., 1993)

and Chaharaet al. (Chaharaet al., 1993) in high-quality thin films in mixed-valence

manganites, near the Curie temperature, in the 1990s.

Mixed-valence manganites with the perovskite structure have been studied for almost
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R R

r rr R

R r

H=0 H

Figure 1.1:Schematic representation of the GMR in a multilayer: when the magnetization
of alternate magnetic layers is antiferromagnetically aligned, the scattering of both electron
channels (up and down spin) is high, because both channels will find some layers with magne-
tization with opposite sign than that of the spin. But, when a magnetic field is applied, all the
magnetic layers will be ferromagnetically aligned, and one of the channels will have the spin
parallel to the magnetization, suffering a very low scattering (see text for more details).
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I
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magnetization
layer
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magnetization
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Figure 1.2:Example of a magnetic reading head consisting of a trilayer. One of the magnetic
layers (the darkest one) has a fixed magnetization. The other magnetic one (the light gray
one) has a reversible magnetization. When passing over a right (left) magnetized domain, the
variable magnetization layer will be magnetized to the right (left), so (anti-)parallel to the fixed
magnetization layer. Therefore, for a fixed potential applied to the device, the current passing
through it will be higher (lower) than in the other case.
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Figure 1.3:Schematic diagram of the double-exchange mechanism. The two states Mn�	–
Mn�	 and Mn�	–Mn�	 are degenerate if the manganese spins are parallel.

60 years. The system offers a degree of chemical flexibility which permits the relation

between the oxides’ structure, electronic and magnetic properties to be examined in a

systematic way.

The broad features of the mixed-valence manganese perovskites were described for

polycrystalline ceramic samples by Jonker and von Santen working at Philips in the

late 1940s. They discussed the preparation, crystal structure and magnetic properties

of the (La���Ca�)MnO� series, and gave a short account of the electrical resistivity

(Jonker and von Santen, 1950;?; Jonker, 1956).

The mixed-valence oxides can be regarded as solid solutions between

end members, such as LaMnO� and CaMnO�, with formal valence states

La�	Mn�	O��
� and Ca�	Mn�	O��

� , leading to mixed-valence compounds such

as (La�	���Ca�	� )(Mn�	
���Mn�	

� )O� (Coey and Viret, 1999). The nominal electronic

configurations of Mn�	 and Mn�	 are 3d� and 3d� respectively. The ideal cubic

structure is distorted by cation size mismatch and theJahn-Teller effect. This effect is

due to the fact that a distortion of the oxygen octahedron surrounding the B site cation

splits the energy levels of a 3d ion such as Mn�	, thus lowering the energy (Elfimov

et al., 1999).

The main effects of the various substitutions are to vary the number of electrons in

the 3d band and to alter the interatomic distances and bond angles. There are three

main regions in the magnetic phase diagram. For small amounts of Mn�	 (low x)

the compounds have essentially antiferromagnetic properties. Forx around 0.3, they

become ferromagnetic. But forx > 0.5, they revert to antiferromagnetic behaviour.
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1.2.3 Double Exchange

Zener offered an explanation of this behaviour in 1951 in terms of his theory of in-

direct magnetic exchange between 3d atoms (Zenner, 1951b). He considered that the

intra-atomic Hund rule exchange was strong and that the carriers do not change their

spin orientation when hopping from one ion to the next, so they can only hop if the

spins of the two ions are parallel. The theory was applied to manganese perovskites

(Zenner, 1951a) with the aim of explaining the strong correlation between conductivity

and ferromagnetism, and the value of the zero-temperature saturation magnetization,

which corresponds to the sum of all the unpaired electron spins. He considered the

problem of exchange between Mn�	 and Mn�	 ions via an oxygen ion and introduced

the concept of simultaneous transfer of an electron from the Mn�	 to the oxygen and

from the oxygen to the neighbouring Mn�	 (Fig. 1.3). Such a transfer was called

double exchange. In the case of magnetic atoms, the configurations Mn�	–O��–Mn�	

and Mn�	–O��–Mn�	 are degenerate if the spins of the twod shells are parallel, and

the lowest energy of the system at low temperature corresponds to parallel alignment

of the spins of the two adjacent cations. Therefore, double-exchange is always ferro-

magnetic. If the manganese spins are not parallel or if the Mn–O–Mn bond is bent,

the electron transfer becomes more difficult and the mobility decreases. It follows that

there is a direct connection between conductivity and ferromagnetism.

The magnetoresistive effect found for that thin-film manganites was very large and,

as the mechanism for the magnetoresistance was very different from that of GMR in

multilayers, it was called with another name: Colossal Magnetoresistance (CMR).

Anderson and Hasegawa generalized the double-exchange mechanism (Anderson and

Hasegawa, 1955) by considering interactions between a pair of magnetic ions with

general spin directions. They calculated the transfer integralt to be:

	 � 	� ���

�



�

�
(1.1)

wheret� is the normal transfer integral which depends on the spatial wavefunctions,

and the term cos(
/2) is due to the spin wavefunction;
 is the angle between the two

spin directions. They also considered the problem of the high-temperature paramag-

netic state of the manganites where the exchange energy will be much larger than the

transfer integral. They predicted that the susceptibility� should be Curie-like, with

1/� intercepting the axis at zero. This contradicted the experimental results, showing



8 Chapter 1. Introduction

Curie-Weiss behaviour. This point was corrected by deGennes who pointed out (de-

Gennes, 1960) that the prediction is erroneous when the carrier bandwidth is large with

respect to��� . Double-exchange therefore leads to normal Curie-Weiss behaviour.

DeGennes studied the case of low doping of the end member LaMnO� in more detail

(deGennes, 1960) and showed in general that mobile electrons in an antiferromagnetic

lattice produce some canting of the spin arrangement. Taking as a starting point the

well established A-type planar antiferromagnetic order and a transfer (hopping) in-

tegral depending on the angle between two neighbouring spins varying as cos(
/2),

deGennes found that the stable magnetic configuration at low doping should be an AB

canted state. He calculated the fixed angles between the magnetization of adjacent

planes to be proportional to the carrier concentrationx. Although this conclusion has

been questioned recently, he successfully explained the values of the saturation magne-

tization and the non-zero magnetic susceptibility at high fields. And a canted structure

was in accord with the neutron diffraction data. DeGennes also considered the case

when the carriers were not completely mobile but localized in the vicinity of a divalent

A-site ion. The bound hole interacting with spins on the eight B sites neighbouring

the impurity produces a local ferromagnetic distortion of the spin system. This is the

concept of the boundmagnetic polaron.

Double-exchange, and magnetic polarons, together with charge/orbital ordering insta-

bilities, as well as their strong coupling with the lattice deformation, give account of

the CMR effect in perovskites (Tokura and Tomioka, 1999; Rao and Cheetham, 1997).

1.3 Colossal Magnetoresistance in Tl�Mn �O	

1.3.1 First Reports on the Compound

The first study on the pyrochlore Tl�Mn�O� was reported by Fujinakaet al. in 1979

(Fujinakaet al., 1979). In 1989 Troyanchuket al. performed a systematic study on

magnetization in the temperature range from 1.8 to 300 K in magnetic fields up to�
�
��� A/m (3.3 Tesla) of a series of pyrochlores, Tl�Mn�O� among them (Troyanchuk

et al., 1989). They found a magnetic moment for Tl�Mn�O� of 4.8�� per formula unit.

They proposed that in the compounds with A = In�	 and Tl�	, with vacant 5p and 6p

shells, in addition to the Mn�	–O–Mn�	 exchange, the Mn–O–A–O–Mn exchange

could be very important for the high TC found as compared with the other manganese
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pyrochlores.

Another study on the compound was reported by Krinchiket al., in which they mea-

sured the equatorial Kerr effect (Krinchiket al., 1990).

Raju et al. studied magnetic, electrical and small-angle neutron-scattering (SANS)

of the pyrochlores Tl�Mn�O� and In�Mn�O� (Raju et al., 1994), finding that both

had been found to show identical magnetic properties but very different electronic

properties. Both present a ferromagnetic behaviour, with TC of about 121 K. For

Tl�Mn�O�, the Curie-Weiss temperature found was 155 K, indicating a strong fer-

romagnetic exchange; and an effective paramagnetic moment�eff of 3.96(3)���Mn,

a bit greater than the value expected for a free Mn�	 ion. The saturation magnetic

moment was 3.16(2)���Mn, reached for applied fields above 0.8 tesla. They sug-

gest a possible oxygen deficiency Tl�Mn�O���, with a corresponding mixing of va-

lences Mn�	/Mn�	: Tl�	� (Mn�	
������Mn�	

�� )O���. The resistivity versus temperature

data showed different behaviour from sample to sample, what could be explained with

a different number of vacancies. The double-exchange could also explain the tem-

perature variation of the resistivity. By means of a SANS study they also found a

long-range ferromagnetic order, suggesting that antiferromagnetic exchange interac-

tions between Mn moments are either absent or extremely weak compared to ferro-

magnetic ones.

1.3.2 Magnetoresistance in Tl�Mn �O�

In 1996, the interest in the study of the Tl�Mn�O� pyrochlore was awaken. In that

year, Shimakawaet al. reported CMR in that pyrochlore (Shimakawaet al., 1996).

It was the first time CMR was ever reported in manganese oxides without mixed-

valence perovskite structure. They prepared powder samples by solid-state reaction,

at a pressure of 2.5 GPa and a temperature of 1020 K for 30 min. The cubic lattice

constant they found by X-ray diffraction (XRD) data was 9.8966(4) Å.

The temperature dependence of the magnetic moment they measured was that of a

ferromagnetic material (Fig. 1.4). The TC reported was 142 K and the paramagnetic

Curie temperature (
�) obtained from the Curie-Weiss plot was 164 K. The value for

the saturated magnetic moment at 5 K was 2.59�� per Mn ion.

For the dependence of the resistivity with temperature and the magnetic field, see

the right-hand axis of Fig. 1.4. They found a metallic behaviour for high tempera-

ture, with a peak about TC, together with a one order of magnitude drop below TC.
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Figure 1.4:Temperature dependence of the magnetic moment measured by Shimakawaet al.,
with an applied magnetic field of 0.5 T. The temperature dependence of resistivity they found
at 0, 2, and 5 T is also shown in the right-hand axis. (After (Shimakawaet al., 1996)).

When a magnetic field was applied, the resistivity also dropped. The sharp decrease

in resistivity was in accordance with the development of spontaneous magnetization.

That is, the metal-insulator transition develops at the same temperature range that the

ferromagnetic-paramagnetic transition occurs. This fact —they asserted— suggests

that the electron transfer is closely related to local spin alignment similar to the case

with the hole-doped perovskite manganese oxides. They discovered no differences in

MR effects for longitudinal (currentI parallel to applied magnetic fieldH) and trans-

verse (I perpendicular toH) configurations.

The MR ratio reported was of -86% at 135 K and 7 tesla. They remarked the fact that

although both perovskite and pyrochlore manganese oxide structures consist of vertex-

sharing MnO� octahedra, these structures have different networks. In a pyrochlore

structure, the MnO� octahedra form a three-dimensional array that has the composition

MnO� or Mn�O�, with a Mn–O–Mn bond angle of� 130	. A perovskite structure, in

contrast, has a simple cubic network of MnO� with a nearly 180	 bond angle.

By means of Hall effect measurements, they found that the predominant conduction

carriers were electrons, with a carrier density of 0.001–0.005 conduction electrons per
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formula unit. They suggested a possible explanation for the origin of those electron

carriers. They proposed that the electrons could be related to oxygen-deficiency, that

is, a formula Tl�Mn�O��Æ. As it can be seen in Section 2.4, many atoms at an 8a site

can be released from the structure. A very small amount of oxygen vacancies could

produce a sufficient number of conduction electrons in the system.

Besides, they realized that in the small-magnetization region (M�M�) above TC, the

MR magnitude obeys the scaling function������
 � ���������
�. They obtained

a value for the coupling constant��� �15.

They proposed a possible explanation of the ferromagnetic interactions. Because the

conduction carriers were so small in the pyrochlore, they did not know if double ex-

change would be the only mechanism responsible for the CMR. They considered that

some manganese pyrochlore insulators such as Y�Mn�O� and Lu�Mn�O� had showed

ferromagnetism at low temperatures (Subramanianet al., 1988). They proposed that

a ferromagnetic interaction via a superexchange-type interaction may also occur in

Tl�Mn�O�.

In the same year, Cheonget al. reported colossal magnetoresistance effect in the family

Tl���In�Mn�O� (0 � x � 2) (Cheonget al., 1996). The ferromagnetic transition for

the Tl�Mn�O� was�122 K (Fig. 1.5). The values of the resistivity were lower than

that of references (Fujinakaet al., 1979; Rajuet al., 1994), indicating a high quality

specimen. They found an initial decrease of the MR ration upon doping, while forx >

0.5 the MR is greatly enhanced (Fig. 1.6). The similitude of the magnetic properties

of the end compounds Tl�Mn�O� and In�Mn�O� contrasts with the difference in the

electronic behaviours. This led the authors to think the double-exchange coupling very

difficult to explain the results.

Also in that year, Subramanianet al. published a paper reporting a negative CMR

of 60% at TC (142 K) and 8 tesla in the pyrochlore Tl�Mn�O� (Subramanianet al.,

1996). They found no Mn�	/Mn�	 mixed valence, by XRD data: the Mn–O distance

obtained (1.90 Å) was the expected one on the basis of the ionic radii sum of Mn�	

and O��. A considerably longer distance would have been expected if there were

large amounts of Mn�	 substituting for Mn�	 in Tl�Mn�O�: in the La���A�	
� MnO�

perovskites, with mixed Mn�	/Mn�	 valence, the Mn–O distances range from 1.94

to 2.00 Å. Nevertheless, the lattice constant�� was unexpectedly large (9.890(1) Å).

But this, together with the metallic conductivity of the sample, was explained by the

overlap of the Tl 6s band with the Mn 3d band. Similar results had been reported
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Figure 1.5:Upper: The temperature dependence of the resistivity (�� in zero field,� in 5
tesla) and magnetization divided by field, with the measuring field of 100 Oe, for Tl�Mn�O�.
Ferromagnetic ordering sets in at�122 K, and resistivity drops sharply at the Curie temperature
TC. Lower: Magnetoresistance, defined as (���� )/��, which peaks near TC. (After (Cheong
et al., 1996)).

Figure 1.6:Magnetoresistance defined as (�� � �)/� in Tl���In�Mn�O� for x = 0, 0.1,
0.25, 0.5, and 0.8. Magnetoresistance is greatly enhanced forx = 0.5 and 0.8. (After (Cheong
et al., 1996)).
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for Tl�Ru�O� and Tl�Ir�O� (Subramanianet al., 1983; Subramanianet al., 1988).

This overlapping could explain the small number of carriers found by Shimakawaet

al. (Shimakawaet al., 1996). They suggested that another possible source for these

carriers could be an oxygen deficiency.

A year later, Ramirez and Subramanian reported a study of the Tl���Sc�Mn�O� fam-

ily, for � � x� � (Ramirez and Subramanian, 1997). They gave an explanation for

the CMR effect in Tl�Mn�O�: the strong scattering of conduction electrons by spin

fluctuations associated with ferromagnetic ordering on the Mn–O sublattice. Another

remarkable affirmation they made in the paper was that as magnetism and transport

in the pyrochlores originate from distinct atom sites, it would be possible to inde-

pendently tune the materials parameters. That is, the two electronic subsystems were

supposed to be independent. Therefore, they doped with Sc1.

Also in 1997, Hwang and Cheong published an interesting study of the low-field mag-

netoresistance in Tl�Mn�O� (Hwang and Cheong, 1997). The main points of their

letter were that for low temperatures the main contribution to the magnetoresistance

was that of low field, due to grain boundaries, while for higher temperatures (around

and above TC) the magnetoresistance was due mainly to the bulk material. The grain

boundary transport would not be considered tunnelling, but rather a scattering pro-

cess across a disordered region acting as a series resistance (see also (Gupta and Sun,

1999)). Besides, they found an important feature of the Tl�Mn�O� pyrochlore, that is,

there isno volume anomaly in the unit cell at TC. This fact contrasts with the man-

ganese mixed-valence manganites, in which a considerable change in volume is found

when the magnetic transition takes place. This lack of volume anomaly —determined

by synchrotron X-ray studies— shows the absence of strong electron-phonon coupling

in the pyrochlore. As all the Mn are tetravalent, there are no Jahn-Teller energy gains

via lattice distortions. They proposed a high degree of spin polarization, due to the

extremely small number of carriers. The other important proposal they made —as in

(Ramirez and Subramanian, 1997)— is that in Tl�Mn�O� there are two separate elec-

tronic systems: a magnetic sublattice of Mn–O and a conducting sublattice of Tl–O

indirectly coupled to it. That is, there is no strong� coupling the conducting elec-

trons to the Mn spins.

After all these papers, much effort was made to understand the MR effect in the py-

rochlores. Several articles were published regarding "pyrochlore versus perovskite"

1See Section 1.6.2 for more detail on these substitutions.
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Figure 1.7: Magnetotransport data for (a) Tl�Mn�O� (pyrochlore) and La���
Ca���
MnO�

(perovskite). (After (Subramanianet al., 1998a)).

comparisons.

1.3.3 Pyrochlore versus Perovskite

In all the published papers about Tl�Mn�O� pyrochlores there are references to the

CMR mixed-valence perovskites, pointing out similarities and differences between

both families. We would like to detach one paper by Subramanianet al., in which they

made an interesting review comparing CMR in pyrochlores and perovskites (Subra-

manianet al., 1998a). The main points compared are:

� Both compound are manganese oxides and have strong local moment magnetism

arising from octahedrally coordinated Mn. Both exhibit dramatic decreases in

the resistivity associated with the transition from high-temperature paramagnetic

to low-temperature ferromagnetic state, and the associated CMR (Fig. 1.7).

� Both structures consist of corner-shared MnO� octahedra, but the manner in

which these octahedra are connected are totally different (Fig. 1.8). The way
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Figure 1.8: Networks of the MnO� octahedra in the perovskite and pyrochlore structures.
The perovskite structure shown has rhombohedral symmetry as is seen in La����
Sr����
MnO�.
Rhombohedral axes for the perovskite structure and cubic axes for the pyrochlore structure are
shown with arrows. Mn ions are located in the center of the octahedra. La and Sr atoms in
the La����
Sr����
MnO� perovskite and Tl and O’ atoms in the Tl�Mn�O� pyrochlore are not
displayed. (After (Shimakawaet al., 1997)).

of linking octahedra leads to Mn–O–Mn angles in the range close to 180	 for the

perovskites but near 134	 in the pyrochlore structure.

� In Tl�Mn�O� pyrochlore, all the Mn ions have a 4+ valence, while for

La���D�Mn�O� (with D a divalent cation) there is Mn�	/Mn�	 mixing of va-

lences. Therefore, in CMR perovskites there is Jahn-Teller effect, while in py-

rochlores there is not —due to the lack of Mn�	 (Subramanianet al., 1997).

� Tl�Mn�O�, unlike La���D�Mn�O� perovskites, requires no external aliovalent

doping to induce conductivity and ferromagnetism.

� The high temperature behaviour is very different in both compounds. While for

the pyrochlore it is metallic, for the perovskites it is insulating (Fig. 1.7).

� Hall effect data on Tl�Mn�O� indicate a small number of high-mobility n-

type carriers (� 0.005 electrons/formula unit (Shimakawaet al., 1996)).

For La���D�Mn�O� perovskites there is a large number of holes (� 0.2

holes/formula unit), introduced in to Mn�	 sites.

� Tl�Mn�O� has neither mixed valency for a double exchange magnetic interaction

nor a Jahn-Teller cations, which were both thought to play an essential role in

perovskite CMR materials.
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� Neutron diffraction data (Shimakawaet al., 1997) and X-ray absorption fine

structure analysis (Kweiet al., 1997b; Kweiet al., 1997a; Subramanianet al.,

1998b) of Tl�Mn�O� showed no structural anomaly (lattice parameter, Mn–O

and Tl–O’ bond lengths, and Mn–O–Mn bond angle) near TC (Figs. 1.9 and

1.10), indicating that the spin-lattice/charge-lattice correlations are very weak

or absent in this compound. This is in contrast to CMR perovskites, where one

clearly sees a large anomaly in similar structural parameters near TC (Fig 1.11),

indicating a strong spin/charge-lattice coupling (Radaelliet al., 1995).

� For Tl�Mn�O�, thermopower analysis shows thatS(T > TC) behaves as expected

for a low-carrier-density metal whereS(T) is proportional to T (Ramirez and

Subramanian, 1997), behaviour unlike the La���D�Mn�O� perovskites where

S(T) is proportional to 1/T, which is consistent with polaron transport (Jaime

et al., 1996) (Fig. 1.12).

� The origins of CMR in Tl�Mn�O� pyrochlore and La���D�Mn�O�-type per-

ovskites are fundamentally different from each other. Instead of a single mech-

anism (double-exchange) driving both the conduction and magnetic ordering

processes, as in the perovskites, in the pyrochlore compound there are two

processes. The magnetic ordering in Mn–O sublattice seems to be driven by

superexchange-type interaction. The conduction band, however, involves a large

admixture of Tl 6s-based valence states as implied by band structure calculations

(Singh, 1997). Hence, the pyrochlore structure can be viewed as two interpene-

trating sublattices, one consisting of corner-shared MnO� octahedra responsible

for the magnetism and another Tl–O’ chains responsible for electrical conduc-

tivity.

1.3.4 More reports on the compound

After all these early papers, more reports have been published, studying different prop-

erties of the Tl�Mn�O� pyrochlore.

Lynn et al. studied the spin dynamics of the compound, by neutron scattering (Lynn

et al., 1998; Lynn, 1998). They find the magnetic correlation length in the paramag-

netic region to be� � 10 Å. On cooling from the paramagnetic state, magnetic corre-

lations develop and appear to diverge at TC (123 K). In the ferromagnetic phase well

defined spin waves are observed, with a gapless (� < 0.04 meV) dispersion relation
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Figure 1.9:Temperature dependence of (a) lattice parameter, (b) Mn–O bond length, and (c)
Mn–O–Mn bond angle for Tl�Mn�O�. Data plotted as closed symbols are obtained by Rietveld
analysis from neutron-diffraction data. Open symbols are from X-ray diffraction data. Dotted
lines for the changes in the Mn–O bond length and the Mn–O–Mn bond angle are a guide to
the eye. (After (Shimakawaet al., 1997)).
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Figure 1.10: Dependence of the nearest-neighbour peak heights for the Mn–O bonds in
Tl�Mn�O� (squares) and Er�Mn�O� (triangles) and the Tl–O’ (circles) bonds in Tl�Mn�O�

as a function of temperature. The smooth Debye-like temperature dependence through the
ferromagnetic transition at 142 K (vertical dotted line) differs markedly from the temperature
dependence of the peak height for La���
Ca���
MnO�. (After (Kwei et al., 1997b)).

Figure 1.11:Lattice parameters and cell volume of La���
Ca���
MnO� as a function of tem-
perature as obtained from high-resolution synchrotron X-ray powder diffraction data. The
error bars are smaller than the symbols. Lines through the points are guides to the eye. (After
(Radaelliet al., 1995)).
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Figure 1.12:Thermopower data for (A) Tl�Mn�O� (pyrochlore) and (B) La���
Ca���
MnO�

(perovskite). The charge carriers are negative (n-type) for the pyrochlore and positive (p-type)
for the perovskites. (After (Subramanianet al., 1988)).

� � ��� (D is the spin stiffness coefficient,q is the spin-wave wave-vector), as ex-

pected for an ideal isotropic ferromagnet. As T tends to TC from low T, the spin waves

renormalize, but no significant central diffusive component to the fluctuation spectrum

is observed. They proposed the ratio of��� � ������� �3.67 Å� as an estimate of

the range of the exchange interaction, and this result indicates that nearest-neighbour

interactions dominate the energetics.

Other studies of spin dynamics in the paramagnetic regime of Tl�Mn�O� were carried

out by Causaet al., by electron spin resonance (ESR) (Causaet al., 1999; Oseroff

et al., 2000). They find that the only active ESR species is the Mn�	 ion, indicating no

presence of significant amounts of Mn�	.

Zhao et al. reported measurements of the ac susceptibility an dc magnetization of

the compound (Zhaoet al., 1999). They determined the critical temperature TC =

120.65(15) K and the critical exponentsÆ = 4.65(15) (from the critical isotherm),

� � � = 1.75(3) (from the temperature dependence of the crossover line), and� =
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1.31(5) (from the temperature dependence of the susceptibility along the same line).

These exponent values are very close to those predicted by the near-neighbour, 3D

Heisenberg model. This pyrochlore system, however, exhibits a marked regular (i.e.,

noncritical) component in the response near TC, which is unusual in view of the ab-

sence of Mn�	 ions in the system.

Raman scattering of optical phonons in polycrystalline A�Mn�O� (A = Tl, In, and Y)

as a function of the temperature was reported by Granadoet al. (Granadoet al., 1999).

For A = In and Tl a hardening of the two lowest energy modes was observed below

TC that they associate to a phonon modulation of the exchange interaction. These data

suggest superexchange as the mechanism responsible for magnetic ordering in these

systems. All but one of the Raman modes in the In- and Tl-based compounds appear

at lower frequencies when compared with those in the Y-based one. This frequency

shift may be due to the strong hybridization of the Tl(In) 6s(5s) orbital with O 2p and

Mn 3d. The hardening of the low-frequency modes they measured below TC for the

In- and Tl-based compounds is possible due to spin-phonon interactions.

Lee et al. studied intergrain magnetoresistance in half-metallic ferromagnets: per-

ovskite manganites, Tl�Mn�O� and CrO� (Lee et al., 1999). Fig. 1.13 shows the

magnetoconductance, defined as��� � �� � ������ versus normalized temperature

for the studied materials. The discrepancy between the MC� at high field slope of

Tl�Mn�O� and those of perovskite manganites can be understood assuming that the

magnetic phase of the insulating grain boundaries of polycrystalline Tl�Mn�O� is fer-

romagnetic. This is supported by the observation that In�Mn�O�, isostructural with

Tl�Mn�O�, is a ferromagnetic insulator with a similar TC (Raju et al., 1994). They

think the ferromagnetism in these materials to be originated by superexchange due to

the small Mn–O–Mn bond angle (�135	). Therefore, they expected that the surface

spin fluctuations were suppressed (relative to the perovskite case) and the magnetiza-

tion was almost saturated at low field in grain boundaries.

Rosenfeld and Subramanian studied the X-ray absorption near edge spectra (XANES)

for the Tl�Mn�O� pyrochlore (Rosenfeld and Subramanian, 1996). In addition,

they recorded the absorption spectra for MnO� ( 0% Mn�	), Mn�O� ( 98% Mn�	),

La���Sr���MnO� ( 70% Mn�	), and Er�Mn�O� ( 100% Mn�	).

Although the XANES spectra differ considerably above the edge, it is evident that

the MnK edge positions of Mn�	O� and Tl�Mn�O� coincide and are shifted approx-

imately 4 eV above the position of the edge observed in Mn�	
� O� (Fig. 1.14). The
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Figure 1.13: The normalized magnetoconductance MC� vs normalized temperature. The
solid lines represent perovskite manganites, and the dashed lines represent Tl�Mn�O� and
CrO�. (After (Leeet al., 1999)).

above observation points to the fact that the Mn valence in Tl�Mn�O� should be very

close to 4+. Since the MnK edge XANES could be strongly influenced by Mn coor-

dination they compared the Tl�Mn�O� spectrum with those of materials of known Mn

valence and similar Mn coordination. That the average Mn valence state in Tl�Mn�O�

is close to 4+ is further substantiated by comparing its XANES spectra with those of

the CMR perovskite La���Sr���MnO� and pyrochlore Er�Mn�O� (Fig. 1.15). Again the

Mn K edge in Tl�Mn�O� is coincident with that of Er�Mn�O�, a compound known to

contain only Mn�	 (Subramanianet al., 1988), and it is several electron volts higher in

energy than that of the CMR perovskite La���Sr���MnO�, with an average manganese

valence of 3.31. However, it would be reasonable to argue that the structural, chemi-

cal, and spectroscopic investigations cannot completely rule out the possibility for the

presence of a negligibly small degree of mixed valency (Mn�	/Mn�	 or Mn�	/Mn
	)

in Tl�Mn�O�, which may be responsible for ferromagnetism and for CMR. But Rosen-

feld and Subramanian think it to be unlikely, due to the fact that the density of such

pairs, if they exist, should be well below the percolation limit for nearest-neighbour

hopping in the pyrochlore lattice.



22 Chapter 1. Introduction

Figure 1.14:Mn K edge XANES region of spectra for Tl�Mn�O�, Mn�O�, and MnO�. (After
(Rosenfeld and Subramanian, 1996)).

Figure 1.15:FIG. 3. Mn K edge XANES region of spectra for Tl�Mn�O�, Er�Mn�O� and
La���Sr���MnO�. (After (Rosenfeld and Subramanian, 1996)).
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1.4 Electronic Structure Calculations

1.4.1 By Singh

The first band structure calculation was performed by Singh, a few months after the

discovery of CMR in the Tl�Mn�O� pyrochlore (Singh, 1997). He reported the results

of local spin density approximation (LSDA) calculations of the electronic structure

and some magnetic properties of Tl�Mn�O�, using the linearized augmented plane

wave (LAPW) method, with local orbital extensions. The main result is that in the

ferromagnetic ground state, the electronic structure near the Fermi level (�� ) is very

strongly spin differentiated, as was found in the perovskite CMR materials (Pickett and

Singh, 1995; Pickett and Singh, 1996). The mechanism is, however, quite different,

and arises from an unexpected highly itinerant minority spin state associated with the

Tl–O’ ions in the pyrochlore structure. The Mn–O–Mn bond angles are approximately

134	. This is less favourable for Mn–O–Mn hopping and may be expected to lead to

narrower less itinerant bands.

He found a spin moment of 2.96�� per Mn ion. However, this was not a pure Mn

moment. The spin moment within a 2.0 a.u. radius Mn LAPW sphere was 2.6��.

This was due to hybridization with O 2p states.

The unexpected Tl and O’ polarization may be understood in terms of the band struc-

ture, shown in Fig. 1.16. The corresponding electronic density of states (DOS) is

shown in Fig. 1.17. The majority spin DOS shows a manifold of primarily O 2p states

extending from�	 eV to �� . The Mn majority	�� states are concentrated in the up-

per part of this manifold from about�2 eV to�� , while the next 12 bands extending

from 1.2 to 3.6 eV above�� are associated with the Mn�� and Tl 6s states, which are

hybridized with O 2p states. However, an examination of the projections of the DOS

onto the O’ and Tl spheres (Fig. 1.18) also shows an unexpected mixing of Tl and O 2p

states both above and below�� . This strong Tl–O’ covalency distinguishes Tl�Mn�O�

from the perovskites, where the A (La, Ca) site cation donates charge to the active

Mn–O bands, but otherwise is inactive in the valence electronic structure. Further, the

Tl–O distance, while approximately 0.3 Å longer than the Tl–O’ distance, is still short

enough at 2.46 Å to allow hybridization of the Tl–O’ states with the Mn–O states. The

mixing of these states is responsible for the spin polarization on the Tl and O’ atoms.

In both Tl�Mn�O� and the CMR perovskites, the Mn–O hybridization is spin depen-

dent. In both cases, majority spin Mn	�� orbitals overlap the O 2p states and hybridize
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Figure 1.16:Majority (top) and minority (bottom) spin band structures of Tl�Mn�O�. The
Fermi energy is denoted by the dotted horizontal line at 0 eV. The O 2s and Tl 5d bands are
below the lowest bands shown. (After (Singh, 1997)).
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Figure 1.17:FIG. 2. Electronic DOS (eV��) of ferromagnetic Tl�Mn�O�. The Fermi energy
is at zero. The solid lines above (below) zero are the majority (minority) spin total DOS on a
per unit cell basis. The dashed lines are thed-like projections onto the four Mn spheres in the
cell. (After (Singh, 1997)).

Figure 1.18:Projection of the DOS onto the four Tl spheres (solid lines) andp-like character
on the two O’ spheres (dashed lines) as in Fig. 1.17. (After (Singh, 1997))
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strongly with them, while the minority spin states lie well above the O 2p manifold

and hybridize much more weakly. In contrast to the perovskites, Tl�Mn�O� 150 –

180	 Mn–O–Mn bonds are absent. This leads to narrower bands, so that the majority

spin Mn 	��–O 2p bands are separated by a gap from the Mn�� derived bands. As a

result, there are only small near band edge Fermi surfaces in the majority spin chan-

nel. As in the perovskites, there is a gap in the minority spin channel between the O 2p

manifold and the Mnd states. However, in Tl�Mn�O�, a single highly dispersive band

crosses the gap reaching a minimum at the� point. This state has both strong Tl and

O’ character and Mn 3d–O character. The presence of this minority spin band leads to

a metallic minority spin channel.

He proposed an explanation for CMR in this case, supposing that the state near the

Curie temperature consists of randomly oriented domainlike regions of aligned spins

having internal electronic structures similar to the ferromagnetic state. And finally,

he suggested that very high magnetoresistances may be more difficult to achieve in

Tl�Mn�O� relative to the perovskite CMR materials.

1.4.2 By Seoet al

Calculations by Seoet al indicate (Seoet al., 1997) that the bands immediately below

the Fermi level correspond mainly to Mn	�� states, above the Fermi level appear Tl 6s

bands, while O states are mixed with these around the Fermi level, in agreement with

Singh (Singh, 1997).

1.4.3 By Ventura and Alascio

Ventura and Alascio proposed a model for Tl�Mn�O� consisting of a lattice of

intermediate-valence ions fluctuating between two magnetic configurations, represent-

ing Mn 3d orbitals, hybridized with a conduction band, which they associated with Tl

(Ventura and Alascio, 1997). In this model, ferromagnetism originates from the Mn

lattice, but transport is intrinsically coupled to the magnetic configuration of the lattice

(or spin disorder) through the scattering mechanism for conduction electrons which is

determined by the hybridization. As a result of this coupling between magnetic order

and transport properties, CMR is obtained.
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Figure 1.19: Density of states (DOS) for ferromagnetic Tl�Mn�O�. (After (Matar et al.,
1997)).

1.4.4 By Matar et al

In a first step, Mataret al performed non-spin-polarized (NSP) calculations (Matar

et al., 1997), i.e. they enforced spin degeneracy for all states. Charge transfer occurs,

as chemically expected, from Tl and Mn toward O and the empty spheres. Quantita-

tively, the Stoner criterion of band ferromagnetism (Stoner, 1938) says that at 0 K, if

the inequality� ����� � � � [I : Stoner exchange-correlation integral and���� � the

NSP DOS at the Fermi level] is obeyed then the relevant band should split giving rise

to a magnetic moment. From their calculations for Mn 3d, I � 1.0 eV and���� � �
6 eV�� so that the product of 6 makes the Stoner criterion largely obeyed.

Their spin-polarized (SP) calculations carries to a total magnetization per formula unit

of 5.985��. It arises from a Mn moment of 2.78��, and the rest of the magnetic

moment is given by the Tl and O states. The relevant feature is that the Fermi level

lies in a very low magnitude DOS for both spin directions (Fig. 1.19). The Fermi

level crosses the majority spins DOS at a low magnitude leading to an energy gap of

nearly 1.5 eV separating the valence band from the conduction band. Covalent mixing

between the states of the different constituents leads to the presence of Tl as well as O

and O’ states in the close neighbourhood of�� as previously stated in (Singh, 1997).

The band structure that they calculated is shown in Fig. 1.20. A general feature of it
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Figure 1.20:Band structure of ferromagnetic Tl�Mn�O�. Upper: majority spins (�); lower:
minority spins (�). (After (Mataret al., 1997)).

is the small dispersion of the bands. However, there is a larger dispersion for minority

spins where a single band can be seen to cross Fermi level at the centre of the Brillouin

zone, i.e. the� point. This feature has its ’image’, i.e. the corresponding hole, for

majority spin bands but it can scarcely be observed (see arrow near the� point in

Fig. 1.20) because of the very small dispersion of the majority spin bands in the

neighbourhood of�� . Without these features at�� the compound would be a small-

gap semiconductor. This leads to a nearly 100% polarization of (�) spins and to the

closely integer value of the magnetization (about 6��).

1.4.5 By Mishra and Satpathy

Mishra and Satpathy describe the ferromagnetism in the manganese pyrochlores, such

as Tl�Mn�O� and Sc�Mn�O�, in terms of the interplay between superexchange, Zener

double exchange, and indirect exchange, the first being antiferromagnetic, while the

last two are ferromagnetic (Mishra and Satpathy, 1998). The tendency towards the
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Figure 1.21:Schematic density of states for Tl�Mn�O�. (After (Mishra and Satpathy, 1998)).

antiferroalignment of the localized Mn spins is significantly weakened due to (i) the

presence of spin frustration in the Mn sublattice, due to the tetrahedral arrangement of

Mn cations (Harriset al., 1998; Ramirezet al., 1999; Siddharthanet al., 1999; Canals

and Lacroix, 2000; Bramwell and Gingras, 2001) and (ii) the large bend in the Mn–O–

Mn bond, which reduces the magnitude of the antiferromagnetic superexchange. This

helps the ferromagnetic interaction terms, viz. the indirect exchange and the Zener

double exchange, to dominate. The indirect exchange on the Mn–O–Mn bond, which

is modelled by a coupling of the O 2p electrons to the conduction-band states, produces

a weak ferromagnetism in the insulating pyrochlores. In the metallic pyrochlores, such

as Tl�Mn�O�, the indirect exchange is also present, but it is now supplemented by the

Zener double exchange, making the ferromagnetism more robust, as indicated from a

higher value of the Curie temperature TC.

Density-functional calculations for the metallic Tl�Mn�O� pyrochlore, show the itiner-

ant Zener carriers mediating double-exchange to be electrons in the minority spin band

crossing the Fermi energy, with predominantly Mn 3d, Tl 6s, and O 2p characters (Fig

1.21). These Zener carriers move in a lattice of localized Mn	�� spins, with the carrier

spins aligned antiparallel to the localized spins. The minority spin band that crosses

the Fermi level is free-electron-like, while the majority spin band crossing the Fermi

level has a large mass.
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Figure 1.22:Lattice constants of the A�Mn�O� pyrochlores versus ionic radii of A�	 ions
coordinated to eight oxygen atoms. (After (Shimakawaet al., 1999)).

Their calculation for the total number of electrons occupying the conduction minority

spin band is about 0.03 electron per formula unit, that is, one order of magnitude

larger than the measured in (Shimakawaet al., 1996). They justify the differences

arguing that the experimental estimate suffers from two deficiencies: (i) the standard

expression for the Hall coefficient in terms of the electron number assumes a spherical

Fermi surface and (ii) there may be charge compensation coming from the impurities

in the experimental pyrochlore samples. In addition to these, the presence of both an

electron and a hole pocket complicates the situation. Nevertheless, both experiments

and the band calculations indicate that the number of carriers is undoubtedly small but

nonzero.

1.4.6 By Shimakawaet al.

In 1999 an article appeared regarding a complete studio in the magnetotransport prop-

erties of the pyrochlores A�Mn�O� (A = Y, In, Lu, and Tl) (Shimakawaet al., 1999). In

that article, Shimakawaet al. begun by performing a neutron powder diffraction study

of the samples. They found all of them to have a pyrochlore structure, with lattice con-

stants increasing with A�	 ionic radii (Fig. 1.22). The A-O’ bond lengths are almost

equal to the sum of the ionic radii of A�	 and O�� (1.40 Å ), suggesting a nearly ionic
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Figure 1.23:Temperature dependence of the magnetization for the A�Mn�O� pyrochlores
measured under an applied magnetic field of 0.5 T. The inset shows the magnetic-field depen-
dence of the magnetization at 5 K. (After (Shimakawaet al., 1999)).

nature of the bonds. Since the A ions are located in the center of the hexagonal holes,

the increase in the lattice constants is caused by the expansion of the hexagonal holes

of A–O’� . The O ions are tetrahedrally coordinated to the A ions. Thus, the A–O

bonds of about 2.1 Å are fairly short compared to the A–O’ bonds (about 2.4 Å)2. The

observed Mn–O’ bond lengths (about 1.9 Å) in the octahedra are typical for a Mn�	

ion coordinated to six oxygen atoms. Another distinct feature in the pyrochlore struc-

ture is the Mn–O’–Mn bond angle of about 130	. Besides, they detected no vacancies

at any site. This suggested that there is no apparent carrier doping into the systems.

DC magnetization was also measured. They found a ferromagnetic behaviour for all of

the pyrochlores (Fig. 1.23). All features observed in the magnetic properties indicate a

simple long-range ferromagnetic behaviour of local spins of Mn�	 ions in manganese

pyrochlores, though the TC values vary from about 15 K (Y�Mn�O� and Lu�Mn�O�) to

over 120 K (In�Mn�O� and Tl�Mn�O�). Considering that all samples except Tl�Mn�O�

are insulators, the double-exchange-type mechanism, where kinetic energy gain caused

by doped conduction carriers stabilizes the ferromagnetic spin alignment, does not

explain the ferromagnetism for the manganese pyrochlores (see also (Ramirez, 1997)).

Thus, they conclude that superexchange interaction is responsible for ferromagnetism

2It seems like they have mistaken O with O’ here, because in typical pyrochlores the distances A–O
are about 2.4 Åand A–O’ about 2.1 Å. See table 2.2
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in the manganese pyrochlores (see also (Shimakawa and Kubo, 1997)). According

to Kanamori-Goodenough’s rule (Kanamori, 1954; Goodenough, 1955; Goodenough,

1958) and Anderson’s discussion (Anderson, 1959), the superexchange interaction be-

tween Mn� ions via oxygen atoms strongly depends on the Mn–O–Mn bond angle.

An antiferromagnetic superexchange interaction is expected to occur for a linear bond,

while ferromagnetic interaction is often observed for a 90	 arrangement of (3d)� spins.

A crossover from antiferromagnetic to ferromagnetic interaction is expected to occur at

an intermediate angle. Mochida and Miyahara discussed the superexchange magnetic

interaction for intermediate bond angles (Mochida and Miyahara, 1970) and obtained

the following empirical expression,

� � �����
��� ���� !�

�� (1.2)

whereJ is the superexchange interaction and� is the cation–O��–cation bond angle.

They explained the superexchange magnetic interaction for various Cr�	–O��–Cr�	

bond angles by using the values

����� ������� � ��� K (1.3)

and

����� ��������� � ���� K (1.4)

the first one being ferromagnetic and the second one being antiferromagnetic. Al-

though Shimakawaet al. do not know the values of���� and�� for Mn�	 ions, they

should not be so different from those for Cr�	 , which has the same (3d)� electron

configuration as Mn�	 (S= 3/2). Thus, if we assume relation 1.2, with the values of

1.3 and 1.4 for the manganese pyrochlore systems, the observed Mn–O’–Mn bond an-

gles of 130–133	 give a slightly positiveJ. This means that the pyrochlore manganates

with Mn–O’–Mn bond angles of 130–133	 could be ferromagnetic due to superex-

change interaction. Moreover, theJ values very close to zero might explain the low

ferromagnetic Curie temperatures observed in Y�Mn�O� and Lu�Mn�O�. Therefore,

TC values over 120 K for In�Mn�O� and Tl�Mn�O� are unexpectedly higher than those

of other pyrochlore systems.

For this reason, they calculated the electronic band structures for Y�Mn�O�,

In�Mn�O�, and Tl�Mn�O�, using the positional parameters of the atoms obtained from
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Figure 1.24: Electronic band structures for ferromagnetic Y�Mn�O�, In�Mn�O�, and
Tl�Mn�O�. (After (Shimakawaet al., 1999)).

the structure refinements. The results are shown in Fig. 1.24. For Tl�Mn�O� and

In�Mn�O� they found a hybridization of Tl(6s)/In(5s), O(2p) and Mn(3d) orbitals,

while for Y�Mn�O�, they did not find such hybridization. Therefore, the hybridiza-

tion plays a role in enhancing the ferromagnetic interaction between Mn ions (see also

(Shimakawa and Kubo, 1999)).

The most important feature of the electronic band structure of Tl�Mn�O� is that one of

the down-spin bands, which is strongly hybridized among Tl(6s), O(2p), and Mn(3d),

crosses the Fermi energy and overlaps with the up-spin valence band. This is more

or less the same result found before by Singh (Singh, 1997). The number of elec-

trons in the Fermi surface is about 0.005 per formula unit, which agrees well with the

result of Hall coefficient measurements (Shimakawaet al., 1996). Therefore, the free-

electron-like minority band leads to a metallic behaviour in Tl�Mn�O�. It should also

be noted that conduction carriers are "spin-polarized" as seen in the perovskite CMR

manganites.

1.4.7 By Kwonet al.

Kwon et al. performed electronic structure calculations on the Tl���Sc�Mn�O� family

(Kwon et al., 2000). They found that thex = 0 and 0.5 are almost half-metallic, while

for x = 1.5 and 2.0, it becomes an insulator. They did not take account for the double

exchange as conducting mechanism, due to the small number of carriers found in this
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Figure 1.25:The density of states (DOS) of ferromagnetic Tl�Mn�O�. The minority spin
DOS at�� is not zero, albeit very small. (After (Kwonet al., 2000)).

pyrochlore (Shimakawaet al., 1996). The local moment of Mn 3d electrons is the

source of the ferromagnetism, and Tl 6s band which is hybridized with Mn	�� band

is responsible for the conduction. Therefore, the transport of Tl 6s will suffer from

strong scattering by localized Mn 3d moments. Their results are essentially the same

as the reported by (Singh, 1997) for thex = 0 compound (Fig. 1.25).

1.5 Theoretical models for the CMR in Tl�Mn �O	

1.5.1 Majumdar-Littlewood model

Majumdar and Littlewood studied the magnetoresistance in metallic ferromagnets

(Majumdar and Littlewood, 1998a; Majumdar and Littlewood, 1998b; Littlewood,

2000). In those materials, scattering from magnetic fluctuations might be a major

component of the electrical resistance. Because the fluctuations at a ferromagnetic

transition lie near� � � (q is the electron wave vector), they usually have only a weak

effect on transport because it is primarily modes that can scatter backwards across the

Fermi surface that are important —that is, with momenta of order��� (�� � ��"������

is the Fermi momentum in an electron gas of densityn). The obvious and interesting
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exception is a low-density electron system:��� � � (wherea is the lattice constant),

and it is in this low-density regime that the effects discussed in the model are largest.

They tried to demonstrate theoretically the experimental relation found3 for the metal-

lic ferromagnets���� � ���������
�. This expression relates the magnetoresistance

with the square of the normalized magnetization.

They based their work on an earlier work by Fisher and Langer (Fisher and Langer,

1968). That work itself criticized and extended the approach of de Gennes and Friedel

(de Gennes and Friedel, 1958). The approximations made are only valid in the param-

agnetic state, and not close to TC. Their fundamental assumption is that these magnetic

fluctuations generate nothing more than an effective static potential that scatters the

carriers that give rise to transport. They demonstrated the cited relation:

���� � ���������
� (1.5)

with � � ������ ���
�, in the case that�� ��� � 	 � (that is, it is not valid when the

number of carriers is very small).� is the correlation length (��T� � ���#�T����),

andmand���� are the magnetization and saturation magnetization, respectively. This

formula depends solely on elementary parameters of the magnetic system: the bare

correlation length (of order the separation between magnetic moments) and the satura-

tion magnetization (at low temperatures and high fields). It is important to remark that

in their work, Majumdar and Littlewood defined�� as���� � ��$� (Majumdar and

Littlewood, 1998b), contrarily to the sing convention that most of the people use4.

As �� � ��"������, one gets

� � ����� (1.6)

One effect of the low density of carrier is the tendency to formmagnetic polarons, in

which carrier hopping polarizes a local ferromagnetic cluster of moments and thereby

self-traps5. Polarons can exist as well-defined non-overlapping entities provided that

��� � � (or equivalently�� � � �) 6. This regime can be reached only at temperatures

3See for example (Urushibaraet al., 1995).
4We will use the normal definition (that used for most of the people) for�� as���� � ����. This

is the reason that in the chapters showing our experimental data we plot����� versus���� ����
�,

finding a positive value forC.
5These magnetic polarons do not bring with them a distortion in the lattice, as happened for the

manganese perovskites (Ibarraet al., 1995; De Teresaet al., 1997).
6That is, in the case opposite to that for which the Eq. 1.5 is demonstrated to be valid.
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Figure 1.26:Low-field magnetoresistance� � ������������������
� as a function of

the carrier density scaled to the magnetic lattice spacing. Open circles, perovskite mangan-
ites; solid symbols, from other metallic ferromagnets. The dashed line shows the����� trend
predicted by Eq. 1.6. (After (Majumdar and Littlewood, 1998a)).

somewhat above TC, even if�� is small. At temperatures higher still, thermal fluctua-

tions will destroy the polaron. The main ingredients necessaries for this mechanism of

spin fluctuation are two independent electronic subsystems: an itinerant one (weakly

magnetic) and a localized one (responsible for the magnetic interactions). It is worth

noting that they proposed Tl�Mn�O� as a plausible candidate for magnetic polarons

(Littlewood, 2000).

Fig. 1.26 shows the relation betweenC and the number of carriers per unit cell for

the data available in the literature at the moment of the publication of (Majumdar and

Littlewood, 1998a). There is a very good agreement, showing the goodness of the

model.

It had been reported, previously to this model, some ferromagnetic materials in which

the scaling behaviour of Eq. 1.5 had been found. For example, in Tl�Mn�O� (Shi-

makawaet al., 1996) (see section 1.3.2), Ge��Mn����Te (Cochraneet al., 1973),

Eu���Gd�Se (von Molnar and Methfessel, 1967), etcetera. The model was also ap-

plied by Foncubertaet al. to their Tl���Ru�Mn�O� samples, as can be seen in Fig.
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1.34, finding a good relation betweenC and the resistivity. That is, a low value forC

means a high number of conduction electrons, which is reflected in a lower resistivity,

and viceversa.

1.5.2 Guinea’s work

Recently Guineaet al. studied the existence of phase separation near magnetic tran-

sition in highly correlated systems, the Tl�Mn�O� pyrochlore among them (Guinea

et al., 2000). They show that the existence of polarons proposed by Majumdar and

Littlewood can be viewed as phase separation on small scales (micro-segregation).

In the Majumdar-Littlewood analysis they did not consider the entropy contribution

of the carriers. Besides, as the temperature is finite and the density of carriers is very

low, the degenerate assumption is questionable. They propose as a better assumption

the classical limit. After a careful analysis with this new premises, they demonstrate

that phase segregation exists, and also phase coexistence and a first order transition7.

Nevertheless, they remark that the precise configuration of the coexisting phases in the

real material will be complicated by effects beyond their treatment (disorder, domain

boundary contributions, etc.). The final picture could be that of an arrangement of

polaronic-like structures, and their approach should be considered as a first approxi-

mation.

1.5.3 Imai model

Imai et al. have recently proposed a different model to interpret the CMR effect in

Tl�Mn�O� (Imai et al., 2000). These authors argument that the decrease in the resistiv-

ity with decreasing temperature across TC or by applying a magnetic field around TC,

is simply due to an enhancement of the carrier density in the Tl–Mn band, measured

by Hall effect experiments. This charge transfer between the Mn	�� �–O �% � and

Mn 	�� 
–Tl 
� 
–O �% 
 bands is due to a displacement (downwards) of the level of

the conduction band, made possible due to the strongs-d interaction between the 6s

conduction electrons and the localized Mn moments.

Besides, they measured the thermopower (Fig. 1.27), finding it negative (as expected

in a material with electrons as carriers). Below TC, S is linearly dependent on the tem-

perature, which is typical behaviour of normal metals, indicating the metallic character

7Recent data seem to agree with the referred model (Velascoet al., 2002e).
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Figure 1.27:Temperature dependence of thermopower measured under magnetic fields of 0,
2, 5, and 7 T. The inset shows magnetothermopower, defined as�� � ��	� � ����. (After
(Imai et al., 2000)).

of the material in that temperature range. Near T� � 120 K, �&� increases abruptly as

temperature rises. Then above TC it again shows a linear dependence on temperature,

but with a different slope. This change in the slope is attributed to a carrier density

change near TC. The relatively large values ofS, compared with those of normal met-

als, are consistent with the small carrier concentration in the material.

The magnetothermopower they found, defined as�& � &�'� � &���, is shown in

the inset of Fig. 1.27. Near TC, a huge magnetothermopower was observed, which

was related to the carrier density change with the magnetic field that they proposed

in the paper. Above TC, substantial magnetothermopower remained. This is probably

because the large thermal spin fluctuation was suppressed by the applied magnetic.

They also measured the Hall effect, finding an anomalous contribution, but very small,

as compared to ferromagnetic metals. The observed small anomalous Hall coefficient

appears to be a result of intrinsically weak skew scattering. Since the orbital angular

momentum (L) of Mn�	 is quenched, possible spin-orbit coupling exists between the

spin (S) of the Mn 3d localized moment andL of itinerants-character carriers. In this

case,L of carriers in thesband is proportional to�� (square of the electron momentum)

for small values ofk (i.e., small carrier numbers), giving rise to weak skew scattering.
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1.5.4 Other explanations

Singh proposed an explanation for CMR in Tl�Mn�O� (Singh, 1997). He supposes that

the state near the Curie temperature consists of randomly oriented domainlike regions

of aligned spins having internal electronic structures similar to the ferromagnetic state.

If the boundaries between these regions make a large contribution to the resistivity due

to the differentiation of the spin up and spin down electronic structures then CMR may

result.

Ventura and Alascio (Ventura and Alascio, 1997) proposed another model for CMR.

As described in Section 1.4.3, they proposed Tl�Mn�O� consisting of a lattice of

intermediate-valence ions fluctuating between two magnetic configurations, represent-

ing Mn 3d orbitals, hybridized with a Tl conduction band. Ferromagnetism originates

from the Mn lattice, but transport is intrinsically coupled to the magnetic configuration

of the lattice (or spin disorder) through the scattering mechanism for conduction elec-

trons which is determined by the hybridization. As a result of this coupling between

magnetic order and transport properties, CMR is obtained.

1.6 Substitutions

Some different substitutions were tried in Tl�Mn�O� in order to improve the MR ratio

and/or the Curie temperature. Substitutions were performed both in A site or in B site.

There have been already mentioned the Tl substitutions by In (Cheonget al., 1996)

and Sc (Ramirez and Subramanian, 1997).

1.6.1 Tl���In�Mn �O�

In Tl���In�Mn�O� (0 � x � 2), for the initial doping range, i.e.,x = 0.1 and 0.25,

� above TC tends to decrease with increasing In substitution, whereas In substitution

induces the rapid rise of� above TC for x� 0.25. As shown in Fig. 1.6, In substitution

reduces the MR for 0� x� 0.25, whereas the MR is greatly enhanced with increasing

In concentration for 0.25� x � 0.8. This enhancement in the MR forx = 0.5 and

0.8 correlates with the existence of a miscibility gap (coexistence of two phases) in

Tl���In�Mn�O�, observed from powder XRD patterns. On the other hand, TC varies

roughly linearly with In substitution (from 122 K forx = 0 to 129 K forx = 2).

Comparing the end compounds of the series (Tl�Mn�O� and In�Mn�O�), one can see
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a clear argument against double exchange. That is, both materials have identical sat-

uration and effective moments, and a transition temperature very similar, but elec-

tronically Tl�Mn�O� undergoes an insulator-metal transition at TC whereas In�Mn�O�

shows a much larger resistivity than that of Tl�Mn�O� and remains insulating below

TC. Therefore, this behaviour contradicts the picture of the double exchange coupling.

1.6.2 Tl���Sc�Mn �O�

Ramirez and Subramanian (Ramirez and Subramanian, 1997) reported magnetotrans-

port in the Tl���Sc�Mn�O� (0� x� 0.5) family. As it was previously said, they gave

an explanation for the CMR effect in Tl�Mn�O�: the strong scattering of conduction

electrons by spin fluctuations associated with ferromagnetic ordering on the Mn–O

sublattice. They think the two electronic subsystems are independent. Therefore, they

doped with Sc, another trivalent cation like Tl, but with a much smaller ionic radius

and no accessible empty 6s level. This means that inclusion of Sc on the Tl–O’ sublat-

tice would localize the conduction electrons, and makes the Sc atoms strong scattering

sites. Congruently, they found an increase in the resistivity of the samples upon Sc

doping, and a losing of the metallic behaviour above TC (Fig. 1.28). Also, the absence

of a measurable Hall voltage above the noise for their measurements in thex = 3 com-

pound, implies a lower bound of� � � ���� carriers per formula unit, 10 to 50% of

that found forx = 0 (Shimakawaet al., 1996). Forx = 0.2 to 0.3, the MR at both high

field (6 tesla) and low field ( < 0.05 tesla) are significantly enhanced over the undoped

(x = 0) compound. Whenx is increased from 0 to 0.2, MR(6T)8 changes from 90%

to 5800% (Fig. 1.29). Such a large enhancement of MR(H) had been observed before

in the perovskites (Jinet al., 1994), but with a large reduction of the TC. Here, in

the pyrochlore Tl���Sc�Mn�O� system, the enhancement of MR(H) is achieved with

a minimum variation of TC. This behaviour of� and TC suggests that scandium sub-

stitution affects mainly electronic conduction on the thallium-oxygen sublattice while

leaving the magnetism essentially unchanged.

1.6.3 Ru, Bi and Sb

Other substitutions were reported by Cheihk-Rouhouet al. (Cheihk-Rouhouet al.,

1999b). They tried various levels of substitution by Ru, Bi and Sb. The ruthenium

8MR defined as MR(H)=[�(0)-�(H)]/�(H)
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Figure 1.28:(A) Resistivity versus temperature of Tl���Sc�Mn�O� for various values of x.
The upper, middle, and lower curves for eachx correspond to applied fields of H = 0, 3, and 6
T, respectively. (B) Thermopower versus temperature forx = 0 and 0.4 at H = 0 T (filled) and
6 T (open). (After (Ramirez and Subramanian, 1997)).

Figure 1.29:Magnetoresistance versus temperature of Tl���Sc�Mn�O� pyrochlores for vari-
ous values of x. (After (Ramirez and Subramanian, 1997)).
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system shows a complete solid solution from Tl�Mn�O� to Tl�Ru�O�. All three sub-

stituents induce an increase in cell parameter. In the case of Sb, this indicates that

the substitution involves rather Sb
	 on Mn sites than Sb�	 on Tl sites. The partial

replacement of Mn by Ru or of Tl by Bi in Tl�Mn�O� induces a metal-semiconductor

transition, in both cases at low levels of substitution (x < 0.2). In the ruthenium case,

transport measurements in magnetic fields up to 8 tesla yielded a MR: (�� � � )/��

= 96% in the vicinity of the metal-semiconductor transition. No transport data were

reported for the Sb-substituted compounds.

1.6.4 Tl���Ru�Mn �O�

Foncuberta’s group have performed a wide study in the Ru-substituted

Tl���Ru�Mn�O� pyrochlores (0� x � 2) (Cheihk-Rouhouet al., 1999b; Cheihk-

Rouhouet al., 1999a; Martínezet al., 1999; Seniset al., 1999; Seniset al., 2000a;

Seniset al., 2000b). In Fig. 1.30 it is shown the temperature dependence of the

magnetization, after a zero-field cooling (solid symbols) or a field cooling (open

symbols) process. It is worth mentioning the irreversibility between both branches,

observed for all the samples. They attribute this irreversibility to competing inter-

action, manifesting the existence of antiferromagnetic interactions, even in the pure

compound. As shown in Fig. 1.30, when increasing the Ru content, the irreversibility

augments. This observation indicates the reinforcement of the antiferromagnetic

interactions. Besides, a notorious decrease of both transition temperature TC and

saturation magnetization M� is also observed (Figs. 1.31 and 1.32).

The paramagnetic moment���� of the different samples was determined in the high-

temperature regime (T > 250 K, well above TC) from ac susceptibility measurements,

where a Curie-Weiss behaviours was observed. The results are summarized in Fig.

1.32. For the pure compound (x = 0) an effective moment���� � 3.8�� is obtained,

in agreement with Hund’s rule for Mn�	 ions. Upon substituting Mn with Ru, the

paramagnetic moment decreases. The magnetic moment of Ru-substituted samples

Tl���Ru�Mn�O� calculated assuming a simple dilution with Ru�	 ions,����, is also

shown in Fig. 1.32. It is evident in the figure that the experimental values���� are

clearly smaller than the calculated ones (����) assuming that both Mn and Ru atoms

do contribute to the paramagnetic moment. The composition dependence of the sat-

uration magnetization M�, at low temperature and high field, is also depicted in Fig.
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Figure 1.30:Temperature dependence of the magnetization after a zero-field cooling (solid
symbols) field cooling (open symbols) process in a field of H = 100 Oe.
 values of the
sample withx = 2 have been multiplied by 700, while those of the sample withx = 1 have been
multiplied by 5. (After (Seniset al., 2000b)).

Figure 1.31: Dependence of the transition temperature TC and the magnetic frustration
f=����� � for the Tl���Ru�Mn�O� (0 � x� 2) series of samples as a function of Ru content.
(After (Seniset al., 2000b))
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Figure 1.32:Variation of the paramagnetic moment���, the saturation magnetization M� ,
and the calculated moment��� as a function of Ru content (x). The solid line indicates the
moment assuming no contribution of the Ru atoms. (After (Seniset al., 2000b)).

1.32. It is found that M� also exhibits a fast decrease, signaling not only the null con-

tribution of the Ru�	 ions to the magnetic moment, but also the reinforcement of the

antiferromagnetic interactions.

Fig. 1.33 shows the variation of the resistivity with the temperature, both with and

without field. The resistivity� and MR initially (x � 0.05) increase but forx > 0.05

slowly decrease and the former becomes very small, typical of metallic systems, at

room temperature forx = 1 (see Fig. 1.33) while the latter already disappears forx >

0.2.

Using the Majumdar-Littlewood model (See section 1.5.1), they plot in Fig. 1.34 the

MR versus (M/M�)� for several temperatures. They found a very good agreement

between the experimental data and the model. They found that, after some initial rise

of C (x = 0.05), it decreases gradually with doping. That means thatC mimics the

variation of the room-temperature resistivity of the samples, i.e. the modification of

the charge density upon doping. Therefore, the increase of the charge carriers density

(decrease ofC) provokes the decrease of MR. Besides, MR disappears forx > 0.2,

whereC < 2, in agreement with the predictions of the Majumdar-Littlewood model.

They explained their results suggesting that, for low Ru concentration (x � 1), Ru

4d electrons are no longer localized, but itinerant having almost null contribution to

the paramagnetic moment. They reported that the itinerant character of the Ru 4d

electrons is of major relevance since it provides a way to change the charge carriers
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Figure 1.33:Temperature dependence of the resistivity at zero field (open symbols) and 80
kOe (solid symbols) of several samples of Tl���Ru�Mn�O� (0� x�1) as a function of the Ru
content. (After (Martínezet al., 1999)).

Figure 1.34: Dependence of the magnetoresistance as a function of (M/M�)� for several
temperatures above TC (T > 1.2TC) and different Ru contents. Inset: Dependence of the scaling
parameterC, and the density of charge carriers per magnetic unit celln� C���� as a function
of x. (After (Martínezet al., 1999)).
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Figure 1.35: Pressure effect on susceptibility of Tl�Mn�O�. Inset: pressure coefficients
���������� vs TC for four isostructural pyrochlores as derived from susceptibility studies
(the line is a guide to the eye). (After (Sushkoet al., 1998)).

density in the Tl–O’ band, without disruption with foreign cations, and therefore a

way to control the MR of the system. They proposed the existence of some degree of

mixing of the 6sorbitals on the A-type cation and the Ru 4d orbitals, so that there is a

net transfer of electron density from the Ru 4d orbitals to the Tl 6s orbitals. In other

words, polarizable A-type cations are partially reduced, while Ru cations are partially

oxidized. This electron transfer between the Tl 6sand Ru 4d orbitals is also supported

by the anomalous cell size observed for metallic Ru pyrochlores, which can be viewed

as a result of the partial oxidation of Ru.

1.7 Variation of the properties with pressure

1.7.1 Sushko’s studies in A�Mn �O� (A = Tl, In, Y, Lu)

In recent years Sushkoet al. reported a about the variation upon pressure (up to 1 GPa)

of the magnetotransport properties in pyrochlores manganites A�Mn�O� (A = Tl, In,

Y, Lu) (Sushkoet al., 1998; Sushkoet al., 1997; Sushkoet al., 1999a; Sushkoet al.,

1999b). By susceptibility measurements, they found a negative pressure dependence

of the Curie temperature (Fig. 1.35). For Tl�Mn�O�, the slope of that decrease is

(���() � ��
 K/GPa. They tried to apply the simple superexchange picture, pro-

posed by many authors up to the publication of their first paper (Subramanianet al.,
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Figure 1.36:Pressure dependence of Mn–O bond length (a) and Mn–O–Mn bond angle (b),
measured by neutron scattering in Tl�Mn�O� and In�Mn�O�. Lines are guides to the eye.
(After (Sushkoet al., 1999b)).

1996). Therefore the negative pressure shift of TC should be attributed to the pressure-

driven increase in the Mn–O–Mn bond angle*, because the strength of the ferromag-

netic nearest-neighbour coupling must decrease when*, increasing, moves further

away from the favourable value for ferromagnetism of 90	. However, they had found

by means of a neutron study, a substantial decrease under pressure of both the Mn–O–

Mn bond angle and M–O bond length (Fig. 1.36). Thus, the observed pressure effect

in pyrochlores appeared to contradict not only the double-exchange model, but also

the main postulate of the simple superexchange model, that requires a ferromagnetic

character of the nearest-neighbour superexchange.

Therefore, they proposed another model for explaining simultaneous reduction un-

der pressure of both the TC and*. They assumed that ferromagnetism in pyrochlore

manganites originates from the next-near-neighbour (that is, second-, third-nearest

neighbour) interactions, while the nearest-neighbour coupling is an antiferromagnetic
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one. Normally, the nearest-neighbour interaction predominates. However, the inher-

ent topological frustration of the nearest-neighbour antiferromagnetic bonds in the

pyrochlore structure (Harriset al., 1998; Ramirezet al., 1999; Siddharthanet al.,

1999; Canals and Lacroix, 2000; Bramwell and Gingras, 2001) acts in favour of the

competing ferromagnetism. After this picture, a long-range ferromagnetic order de-

velops, mediated by the strong covalent bonding of Mn–O–Tl(In)–O–Mn, due to the

hybridization of the Tl-(In)-6s(5s) orbitals with the oxygen 2p orbitals. Neverthe-

less, for the Y- and Lu- pyrochlores the magnetic interactions between Mn atoms are

mediated only by the network of Mn–O octahedra. Within this picture, decreasing

under pressure of superexchange bond length strengthens the antiferromagnetic cou-

pling. This shifts the balance between competing magnetic interactions effectively

suppressing the ferromagnetic TC. Considerably larger negative pressure coefficients

of TC observed in Y- and Lu- pyrochlores (see inset of Fig. 1.35) are quite consistent

with their model, because it suggests that an antiferromagnetic superexchange plays

much stronger destructive role in the materials which possess lower ferromagnetic TC.

The ferromagnetic long-range ordering has been confirmed for Tl�Mn�O� by neutron

diffraction (Shimakawaet al., 1997).

Furthermore, magnetothermohistory effects observed in pyrochlores at temperatures

well below and above TC provide strong arguments against the superexchange model

based on the ferromagnetic nearest-neighbour interaction, which permits no deviation

from the standard ferromagnetic behaviour. Those effects, such as an irreversibility

between the zero-field-cooled and field-cooled magnetic data (see Fig. 1.30), have

been observed in some papers (Sushkoet al., 1998; Seniset al., 1999; Seniset al.,

2000a; Seniset al., 2000b; Sushkoet al., 1999b), and have been attributed to a presence

of antiferromagnetic interactions. On the other hand, they found an increase in the

magnitude of the CMR effect when a pressure is applied (Fig. 1.37).

1.7.2 Senis’ studies in Tl�Mn �O�

In his Ph. D. Thesis, Senis studied the variation of the structural and transport prop-

erties of Tl�Mn�O� (Senis, 2000). By means of synchrotron X-Ray diffraction, he

measured the spectra at different pressures, finding a linear decrease of the cell param-

eter with increasing pressure (Fig 1.38), and the same behaviour for the bond distances

Mn–O, Tl–O’ and Tl–O (Figs. 1.39 and 1.40). Also the bond angle Mn–O–Mn de-

creases from 139.8	 to 136.5	 when the pressure is increased from ambient to nearly
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Figure 1.37:Magnetoresistance of Tl�Mn�O� as a function of temperature for two pressures
(After (Sushkoet al., 1998)).

Figure 1.38:Dependence of the cell parameter of Tl�Mn�O� with pressure (After (Senis,
2000)).

20 GPa (Fig. 1.39).

In Fig 1.41 it is shown the variation he found in the resistivity versus temperature

curves. Initially, there is an increase in the value of the resistivity for a fixed tem-

peratures. Further application of pressure drives the resistivity down, lower than the

initial values (Fig 1.42). He fitted the high temperature data to a thermally activated

behaviour,��� � � ���+%�E����� �, with E� the activation energy. The values found

for E� and for the room temperature resistance are plotted in Fig. 1.42.

To get the transition temperature, he plotted the quantity (1/R)dR/dT versus tempera-

ture (inset of Fig. 1.41), and the maximum in the curve gives TC. The variation of TC

with pressure is shown in Fig. 1.43.

In all these figures, that show the transport parameters, there are two distinct regimes,
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Figure 1.39:Variation with pressure of the Mn–O–Mn bond angle (black squares) and of the
Mn–O interatomic distance (open circles) in Tl�Mn�O� (After (Senis, 2000)).

Figure 1.40:Variation with pressure of the interatomic distances Tl–O’ and Tl–O (inset) in
Tl�Mn�O� (After (Senis, 2000)).

Figure 1.41:Dependence of Tl�Mn�O� resistance with temperature, for the indicated pres-
sures. Inset: logarithmic derivative��������� . The arrows indicate TC (After (Senis, 2000)).
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Figure 1.42:Pressure dependence of (a) the activation energy E� (see text) and the room
temperature resistance of Tl�Mn�O� (After (Senis, 2000)).
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Figure 1.43:Dependence of the Curie temperature TC with pressure, for two different samples
of Tl�Mn�O� (After (Senis, 2000)).

one for low pressure (below about 5–7 GPa) and another one for higher pressures. The

sign of the different parameter variation with pressure is opposite. The value he found

for dTC/dP is -0.65 K/GPa, of the same order of magnitude that the one reported by

Sushko (Sushkoet al., 1998). This non-monotonic variation of the transport parame-

ters is in clear contradiction with the monotonic variation of the structural parameters,

and should be accounted for.

He explains this behaviour in the context of the Hay model (Hayet al., 1975). In that

model, the effective exchange constant is given by�eff � ������ �
� � #�' !���
�

and Senis placed the maximum of this function at 135	. Therefore, as the angle mono-

tonically decreases from about 140	 to 130	 there is a change in the sign variation of

�eff: it begins by increasing its value, and below 135	 it decreases in value as the
 angle

decreases. That seems to explain the strange behaviour of the structural and transport

parameters of this compound. But the problem is that a careful examination of the

function proposed for�eff yields to the conclusion that the function, � #�' !���
�

has its maximum at 90	, while for� 135	 it has an inflexion point. Therefore, for a

monotonic variation of
, a monotonic variation of�eff should be obtained.

Another different explanation he gives is in terms of the band structure. He says there

are two competing mechanisms for the determination of the TC dependence with pres-

sure:
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� For relatively low pressures (P < 10GPa), the dominant effect is the reduction

of the density of carriers in the conduction band, due to the diminution of the

hybridization of the Tl–O and Mn–O bands, what produces a weakening of the

exchange integral between Mn and O when the Mn–O–Mn angle is closed. This

reduction in the exchange integral means a decrease of the TC. This behaviour

will be compatible with a double-exchange or superexchange scenario.

� For higher pressures, there is a suppression of the compressibility of the Mn–O–

Mn angle. This gives way that the dominant role will be played by the widening

of the Tl–O band (reflected upon a decrease of E�) what will reinforce the hy-

bridization with the Mn–O band and, consequently, a charge transfer. That will

be translated into an enhancement of TC with pressure.

Besides, he proposes that an enhancement of the electric conductivity implies a

stronger ferromagnetic interaction. This will explain the decrease of the resistance

when TC enhances, and viceversa.

1.7.3 Núñez-Regueiro’s Model

In a recent publication (Núñez Regueiro and Lacroix, 2001), Núñez-Regueiro and

Lacroix proposed a model for explaining the ferromagnetic behaviour of the A�Mn�O�

pyrochlores (A = Y, In, Lu, and Tl), and also the singular response of these compound

to an applied pressure.

Sushkoet al. had asserted that a simple superexchange scenario, with ferromagnetic

nearest-neighbour interactions, is in clear contradiction with a decrease of TC with in-

creasing applied pressure (Sushkoet al., 1998; Sushkoet al., 1999a; Sushkoet al.,

1999b). Núñez-Regueiro and Lacroix demonstrate that the observed weakening of the

ferromagnetism with moderate pressures can be understood within the conventional

superexchange model, provided that the intra-atomic Hund interaction J�
 of the oxy-

gen has a significant value, while the excitation energy� of the O(2p) electrons to the

empty�� levels of the localized Mn ions is small. Comparison with other oxides should

indicate that these can be reasonable assumptions. The resulting exchange interaction

J is ferromagnetic due to the Mn�	–O–Mn�	 bond angle, and when an external pres-

sure is applied,� increases while the intra-atomic parameter J�
 remains unchanged,

inducing the observed decrease of TC.
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However, an additional mechanism is still necessary to account for the observed values

of TC for Tl�Mn�O� and In�Mn�O�, above 120 K. They propose an indirect exchange

coupling between the Mn	�� states mediated by the In(5s)/ Tl(6s)–O(2p) bands. This

additional indirect exchange also explains the increase of TC reported for higher pres-

sures (Senis, 2000). Even when the relevant bands become strongly spin polarized,

the ferromagnetism and the conduction in the Tl�Mn�O� compound appear to be less

coupled than in the perovskites, in agreement with experimental results (Ramirez and

Subramanian, 1997; Hwang and Cheong, 1997).



Chapter 2

The Pyrochlore Structure

2.1 Introduction

A
MONG the ternary metallic oxides, compounds of the general formula,

A�B�O�O’ (A and B are metals), represent a family of phases isostruc-

tural to the mineral pyrochlore, (NaCa)(NbTa)O�F where the F is usu-

ally partially substituted by the OH group. These compounds, among

which about 150 in number are predominantly cubic and ionic in nature, lend them-

selves to a wide variety of chemical substitution at the A, B and O sites provided the

ionic radius and charge neutrality criteria are satisfied. The crystal structure also tol-

erates vacancies at the A and O’ sites to a certain extent with the result that cation

migration within the solid is made easy. A�B�O� compounds exhibit a wide variety

of interesting physical properties. This is because the B element can be a transition

metal with variable oxidation state or a post transition metal and the A element can

be a rare earth (RE) or an element with inert lone-pair of electrons. In Fig. 2.1 one

can see the elements reported to occupy the A and B positions in pyrochlore com-

pounds. Thus, the electrical nature of the pyrochlores varies from highly insulating

through semiconducting to metallic behaviour with a few compounds exhibiting a

semiconductor-to-metal transition. Recently, superconductivity below 1 K has been

reported in the cadmium-rhenium pyrochlore Cd�Re�O� (Sakaiet al., 2001; Hanawa

et al., 2001; Jinet al., 2001). Many phases where the A and B elements are present in

the maximum possible oxidation state exhibit interesting dielectric, piezo- and ferro-

electric behaviour. In cases where a 3d transition element is present at B site and/or

a rare earth at the A site, magnetic behaviour ranging from simple paramagnetism to

55
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Figure 2.1: Periodic Table showing what elements have been reported to occupy A and B
positions (or both) in pyrochlore compounds.

ferro- or antiferro-magnetism is encountered. Many of the oxide pyrochlores are ex-

cellent refractories while someRE-containing ones exhibit interesting fluorescent and

phosphorescent behaviour and possibly can act as laser host materials. Many ’defect’

(vacancy containing) pyrochlores do possess very good cationic conductivity and can

be considered to be solid electrolytes and some of the defect phases containing 4d or

5d elements at the B site are found to behave as oxygen electrodes by virtue of their

excellent ionic (O��) and electronic conductivity.

Oxide pyrochlore and related phases have been studied by many workers over the past

several years and there is available a considerable body of experimental data to allow

correlations to be made with various crystal chemical properties. However, the in-

formation available in the literature is scattered. Shannon and Sleight (Shannon and

Sleight, 1968) and Brisseet al.(Brisseet al., 1972) while presenting their own work,

discussed the general features of (3+,4+) and (2+,5+) pyrochlores respectively but their

treatment pertained mainly to the structure and stability-field regions of these com-

pounds. Similarly, Barkeret al.(Barkeret al., 1970) and McCauley (McCauley, 1980)
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discussed the geometrical aspects and oxygen parameter of the various pyrochlores

while Shcherbakovaet al.(Shcherbakovaet al., 1979) and Rao and Subba Rao (Rao

and Subba Rao, 1970) devoted a sizeable portion of their articles (’Lanthanide Ti-

tanates’ and ’Electrical Conduction in Metal oxides’ respectively) to a discussion of

the physical properties of A�B�O� compounds. This chapter contains a review of the

work published about the structure of the pyrochlore oxides. Existence, field of sta-

bility, synthesis and physical properties have been discussed in detail in (Subramanian

et al., 1983). The (3+,4+) phases are large in number compared to the (2+,5+) com-

pounds and the existence ofRE�	-ions with a systematic variation in ionic radius en-

ables one to exactly define the stability field of (3+,4+) pyrochlores in terms of radius

ratio. Interesting physical properties are exhibited by both the (3+,4+) and (2+,5+)

pyrochlores. Wherever possible, a critical assessment of the available information is

included and possible areas for further exploration identified.

2.2 Crystallography of the Pyrochlores

The general formula of the oxide pyrochlores can be written as A�B�O�O’ with four

crystallographically non-equivalent kinds of atoms. The space group of the ideal py-

rochlore structure is Fd̄3m and there are eight molecules per unit cell (Z = 8). The

structure is composed of two types of cation coordination polyhedron (Fig. 2.2).

The A cations (usually with any ionic radius of about 1Å) are eight coordinated and

are located within scalenohedra (distorted cubes) that contain six equally spaced anions

(O-atoms), and two additional anions (O’-atoms) at a slightly shorter distance from the

central cations (Causaet al., 1999). The smaller B cations (about 0.6Å ionic radius) are

six coordinated and are located within trigonal antiprisms (distorted octahedra) with

all the six anions at equal distances from the central cations. Many authors do refer

to the six-fold and eight-fold coordination polyhedra in the pyrochlore structure as

octahedral and cubic coordination polyhedra respectively. This is not exactly correct

because the space group requires that these two polyhedra have��� symmetry and

therefore are not octahedra or cubes (but trigonal antiprisms and scalenohedra). The

conditions for the existence of perfect octahedra and cubic coordination polyhedra can

not be simultaneously satisfied.

The space group Fd̄3m has two possible choices for the origin. One is referred to

the centric origin viz.,3mwhile the other one refers to43mas the origin. Both have
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Figure 2.2:Pyrochlore structure of general formula A�B�O� showing the 6 fold coordination
of B and 8 coordination of A atoms.

been employed by various workers, but more commonly the A cation is chosen as the

origin and herein we shall use this convention. The pyrochlore structure has only one

positional parameter, the oxygenu parameter, and there are simple rules to convert

the value of this parameter depending on the choice of the origin. The location of the

atoms, site symmetry, and atomic coordinates of the pyrochlore structure are given in

Table 2.1.

The value of the unknown oxygenu parameter can be determined by the methods of X-

ray or neutron structure analysis. In many cases X-ray powder data have been refined

using the observed intensities while in other casesu values have been inferred from

Ion Location Site Symm Coordinates

16A 16c 3̄m(D��) (0,0,0)
16B 16d 3̄m(D��) (�

�
,�
�
,�
�
)

48O 48f mm(C��) (u,�
�
,�
�
)

8O’ 8a 4̄3m(T�) (�
�
,�
�
,�
�
)

Table 2.1:Pyrochlore (��	�����) Structure Data (Origin at A site).
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the lattice parameters and assumed bond distances taking the geometry of the crystal

structure into consideration (McCauley, 1980; Nikiforov, 1972). Although many py-

rochlore compositions crystallize in the cubic structure, in a few cases deviations from

cubic symmetry by way of tetragonal, rhombohedral and triclinic distortion are noted.

The lattice parameters generally are�10Å, whereas theu parameter is found to range

from 0.441 to 0.395 (with A�-ion chosen as origin). The shortest A–O and B–O dis-

tances in pyrochlores are usually close to the average bond distances encountered in

the A and B binary or ternary oxides with eight and six-fold coordination respectively,

and compare well with the sum of ionic radii given by Shannon (Shannon, 1991).

2.3 Description of the Pyrochlore Structure

The pyrochlore structure has been described in several different ways. Various de-

scriptions arise because the coordination polyhedra around the A and B cations change

shape with the value of the oxygenu parameter. Byström (Byström, 1945) and others

(Jonaet al., 1955; Knopet al., 1965; Nymanet al., 1978; O’Keeffe and Hyde, 1980)

describe the pyrochlore as a network structure of corner linked BO� octahedra with the

A atoms filling the interstices. Aleshin and Roy (Aleshin and Roy, 1962) and Longo

et al. (Longoet al., 1969; Horowitzet al., 1981) describes it on the basis of an anion

deficient fluorite unit cell. More generalized descriptions have been given, involving:

� Interpenetrating networks of BO� octahedra and A�O’ chains (Sleight, 1968;

Sleight, 1969a) or of A� and B� tetrahedra (Pannetier and Lucas, 1970) with

oxygens suitably placed inside or outside.

� Frame work structure in terms of distorted layers of B�O� units of the hexag-

onal tungsten-bronze type parallel to [111] and joined by intervening layers of

widely-spaced BO� octahedra (Darrietet al., 1971).

� Those derived from AgSbO� or MgCu�-type (Bagshaw, 1976).

However, the fact remains that no single description can explain all the structural and

other characteristics of the pyrochlores.

As mentioned earlier, the coordination polyhedra change shape with the oxygenu

parameter. Even though never achieved experimentally, the limiting values ofu are

0.4375 (= 7/16) and 0.375 (= 3/8) (see Table 2.1) for the pyrochlores. Foru = 0.4375,
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u = 0.4375 u = 0.375

B (16 )

A (16 )
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d
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f

a

Figure 2.3: Change in shape of coordination polyhedra of A and B ions with 48f oxygen
parameteru in A�B�O�O’ structure (� � ��� � �). Coordination aroundB becomes a regular
octahedron foru = 0.4375 (7/16) and foru = 0.375 (3/8) the coordination aroundA becomes a
regular cube. After Faucher and Caro (Faucher and Caro, 1975).

the B ion has a perfect octahedral coordination (and no��� symmetry) while the A

ion occupies the site of coordination eight (6O + 2O’) in a form of distorted hexagon

of six oxygens (48f ) and whose plane is perpendicular to O’–A–O’ axis. The A–O’

distance is, of course, shorter than the A–O distance (Fig. 2.3).

Whenu = 0.375, the A cations will be situated in a regular cubic 8-fold coordination

(no��� symmetry) whereas the B ion is at the centre of a highly distorted octahedron

(trigonal antiprism). In other words the B cation is also at the centre of a cube of

oxygens with two body diagonal oxygens missing. Fig. 2.4 shows the variation of

principal angles and interatomic distances as function of 48f oxygenu parameters

(Pannetier, 1973). In particular, one can note that the B–O–B angle, which is 109	28’

for the fluorite structure, increases to 120–140	 for the pyrochlore structure. The A–O’

distance, independent of oxygenu parameter, is always shorter than the A–O distance

but becomes equal to it whenu = 0.375. The�#-�# angle, however, is always 109	28’

(the tetrahedral angle). Data on A–O, B–O and A–O’ values and bond angles on

selected pyrochlore compounds are given in Table 2.2.

1(
�
�/8)��.

2Sleight (Sleight, 1968) gave the value of 4.00 Å which seems to be in error.
3(
�
�/4)a�. For Hg�Nb�O�, O’–O’ and B–B distances are calculated from�� value.

4(
�
�/4)a�.
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Table 2.2: Selected interatomic bond distances (Å) and angles (degrees) for A�B�O� py-
rochlores.

Bond dist. Er�Ti�O� Cd�Nb�O� Hg�Nb�O�

and angle (Knopet al., 1965) (Brisseet al., 1972) (Sleight, 1968)
B–O 1.955 1.957 1.999

A–O’1 2.182 2.246 2.263
A–O 2.471 2.647 2.61
O–O 2.599 2.734 2.72
O–O 2.921 2.802 —2

O–O’ 2.972 3.205 3.16
O–O’ 3.591 3.718 3.735

O’–O’3 4.363 4.492 4.526
B–B4 3.563 3.667 3.696

O–B–O 96.68 91.4 94.1
O–B–O 83.32 — 85.9
O–A–O 63.46 62.2 —
O’–B–O 79.13 81.4 —

2.3.1 Structure based on a fluorite type cell

In this description (Aleshin and Roy, 1962; Longoet al., 1969; Horowitzet al., 1981)

as in the fluorite structure, the cations A and B form a face centered cubic array and

the anions are located in the tetrahedral interstices of the cationic array (Fig. 2.5). In

the fluorite structure (CaF�), Ca atoms have a face centered cubic arrangement, and

fluorine atoms are located in the tetrahedral sites. The face centered A and B cations

are ordered in alternate [110] rows in every other [001] plane and in alternate [1̄10]

rows in the other [001] planes. This results in three kinds of tetrahedral interstices for

anions: 48f positions having two A and two B near neighbours, 8b positions having

four B near neighbours and 8a positions having four A near neighbours. In pyrochlore

structure, the 8b positions are vacant (A�B�O� vs. 4 CaF�). The four B cations that

neighbour such an anion vacancy tend to be electrostatically shielded from one another

by a displacementu of each 48f anions from the center of its tetrahedral interstice

towards its two neighbour B cations (Horowitzet al., 1981; Longoet al., 1969). The

48f anions, originally atu = 0.375 (Fig. 2.5) are shifted to a position,u = 0.4375

where B ions are in perfect octahedra that share corners along the [110] direction. It

makes the�'-' angle along these rows increase from 109	28’ to about 132	. The

8a anions (O’) remain equidistant from the four near neighbour A cations. These 8a

anions together with 16c cations form a subarray that is isostructural to one of the two
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Figure 2.4:Variation of bond distances (broken lines) and bond angles as a function of 48f
oxygen parameters (� � ��� � �). a is the unit cell parameter. After (Pannetier and Lucas,
1970).

interpenetrating networks of anticristobalite structure (Cu�O).

Although the above mentioned description is very simple, it is suitable only for py-

rochlores withu value in the vicinity of 0.375 and most of theu values lie well above

this region (Sleight, 1968; Sleight, 1969a). This type of description is, however, of

interest in the case of compounds with loweru (compounds with large ionic radius

(Zr�	 for B site)). Some of these compounds undergo a pyrochlore-defect fluorite type

transition. This type of transition never occurs in the pyrochlore structure containing

smaller B cations.

2.3.1.1 Description based on B�O� and A�O’ interpenetrating networks

In this type of description (Chakoumakos, 1984; Sleight, 1969b), the structure is con-

sidered as a 3D-network of corner shared BO� octahedra. The A cations have 8-fold

coordination (6 O ions (48f ) arising from the BO� octahedra and 2 O’ atoms (Sleight,

1968; Sleight, 1969a)). Actually each A cation is at the centre of a puckered hexagonal

ring (chair form) of six O atoms and normal to the mean plane of this hexagon is a pair
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B (16 )d

A (16 )c

O ( 4 8 )f

O ’ ( 8 )a

Vacancy (8 )b

Figure 2.5:Pyrochlore structure as derived from a fluorite lattice. The cation positions for
one quarter of the unit cell are shown. The shifts of 48f oxygen towards the 8b vacancy are
indicated. After (Longoet al., 1969).
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Figure 2.6:Projection of a part of the pyrochlore structure based on corner shared BO� octa-
hedra. The center of the hexagons contain overlapping projection of one A cation and two O’
(8a) anions. After (Knopet al., 1965).

of O’ atoms (Nymanet al., 1978; O’Keeffe and Hyde, 1980). The coordination unit

therefore is a (puckered) hexagonal bipyramid (AO�O’�). The A–O’ bond distance is

shorter than A–O distance. So by neglecting the A–O interaction the structure can be

regarded as interpenetrating networks of B�O� and A�O’ units (Figs. 2.6 and 2.7).

The A�O’ network is identical with one network in anticristobalite Cu�O. The Cu�O

structure is frequently described as two interpenetrating networks with no primary

bonds between the two networks5. In the A�O network of the pyrochlore structure,

the cation is in linear coordination. The A–O’ distances, unaffected by any positional

parameter, can be obtained from unit cell lattice parameter (Table 2.2). The A–O’

linkages from zig-zag chains and two such chains intersect at O’. Thus the coordination

of oxygen is four A atoms in the form of a regular tetrahedron and A–O’–A angle is

5The Cu�O structure is similar to that of cristobalite (polymorph of SiO�) in which each O atom is
surrounded by 4 copper atoms in a tetrahedral arrangement and each Cu atom forms collinear bonds
with oxygen. In cristobalite each silicon is surrounded by oxygen in a tetrahedral arrangement. The
distance O–Cu–O (3.7Å) is larger than Si–O–Si (3.1Å) and as a result the Cu�O framework is more
open and there is enough space for a second identical framework to be occupied. In the pyrochlore
structure the A atoms occupy the copper positions in anticristobalite structure (Wells, 1979).
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Oxygen

Figure 2.7:The pyrochlore structure as two interpenetrating networks of BO� octahedra and
A�O’ chains. The B atoms are in octahedral coordination. The A atoms can be considered to be
in a linear coordination because A–O’ (shaded) < A–O (open circles) in the AO� polyhedron.
After (Sleight, 1968; Sleight, 1969a).

109	28’.

In the (BO�)� network B is in a distorted octahedral coordination while the anion O is in

a linear coordination. The octahedra become more regular asu approaches 0.4375 and

any deviation from this value is a measure of distortion in the octahedral network. The

closest contact between the two networks is between the A cations of the A�O’ network

and oxygens of the B�O� network. However, these internetwork distances are always

significantly larger than any intranetwork distances (Table 2.2). The two network view

of the pyrochlore structure becomes more appropriate as the cube around A cations

becomes increasingly distorted. This description is consistent with the occurrence of

’defect pyrochlores’ of the type�#'�O�� and A�B�O�����, (� vacancy) as the BO�

octahedral network forms the ’back bone’ of the structure. Since most of theu values

of (2+,5+) pyrochlores lie near the limiting value of 0.4375, this description may well

be suitable for most of the compounds. The main drawback of this model is that it

apparently neglects the importance of the nature of the A and O’ ions. It predicts, for

example, the formation of a pyrochlore structure irrespective of the nature of A ion
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Figure 2.8:Pannetier and Lucas description of the pyrochlore (A�B�O�O’) structure as two
interpenetrating networks of (B��)O� and (A�O’) tetrahedra. (a) B� tetrahedra with vacancy
at the central and 48f oxygens outside. (b) Corner shared (B��) tetrahedra indicating the
oxygen coordination (octahedral) around one B atom to give the formula (B����)O�. (c) A�O’
tetrahedron showing the central O’ atom with near perfect tetrahedral angles. These tetrahedra
are also corner shared to give the formula (A���O’). After ref. (Pannetier and Lucas, 1970).

which is not true. This is the case of, Cd�Nb�O�, which crystallizes in a pyrochlore

structure, while Ca�Nb�O� and Sr�Nb�O� do not.

2.3.2 Description based on two interpenetrating (B��, A�O’) net-

works (anticristobalite type)

Pannetier and Lucas (Pannetier and Lucas, 1970) proposed a description of the struc-

ture based on two interpenetrating networks of tetrahedra for the pyrochlores. If one

examines the B�O� network more closely, it can be seen that the most elementary unit

of high symmetry in this network is the existence of regular B� tetrahedra. The four B

cations are found to occupy the corners of a regular tetrahedron with its center being

empty (8b site). Fig. 2.8a represents the simple B�O� unit and it can be seen that

oxygens are outside the B� tetrahedron. The B� tetrahedra form a three dimensional

sequence as observed in the cristobalite (SiO�) of space groupFd3m. If we compare

with SiO� tetrahedra, the B cations occupy the positions of the oxygens and the Si po-

sition is empty. Each tetrahedron shares a vertex with the other and hence the formula

of the network is B���O� (Figs. 2.8a and b). The network which interpenetrates the

B���� (O�) network in the pyrochlore is A�O’. The network is similar to that appearing

in anticristobalite structure (Cu�O). Here the A atoms form a corner shared tetrahedron
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(Fig. 2.8c) and the centers of the tetrahedra are occupied by O’ atoms (8a position) as

explained in the previous description (section 2.3.1.1). Thus, the pyrochlore structure

is considered as two interpenetrating networks based on cristobalite structure, the two

networks being A���O’ and B����(O�) giving rise to the formula A�B�O�O’. When we

go from one network to another, there is a translation of��� in one of the directions

[100], [010],[001] of the cubic symmetry. As shown in Fig. 2.8b the B cations happen

to be at the intersection of two tetrahedra and situated at the center of more or less dis-

torted octahedra (�� or ��� symmetry) of oxygens. The deformation of the octahedra

depends on the (48f ) oxygen positional parameteru. As already mentioned, foru =

0.4375, the octahedra are perfectly regular, and foru > or < 0.4375, the octahedra is

compressed or dilated respectively along the 3-fold axis.

The above description explains the high symmetry (.(���) of the pyrochlore structure.

The rigidity of the skeleton is due to the interpenetration of two networks of tetrahedra

formed by A and B cations. The distances A–A and B–B being equal and constant

throughout the structure, do not depend on the 48f oxygenu parameter. This model,

however, gives importance to the 48f oxygen parameter because the coordination poly-

hedra of A and B ions depend on this parameter. Pannetier and Lucas enumerated the

advantages of this description of the pyrochlore structure (Pannetier and Lucas, 1970):

� The model gives more importance to the 8a site which contains an anion O’,

which undergoessp� hybridization and the coordination is a regular tetrahedron

(A�O’).

� The distortions from the overall cubic symmetry in the pyrochlore structure may

be expected to be analogous to that observed in the different polymorphs of SiO�.

� When the 16c site (A cation,6 O + 2 O’ coordination) is occupied byd��-ions

like Hg�	, Cd �	, Ag	 which frequently undergosp� hybridization, the A–O’

bond is stronger than the A–O bond and one observes an increase in the A–O

distance to give highu values (u < 0.4375). If the A–O’ bond strength is still

higher, the regular octahedra may distort in the other direction (dilation along

the 3-fold axis) and makes theu value higher than for regular octahedra (u >

0.4375). For example, in the case of Cd�Re�O� (Donohueet al., 1965)u is

0.441, higher than for regular octahedra.

However, there is one difficulty with the Pannetier and Lucas description: it does not
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Figure 2.9:Variation of electrostatic energy (E) vs. 48f oxygenu parameter (� � ��� � �)
for various (2+,5+), (3+,4+) oxide pyrochlores based on Madelung energy and site potential
calculations using the network model. E������ is always more negative than E������ for the
respective networks. The internetwork interaction energy (E�����) is only 2–3% of the total
energy (E�	���). After (Pannetier, 1973).

adequately account for the formation of defect pyrochlores of the type�AB�O��and

A�B�O�����.

Madelung energy and site potential calculations have been carried out as a function of

the 48f oxygenu parameter by Pannetier (Pannetier, 1973), Barkeret al. (Barkeret al.,

1970; Barkeret al., 1976) and Wilde and Catlow (Wilde and Catlow, 1998) for various

types of pyrochlores to get an overall idea regarding the stability of the pyrochlore

structure. It is gratifying to note that the results of the above semiquantitative calcu-

lations are generally in good accord with the experimental observations. The results

obtained by Pannetier (Pannetier, 1973) for various stoichiometric (2+,5+); (3+,4+);

hypothetical (1+,6+) (4+,3+) and cation disordered (defect fluorite) pyrochlores are

shown in Figs. 2.9 and 2.10.

Pannetier also calculated the interaction energy between (B�O�) and (A�O’) units ex-

isting in the interpenetrating network model of the pyrochlore structure (see Fig. 2.9).

Several interesting points are worth noting:

� The electrostatic energy of (B�O�) network is always more negative than that of

(A�O’) network indicating that the former is more stable.
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Figure 2.10:Variation of electrostatic energy (E) vs. 48f oxygenu parameter (� � ��� � �)
for various (2+,5+), (3+,4+) oxide pyrochlores based on Madelung energy and site potential
calculations using the network model. (a) (m+,n+) and cation disordered defect fluorite of the
formula A�	

� B�	
� O�. (b) (m+,n+) compositions of the formula A�B�O�. For discussion see

text. After (Pannetier, 1973).

� The interaction energy between the networks represents only 2–3% of the total

electrostatic energy of the system.

� For all values ofu, the electrostatic energy of (1+,6+) pyrochlores is more neg-

ative than that of other types (m+, n+) of pyrochlores. However, no pyrochlores

exist of the (l+,6+) type due to lack of suitable cations of proper ionic radii. For

values ofu nearer to 0.4375, the (2+,5+) pyrochlores should be more stable than

(3+,4+) or (4+,3+) as it is indeed found experimentally.

� In the case of (3+,4+) compositions, the pyrochlore structure is definitely stable

for u > 0.39 over that of defect fluorite structure. Foru � 0.39, the pyrochlore

structure may also exist but can easily transform to the defect fluorite structure,

e.g., inRE�Zr�O� u increases from La to Gd where a change from pyrochlore to

defect fluorite (Tb–Lu) transformation occurs for varyingRE. The pyrochlore to

defect fluorite transition in some of these zirconates (of La–Gd) also occurs as

a function of temperature. In the case of (4+,3+) pyrochlores (A�	
� B�	

� O�), the
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calculations show that the structure may be stable foru < 0.40. Until now only

one compound of this type, Pb�	
� Rh�	� O� (u = 0.385) has been reported (Sleight,

1971); however, the exact charge distribution in it is yet to be established.

2.4 Defect Pyrochlore Structure

Although the majority of compounds with general formula ABO� crystallize in a per-

ovskite structure, some compounds are found to adopt a cubic pyrochlore structure

(Longo et al., 1969; Horowitzet al., 1981; Mulleret al., 1964; Michel and Raveau,

1973; Ramadasset al., 19). The composition of the normal pyrochlore is A�B�O�,

whereas in the defect pyrochlore structure anion and cation vacancies exist in the lattice

to give the compositions A�B�O�O’� (A�B�O����’�) (0.0 <x < 1.0) or (�A)B�(O��).

2.4.1 A�B�O	O’ 
���� (0.0 <x < l.0) pyrochlores

2.4.1.1 Structure and stability

The defect pyrochlore structure can be described in different ways similar to the sto-

ichiometric pyrochlores. In terms of the defect-fluorite lattice, the defect pyrochlore

structure is obtained by removing 8a oxygens (O’) from the unit cell of the stoichio-

metric pyrochlore structure. We note that there are 8 O’ oxygens (8a) per unit cell and

removal of all the O’ oxygens will lead to the formula A�B�O� or ABO�. The removal

of 8a oxygens, however, exposes the A cations to each other across the 8a vacancy and

the resulting electrostatic repulsion would tend to destabilize the structure. In the case

of (8b) vacancy of a normal stoichiometric pyrochlore, the electrostatic repulsion be-

tween the exposed B cations is reduced by a partial screening due to the displacement

of the 48f oxygens towards the exposed B cations. In the case of 8a vacancy of the

defect pyrochlores, there is no such movement of the anions and the stability of the de-

fect structure has been explained mainly due to the bonding between A cations through

the oxygen vacancy. Many A�B�O���-type oxides formed with the defect pyrochlore

structure have weakly basic ions like Tl	, Pb�	/ Bi�	 with a polarizable 6s lone pair

of electrons as the A cation. This leads to an explanation based on the involvement of

the 6s� electrons in the structure. According to Longo et al. (Horowitzet al., 1981;

Longoet al., 1969) the virtual energy levels of the vacancy are comparable in energy

to the 6s and 6p levels of the A ions. The latter are hybridized and are mixed with



2.4. Defect Pyrochlore Structure 71

the virtual levels of the vacancy, forming band states involving the A cations. This

results in bonding between the A cations through the vacancy, ’trap mediated bond’.

In effect, this implies a polarization of the A cations by the oxygen vacancy, resulting

in the stabilization of A–A bonds. When this stabilization is greater than the loss in

Madelung energy, a defect pyrochlore structure can be stabilized in preference to the

perovskite structure. According to this model, the 8a vacancy site must have signifi-

cant electron density and this has been demonstrated in the case of Pb�Ru�O� (Longo

et al., 1969; Horowitzet al., 1981). The existence of the defect pyrochlore structure

can also be rationalized from the network model of the stoichiometric pyrochlores. As

has already been discussed earlier, a corner shared BO� octahedron or B����O� is the

basic unit. The A�O’ chains do not interact strongly even though it is an interpenetrat-

ing network. The A and O’ ions are not very essential for the stabilization of the basic

structure and hence vacancies at both anion and cation site exist leading to the formula

A�B�O��’ or A�B�O��’. Sleight offered another explanation for the existence of

A�B�O� (ABO�) phases with a defect pyrochlore in preference to the adoption of per-

ovskite structure, based on the electropositive character of A and B cations (Sleight,

1969b). We may note that perovskite and pyrochlore structures both possess corner

shared BO� octahedral network, the essential difference being that in perovskite the

corner shared octahedra are arranged in a simple fashion and occur in linear strings,

running parallel to the cube axes. In the pyrochlore structure, however, the chain of

octahedra are zig-zag lying along the [110] direction with�'-' angle 130	. When

both the A and B cations are not very electropositive (e.g., PbRuO� (Horowitz et al.,

1981; Longoet al., 1969), BiRhO� (Longoet al., 1972) and AgSbO� (Sleight, 1969b)),

the pyrochlore structure occurs because metal oxygen bonds would then be more co-

valent and oxygen can form four covalent bonds with the A atom (sp� hybridization).

However, if the A and B cations are reasonably electropositive (e.g., SrTiO�,PbTiO�

and Ag(Nb,Ta)O� (Rao and Subba Rao, 1970)) the perovskite structure is found where

oxygen will be in 6-fold coordination (4A+2B).

For a given ABO� composition, the defect pyrochlore structure will have a lower den-

sity than the perovskite structure. Hence one would expect a structural transformation,

defect pyrochlore-to-perovskite on the application of pressure as it is indeed found:

Bi�Rh�O� , 65 kbar, 1000	C (Longoet al., 1972); Pb�Ru�O�, 90 kbar, 1400	C (Kafalas

and Longo, 1970). TlNbO�, however, does not transform to the perovskite structure
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even at 100 kbar (Goodenoughet al., 1972). From this, it is clear that the pyrochlore-

perovskite transformation becomes increasingly difficult to achieve with decreasing

charge on the A cation.

Pannetier (Pannetier, 1973) and Barker et al. (Barkeret al., 1970; Barkeret al., 1976)

have extended the electrostatic energy and site potential calculations to study the rela-

tive stability of perovskite and pyrochlore structure for various A�B�O� compositions.

The results are presented in Fig. 2.10b. As can be seen for both (3+,3+) and (2+,4+)

combinations the pyrochlore structure has more negative electrostatic energy than the

perovskite for 48f oxygenu parameter� 0.33. This is indeed found to be true provided

the A cation is not very electropositive like Bi, Pb. Examples are Bi�B�O� (B=Sc,

Rh, Y, Ni and Co) (Tomashpol’skiiet al., 1969) and PbSnO��x H�O (Morgentern-

Badarau and Michel, 1970; Morgentern-Badarau and Michel, 1971). For a given A

cation, the radius of the B cation and its electropositive nature will govern pyrochlore

formation becauseu increases with r��� , as observed in PbTiO� (perovskite) and

PbSnO�(pyrochlore). In the case of A�	� B
	
� O� compositions the calculations show

that the perovskite structure is more stable than that of the pyrochlores for values ofu

(48f oxygen)�0.43 (Fig. 2.10b). Foru� 0.45–0.43, the curves are overlapping indi-

cating the borderline nature of the perovskite-pyrochlore stability. In such a case the

pyrochlore structure may be stabilized if there exists an additional contribution to the

stability by way of relative sizes of A and B ions. A and B cations with large and small

ionic radius, respectively, may stabilize the pyrochlore structure as they giveu values

nearer to the ideal 0.4375 (0.45–0.43). For example, compare AgNbO� (perovskite),

AgSbO� and TlNbO� (pyrochlore) (r��������	���, 1.28; r�
 ���, 1.59; r�� �����	���, 0.64;

r�� ���, 0.60Å).

2.4.2 AB�O	 (�AB�O	�’ or ��B�O	A’) pyrochlores

Babelet al. (Babelet al., 1967; Babelet al., 1972) first reported a family of compounds

with the general formula AB�X� (X = O and/or F) having pyrochlore structure. The A

ion can be any univalent cation but in cases where it has a small ionic radius (e.g., Li),

H�O may also enter the lattice. The B ion in the (B�O�) octahedral network may be

any cation of suitable size and oxidation state which can adopt octahedral coordination.

The structure can be described as a corner-shared octahedral network of (B�O�) as in

the stoichiometric pyrochlores and the A atom occupying the 16c (cation site) or 8a

(anion site) positions resulting in the formula, A�B�O��’ or ��B�O�A’ respectively
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(Subramanianet al., 1983). We note that there are vacancies for diffusion of the A	

ions in the structure and these compounds can be potential ionic conductors (Sleight

et al., 1977).

The site occupancy of the A ions in AB�O� compounds is interesting because structural

considerations reveal that in addition to the 16c and 8a sites there is another possible

site (32e). These are (x,x,x) positions, close to the origin (0,0,0). Therefore, the A

atoms are slightly displaced in the [1,1,1] direction. Depending on the size, charge and

polarizability of the A cation either full or fractional occupation of any of the three

sites is possible. Studies showed that the A ions in CsNb�O
F occupy the 8b positions

whereas in TlNb�O
F, they occupy the 32epositions (Fourquet, 1977; Fourquetet al.,

1979). Electrostatic potential calculations of Pannetier (Pannetier, 1973) reveal that the

16c positions are more favoured for occupancy by the A ions in the pyrochlore-type

AB�O� compounds (Fig. 2.10).

Another example of this kind of pyrochlore is the family A(SbTe)O� (A = K, Rb, Cs,

Tl) (Alonso et al., 1988). In that case, it is shown how the antimony and tellurium in

high oxidation states (5+ and 6+, respectively) occupy the B position in the pyrochlore

structure.

2.5 Applications of Oxide Pyrochlores

Usefulness of pyrochlore-type oxides in various devices and other applications is due

to their wide spectrum of properties such as electrical, magnetic, dielectric, optical and

catalytic behaviour. These properties are normally controlled by the parameters such

as ionic size, polarizability of the ions, electronic configuration and occasionally on

the preparative conditions (e.g., particle size, etc. for catalytic activity). The refractory

nature of the pyrochlore oxides is also useful for some applications. In the following

we give some practical applications of pyrochlore oxides. Only some of these have

already been put to use while some others are tentative suggestions and need further

study and proper evaluation.
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2.5.1 Electronic Materials

The electronic behaviour of pyrochlore and related oxides vary widely from insulating

through semiconducting to metallic with a few compounds exhibiting semiconductor-

to-metal transition. Hence this group of materials can be used in solid state devices

and can be classified into subgroups: (i) High permittivity ceramics, (ii) Thermistors,

(iii) Thick film resistors and (iv) Switching elements.

2.5.1.1 High permittivity ceramics

Stoichiometric oxide pyrochlores containing elements in the maximum possible ox-

idation state (e.g., Cd�Nb�O�, Ln�Ti�O�) and specially when the ionic polarizability

is high, exhibit good dielectric properties. Cd�Nb�O�, Cd�Nb�O�S and related solid

solutions possess ferroelectric behaviour. Dielectric constants are fairly large in many

niobates, tantalates and titanates (� � 30–100) and these can be used as high permit-

tivity ceramics. However, the pyrochlore oxide ceramics may not perform as good as

some other ceramics, but suitable compositions may possess advantages with respect

to temperature, stability and cost-benefit analysis.

2.5.1.2 Thermistors

Thermistors are generally made from oxide components with spinel or related struc-

ture. These are semiconductors showing excellent linearity of��� � vs 1/T in a limited

temperature range and are used for accurate measurement of temperature. Other uses

are for temperature compensation, voltage stabilization, current-time relays and trigger

pulse limitation.

Bi�Ru�O�, suitably modified by solid solution with Cd�Nb�O�, Bi�CrNbO�,

Bi�CrTaO�, etc., has been suggested as a thermistor material (Bouchard and Rogers,

1975).

2.5.1.3 Thick film resistors and materials for screen printing

Thick film resistors are those with low and reproducible sheet resistance, unaffected

by humidity and have negligibly small temperature coefficient of resistance. These

can be used as standard resistors in measuring circuits. Many Pb- and Bi-containing

precious metal pyrochlore oxides possess the desired characteristics. Both open and

patent literature is available (Van Loan, 1972; Bouchard and Rogers, 1974; Hoffman
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and Horowitz, 1979). Stable low resistivity oxide pyrochlores have also been used for

screen printing on the dielectrics for capacitor application (Bouchard, 1974).

2.5.1.4 Switching elements

Switching elements are those which exhibit sudden and unusually large change in elec-

trical conductivity (��). It can be brought about either by direct variation of temper-

ature of the element by external source or by internal heating effects by the passage

of current (the I�R loss). These switching elements are also called ’bistable varistors’.

It is well known that binary oxides like VO�, V�O� and doped BaTiO� (posistor) can

be used as switching elements for temperature sensitive electrical switches, fire ex-

tinguishers, temperature controllers, etc. (Futaki, 1965; Cope and Penn, 1961; Van

Steenselet al., 1967; Kaiser, 1973). The property of semiconductor-to-metal transi-

tion exhibited by oxide pyrochlores Cd�Os�O�, Ca�Os�O� and Tl�Ru�O� can also be

exploited for switching elements. Sleight has a patented process for the fabrication

of Cd�Os�O� switching elements (Sleight, 1974). He noted that switching occurs in

less than a second and it is reversible. For example, a crystal of suitably fabricated

Cd�Os�O� kept at 150 K showed a ten-fold increase of current (120 to 110 mA at an

applied potential of 0.24 V) at the time of switching.

2.5.2 Pyrochlores as electrodes in MHD power generation and as

heating elements

Mixed oxides of the type ZrO�-CaO and LaCrO� have been suggested as electrodes

(current collectors) for open cycle magnetohydrodynamic (MHD) power generation

schemes. These oxides possess (i) excellent corrosion resistance (to the gaseous fuel

mixture containing K�SO� vapor at 1200–1400	C), (ii) good electronic conductivity

(to act as good current collectors), and (iii) adequate thermal conductivity and shock

resistance. Meadowcraft (Meadowcraft, 1968) suggested that zirconate pyrochlores

(e.g., Pr�Zr�O� doped with 10% In�O�) can also be the promising materials. However,

more experimentation and feasibility studies are needed. We may also note that the

commercial utilization of MHD power generation itself is still in the experimental

stages.

Stable oxide pyrochlores have also good chances of finding use as electrical heating

elements provided suitable compositions are chosen and fabrication and evaluation
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procedures are standardized.

2.5.3 Pyrochlores as oxygen electrodes

Platinum metal and some binary oxides like RuO� and Mo�O! have been successfully

employed as oxygen electrode electrocatalysts having the oxygen generation and re-

duction capabilities. These electrodes find use in metal-air batteries, fuel cells and in

electrolysers. Horowitz, Longo and Haberman (Horowitzet al., 1979) have demon-

strated that Pb and/or Bi containing precious metal (Ru, Rh and Ir) oxygen deficient

pyrochlores act as oxygen electrodes in place of Pt and other materials. These pos-

sess properties similar to, if not better than, Pt electrodes. The detailed mechanism by

which these precious metal pyrochlores perform as oxygen electrodes is not known.

Presumably, the ability of the precious metals, Pb and Bi to take up variable valence

states, excellent electronic conductivity of the pyrochlore and finally, the oxygen ion

mobility (because the vacancies at O’ site) play a very significant role. The interesting

aspect of the findings of Horowitzet al. (Horowitz et al., 1979) is that the possibility

of reducing the precious metal content in the pyrochlore phase by suitable Pb�	 sub-

stitution thereby reducing the cost factor. It is worthwhile examining the feasibility of

suitable other pyrochlores for their oxygen electrode behaviour.

2.5.4 Role of pyrochlores in the radioactive waste disposal

Spent fuel rods from the nuclear power plants are usually reprocessed to recover ’un-

burnt’ uranium or plutonium and the liquid residue after reprocessing constitutes the

radioactive waste, possessing megacuries of radioactivity. It has to be disposed of in a

suitable manner to avoid hazards to animal and plant life and environment (McCarthy,

1979). Pyrochlore oxides can play a useful role in the nuclear waste disposal in that

a study and understanding of the detailed phase stability relationships will enable the

proper choice of additives for fixation of Ln, Zr, Mo, Ru and other ions in the stable

pyrochlore or related crystalline phases. However, more studies by way of water (acid

or alkali) leachability, thermal stability and detailed phase equilibria studies on the

simulated radioactive waste forms are needed.
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2.5.5 Pyrochlores as semiconductor electrodes for solar energy

conversion

Photoassisted electrolysis (PAE) of water to give H� and O� can occur at an applied

voltage� 1.23 V in a cell consisting of an irradiated (with light of energy h0 � E�,

the band gap) semiconductor (SC) electrode (n- or p-type), a Pt counter electrode and

an aqueous electrolyte. It is now well-known that other photoelectrolytic cells have the

potential of using the sunlight for providing energy storing chemicals. Under suitable

conditions, sunlight can also be converted into dc electricity using semiconductor elec-

trode with the help of photoelectrochemical cells (PEC). Recently Heller and cowork-

ers (Parkinsonet al., 1978; Heller and Vadimky, 1981) have demonstrated that effi-

ciencies of solar energy conversion as high as 12% for light-to-electricity and -to-PAE

of water can be achieved using III-V semiconductors. In addition to the III-V com-

pounds, II-VI and a large number of pure and mixed oxides and chalcogenides have

been examined in past decades for PEC effect and solar energy conversion (Gerischer,

1979). Due to the inherent nature of the energy distribution of sunlight as received on

earth, large band gap SC materials (E� � 1.8 eV) will not be of much use in effect-

ing the solar energy conversion with high efficiency. For long term stability and other

considerations, it is advantageous to employ transition metal oxide SC’s in PEC cells;

however, many of these materials (e.g., TiO�, SrTiO�, KTaO�, etc.) possess large band

gaps (E� � 3.0 eV). Hence, the attention of researchers was drawn to discover (or re-

discover) pure and mixed oxide systems which have relatively small band gaps and at

the same time possess excellent chemical inertness in aqueous acid and alkali media.

Kung et al. examined the pyrochlores Hg�B�O� (B = Nb, Ta) and Pb�(Ti��
W��
)O��


as anodes in aqueous cells for PAE of water (Kunget al., 1977). The band gaps are

1.8 (for B = Nb and Ta) and 2.4 respectively. Photoelectrochemical activity has been

found with the above but the flat band potentials, V� , extracted from the observed

data, have large positive values (� 1.1 V for Nb, Ta and 0.4 V for Pb compound

w.r.t. H� electrode at pH = 13.3). These V� values, measured at zero current, are

numerically equal to the minimum applied voltage required (excluding overvoltage

and kinetic factors) to achieve PAE of water employing the SC electrodes. In this

sense, the pyrochlore oxides examined by Kunget al. are not of much use in achieving

solar energy conversion (Kunget al., 1977). However, many other pyrochlores are

yet to be tested for PAE of water and suitable theoretical guidelines are available for
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a proper selection and experimentation. Work on titanate pyrochlores has also been

reported by Campetet al. (Campetet al., 1982).

2.5.6 Pyrochlores as solid electrolytes

Defect pyrochlore oxides which contain channels in a rigid B�O� network are 3D-

materials (contrary to the 2D-�-Al �O�) and provided suitably high ionic conductivities

are realized at room temperature or at 300	C, offer one of the most promising alterna-

tives to�-Al �O� as the solid electrolyte in Na-S cells. AB�O� pyrochlores and their

derivatives can exhibit A	 ionic conduction because of their unique feature of the oc-

cupancy of the ion in the channels of the lattice. However, many AB�O� compounds do

not possess the expected large ionic conductivity but a breakthrough has been achieved

with the discovery of metal excess phases, Tl�NbO�	�F��� and A�	�B�	�W���O� (A

= K, Tl and B=Nb, Ta). Some of these compounds have��	��� only an order of magni-

tude less, if not equal, to�-Al �O�. And further, they have the advantages of being real

3D-network systems, and hence have good mechanical stability. To date, only Tl	 ion

is shown to possess the best ionic conductivity compared to Rb- or K-containing com-

pounds. But there is no doubt that further research can reveal a better solid electrolyte

and that too with Na	 ion in these type of materials.
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Experimental Methods

I
N this chapter we are going to review the experimental methods carried out

to prepare, and characterize the pyrochlore polycrystalline samples. Most

of the experiences were carried out at the Instituto de Ciencia de Materiales

de Madrid (Materials Science Institute of Madrid), belonging to the Spanish

CSIC (The National Council of Scientific Research), at Madrid (Spain). When the

experiments were performed in any other institution, it is indicated.

3.1 Sample Preparation

The samples were prepared by common solid state reaction, carried out at 1300 K and

under high pressure conditions. Stoichiometric quantities of the corresponding oxides

were used to prepare the pyrochlore samples. The precursor powders were mixed and

ground until a perfect uniformity was achieved. After that, the powders were placed in

a gold capsule (see Fig. 3.1).

The gold capsule, after been sealed, is coated by a glass fiber shirt, and placed in a

graphite cylinder, between two manganese oxide caps. The glass fiber, as well as the

MgO caps are used to prevent any electrical contact between the gold capsule and the

graphite cylinder. At the same time, they provide a good thermal contact. This graphite

cylinder is closed by graphite caps. All this is placed in a Pyrex cylinder, and this in

another one. After that, the set is surrounded by a lead foil. This lead foil is employed

as a lubricant for posterior extraction of the set from the press.

This set is placed in the pressure vessel. The tungsten carbide pistons are due placed,

and the refrigeration circuit and the electrical contact are adjusted. Then, a moderate

pressure is applied for making a good electric and thermal contact, and the current

79
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MgO

Graphite

Glass fiber
shirt

Capsule

Pyrex

Graphite

Lead foil

Figure 3.1:Section of the capsule to be introduced in the press for preparing the sample. See
text for details.
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is switched on. The current flows through the upper piston, to the graphite cylinder.

The resistance of the graphite produces an increase in the temperature by Joule effect.

Through the glass fiber and the MgO, the heat produced is communicated to the gold

capsule, and to the sample. The temperature is measured by a Pt/Pt-Rh thermocouple.

When the final temperature (1300 K) is achieved, the pressure is slowly increased,

until reaching the final value of 2 GPa.

After an hour, the sample is quenched under pressure, by quickly decreasing the cur-

rent1. Only then the pressure is released. The set is taken from the press, and the

lead, the Pyrex and the graphite are removed. Then, the gold capsule is unfolded,

and the sample is taken away. The sample is a homogeneous, blackish pellet. A part

of the sample is ground for X–rays and neutron powder diffraction, and for magnetic

measurements. The rest of the sample is used for the transport and magnetotransport

measurements.

3.2 Sample Structure Characterization

The sample structure is characterized by two technics: X–rays diffraction (XRD) and

neutron powder diffraction (NPD).

3.2.1 X-Rays Diffraction

The XRD data were taken by the Debye-Scherrer technique, from approximately 50

mg of powdered sample, placed in a flat glass sample-holder. The diffractometer used

was a Siemens D500, and the radiation was Cu1". A high-voltage of 40 kV and

a current of 30 mA were used as working conditions. A
��
 scan was performed,

between�
 = 10	 and�
 = 100	, in steps of 0.05	 and a counting time of 4 s per step.

The data were collected by a DACO computer coupled to the diffractometer.

3.2.2 Neutron Powder Diffraction

A neutron powder diffraction (NPD) study was performed at room temperature (RT)

for Tl�Mn�O� and for one compound of each family. The high-resolution spectra were

recorded at the D2B diffractometer of the Institut Laue–Langevin (ILL), in Grenoble

1The water refrigeration system is still acting, bringing the sample to room temperature in a few
minutes.
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Figure 3.2:Paris-Edinburgh cell.

(France), with a wavelength2 = 1.594 Å. The sample, weighting� 0.8 g, was packed

in a 5 mm cylindrical vanadium holder. In the case of the Cd-substituted sample, a

double-walled vanadium holder was used, to minimize the absorption.

The NPD patterns were Rietveld refined using the FULLPROF program (Rodríguez-

Carvajal, 1993). The structural model was that of the conventional cubic pyrochlore,

defined in the space group.(���, Z = 8. From this refinement we obtained the lattice

parameter, theu coordinate for the O oxygen at 48f positions (and from them, the bond

distances and angles), and the thermal and occupancy factors. This study was essential

to learn about structural changes, that (as we will show) play an important role in the

phenomenology exhibited by the different compounds.

3.2.3 Structure characterization under pressure

For the structural study under hydrostatic pressure that we performed on some of the

samples (See Chapter 10), we used NPD. The data were collected at the PEARL high

pressure facility, HiPr, at ISIS (Rutherford Appleton Laboratory, UK), under pressures

up to 9 GPa, at room temperature. A Paris-Edinburgh cell was used (Fig. 3.2), with

a 4:1 by volume mixture of fully deuterized methanol-ethanol as pressure transmitting

liquid. The gasket we used was the new encapsulated one for the Paris-Edinburgh

cell. With this new encapsulated gasket near-hydrostatic compression conditions has
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been attained (Marshall and Francis, 2002). Typically, diffraction data were collected

at seven or eight pressures between ambient pressure and 9 GPa, with each data col-

lection run lasting for 3 hours. All the diffraction patterns were analyzed with the

Rietveld technique using the General Structure Analysis System (GSAS) (von Dreele

and Larson, 1986).

A pressure-calibration run was performed for one of the samples (Tl���Cd���Mn�O�).

A mixture of NaCl and the pyrochlore compound in a 2:1 volume ratio was loaded in

the gasket. Eight pressure points were collected up to 9 GPa, and the actual pressures

inside the cell were calculated from the NaCl unit cell parameters (Decker, 1971).

3.3 Magnetic Measurements

The magnetic measurements2 were performed in a MPMS SQUID magnetometer,

under magnetic fields up to 5 T.

The MPMS SQUID detection system comprises the SQUID sensing loops, a super-

conducting transformer with an RFI shield, and the SQUID sensor itself. In addition,

the superconducting transformer includes a small heater winding capable of driving

the SQUID input circuit normal to eliminate persistent currents induced in the pickup

loops when changing the field in the MPMS superconducting magnet.

The SQUID detection loops are configured as a highly balanced second-derivative coil

set with a total length of approximately 3 centimeters. The coils are designed to reject

the uniform field from the superconducting magnet to a precision of approximately

0.1 percent, making the SQUID detector relatively insensitive to drifts in the magnet

following even very large field changes.

Signal detected in the second-derivative coils are coupled into the SQUID sensor

through a superconducting RFI isolation transformer with a -3 dB rolloff frequency

of about 20 kHz. This allows the system to operate in very noisy RFI environments

without experiencing flux jumps while sample measurements are being performed.

The transformer heater, which is installed as part of the superconducting transformer

is designed to drive both sides of the transformer normal, so that all persistent currents

in the SQUID input circuit are eliminated. The heater is turned on during all mag-

net charging sequences, and at the beginning of each sample measurement (but not

2The measurement of the low-temperature (5 K) isothermal magnetization was performed in the
PPMS system (see Section 3.4), up to 7 T.
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between individual scans of a measurement).

For measuring the magnetic susceptibility we applied a magnetic field of 1000 Oe (0.1

Tesla). In all cases this field was above the coercivity. There are two possible ways

of measuring the susceptibility. They differ in the way the sample is cooled to low

temperatures (2 – 5 K) for starting the measurement.

Far above TC (for example, at 300 K), and without applied field, the magnetic moments

in the compound will be randomly oriented. If at that stage we lower the temperature

(without field) below TC, the magnetic interaction will begin to be felt by the magnetic

moments, orienting them in a way that depends on the nature of those interactions.

When reaching the starting low-temperature, we apply a small magnetic field (1000

Oe) that will align the moments in its direction (either parallel or antiparallel). This

process is called zero-field cooling (ZFC).

The other option is to apply the magnetic field at high temperatures,beforelowering

it. In this way, in the paramagnetic regime all the moments will be oriented parallel

to the direction of the field. When lowering the temperature below TC, that distribu-

tion will be ’quenched’, unless a clear antiferromagnetic (AF) interaction is acting in

the system. But this is not the case in our pyrochlores, where a ferromagnetic (FM)

behaviour was reported (Shimakawaet al., 1996). The described process is known as

field-cooling (FC) process.

If a FM interaction is the only one acting in the system, the magnetic moment distri-

bution will be the same in both cases, except for the existence of magnetic clustering,

and the measured susceptibility curves (� vs. T) will be essentially identical, save for

minor differences. But if any AF interaction is acting, some degree of irreversibility

between both curves will appear.

3.4 Transport and Magnetotransport Measurements

The transport and magnetotransport measurements were carried out in a Physical Prop-

erty Measurement System (PPMS) by Quantum Design. Basically, the PPMS is a

dewar, with a probe in its interior, with a superconducting magnet to provide high

magnetic fields —in our case, up to 9 T (Fig. 3.3). The probe incorporates all the

elemental temperature control hardware, the superconducting magnet and the sample

connectors. For more information about the temperature and magnetic field control

see Ref. (Quantum Design, 2000)
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Superconducting magnet

Figure 3.3: Schematic representation of the PPMS probe, indicating the superconducting
magnet and the sample space.

3.4.1 Resistivity Measurements

The resistivity of the samples was measured in a four wire configuration. Direct cur-

rent is passed through the sample via two current leads. Two separate voltage leads

measure the voltage drop across the sample (Fig. 3.4). Because the voltmeter has a

very high impedance, the voltage leads draw very little current. Theoretically, a perfect

voltmeter draws no current whatsoever. Therefore, by using this measurement method,

it is possible to know both the current and the voltage drop across the sample to a high

degree of certainty, and thus calculate the resistance with Ohm’s law. The contribution

of leads and joints to the resistance measurement is greatly reduced using this method.

The available values for the applied current are from 1�# to 5 mA, and for the mea-

sured voltage, from 1 mV to 100 mV. Therefore the values for the resistance measured

are from 0.2� to 0.1 M�. For more resistive samples we used an external electrometer

(Model Keithley 617).
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I
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Figure 3.4:Four–wire configuration for resistivity measurements. Current is applied by the
I	 and I� leads. V	 and V� measure the voltage drop.
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Figure 3.5:Illustration of the Hall effect in a Hall–bar configuration. See text for details.

3.4.2 Hall Measurements

When charged particles move perpendicular to a magnetic field, a force is exerted on

them perpendicular to both the field and the direction of particle motion (3. � �34� 3').

Therefore, if a transverse current is passed through a sample in a longitudinal magnetic

field, there tends to be a build–up of charge carriers on one edge of the sample and a

depletion of charge carriers on the other edge, leading to a voltage drop across the

sample where there would otherwise be none (Fig. 3.5). This is the so-called Hall

potential. The sign of the Hall potential indicates whether the carriers are electrons

or holes, and the magnitude of the Hall potential is related to the density of charge

carriers in the sample (Solymar and Walsh, 1984). The Hall coefficient, R , describes

these two properties and is defined by:

� � ��5' � 6#��7' (3.1)
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whereE is the Hall field,6 is the Hall potential,j is the current density given byI/A

(current divided by sample cross section) andl is the separation of the voltage leads.

Therefore, the Hall resistance, or transverse resistivity, is:

��! � �'

It can be shown that� � ������, with n representing the number of charge carriers

per unit volume in the sample andq the charge of the carriers.

When the measured material is ferromagnetic, there is another contribution to the Hall

voltage, called the ’anomalous’ Hall voltage, in contrast to the ’normal’ Hall effect

(Berger and Bergmann, 1980). Therefore, the transverse resistivity will be the sum of

the two contributions (Chenet al., 1999):

��! � ��' � ����� (3.2)

It is generally believed that the anomalous contribution is established by an asymmetric

scattering of the itinerant moments on the magnetic ions (Chenet al., 1999; Yeet al.,

1999).

Hall measurements were performed in a Hall-bar configuration. But it was not mea-

sured in a four–wire configuration, but in a five–wire one. The explanation is that it is

difficult to accurately measure the Hall potential with a four–wire measurement. This

is because the Hall field is superimposed on top of the bias field from the two current

leads. In order to only measure the voltage drop due to the Hall potential, the voltage

leads must delineate a perfect perpendicular to the bias field. If this is not the case,

the measured potential,6Meas, has some component that is dependent on the magni-

tude of the electric bias field and on the sample resistance,6Res, which in turn may

be temperature– or magnetic field–dependent, as it is in the pyrochlore samples. For a

view of the two components of the voltage drop, see Fig. 3.6. This resistive component

is typically much larger than the Hall potential6 . Because both the Hall potential

and this offset depend on the bias current, this effect cannot be removed by AC filtering

techniques.

Instead, a fifth lead (another voltage lead) can be attached in parallel to one of the

voltage leads, as shown in Fig. 3.7. With the magnetic field off, a potentiometer

between the two leads is used to cancel the offset due to the sample resistance. Then,

once a magnetic field is applied, the measured potential drop truly gives only the Hall
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Figure 3.6:Total measured voltage (�Meas) in a four–lead Hall configuration.�Meas is the
combination of two components: parallel (�Res) and perpendicular to the current (� ).
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Figure 3.7:Hall–bar configuration with 5 leads. There is an additional one to compensate the
voltage offset due to the sample resistance.
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potential, plus components due to instrumental non–idealities that can be removed by

AC filtering techniques.

Although all this cautions were taken while measuring, some ’parallel–to–current’

component of the voltage was found3. That was attributed to some unbalanced6Res,

together with some resistance due to the leads contacts,Vcon. This ’parallel–to–current’

voltage is affected by the magnetoresistance of the samples, varying both with the ap-

plied field and temperature. This effect can be very high, obscuring the Hall effect.

Therefore, one must get rid of the longitudinal measured voltage. The total measured

voltage can be expressed as:

6Meas�$� � 6�$� � 6Res�$� � 6con�$�

or,

��$� � ��!�$� � ����$� (3.3)

where� = 6MeasA/Il; ��! = 6A/Il; and��� = (6Res+ 6con)A/Il.

Due to the geometry of the measurement,�xy��$� � ���!�$�, and�����$� �

����$�. So,

���$� � ���!�$� � ����$� (3.4)

Subtracting Eq. 3.4 from Eq. 3.3:

��$�� ���$� � ���!�$�

And the Hall resistivity:

��!�$� � ���$�� ���$����

This operation of averaging the positive-field and negative-field branches of the Hall

resistivity for subtracting the offset due to magnetoresistance has been used before

(Katsufujiet al., 2000).

3.4.3 Diamond–Anvil cell

We also performed resistance measurements under hydrostatic pressure. The resis-

tance versus temperature (from 10 to 300 K) data were collected, up to 8.3 GPa, in

a diamond-anvil cell (Fig. 3.8), using silicone oil as pressure transmitting liquid and

3It was impossible to fully compensate the voltage offset.
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anvil

Figure 3.8:Diamond-anvil cell.

ruby grains for calibration of the pressure (Tissenet al., 2002). Sample sizes are typi-

cally 0.2� 0.2� 0.05 mm�. The standard four contact technique was used to measure

samples with resistance lower than 20 M�, using a Keithley 195 multimeter. Samples

with resistance higher than 20 M� were measured using the voltage source and the

electrometer of a Keithley 617. A careful manipulation was needed to avoid cutting

the gold wires when closing the cell. As the exact geometry of the samples under

pressure is uncertain, we give resistance instead of resistivity values. These delicate

measurements were performed by Dr. Vladimir Tissen.

3.4.4 Powder magnetoresistance

Most of the transport measurements for the powder magnetoresistance study (Chapter

11) were carried out in the Physics Department of the Trinity College of Dublin (TCD),

in Dublin (Ireland). A standard four-probe method was used to measure the resistivity

in the range 4 - 300 K and the I:V curves using a commercial 5 T SQUID magne-

tometer. The magnetoresistance was measured in a 1.2 T MULTIMAG set-up. The

MULTIMAG is a permanent-magnet variable flux source which provides a transverse

field in the bore which can be varied both in magnitude and direction. For preparing
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the powder pellets, the ceramics were ground using a mortar and pestle to a grain size

of about 0.3�m, which corresponds roughly to the crystallite size. The powder was

then compressed at 12 MPa into a disk of about 0.8 mm thick and 5 mm in diameter. In

one series of measurements, the Tl�Mn�O� powder was diluted with various amounts

of insulating*-Al �O� powder of approximately the same grain size.

3.4.5 Specific Heat

The measurement of the heat capacity of solids can provide considerable information

about the lattice, electronic, and even magnetic properties of materials. Heat capacity

measurements, particularly when taken at temperatures that are well below the Debye

temperature, directly probe the electronic and magnetic energy levels of a material and

hence allow comparisons between theory and experiment. While electronic transport

measurements, such as resistivity, are substantially more common, the link between

experiment and theory is not always clear as it is in a heat capacity measurement. Any

statistical theory of matter involves computing the density of states and energy levels;

these computations naturally lead to predictions of heat capacity numbers.

The samples used for these measurements were small (but not microscopic), weighting

approximately 1 to 50 mg. Given the thermal characteristics of the calorimeter (a

Quantum Design Heat Capacity Option for the PPMS), this range of masses produces,

for most solids, varying relaxation time-constants that may be a fraction of a second

at 2 K or many minutes at 300 K. A single heat capacity measurement can require

nearly 10 time-constants for the settling time that occurs between measurements. The

geometry and thermal diffusivity of the sample must be such that the thermal diffusion

time in the samples is small compared to the time-constant of the measurement. In

the cases where the amount of time it takes for the sample to reach internal thermal

equilibrium is not small compared to the measurement time, the resulting heat capacity

measurement will be too small. Therefore, it is important to use samples that have

relatively fast thermalization times to get the correct heat capacity numbers. In the

cases where the thermal diffusion time in the sample is large, it is necessary to use

samples that have a relatively flat geometry, so as to reduce the thermal path through

the sample.

The Heat Capacity measurement system (from Quantum Design) performs fully auto-

mated relaxation heat capacity measurements. Each measurement is analyzed using a

sophisticatedtwo-tau modelto accurately simulate the effect of the heat flow between
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the micro-calorimeter platform and the sample (8�) as well as the heat flow between

the platform and puck stage (8�).

3.5 Other Measurements

3.5.1 Scanning electron microscopy

Scanning electron microscopy (SEM) images of some of the samples were taken at

the Electron Microscope Unit of the TCD. We used a commercial scanning electron

microscope, with electron energy of 20 keV. The magnification ranged from 9 to 30 k.

3.5.2 Density

The study of the density of the pellets was performed at the Physics Department of the

TCD. The densities of the ceramics were measured by weighing in CCl� and those of

the pressed powder compacts were deduced from the mass of the cylindrical pellets.



Chapter 4

The Tl�Mn�O� Pyrochlore

B
EFOREstudying the different families of substituted pyrochlores we are

going to deal with the "pure" compound: Tl�Mn�O�. This is a sort of

introduction to the exciting properties that these compounds exhibit. A

thorough discussion on the effects and mechanisms will help the un-

derstanding of what happens later with the different substitutions. Besides, the study

of this compound has allowed us to find the best parameter set to perform the mea-

surements, i. e. currents and voltages applied, temperature ranges, magnetic fields,

geometries of measurement, sample’s dimensions, etc.

4.1 Introduction

As stated by band-structure calculations (Singh, 1997; Mataret al., 1997; Mishra

and Satpathy, 1998; Shimakawaet al., 1996), Tl�Mn�O� is a half-metal ferromag-

net. A half-metal (different from a semi-metal) is a (magnetic) material with a spin-

differentiated density of states (DOS) (Coey and Venkatesan, 2002; Pickett and Mood-

era, 2001). That is, there is a difference between the majority (spin up) and the mi-

nority (spin down) DOS. The essential characteristic of a half-metal is that only one

of the channels contributes to the transport. In the case of Tl�Mn�O�, the only carriers

participating in the transport are the minority electrons, coming from the hybridization

of the Tl(6s)/O’(2p) band with the Mn(	��) bands. The majority holes, coming from

the Mn(	��)/O(2p) bands, are very heavy, and do not participate in the transport. A

schematic view of the DOS is given in Fig. 4.1.
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Heavy holes
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Tl(6s)

Mn(t2g)

Figure 4.1:Schematic view of the density of states (DOS) in the Tl�Mn�O� pyrochlore. Note
the spin-differentiation in the DOS. The heavy holes do not contribute to the transport, only
the light conduction electrons.

4.2 Structural characterization

4.2.1 X-Ray diffraction

As it was explained in Section 3.2.1, the powder samples were characterized in first

place by X-Ray diffraction (XRD). In this case, the XRD spectrum is shown in Fig.

4.2. All the reflection peaks can be indexed in a cubic pyrochlore lattice, with a lattice

parameter�� � ��������Å.

4.2.2 Neutron powder diffraction

After the XRD characterization, a neutron powder diffraction (NPD) study was per-

formed in the pure sample, at room temperature. With this study we tried to determine

the occupancy factor of the oxygens, and to find better ones for Tl and Mn. The exper-

imental diffraction pattern is shown in Fig. 4.3 (crosses).

The NPD pattern was Rietveld refined (Rietveld, 1969; Rodríguez-Carvajal, 1993)
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Figure 4.2: XRD spectrum of the pure Tl�Mn�O� pyrochlore. As one can see, all the peaks
can be indexed in a cubic pyrochlore lattice, showing the existence of only one phase.

in a conventional pyrochlore structural model. The results are summarized in Table

4.1. The lattice parameter,�� is slightly different from that obtained by XRD. The

occupation factors (9occ) for the Tl and O’ positions are less than 1, revealing a small

deficiency in Tl and oxygen in the sample. Therefore, the crystallographic formula will

be Tl�������Mn�O������. The Mn–O–Mn angle is found to be close to 134 degrees, in

agreement with previously reported data (Shimakawa and Kubo, 1999; Subramanian

et al., 1996; Seniset al., 2000a; Sushkoet al., 1998). The Tl–O’ distance is minor

than the Tl–O one, but close to it. This will be reflected in the formation of a Tl–O’

band, in agreement with the theoretical calculations (Singh, 1997; Mataret al., 1997;

Mishra and Satpathy, 1998; Shimakawaet al., 1996).
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Figure 4.3:Neutron Powder Diffraction pattern for the pure Tl�Mn�O� pyrochlore. Crosses
mark the experimental data. The line in among them is the Rietveld fit. Vertical lines mark the
reflections. The bottom line is the difference between the experimental and the fit values.

�� (Å) 9.89090(6)
6� (Å�) 967.63(1)
9occ (Tl) 0.972(3)
9occ (O’) 0.960(6)
: (O) 0.42484(7)

Crystallogr. formula Tl�������Mn�O������

(���� (�
) (Å) 1.9000(4)
Mn–O–Mn angle (deg) 133.93(1)

(
 ��� (�
) (Å) 2.4592(4)
(
 ���� (��) (Å) 2.14144(1)

�� 1.81
R#� 5.25
R$ 2.15

Table 4.1:Crystallographic data for Tl�Mn�O� after the refinement of NPD data at 295 K. Tl,
Mn, O, and O’ atoms are located at the 16c (0,0,0), 16d (�� ,�� ,�� ), 48f (u,�� ,�� ), and 8a (�� ,�� ,�� )
positions.
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Figure 4.4:Variation of the susceptibility with temperature for the Tl�Mn�O� pyrochlore (left
axis), after a field-cooled (FC) process. Right axis: variation of the inverse of the susceptibility
with the temperature. The straight line shows the Curie-Weiss behaviour for a ferromagnetic
material in the paramagnetic region. The small arrow shows the temperature at which the
compound deviates from that ideal linear behaviour.

4.3 Experimental data

4.3.1 Magnetic measurements

Fig. 4.4 shows the variation of the susceptibility with temperature for the Tl�Mn�O�

pyrochlore, from 2 K to 375 K. It was measured under a magnetic field of 1000 Oe,

after a field-cooled (FC) process. The curve corresponds to that of a ferromagnetic

(FM) material with a transition temperature (TC) of 115(1) K. The TC was determined

as the temperature of the maximum in the slope of the curve. When we plot the inverse

of the susceptibility (right axis), we can see that for high temperatures the compound

follows a Curie-Weiss linear behaviour (straight line). But it deviates from this ideal

linear behaviour considerably above from the transition temperature. The point where

it deviates is marked by a small arrow. This deviation has been attributed to the pres-

ence of magnetic polarons in the system (Alonsoet al., 2000b; Velascoet al., 2001a;
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Figure 4.5:Magnetization versus field for different temperatures, for Tl�Mn�O� pyrochlore.

Velascoet al., 2001b).

As explained in Section 1.5.1, amagnetic polaronis a cluster of localized magnetic

moments ferromagnetically ordered, in a paramagnetic background. This polaron is

formed by the increase in the kinetic energy of one electron when it is moving between

parallel magnetic moments. This effect make energetically favourable the presence of

magnetic polarons, in which the electron self-traps. That is, it is easier for the electron

to move within the polaron than to "escape" out of the polaron. The way it moves is

by polarizing neighbouring cations, and allowing the furthest ones to disorder. The net

effect is that ofpolaron hoppingfrom one position to the next one.

The variation of the magnetization with the applied magnetic field was also measured,

at different temperatures. This variation is plotted in Fig. 4.5. The curves are typical

of a FM material, with a low-temperature saturation magnetization (m�) of 5.12 Bohr

magnetons per formula unit (��/f.u.). As the temperature is raised, the behaviour is

more lineal, as corresponds to the paramagnetic region.
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Table 4.2:Main transport parameters for Tl�Mn�O�.
����% (� �) �
% (� �) �Max (� �) �
%�����% MRMax (%)

24.5 0.17 33.0 7����� 93.0

4.3.2 Resistivity measurements

The variation of the electrical resistivity with temperature is plotted in the bottom panel

of Fig. 4.6. We represent the measurement without magnetic field in solid squares, and

in solid circles the measurement under a magnetic field of 9 Tesla. There are some in-

teresting features worth mentioning in the measurement under no magnetic field. First

of all, there are clearly two different regions: one for low temperature and another

one for high temperature. In the high temperature region the behaviour is that of an

insulator ((��(� ; �), and in the low-temperature region the behaviour is metallic

((��(� � �). Between both regions there is a metal-insulator (MI) transition. In this

transition, the resistivity drops by almost two orders of magnitude (Table 4.2). Sec-

ondly, the values of the resistivity in the metallic region (Table 4.2) correspond to a

metal with a low number of carriers. Thirdly, if we superpose the resistance data to the

magnetic data (bottom panel), the low-temperature region correlates with the FM re-

gion, while the high temperature region corresponds to the paramagnetic (PM) region.

The MI transition is concomitant with the magnetic transition. Therefore, one can con-

clude that the FM ordering favours the conductivity and that the magnetic disorder is

responsible for the increase in the resistivity at high temperatures. Consequently, this

result seems to confirm that the scattering is produced by magnetic fluctuations, i. e.,

scattering of the carriers by the disordered magnetic moments.

When we apply a magnetic field (bottom panel, "9T" curve), the effect in the resistivity

is that of a reduction in its value, together with a displacement of the MI transition to

higher temperatures. Again, this is in complete agreement with the idea of that a FM

alignment of the moments of the magnetic cations (Mn�	) favours the transport. In

this way, the application of a magnetic field tends to order the moments in the region

above TC, coherent with the increase in the temperature of the MI transition. Also, in

the PM region, when the magnetic field is applied, the moments will be more oriented

than without magnetic field. This can be seen in Fig. 4.5, for T > 200 K. Subsequently,

the resistivity for those temperatures will be reduced.

This variation of the resistivity in the presence of a magnetic field is calledmagnetore-

sistance(MR). It is usually quantified by what is called themagnetoresistance ratio. It
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Figure 4.6:Bottom panel: variation of the resistivity (right axis) and the magnetic suscepti-
bility (left axis) with the temperature. The resistivity was measured under no magnetic field
("0T", squares) or under a magnetic field of 9 Tesla ("9T", circles). The susceptibility is that
of Fig. 4.4. Top panel: variation with temperature of the inverse of the susceptibility (left axis)
and magnetoresistance (right axis). The inverse of the susceptibility is that of Fig. 4.4. For
a definition of the magnetoresistance ratio see text. Vertical lines define the region from the
magnetic transition temperature to the disappearance of the magnetic polarons.
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is the ratio between the variation of the resistivity when a magnetic fieldH is applied

and the resistivity without field. Originally, it was defined as:

MR��� � ���� ��$�� ���T�
���T�

(4.1)

Note that, according to this definition, the maximum possible MR ratio is a 100%.

In the Tl�Mn�O� pyrochlore the MR ratio is negative, since the resistivity isreduced

under the application of a magnetic field.

In the top panel of Fig. 4.6 we have plotted the MR ratio measured at a 9T field. One

can see that there is a great peak around the transition temperature, with values close

to a 95%. This effect is comparable to, or even higher than, that of the manganese

perovskites. For analysis, we have represented also the inverse of the susceptibility in

that top panel, together with the ideal lineal behaviour in the PM region. Note that the

MR is significant between the magnetic transition (left vertical line) and the deviation

from the ideal magnetic behaviour (right vertical line).

To study the dependance of the resistivity on the magnetic field, we have measured,

at certain fixed temperatures the resistivity while sweeping the magnetic field, from

–9T to 9T and back. The results of this experiment have been plotted in Fig. 4.7.

The resistivity for each temperature has been normalized to the value at zero field.

This is useful to compare all the curves in the same graph. It also gives an idea of

the magnitude of the change in the resistivity upon the application of a magnetic field.

One can clearly see the two different behaviours. For temperatures below and about

TC, the low-field variation is mainly linear with H, and the variation rate decreases for

higher fields, even reaching a saturation for the 5 K resistivity. On the other hand, for

temperatures above TC the variation is almost quadratic, changing the curvature for

very high fields (200 K) or not changing it at all (250 and 300 K). This indicates that

the mechanism of the variation of the resistivity with the magnetic field is different

whether we are in the FM region or in the PM region.

4.3.3 Hall effect measurements

In order to find the density of carriers in the material, we performed a series of Hall

effect measurements. As stated in Section 3.4.2, we subtracted any possible longitudi-

nal contribution to the resistivity from the measured data, and then the analyzed data

are the perpendicular-to-current component of the resistivity.
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Figure 4.8:Variation of the Hall effect measurements with the temperature, for temperatures
below the transition (squares: 5K; circles: 50K; and triangles: 100K). The lines are the fittings
to a model taking into account the anomalous Hall contribution (Eq. 3.2).

We measured the Hall resistivity versus the magnetic field for the same temperatures

at which we had measured the resistivity and the magnetization: 5, 50, 100, 150, 200,

250 and 300 K. In Fig. 4.8 we show the variation of the transverse resistivity with the

applied field corresponding to the lowest temperatures. The slope is always negative,

indicating that the carriers are always electrons. The increase in the absolute value of

the slope tells us that the number of carriers is decreasing as the temperature increases.

4.3.4 Specific Heat measurements

The specific heat was measured for the Tl�Mn�O� pyrochlore from an as-grown pellet

of 2 � 2 � 1 mm� size. Its dependance with temperature is shown in Fig. 4.9. One

can see that we are far from the Dulong-Petit limit (C� � ��� = 274 J/mol K,n being

the number of atoms per molecule), and that we have not reached the saturation. The

peak observed around 112 K correspond to the magnetic transition.

In Fig. 4.10 we have plotted the magnetic contribution to the specific heat of the

magnetic transition, and the influence of the magnetic field on this contribution. When

a magnetic field is applied the peak skips to higher temperatures, as one could expect
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for a FM system. The peak maximum decreases, and the width increases, indicating a

softer magnetic transition. For a magnetic field as high as 9 T the transition peak can

no longer be appreciated (not shown in the figure).

4.4 Analysis and discussion

4.4.1 Analysis of the magnetic data

4.4.1.1 Analysis of the susceptibility

From the TC value (115(1) K) we can calculate the exchange integral (J) (Kittel, 1986):

� �
�����

�<&�& � ��
(4.2)

with z the number of nearest neighbours (z= 6, for our pyrochlore) and& � �
�

the spin

of the magnetic cations, Mn�	.

Doing that calculation, one findsJ = 0.661(6) meV. For iron, from its observed transi-

tion temperature, this calculation yields aJ = 11.9 meV (Kittel, 1986).

For a conventional ferromagnet, when rising the temperature from the absolute zero,

spin-waves begin to appear, due to thermal excitation. The magnetization will be,

therefore, reduced. And this reduction follows theBloch’s T��� Law (Kittel, 1986):

��

��0K�
�

���	

&=

�
���

��&

����

(4.3)

where�� � ��0K� ���� � is the variation in the magnetization,& � �
�

the spin

of the magnetic atoms,Q the number of magnetic atoms per formula unit, andJ the

exchange integral.

Therefore,
��

��
�

�� ��

��
� �� �

��
� #� ���/

where

# �
���	

&=

�
��

��&

����



Consequently,���� � �� #� ��� ��� � � ����� #� ����.

Fitting ourM vs. Tdata up to 40 K (Fig 4.11), we got:

��

$
� ����
�����

emu
mol Oe
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��

$
# � �������� ����

emu

mol Oe K���

Therefore,�� � ����$��$ � ����
������ ��� emu/mol� �
��	�������Mn

atom is the magnetization at 1000 Oe and 0 K (different from��, because in this case

we have not saturated).

On the other hand,# � ��
��
�� ���� K����. For iron and nickel the value of this

constant is about 5����� K����. This indicates that for the pyrochlore it is easier to

excite spin waves. Therefore, the magnetic interaction will be weaker: from theA

value,�����& � ���

���� K��, and� � �	��� meV. Note that this value of

the exchange integral is very close to that found from the TC value.

The susceptibility, in the paramagnetic region (T > TC) follows the Curie-Weiss law:

� � ���
& �� �, whereC is the Curie constant and
& is the paramagnetic transition

temperature. The paramagnetic transition temperature is found to be 155.11(17) K.
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As one can see,
& is higher than the magnetic transition temperature (TC). This is

because the Curie-Weiss law is only applicable for T	 TC, and also it yields a
&

value higher than TC (Kittel, 1986). Following the mean field theory, the value of the

Curie constantC is:

� � �
��

eff�
�
�

���

/

whereN is the number of magnetic moments (per mole, in our case) and�eff is the

paramagnetic moment, i. e. the moment of each of the Mn atoms present in the

material, that will be randomly oriented, due to the thermal energy. The value found is

�eff = 5.269(3)��/f.u., that means 3.7256(13)��/Mn atom. This value is close to that

expected for Mn�	 atoms (3.8��).

4.4.1.2 Analysis of the isothermal magnetization

From the field dependence of the magnetization one can appreciate that at 5 Tesla

it is not yet saturated, even at 5 K. Therefore we performed a measurement at that

temperature, up to 7 Tesla. The result is shown in Fig. 4.12. It is worth noting that

the saturation is not yet achieved. That means that a part of the magnetic moment is

not completely aligned with the field, although a major part of it is. One can estimate

that there are two contributions to the magnetization. The main one is saturated at

low fields (say, at 0.5 Tesla), while the secondary one is not saturated. The model we

chose for that two contributions is very simple. The main magnetization (the saturated

one) will come from the bulk of the grains. Those grains will be saturated all the time.

Without applied magnetic field, all those bulk moments for each grain will be randomly

distributed, contributing with 0 to the total magnetization. With the application of a

small magnetic field, the magnetization in the bulk of all the grains will rotate and

point in the field direction. The unsaturated magnetization will come from the grain

surface layer. In that layer there will be a strong anisotropy, caused by the lack of

crystallographic order. Therefore, for each part of the surface a different preferred

orientation will cause a misalignment of the surface moments, that will be reduced as

the field is increased, since the moments will rotate from the direction dictated by the

anisotropy to the field direction. In Appendix A we give a detailed calculation of the

magnetization for this last case. We show there (Equation A.2) that for high fields, the

magnetization tends to the saturation in the form:� � �� ��� ���$���.

Consequently, we fit the high field values (��H > 4T) of the magnetization to that

equation. The results are given in Fig. 4.13. As one can see the agreement with the
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Figure 4.12:Low-temperature (5K) magnetization versus applied field, up to 7 Tesla. Note
that the saturation is not yet achieved. Inset: illustration of the two components in the magne-
tization.

linear behaviour is very good, manifesting the goodness of the model (two components

for the magnetization). The parameters of the fit are given in Table 4.3.

Compare the value for�� with that found by other groups (Table 4.4). The values

fluctuate considerably from one group to the others. Nevertheless, the common trend

is that its value is slightly lower than 3��, which is what one would expect from Mn�	

cations. In our case, this could be due to a lack of oxygen in the O’ position, resulting

in a lower oxidation state for the Mn (reducing the magnetic moment).

From the� value we can obtain the anisotropy field for the surface ($�), with the

relation$� � �� (see Appendix A). The value found for it is also given in Table

4.3. From this value, the anisotropy constant is1� � ����� ��� J/m�. For cobalt,

1� � �� � ��
 J/m�, for iron 1� � �� � ��� J/m�, and for nickel1� � � � ���

J/m�. Therefore, we can say that the surface of the grains has a strong anisotropy, as

we expected from the slow saturation of the magnetization. Studying the condition for
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the approximation renders��H	 ��$� = 0.387(5) T, justifying the lower limit for the

fit (��H > 4T).

In table 4.4 we also give a comparison for the paramagnetic effective moment,�eff.

The expected value is 3.8��. This reveals that the electronic configuration of the Mn

cations are very close to that of Mn�	.

Besides, comparing the transition temperature (TC), one can see that, fundamentally,

there are two temperatures around which the different groups’ samples lay: 120 K and

140 K. This difference is probably due to a lack of thallium, resulting in a lower number

of carriers and, hence, a poorer magnetic interaction. This will imply a magnetic

�������
(��/Mn) ��$� (T) 1� (10� J/m�)

2.6014(4) 0.387(5) 3.85(5)

Table 4.3:Magnetic parameters for the Tl�Mn�O� family, derived from the isothermal magne-
tization data.�������

is the saturation magnetization found when extrapolating to very high
fields the magnetization at 5 K.�� and�� are the anisotropy field and constant, respectively,
of the surface grain layer.
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Table 4.4: Value we obtained for the saturation magnetization at 5 K (��), the effective
paramagnetic moment (eff) ant the transition temperature (TC), compared with that obtained
by other groups.

�� (��/Mn) �eff (��/Mn) TC (K) Reference
2.6 3.73 118 (This work)
2.8 158 (Ramirez and Subramanian, 1997)
2.7 3.8 140 (Martínezet al., 1999)
2.74 142 (Subramanianet al., 1996)
3.3 4.2 122 (Cheonget al., 1996)
2.59 3.75 142 (Shimakawaet al., 1996)
3.0 122 (Shimakawa and Kubo, 1999)
3.16 3.96 121 (Rajuet al., 1994)

interaction partly mediated by the charge carriers.

In Fig. 4.14 we have plotted the isothermal magnetization curves above 1.5 TC. For

these temperatures, we performed a fit to the Brillouin equation:

� � ��'���

�
���$

���� � ���

�
(4.4)

with �� � �� being the saturation magnetization and� � >��� is the magnetic

moment per atom.N is the number of magnetic atoms,g is the Landé factor and�� is

the Bohr magneton. The Brillouin function,'' , is defined as:

''�+� �
�� � �

��
����

�
��� � ��+

��

�
� �

��
����

� +

��

�
(4.5)

where� � �
�

is the magnetic moment of the cation. This equation is derived from the

mean field theory for a ferromagnet in the PM region.

We tried to fit also the 150 K magnetization curve, but it did not follow the Brillouin

equation with reasonable parameters. The fit of Fig. 4.14 yields a magnetic moment

of 2.611(3)��/Mn atom, and a transition temperature of 142.76(15) K. Note that this

temperature is very close to the paramagnetic Curie-Weiss temperature (
& ), also ob-

tained from the mean field model. Besides, as it is very close to 150 K, that is why

the curve at that temperature could not be fitted to the Brillouin equation. This, again,

brings into discussion the existence of some kind of anomalous magnetic interactions

above and near TC, that we identify withmagnetic polarons.

The 2.611(3)�� value found for the magnetic moment of the manganese is in excel-

lent agreement with that found for the saturation magnetization at 5 K (��=5.2024(8)

��/f.u.). Therefore, we can conclude that the magnetic data are consistent.
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Figure 4.14:Positive branches of the magnetization curves above 1.5 TC. The lines are fits to
the Brillouin equation, using the same values for the TC and for all the curves.

4.4.2 Analysis of the resistivity

4.4.2.1 Low-temperature resistivity

For the low-temperature resistivity, we fitted the data to the equation� � �� �

#� ������
 , and we found a very good agreement for temperatures up to 80 K (Fig.

4.15). The T� dependence could indicate (Wattset al., 2000) either electron-electron

or electron-magnon interactions. For the later, the exponential factor will indicate a

gap in the dispersion relation of magnons. But, from neutron scattering data (Lynn

et al., 1998) this gap is found to be� < 0.04 meV, that is, a gapless dispersion relation.

Therefore, the T� term is not due to electron-magnon interactions, but to electron-

electron. In that case, the square dependence with temperature is related to spin-flip

processes. Consequently, the exponential factor is associated with the inaccessibility

of minority spin states for spin-flip scattering processes, as expected in a half-metal

(Fig. 4.16). The value found for the gap,�� = 4.3(4) K = 0.37(3) meV, is far smaller

than the Fermi energy at low temperatures (�� (5K) = 3.60 meV). This means that the
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Figure 4.15:Log-Log plot of the low-temperature resistivity of the Tl�Mn�O� pyrochlore.
Experimental data are represented by open squares. The line corresponds to the fit to the
function� � �� 	�� ������
 . The parameters of the fit are also given.
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Figure 4.16:Schematic representation of the band structure of the Tl�Mn�O� pyrochlore, in-
dicating the band-gap for a spin-flip scattering process (��), and the impossibility of a process
of that kind without changing in the energy.
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Table 4.5:Parameters of the fit of the conductivity of Tl�Mn�O� to a metallic part and an
activated polaronic part.

Field (T) #met (K/� �) #pol (K/� �) �( (meV)
0 4.31(12) 197(8) 85.0(16)
9 12.5(3) 440(40) 124(5)

Fermi level is very close to the bottom of the majority conduction band.

4.4.2.2 High-temperature resistivity

In the paramagnetic region, as there are polarons present in the material, the transport

will have an important contribution from them. The conductivity part due to the po-

larons will be via polaron hopping (Velascoet al., 2002a), according to the equation

(Chunet al., 2000):

� �
�

�
� �� ���

�
� �(

���

�
(4.6)

where�� � >��
�0�Æ����� . The factorg� is determined by hopping geometry;0�

anda are the attempt frequency and hopping distance, respectively, andÆ is the carrier

concentration per Mn site. Consequently, we have performed a fit of the inverse of the

resistivity to Equation 4.6. The fit is not as good one as one might expect. Therefore,

we considered in the conductivity another term. This new term (�met) comes from the

metallic conductivity of the electrons, interacting with the lattice. Consequently, its

form will be �met � #met/T. Taking this new term into account, the (total) conductivity

will be:

� �
�

�
� �met� �pol �

#met

�
�

#pol

�
���

�
� �(

���

�
(4.7)

We fitted our data to that equation. The results are plotted in Fig. 4.17. As one can

see, the agreement of the fit is very good, indicating the presence and main role of the

polarons in this system. The parameters of the fit are given in Table 4.5.

As we said above, the high temperature resistivity can be attributed to polaron hopping,

with an activated behaviour given by the Eq. 4.6. Since#pol � >��
�0�Æ����, from the

fit parameters we can estimate the value of the density of carriersÆ. For that estimation

we took the hopping distancea as 1 Å= 10�� m; the geometric factorg� of the order

of the unity, and for the attempt frequency a typical value of 10�� s��. Using those

values, the density of carriers is of the order of 10�� carriers per Mn site. This value

is really close to the value found experimentally by Hall effect measurements (Section

4.4.3).
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Figure 4.17:Conductivity of the Tl�Mn�O� pyrochlore versus the inverse of the tempera-
ture, for temperatures higher than 300 K. The lines represent the fit to an activated behaviour,
accordingly with Eq. 4.7.

4.4.2.3 Magnetoresistance

In order to analyze where the magnetoresistance in the Tl�Mn�O� pyrochlore comes

from, we plot in Fig. 4.18 at the same time the MR ratio (left-hand axis) and the

magnetization (right-hand axis) versus the applied magnetic field. The top panel data

correspond to 5 K, well below the transition temperature. Consequently, the magneti-

zation is almost saturated very soon, due to the fact that the bulk of the sample will be

fully magnetized, and the contribution of the grain boundaries will be small compared

with that. This saturated bulk magnetization will be organized forming different do-

mains. The movement of the magnetic walls is responsible for them vs. Hbehaviour

at low fields. At high fields, as discussed in Section 4.4.1.2, the contribution to the

magnetization comes from grain surfaces.

At low temperatures, the MR also shows a saturation for high fields, with a very sharp

peak for small fields. Therefore, for small fields, the MR comes from inter-domain
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Figure 4.18:Comparison of the variation of the magnetoresistance ratio (solid squares, left
axis) and the magnetization (open circles, right axis) with the magnetic field. In the top panel
it is well below the transition (5 K) and in the bottom panel it is about the maximum of the MR
ratio (150 K).
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Figure 4.19:Representation of the high field magnetoresistance at 5 K versus the inverse of
the square of the field. The saturation will be reached at infinitely large fields or, what is the
same, at zero of the X axis.

scattering.

Nevertheless, the MR is not totally saturated, and we tried to fit the high field MR also

to an approximation to the saturation in the form MR = MR�(1-(a/H)�), where MR� is

the saturation magnetoresistance anda is a fitting parameter. The fit (Fig. 4.19) is not

as good as in the case of the magnetization (Fig. 4.13), but one can observe that the

approximation to saturation follows roughly that tendency.

Since both the magnetoresistance and the magnetization reach the saturation in the

same way, we can assume that both are related for high fields. The corresponding plot

is drawn in Fig. 4.20. The data follow a linear tendency, meaning an potential relation-

ship, with an exponent of 1.177(13), very close to the unity (linear dependence). That

means that the low-temperature, high-field MR comes from the grain surfaces, and is,

therefore, an extrinsic effect.

Following, we demonstrate why this linear dependency�MR-MR�� � �m-m��.
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Figure 4.20:Log-Log plot of the magnetoresistance minus the saturation value versus the
magnetization minus its saturation value, all at 5 K. The direction in which the field increases
is indicated. The continuous line is a fit to an exponential dependence, finding an exponent of
1.177(13). The linear dependence (dotted line) is also plotted for comparison.

From the Eq. B.1 (Appendix B), we have that

�� � � ��

� ���
(4.8)

Hence,

��� � � ��
�

� ���
�

(4.9)

Therefore,
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If we are close to the saturation,� � �� � ��, with �� small. Therefore�� �
��

� � �����.

Hence:
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Figure 4.21:Comparison of the magnetoresistance and the magnetization at 150 K.
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as we have found experimentally.

On the other hand, in the bottom panel of Fig. 4.18 we present the data for 150 K, near

the temperature for which the MR ratio is maximum. For the magnetization curve one

can see that we do not reach saturation, and that the values of the magnetization are

well below that saturation. This fact shows us that the magnetization for each Mn atom

is not parallel to the neighbouring ones, and that a rotation of the magnetization of each

atom towards the direction of the applied magnetic field is produced. As one can see

from Figs. 4.4 and 4.5, the susceptibility at 150 K is still very high, compared to that

of higher temperatures. Therefore, with a small magnetic field we are able to align

in a high degree the magnetic moments. This will reduce the resistance substantially,

achieving those very high low-field MR. In Fig. 4.21 it is clear that for fields up to 2

T, the MR is nearly linear, and it follows the magnetization. But, as the magnetization

at low fields comes from the alignment of the bulk moments , that means that the high
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Table 4.6:Hall coefficients and number of carriers for the Tl�Mn�O� pyrochlore, at different
temperatures.

T (K) �� (cm�/C) �� (cm�/C) n (10�� e�/f.u.)
5 -6.36(7) -2.7(7) 1.193(14)
50 -6.42(6) -3.2(7) 1.181(12)
100 -7.16(7) -4.4(9) 1.060(10)
150 -22(3) — 0.35(5)
250 -723(15) — 0.0105(2)

value of this linear low-field MR is a bulk, intrinsic effect.

On the other hand, for high fields, the increase in the magnetization comes both from

the bulk moments and from the surface of the grains. Therefore, the MR will have a

mixing contribution from both bulk and surface.

4.4.3 Analysis of the Hall data

In a FM metal there are two contributions to the Hall effect: a ’normal’ one, com-

ing from the interactions of the conduction electrons with the magnetic field; and an

’anomalous’ one, coming from the interaction with the magnetization (Berger and

Bergmann, 1980). Therefore, the transverse (Hall) resistivity it is usually written in

the form (Eq. 3.2):

��! � ��' � �����

where�� and�� are the ’normal’ and ’anomalous’ Hall coefficients, respectively;

B, the magnetic induction andM the (macroscopic) magnetization. Consequently, we

fitted the Hall-effect curves to that equation, finding the Hall coefficients given in Table

4.6.

For high temperatures, as bothB and M are linear with the field, it is not feasible

to separate both contributions. Besides, as the (longitudinal) resistivity has increased

(with respect to the low-temperature metallic region), it is more difficult to measure

the transverse resistivity. For all of this, we take, above TC ��! � ��'. As for those

temperatures��� � ', the approximation is widely accepted (see, for instance,

(Imai et al., 2000)).

From the ’normal’ Hall coefficient, the density of carriers (n) can be calculated, as

�� �
�
��

, with e the electron charge. The values forn obtained are also given in Table

4.6. Note that the number of carriers decreases with increasing temperature. For T <
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Figure 4.22:Variation of the number of electrons per formula unit with temperature (The line
is a guide to the eye).

TC the decrease is very small, but for temperatures above TC there is a two-order-of-

magnitude decrease (Fig. 4.22), concomitant with the resistivity peak. This reproduces

the variation of the number of carriers with temperature from Ref. (Imaiet al., 2000).

4.4.3.1 Applicability of the Majumdar-Littlewood model

Following the Majumdar-Littlewood model (Section 1.5.1), in a FM material with a

low density of carriers the transport in the region above TC will be limited by the

scattering from magnetic fluctuations. Then, the magnetoresistance for those temper-

atures scales with the square of the magnetization, according with the equation (1.5):

����� � ���������
�. In Fig. 4.23 we have plotted the magnetoresistance as a func-

tion of the square of the normalized magnetization: accordingly with the model, the

dependence is linear. Moreover, the scaling constant is not temperature dependent (C

= 48.62(19)), assessing again the goodness of the model.

In the Majumdar-Littlewood model they propose two different situations, depending



4.4. Analysis and discussion 121

0.000   0.001    0.002    0.003
0.00

0.05

0.10

0.15
Tl2Mn2O7

T = 200 K
T = 250 K
T = 300 K

-∆
ρ/

ρ 0

(M/MS)2

Figure 4.23:Magnetoresistance versus square of the normalized magnetization for three dif-
ferent temperatures above the transition. See the linear scaling, and its temperature indepen-
dence, in agreement with the Majumdar-Littlewood model.

on the value of the product�� �, where� is the magnetic correlation length. From

neutron scattering data, Lynnet al. found� � 10 Å (Lynn et al., 1998). Besides, we

found, for 250 K,�� = 6.35� 10� m��. That makes�� � � 
� ���� � �. Therefore,

as they propose, we are in the region in which the conduction electrons will be self-

trapped in small magnetic polarons. Although, in this region, the Bohr approximation

is not valid. Therefore, in principle, the� � ����� relation they find is not valid.

4.4.3.2 Doesn vary with high fields?

In principle, one would expect that, in the presence of a high magnetic field, the elec-

tronic bands for spin up and spin down would split (Fig. 4.24), and the number of

minority electrons would decrease. In this case, when measuring the number of carri-

ers by Hall effect we should see that the slope of the perpendicular resistivity increases

in magnitude (Fig. 4.25). Our results (Fig. 4.3.3) show, however, thatn does not vary

with the magnetic field, at least up to 9 T, and temperatures up to 100 K (below TC).
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Figure 4.25:Simulation of the Hall resistivity variation with the applied field when this field
is high enough to reduce the number of carriers. Note that the slope increases in modulus due
to that decrease in the number of carriers.



4.4. Analysis and discussion 123

Another reasoning would be that, since the minority carriers are responsible for the

FM interaction (and of the metallic conductivity), a reduction in their number would be

translated into a weakening of that magnetic interaction. That will reduce the transition

temperature. But, from the MI transition (Fig. 4.6, bottom panel), we can see that the

MI transition temperature is shifted towards higher temperatures when we apply a

magnetic field (due to a better alignment of the Mn cations).

Besides,��' for 9T is about 0.5 meV, while�� � 3.6 meV (at 5K). Therefore, the

effect of the magnetic field would not be significant for the band structure.

As explained in Section 1.5.3, Imaiel al. explained the MR in the Tl�Mn�O� py-

rochlore, as well as the decrease in the resistivity with decreasing temperature across

TC, as simply due to an enhancement of the carrier density in the Tl–Mn band. Our

measurements show that, effectively, there is an increase in the number of carriers with

decreasing temperature across TC (Fig. 4.22). But we can not see for this compound a

variation in the number of carriers with applied magnetic field that could account for

the extraordinarily high MR.

4.4.4 Microscopic transport parameters

4.4.4.1 Mean free path

The mean free path (MFP) give us an idea of the distance the carriers travel before be-

ing scattered. Since the carriers relevant for the transport in this material are electrons

(Hall effect data), we will restrict this MFP discussion to the case of the electrons.

Following Singh’s calculations (Singh, 1997), the holes are very heavy, with a small

Fermi velocity. Therefore, they will not contribute to the transport. Singh also finds

the electrons to be very light, with an effective mass near that of the free electrons.

Therefore we will consider only one type of carriers, electrons, and we will work in

the neighbourhood of the free-electron limit.

In that limit, the MFP is given by:

? � 4� 8 (4.13)

where4� is the Fermi velocity, and8 is the decay time (or collision time), that is

related to the conductivity�:

� �
���8

�
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with n the number of carriers, andeandm the charge and mass of the electron, respec-

tively.

The Fermi velocity for the free electron model is4� � �

�
��"������. The number of

carriers has been measured by Hall effect, and the conductivity is the inverse of the

resistivity. Therefore, we can calculate4� and8 . In this case4��� = 3.56���� m/s

and4����� = 2.36���� m/s. These values are only one order of magnitude lower than

that reported (Singh, 1997) by Singh (4� = 3.3���
 m/s). Taking the experimental

values, the MFP’s are:

?
% � 	� Å

?�
�% � ��� Å

The very low value for 150 K has, evidently, no physical meaning. The minimum value

for metallic transport (that is, following this model) will be the distance between scat-

tering centers ((Mn-Mn = 3.5 Å). But we can see that the MFP will be drastically reduced

in the transition, justifying the two-order-of-magnitude change in the resistivity. As the

main contribution to the resistivity comes from the magnetic scattering, this value tells

us that the electrons will suffer a scattering process almost at each Mn cation. On

the contrary, in the FM configuration, at 5K, with all the moments almost completely

aligned, the MFP is forty times greater. This difference in the MFP for the disordered

and totally ordered configurations is in the origin of the colossal magnetoresistance of

the Tl�Mn�O� around the transition temperature. Effectively, just above the transition

temperature, them = 0 state will have the Mn cations totally disordered and the scat-

tering is very strong (very small MFP). As we are close enough to the FM region, with

the application of a 9 T magnetic field we can align all the moments parallel, reducing

considerably the scattering (big MFP). This gives the maximum possible magnetore-

sistance. For lower temperatures, the bulk of the grains will be nearly totally oriented

even without applying a field, and hence, the internal resistivity of the grains will be

very low. In this case, the application of a field has the effect of orienting all the grains

parallel, and that contribution is only a small reduction in the total resistance. And for

temperatures higher than the maximum, the zero magnetization state will be the same

as at that maximum, that is, randomly oriented individual Mn moments. But then, the

application of a magnetic field, as we are far from the FM region, will not be able to

totally align the moments.
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Figure 4.26:Dependence with temperature of the mobility given in Table 4.7. Note the big
decrease concomitant with the peak in the resistivity (� 150 K).

4.4.4.2 Electron mobility

Related to the MFP there is the carrier mobility. It can be derived from the conductivity

and the carrier concentration:� � ���� � %���, wheren andp are the electrons and

holes densitities, and�� and�� the mobilities for electrons and holes, respectively. As

in our pyrochlore the heavy holes do not contribute to the transport, considering only

the electrons:

�� �
�

���

The values we found for the mobility for the different temperatures are given in Table

4.7, and plotted in Fig. 4.26. Observe that the value is strongly reduced at 150 K,

near the peak in the resistivity. Therefore, not only does the decrease in the electron

concentration contribute to that peak, but also the decrease in the mobility. Compare

the values found (2.36� 10�� m�/V s at 250 K) with those for ’good’ metals: 3.55�
10�� m�/V s for Cooper, 5.60� 10�� m�/V s for Silver and 3.53� 10�� m�/V s for

Gold (Condon and Odishaw, 1958).
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Table 4.7: Free-electron transport parameters derived from the experimental data.� is the
mean free path, and�� and�� are the Fermi wave vector and energy, respectively. The com-
pound does not fulfill the Ioffe-Regel condition at any temperature.

T n � ? �� �� �� ��
(K) (10�� e�/m�) (� cm) (Å) (10�� m�/V s) (10� m��) (meV) (K)
5 9.80 0.166 7.8 3.83 3.07 3.60 41.8
50 9.72 0.210 6.2 3.05 3.06 3.58 41.5
100 8.72 0.475 2.9 1.51 2.96 3.33 38.6
150 2.85 15.9 0.18 0.14 2.04 1.58 18.3
200 — 32.5 — — — — —
250 0.086 30.7 0.98 2.36 0.63 0.15 1.78
300 — 24.5 — — — — —

As we discuss in Section 4.4.2.2, the conductivity at high temperatures has two con-

tributions: a metal-like one and an activated polaronic one. In the same way, we can

separate the metallic and polaronic contributions to the mobility in the high tempera-

ture region. As we only know the mobility at 250 K in this region, we will restrict our

discussion to that temperature. At 250 K, the metallic conductivity will be�met = �met



= 0.017��� cm��. Therefore, the metallic mobility will be�met = (met
��

= 1.25� 10��

m�/V s. Therefore, the polaronic mobility will be�pol = ����met = 1.11� 10�� m�/V

s. That is, at that temperature, the polarons contribute to the mobility (and, hence, to

the conductivity) in a 47 %, and the metal-like part will be a 53 %.

4.4.4.3 The Ioffe-Regel limit

The Ioffe-Regel limit (Mott, 1974) gives a maximum value for the resistance in a

metallic regime. This metallic regime requires that�� ? � �, where�� is the Fermi

wave vector. If this condition is not fulfilled, the electrons are scattered before the

Fermi surface can be formed. As�� � �
�
4� � ��"������, from the experimental

values ofn and� for each temperature, we calculate the? and�� values (Table 4.7).

As one can see, our sample did not fulfill the Ioffe-Regel criterium at any temperature.

This means that it is not a normal metal, despite transport in the low-temperature region

is metallic ((��(� � �).

4.4.4.4 The Fermi energy

At 0 K the Fermi energy gives us the maximum energy of the electrons (those at the

Fermi level), from the bottom of the conduction band (in our case, the conduction
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band corresponds to the minority carriers (Singh, 1997)). The Fermi energy for free

electrons is defined as�� �
��)��
��

. At finite temperatures, it gives the energy of the

electrons for which the Fermi-Dirac distribution takes the 1/2 value. In Table 4.7 we

give the values found for the different temperatures, from the Hall effect data.

Near the absolute zero of temperatures, at 5 K,�� = 3.60 meV, that corresponds to a

Fermi temperature of�� = 41.8 K (�� � �����). This value is very low compared to

those of normal metals, where�� � ��� � ��
 K. This fact further supports that the

Tl�Mn�O� is not a normal metal.

Looking at the variation of the Fermi energies with the temperature, one can see that it

does not vary significantly below TC, but it drops below the transition. That means that

for high temperatures the Fermi level lays close to the bottom of the minority conduc-

tion band. In that case, the metallic conduction will give way to a more semiconductor-

like behaviour.

From the Fermi energy value we can obtain the density of states (DOS) at the Fermi

level. For free electrons����� � �
��
�*�

, wheren is the number of carriers per unit cell.

The value we obtained is����� � = 0.05 eV��. This value is 5 times smaller than that

calculated (Singh, 1997) by Singh (0.24 eV��).

4.4.5 Analysis of the specific heat

For the analysis of the low-temperature specific heat (Gopal, 1966; Ziman, 1964) we

used four different contributions: electronic, lattice, magnons and hyperfine:� �

�el � �lat � �mag� �Sch.

� The electronic contribution takes the form�el � �� , with

� �
"�

�
������ �/ (4.14)

valid for � � �� = 41.8 K.

� The lattice contribution has two terms:�lat � ���
� � �
�


.

�� �
��"�


���

�
�


+

��

/ (4.15)

with N the number of atoms in the molecule and
+ the Debye temperature. To

the traditional cubic term, a term of order 5 must be added for temperatures T >


+/50.
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Table 4.8:Parameters corresponding to the fit of the low temperature specific heat. We give
also the values of some physical constants obtained from them: the density of states at the
Fermi level (���� �), the exchange integral (J), the Debye temperature (�+) and the hyperfine
energy separation (ÆSch) and internal field (Bint).

�
�

mJ
mol K�

�
Æ
�

mJ
mol K���

�
��
�

mJ
mol K	

�
�

�

mJ
mol K�

�
�
�

mJ
mol

�
19.6(5) 1.37(10) 1.903(15) 1.02(9)� 10�� 120(10)

���� � (eV��) J (meV) 
+ (K) ÆSch (K) Bint (T)
8.3(2) 3.54(17) 224.0(6) 0.044(4) 87(7)

� The spin-wave contribution (magnons) takes the form�mag� Æ� ���, with

Æ �  ����

�
��

��&

����

 (4.16)

HereN is the number of magnetic atoms (in this case, per mole, as the specific

heat is also per mole),J the exchange integral and& � �
�

the spin.  � is a

constant that depends on the geometry of the lattice. Its value for simple cubic

is 0.113.

� The hyperfine term comes from the contribution of the nuclear energy levels

distribution. In the case of the Tl�Mn�O� pyrochlore, the only atom with internal

nuclear moment is

Mn, with � = 3.687�� (Lide, 2001), and� � 

�
. Therefore,

the system has 6 nuclear levels, split by an energy� � �$'int��. The Appendix

C gives the calculation of the hyperfine contribution to the specific heat, yielding

(Eq. C.1):

���, �
��

�
��

�
ÆSch

� �

��

� ����

wheren is the number of atoms contributing to the hyperfine specific heat andR

is the molar gas constant.ÆSch is���� � �
)�

�$'int��. Therefore:

� �
��

�
��Æ�Sch (4.17)

The fit of the experimental data is plotted in Fig. 4.27. In Table 4.8 we give the

parameters obtained from the fit, together with the relevant physical constants derived

from them.

From the electronic term of the specific heat, via Eq. 4.14, we found the density of

states at the Fermi level to be 8.3(2) eV��. From the transport measurements (Hall

effect) we obtained����� � = 0.05 eV��. The difference between both values is due to

the fact that, in the Hall measurements, only the mobile carriers (minority electrons)
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Figure 4.27: Low-temperature (1.9� T � 10 K) specific heat experimental data (open
squares), together with the fit.

contribute to the transport. On the contrary, for the specific heat, the heavy holes will

contribute to the energy gain (see Fig. 4.28). This difference supports the existence of

heavy carriers in the majority band, that do not contribute to the charge transport, in

agreement with the reported band structure calculations (Singh, 1997).

From the cubic term in the lattice contribution, we calculated the Debye temperature:


+ = 224.0(6) K. This value is typical for normal compounds, such as binary salts and

simple oxides (Gopal, 1966). This value means that the Debye approximation (that

is, taking only a cubic term in�lat) is only valid for 

-�

< 50, i. e. T� < 20 K�. This

justifies the order 5 term we have considered. This term, although very small, is not

negligible.

The spin-wave contribution yieldsÆ = 1.37(10) mJ/mol K
��. From this value, via Eq.

4.16 we obtain the exchange integral to beJ = 3.54(17) meV.

From the hyperfine (Schottki) contribution, the splitting in the nuclear energy levels is

found to be as small as 0.044(4) K. This low value means that for the temperatures we

measured the specific heat (T > 1.9 K), all the six energy levels will be almost equally
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Figure 4.28:Schematic density of states for the Tl�Mn�O� pyrochlore, showing the possible
electronic excitations contributing to the specific heat.

populated. Nevertheless, the effect is enough to be observed to the naked eye in the

C/T vs. T� curve as an upturn for low temperatures.

The internal field that the Mn nuclei feel, causing that splitting, is then:' int = 87(7) T.

This value is very high, but within the order of magnitude of that found in the literature

for a 

Mn cation in an octahedral environment, by NMR (Ananeet al., 1995).

As a whole, we find the low-temperature specific heat data to be very useful for an es-

timation of some microscopy parameters interesting for our study, and in good agree-

ment with those found by other techniques.

4.4.5.1 Comparison of the exchange integral values

In Table 4.9 we compare the different values forJ, depending on the technique used

to determine it. Lynnet al. gave a value for the spin-wave stiffness coefficientD =

39(1) meVÅ�, from neutron scattering data (Lynnet al., 1998). As� � ��&��, with

� � (Mn-Mn � ���
�
�, the corresponding value forJ is 1.06(3) meV. This value is
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Table 4.9:Exchange integral, obtained from different experimental methods.

From: TC T��� Law �mag
Neutron scattering
(Lynn et al., 1998)

J (meV) 0.661(6) 0.785(5) 3.54(17) 1.06(3)

slightly bigger than the values we have obtained. It could be due to the differences in

the experimental techniques, as well as differences in the samples. For their sample,

TC = 123K, which corresponds to aJ of 0.72 meV. That means that the samples are

not so different, and that the high value forJ from the spin-wave stiffness coefficient

must come from the experimental technique.

One can see that the values are not so different (J from �mag is only 5 times that ob-

tained from TC). Although these values are certainly dependent on the technique, it is

worth noting that the agreement is rather good, considering the degree of simplifica-

tion in the calculations we made (mean field theory, interactions extending only to first

nearest neighbours, etc.).

4.5 Conclusions

� The Tl�Mn�O� pyrochlore has been prepared, under high pressure (� 2 GPa)

and high temperature (� 1300 K) conditions.

� It has been found to be a ferromagnetic (TC = 115(1) K; �� � 2.6 ��/Mn)

half-metal: a gap between the majority and minority density of states bands has

been found by resistivity measurements; and the comparison of the density of

states at the Fermi level obtained from Hall effect and specific heat reveals a

large number of carriers in one of the bands (majority) not contributing to the

transport.

� The Tl�Mn�O� presents a very low density of states at the Fermi level, as theo-

retically predicted.

� There is a clear correlation between transport and magnetism: parallel alignment

of the magnetic moments favours the transport.

� Existence of magnetic polarons has been found, for temperatures above� 1.2

TC. Activated polaron hopping plays an important role in the high temperature

transport.
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� Both the reduction in the number of carriers and a decrease in their mobility are

responsible for the metal-insulator transition found around TC.

� A very large magnetoresistive effect has been found, specially around TC. It

is related to the decrease in the magnetic scattering due to the suppression of

magnetic fluctuations upon the application of a magnetic field.

� The low-field magnetoresistance is a bulk effect. At 5 K it comes from interdo-

main scattering. At the maximum in the magnetoresistance it comes from align-

ment of the bulk magnetic moments. The high-field magnetoresistance comes

from scattering at the surface of the grain. It is, therefore, extrinsic.



Chapter 5

The Tl���Bi�Mn�O� Family

T
HE first substitution we tried was replacing Tl�	 by Bi�	. Bi�	 is well

known to occupy the A position in the pyrochlore structure (Subrama-

nianet al., 1983; Yoshii and Sato, 1999; Yoshiiet al., 2000). Therefore,

we have prepared the Tl���Bi�Mn�O� series, with x = 0.0, 0.1 and 0.2

(Alonsoet al., 1999a), labelled asPure, Bi 0.1andBi 0.2, respectively. We chose Bi�	

because it is isovalent with Tl�	, but it is well known by the bond anisotropy presented

by the so-called "lone pair".

5.1 Introduction

When substituting Tl�	 by Bi�	, one might think that all the properties are not that

much altered, since both cations are isovalent. But, from Sushko’s paper, it is clear

that the A cation has a major role to play in the transport and magnetism of the Mn

pyrochlores (Sushkoet al., 1998; Sushkoet al., 1997). Núñez-Regueiro and Lacroix

established that the key in the magnetism and transport of these pyrochlores is the

ability or not of the A cation to form bands (Núñez Regueiro and Lacroix, 2001; Shi-

makawaet al., 1999).

As we explained in the introductory chapter (Chapter 1), Tl�	 has a special affinity for

forming bands, with very extended orbitals. On the contrary, Bi�	 has a
�� electron

lone pair able to participate in the chemical bonds to oxygens in the pyrochlore struc-

ture, but does not contribute to the bands. Consequently, at particular sites, the band

will overlap much less, becoming narrower at this point. Therefore, the bottom of the

conduction minority band will go up in energy, laying closer to the Fermi level (Fig.

5.1). The result will be a random distribution —that of Bi�	 cations in A positions— of

133
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Figure 5.1:Schematic view of the density of states (DOS) in the Tl���Bi�Mn�O� pyrochlore,
at Tl�	 and Bi�	 sites. Note that the minority conduction band has gone up in energy, partially
emptying that band, and filling completely the majority conduction band.

regions where spin-down electrons will go to the spin-up band: a spin-down electron

will collide with a spin-up hole and both will be annihilated. This will considerably

reduce the mobility of the carriers, increasing the resistivity of the material.

5.1.1 Sample preparation

The samples prepared were Tl�Mn�O� (labelled asPure), Tl��Bi���Mn�O� (Bi 0.1),

and Tl���Bi���Mn�O� (Bi 0.2). As explained in Section 3.1, the materials were pre-

pared by solid state reaction, carried out under moderate pressures (2 GPa) and high

temperatures (1300 K). The reactives introduced in the gold capsule were, in this case,

Tl�O�, MnO� and Bi�O�.

5.2 Structural characterization

5.2.1 X-Ray diffraction

As usual, we first characterized the Bi-substituted series by X-Ray diffraction (XRD).

We checked that our samples were single phase, and we followed the variation of the

lattice parameter as the Bi content increased. In Fig. 5.2 we have plotted the XRD
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Figure 5.2: XRD pattern for the Tl���Bi�Mn�O� pyrochlores, with x = 0 and x = 0.2. No
traces of impurities were found. Inset: lattice parameter variation with the Bi content (x).

pattern for theBi 0.2sample. We found the samples to be single-phase, and the lattice

parameter variation with Bi content is given in the inset. As we can see, it grows in a

monotonic way, from�� = 9.9001(1)Å for thePure to �� = 9.9233(7)Å for theBi 0.2.

This growth is consistent with a bigger cationic size for the Bi�	 (1.17 Å) with respect

to the Tl�	 (0.98 Å) (Shannon and Sleight, 1968).

5.2.2 Neutron powder diffraction

As we did for thePure compound (see Section 4.2.2), we collected a neutron pow-

der diffraction (NPD) pattern of theBi 0.2 sample at room temperature, at the D2B

diffractometer at the ILL (Grenoble, France). We compare the structural parameters

that we obtained in this case with those obtained for thePuresample (Table 5.1). As

we saw by means of XRD, the lattice parameter forBi 0.2has increased by a 0.07 %

with respect to thePure. In the same way, the Tl/Bi–O and Tl/Bi–O’ distances have

grown. The Mn–O–Mn angle has increased. Therefore, following the Goodenough-

Kanamori-Anderson rules for a simple super-exchange (SE) (Kanamori, 1954; Good-

enough, 1955; Goodenough, 1958), one would expect a decrease in the ferromagnetic

(FM) interactions, as the angle approaches 180o, if the SE were the only mechanism



136 Chapter 5. The Tl���Bi�Mn�O� Family

Table 5.1:Structural parameters for Tl�Mn�O� (x = 0.0) and Tl���Bi���Mn�O� (x = 0.2) py-
rochlores, after the refinement of NPD data at 295 K. Tl and Bi atoms are randomly distributed,
occupying the 16c (0,0,0) positions. Mn, O, and O’ atoms are located at the 16d (�� ,�� ,�� ), 48f
(u,�� ,�� ), and 8a (�� ,�� ,�� ) positions.

Bi content (x) 0.0 0.2
�� (Å) 9.89090(6) 9.89792(7)
6� (Å�) 967.63(1) 969.688(11)
9occ (Tl) 0.972(3) 0.892(2)
9occ (Bi) — 0.091(2)
9occ (O’) 0.960(6) 0.942(6)
: (O) 0.42484(7) 0.42537(6)

Crystallogr. formula Tl�������Mn�O������ [Tl ��������Bi��������]Mn�O�������

(���� (�
) (Å) 1.9000(4) 1.9041(4)
Mn–O–Mn angle (deg) 133.93(1) 134.22(1)

(
 ������ (�
) (Å) 2.4592(4) 2.4709(4)
(
 ������� (��) (Å) 2.14144(1) 2.1484(2)

�� 1.81 2.21
R#� 5.25 4.27
R$ 2.15 2.98

responsible for the magnetism.

5.3 Experimental data

5.3.1 Magnetic measurements

Next step was to measure the magnetic susceptibility. Fig. 5.3 shows its temperature

dependence, for all the three samples. It is worth noting the low-temperature irre-

versibility between the zero-field-cooled (ZFC) and the field-cooled (FC) branches,

that appears when Bi is introduced. This anomaly suggests a spin-glass state, typical

on a system with competing magnetic interactions. Such is the case in antiferromag-

netic pyrochlores, where the high degree of geometric frustration leads to a spin-ice

state (Harriset al., 1998; Ramirezet al., 1999; Siddharthanet al., 1999; Canals and

Lacroix, 2000; Bramwell and Gingras, 2001), that will cause such a peculiar suscepti-

bility behaviour.

Above the spin-glass state the dominant interactions are FM, as one can see from a

positive Curie-Weiss transition temperature (
& ). The FM transition temperature is

reduced, revealing a decrease in the FM interactions as Bi is introduced. At the same

time, there is also a decrease in the susceptibility value, again suggesting a weakening
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Figure 5.3:Temperature dependence of the magnetic susceptibility, measured at 1000 Oe after
a field-cooled (FC) or a zero-field-cooled (ZFC) process, for the Tl���Bi�Mn�O� series. Note
that when introducing Bi at the A pyrochlore position an irreversibility at low temperatures
appears, suggesting a spin-glass phase.

in the ferromagnetism.

When measuring the isothermal magnetization (Fig. 5.4) one can see that theBi 0.1

behaviour is very similar to that found for thePuresample (see Fig. 4.5). But for the

Bi 0.2 the situation is rather different: at 5 K there is a marked hysteresis, that still

can be seen at 50 K (inset of the bottom panel). Besides, for this last compound, the

saturation is not reached even at those low temperatures. And the maximum value we

found for the magnetization (� 3 ��/f.u.) is far from the value obtained for the other

two samples (� 5 ��/f.u.) (Fig. 5.5). These are, again, signs of competing magnetic

interactions.

5.3.2 Resistivity measurements

When measuring the variation of the resistivity with the temperature, we found more

anomalies in the Bi-substituted samples. In Fig. 5.6 we compare that variation from
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Figure 5.5: Comparison of the 5 K isothermal magnetization for the Tl���Bi�Mn�O� py-
rochlores. Note the big ’anomalous’ behaviour of theBi 0.2sample.
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Figure 5.6: Thermal dependence of the resistivity for the Tl���Bi�Mn�O� pyrochlores, both
with ("9T") and without ("0T") applying a 9 Tesla magnetic field. Arrows mark the onset of
the irreversibilities in the susceptibility.
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5 to 380 K, both with ("9T") and without ("0T") applying a 9 Tesla magnetic field.

For temperatures above approximately 70 K the behaviour is very similar for the three

samples. That is, all the materials present metal-insulator (MI) transitions, with a two-

order-of-magnitude decrease in the resistivity. And when a magnetic field is applied

the resistivity drops and the MI transition is shifted to higher temperatures. Neverthe-

less, the magnitude of the resistivity increases with the bismuth content, and the MI

transition takes place at lower temperatures. The fact that the resistivity increases with

the Bi content reveals either a lower number of carriers or a lower mobility, as the

structural data (Table 5.1) are not so different from one sample to the others.

But when we have a look at low temperatures (T < 50 K) a new feature can be observed.

An upturn begins to appear as the Bi content is increased. This upturn develops at

temperatures close to the point at which the magnetic anomaly appears (marked by

arrows in Fig. 5.6). The upturn is higher as the anomalous magnetic behaviour is more

pronounced (this effect does not appear in thePure sample, it is relatively small for

theBi 0.1, and it is huge for theBi 0.2).

This fact, together with the variations in the transition temperatures TC and TMI , fur-

ther supports the correlation between ferromagnetism and metallic conduction, and

magnetic disorder with high resistivities.

We also measured the variation of the resistivity versus temperature curves with the

applied magnetic field (Fig. 5.7). We found a very similar field dependence for both

samples. As expected, resistivity decreases when the applied field is increased, due to

a better alignment of the magnetic moments, reducing the magnetic scattering. The

MI transition is present for all the curves, increasing its temperature when the field

rises up. Observe that the upturn in the low-temperature part of theBi 0.2 resistivity

is gradually reduced as the field is increased, thus confirming that it is originated by

magnetic scattering.

To compare the variation of the magnetoresistance (MR), we found the difficulty of

the close-to-100%-values the materials exhibits. That makes that samples with a, for

example, 3- or 4-order-of-magnitude drops in the resistivity when applying a magnetic

field, to have a MR of –99.9 and –99.99 %, respectively. Those very close ratios do not

give a proper idea of a substantial increase in the MR (there is one-order-of-magnitude

difference between the drops in resistivity in both samples).

Consequently, we define an ’inflationary’ MR ratio (MRI), as:
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Figure 5.7:3D plots of the resistivity versus temperature curves varying the applied magnetic
field, for Tl��Bi���Mn�O� (top graphic) and Tl���Bi���Mn�O� (bottom graphic). Also it is
interesting the decrease in the resistivity when increasing the applied field.
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Figure 5.8:’Inflationary’ MR ratio (see text for definition) at 9 T versus temperature for the
Bi-substituted series. Note the increase in the value at the peak, and the appearance of the
low-temperature upturn. Arrows mark the magnetic transition temperature (TC).

MRI�$���� � ���� ����� ��$�

��$�
(5.1)

Note that now adecreasein the resistivity upon the application of a magnetic field

is reflected in apositiveMRI value. With this new definition, the MRI ratios for the

above mentioned examples would be 9.99� 10� and 9.99� 10
 %, or approximately

10
 and 10� %, respectively. So that, from that definition, one can clearly see the

one-order-of-magnitude difference in the MR ratios.

With this new definition, we plot in Fig. 5.8 the MRI versus the temperature for the

Tl���Bi�Mn�O� series, for a magnetic field of 9 T. One can see that for high temper-

ature the MRI is almost the same forBi 0.2 and thePurecompounds. ForBi 0.1 it is

as high as 94 % at 300 K. The value at the peak which develops just above TC (TC is

marked by arrows) rapidly increases with the Bi-content. From thePurecompound to

theBi 0.2 there is a one-order-of-magnitude increase in the MR, with only a� 25 K

decrease in the temperature of the peak.

Besides, the resistivity upturn is also reflected in the MR, and with a MRI as high as

10
 % for the Tl���Bi���Mn�O� compound at� 8 K !. But let us continue with the
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study of this Bi-substituted series.

We also measured the variation with the applied field of the resistivity, at certain tem-

peratures (Figs. 5.9 and 5.10). As it happens for thePurecompound (Fig. 4.7), there

are two different behaviours, depending on whether the temperature is low or high. For

high temperatures the decrease of the resistivity when applying a field is softer, while

for low temperatures it is very steep, specially for theBi 0.2. Also the curvature of

the plots is different for them. For high temperatures the variation is parabolic in both

samples, while for low temperatures the curvature is reversed. ForBi 0.1 the value of

the normalized resistivity at high fields nearly reaches zero for 100 and 150 K. This

will be reflected in a near –100% value for the MR (’non-inflationary’). But forBi 0.2,

this behaviour is present for all temperatures below and equal to 150 K.

5.3.3 Hall-effect measurements

When we tried to measure the Hall resistivity we found a problem: the Bi-substituted

samples were too resistive to be able to apply enough current to have a Hall signal in

the output voltage reading. With lots of difficulties we finally were able to measure the

Bi 0.1sample, but we could not do so for theBi 0.2material.

Fig. 5.11 gives the Hall resistivity measured at different temperatures for the

Tl��Bi���Mn�O� sample. At high temperatures, although the resistivity decreases a

bit, the thermal noise is far higher, and we could not obtain a good set of data. As it

happens for thePurecompound, here the charge carriers are again electrons. Another

feature worth mentioning is a positive "anomalous" Hall coefficient at 5 and 50 K1. In

a normal material, the sign of both Hall coefficients is the same: negative for electrons

and positive for holes. The fact that forBi 0.1 the signs are opposite would indicate

that at low fields and low temperatures there is an anomalous magnetic behaviour,

consistent with competing magnetic interactions.

In Fig. 5.12 we compare the low-temperature Hall resistivity of theBi 0.1 sample (x

= 0.1) with that of thePure (x = 0.0). One can see that the slope for the first one is

higher (in absolute value), indicating a lower number of carriers.

1See that for those temperatures the high-field Hall resistivity extrapolates at zero-field to a positive
value.
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Figure 5.9:Variation of the resistivity of the Tl��Bi���Mn�O� compound with the applied
magnetic field, for low (upper panel) and high (lower panel) temperatures.�� is the resistivity
without applied magnetic field.
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Figure 5.13:Specific heat for the Tl���Bi�Mn�O� family. Observe that for the Bi-substituted
samples (x > 0) the magnetic transition peak does not appear. Inset: low temperature part of
the specific heat.

5.3.4 Specific heat measurements

As we did in Chapter 4 with thePure sample, we measured the specific heat data

for the Bi-substituted samples, specially at low temperature and around the magnetic

transition.

Fig. 5.13 gives the thermal dependence of the specific heat, for the three samples.

Observe the similarities at low temperatures. See that, when introducing Bi in the Tl

position, the magnetic transition peak is no longer appreciable. In the inset we give

the low-temperature part of the curves. Note that the upturn at very low temperatures

is reduced, and that the slope of the linear part increases. These mean that the Schottki

component will be lower, and that the lattice contribution is enhanced, respectively.
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Table 5.2:Magnetic parameters obtained form the thermal dependence of the susceptibility.
TC and�& are the FM and the Curie-Weiss transition temperatures, respectively.�������

is the low-temperature saturation magnetization obtained from the high-field magnetization
extrapolation to zero field.C is the Curie-Weiss constant, from which we calculate the effective
paramagnetic momenteff.

x TC (K) �������
(��/Mn) 
& (K) C

�
emu K
mol Oe

�
�eff (��/Mn)

0.0 115(1) 2.558(2) 155.11(17) 3.466(2) 3.7256(13)
0.1 91(1) 2.505(2) 133.3(2) 3.460(4) 3.7224(19)
0.2 91(1) 1.151(8) 119.2(2) 3.540(4) 3.765(2)

5.4 Analysis and discussion

5.4.1 Analysis of the magnetic data

5.4.1.1 Analysis of the susceptibility

First, we did the calculation of the FM transition temperature (TC) from the maximum

in the derivative of the� vs. T curve. Values are given in Table 5.2. TC has been

clearly reduced upon Bi doping, marking a decrease in the FM interactions.

This can also be seen from the decrease in the paramagnetic (PM) Curie-Weiss tran-

sition temperature (
& ). Also from the linear fit of the high-temperature inverse of

the susceptibility we calculated the Curie-Weiss constant (C), slightly increasing its

value. From it we calculated the PM effective moment (�eff). There is a slight increase

upon Bi-doping (about 1%), with values very close to 3.8��/Mn (expected value for

Mn�	).

5.4.1.2 Analysis of the isothermal magnetization

Extrapolating to zero field the high-field linear part of the isothermal magnetization at

5 K we obtained the saturation moment��. The values (Table 5.2) show a decrease in

it. This decrease is very small for theBi 0.1compound (� 1 %), but very pronounced

for theBi 0.2 (� 50 %). This fact indicates a reduction in the magnetic moments, and

in the magnetic interactions, and it is compatible with the claimed spin-glass state.

As we did for thePure sample, we tried to fit the high-field part of the 5 K magne-

tization curve to a saturating� � ���� � ���$��� function. ForBi 0.2, the result

is shown in the inset of Fig. 5.14. Note that we could only use 8 points for the fit.

That is, it soon deviates from the proposed behaviour, meaning that —in this case—

the model consisting of a saturated bulk and a surface layer with a randomly oriented



5.4. Analysis and discussion 149

-4    -2    0    2    4

-3

-2

-1

0

1

2

3
Tl1.8Bi0.2Mn2O7

5 K

m
 (µ

B/
f.u

.)

µ0H (Tesla)

0.0     0.1     0.2

2.6

2.8

3.0

3.2 mS = 1.756(5) µ B/Mn

|m
| (

µ
B/f

.u
.)

1/(µ 0H)2 (T-2)

Figure 5.14:New plot of the low-temperature magnetization loop of the Tl���Bi���Mn�O�

sample. The inset shows the approach to saturation, giving a very low saturation moment��.

anisotropy is no longer valid. This slow saturation, together with the non-negligible

coercive field (� 29 mT) again support the idea of competing magnetic interactions,

leading to a spin-glass state. See that, although the$ � � saturation (Table 5.3) is

higher than the extrapolation to zero-field, it is still very far from the expected value

for Mn�	 (3 ��).

On the other hand, for theBi 0.1 sample, it does follow the approach to saturation

proposed for thePure sample (Fig. 5.15). The parameters obtained from the fit are

given in Table 5.3.The obtained saturation moment�� is slightly lower than that found

for thePurecompound, coherent with a similar magnetic saturation moment but with

a different approach to saturation. This difference in the approach is due to a softer

surface layer (according to this model).

For the above-TC isothermal magnetization we fit the data to the Brillouin equation

(Eq. 4.4), using the same� and TBri for all the temperatures of each sample (Fig. 5.16).

Note the goodness of the fits. The PM moments are very close to 3��/Mn (Table 5.3);

a bit lower than the expected value for Mn�	 (3.8 ��). The transition temperature

calculated by this method lays very close to the PM transition temperature (
& ), and
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Table 5.3:Magnetic parameters for the Tl���Bi�Mn�O� family, derived from the isothermal
magnetization data.�������

is the saturation magnetization found when extrapolating to very
high fields the magnetization at 5 K.�� and�� are the anisotropy field and constant, respec-
tively, of the surface grain layer (this model is not applicable to theBi 0.2compound). Also the
PM moment (Bri) and transition temperature (TBri) from the fitting of the high temperature
magnetization curves to the Brillouin equation (Eq. 4.4) are given.

x �������
(��/Mn) ��$� (T) 1� (10� J/m�) �Bri (��/Mn) TBri (K)

0.0 2.6012(4) 1.55(2) 3.85(5) 2.611(3) 142.76(15)
0.1 2.5314(10) 0.81(4) 1.971(10) 3.005(3) 142.63(14)
0.2 1.756(5) — — 3.022(5) 106.78(15)
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Figure 5.15:Approach to saturation, at 5 K, of the magnetization for the Tl��Bi���Mn�O�

sample.
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Table 5.4:Transport parameters for the Tl���Bi�Mn�O� family.
x �
�% ����% ��
�%��
�% MRIPeak(9T) MRI���% (9T) MRI
%(1T)

(� cm) (� cm) (%) (%) (%) (%)
0.0 0.21 25.7 76 1319 42 2.54
0.1 1.04 91.7 371 7173 94 178
0.2 247 365 42 11053 45 3450

it decreases upon Bi substitution.

5.4.2 Analysis of the resistivity

In Table 5.4 we give the main transport parameters for the family. Due to the mentioned

upturn, we give the 50 K value of the resistivity as the low-temperature residual value.

It increases weakly for theBi 0.1sample, but it is 3-order-of-magnitude bigger for the

Bi 0.2 (with respect to the unsubstitutedPurecompound). For the room temperature

(RT) resistivity the results are quite similar. This fact reveals a clear decrease either in

the number of carriers or in their mobility, specially dramatic for theBi 0.2sample.

When looking at the drop in the resistivity from the high-temperature to the low-

temperature regions (��
�%��
�%) we can see that it decreases substantially when the

Bi-content increases to x = 0.2 . This means that the differences between the low-

temperature ordered and high-temperature disordered states are less dramatic. Again,

this is consistent with a decrease in the FM interactions: when ordering the moments

from a disordered state, the degree of ordering will be lower if the FM interactions are

weaker.

But probably the most dramatic changes come from the MR. In Table 5.4 we compare

the MRI values at the peak in the MR (Fig. 5.8). With respect to thePure, for theBi

0.1 it is five times bigger. But for theBi 0.2 it is one-order-of-magnitude bigger, and

as high as 10� % !. It is true that this values are for very high fields, but if we have a

look at the MR for 1 Tesla at 5 K (Fig. 5.17) we also find very high values for it.

Note that at 1 Tesla the MR for theBi 0.2compound almost reaches a 100 %. In Table

5.4 we give the MRI values: about a 100 % forBi 0.1 and about 3.5� 10� % for

Bi 0.2. It is worth noting the appearance of a hysteresis in the MR for both samples,

that correlates well with the values of the coercive field forBi 0.2 (again, a sign of the

correlation between magnetism and transport), but it is not well understood forBi 0.1.
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Table 5.5:Parameters found for the low-temperature upturn in the resistivity, produced by
Coulomb-blockade.� gives the charging energy, and�� gives the resistivity at temperatures
far bigger than�.

x ��H (T) � (K) �� (� cm)

0.1

0 2.77(7) 0.704(13)
1 2.011(18) 0.562(3)
3 1.249(13) 0.4422(18)
6 0.773(9) 0.3510(11)
9 0.583(5) 0.2991(4)

0.2

0 33.9(2) 0.63(3)
1 27.63(11) 0.449(13)
3 20.89(9) 0.472(9)
5 17.81(6) 0.428(6)
7 15.80(6) 0.392(5)

5.4.2.1 Low-temperature resistivity

Another remarkable feature of the resistivity in the Bi-substituted pyrochlores is the

upturn that appears at low temperatures. As we mentioned before, the upturn onset

correlates well with the magnetic anomaly in Fig. 5.3.

We analyzed the upturn in detail, fitting it to a exponential decrease function in the

form ��� � � �� ��������� ��. We tried different reasonablen values, findingn

= 1/2 to give the best fit (Fig. 5.18). This exponent is characteristic of a Coulomb-

blockade process, produced by particle charging. The inset of Fig. 5.18 gives the field

dependence of the charging energy, in Kelvin. As one can see, it decreases with the

field for both samples, slowly approaching saturation.

Table 5.5 gives the values of the parameters found for the fits.� is the charging

energy and�� is the contribution of this process to the resistivity of the material when

the temperature is far bigger than�.

Examining the field dependence of the� parameter (shown in the insets of Fig. 5.18),

one can clearly see that there are two components of this upturn: a magnetic one and

a non-magnetic one. The magnetic-dependent part shows an exponential decay, lead-

ing to a non-magnetic contribution for fields strong enough to saturate the magnetic

contribution.

This magnetic-dependent contribution seems to come from magnetic scattering. De-

spite the low temperature, as we saw by magnetic measurements (Figs. 5.3 and 5.4),

the ground state is not FM, but a spin-glass one. Being this a system in which mag-

netism and transport properties are so strongly bound, this spin-glass state produces a
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Table 5.6:Parameters from exponential decay fits of� (H) and�� (H). The equations used
were���� � �NM 	�M 
���� 



� and����� � ��NM 	 ��M 
���� 

	�
�.

x �NM (K) �M (K) ��$� (T) ��NM (� cm) ��M (� cm) ��$.� (T)
0.1 0.54(5) 2.21(6) 2.59(19) 0.292(7) 0.373(5) 3.27(18)
0.2 14.17(15) 19.22(16) 2.91(8) 0.34(3) 0.28(3) 4.0(11)

very high resistivity (isolating-like), even charge-localization. This produces a charg-

ing of the isolating particles, developing the Coulomb-blockade. But when the mag-

netic saturation is achieved, the only contribution to the resistivity comes from non-

magnetic scattering centers, such as those Bi cations in the A position. The resistiv-

ity produced by these non-magnetic processes, if it is high enough, can also produce

Coulomb-blockade.

To separate those two contributions to the charging energy and to the high-temperature

resistivity we fit the parameters we found to the equations:

��$� � �NM ��M ���

�
� $

$�

�

and

���$� � ��NM � ��M ���

�
� $

$.�

�
The fit is very good, yielding the parameters given in Table 5.6.

For Tl��Bi���Mn�O� the non-magnetic charging energy (�NM) is very small: 0.54 K,

that is,� 0.05 meV. This very low value tells us that the non-magnetic processes

produce nearly no charging at all.�M gives the magnetic contribution to the charging

energy for zero-field. ForBi 0.1 it is bigger than�NM, but it is still very low (� 0.2

meV). And$� is the ’decay field’ for the magnetic charging energy. It is� 2.6 T, that

is, not very strong.

On the contrary, for Tl���Bi���Mn�O� the charging energies are far bigger. The�NM is

about 14 K (1.3 meV), meaning that the non-magnetic contribution to the Coulomb-

blockade is very high. We can estimate this energy considering the particles of the

material as small spheres, with a radiusr = 165 nm (Chapter 11). The charging energy

of those particles, acting as condensers, would be�� � ��

��
��
, with ���, � �"����@

the capacitance of each particle (�� and�� are the vacuum and relative permeabilities,

respectively). Let us take�� = 5, as in many other similar oxides. Then���, = 9.18�
10��
 F. Therefore�� = 10.1 K, in good agreement with�NM. The magnetic charging

energy�M is also very high, implying that there is a considerably high part of the low-

temperature resistivity with a magnetic origin. The ’decay field’ is again not very high,
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Table 5.7: Parameters found for the fit of the high-temperature conductivity of the

Tl���Bi�Mn�O� family to the equation��� � � �met

 	

�pol


 
��
�
� /

)�


�
. �met and�pol

give the metallic and polaronic contribution, respectively, and�( is the activation energy for
polaron hopping.

x ��H (T) #met (K/� cm) #pol (K/� cm) �( (meV)

0.0
0 4.31(12) 197(8) 85.0(16)
9 12.5(3) 440(60) 124(5)

0.1
0 0.466(5) 709(8) 143.3(3)
9 2.832(6) 857(6) 142.0(3)

0.2
0 0.0309(5) 1368(18) 192.8(3)
9 0.1353(4) 805(12) 174.7(3)

indicating that this magnetic effect is relatively easy to saturate.

The �� parameters give us an idea of the contribution to the total resistivity of this

particle-charging at high temperatures. Both the magnetic and non-magnetic contribu-

tions are similar, and very low (� 0.3� cm), indicating that for very high temperatures

(� 300 K) this contribution is negligible.

5.4.2.2 High-temperature resistivity

For the high-temperature resistivity data, as in thePure compound (Section 4.4.2.2),

the behaviour is thermally activated. Again, we considered the conductivity to have

two contributions: a polaronic one, coming from the polaron hopping, and a metallic

one, coming from non-magnetic scattering processes of the electrons, as in a normal

metal. Then (Eq. 4.7):

��� � � �met�� � � �pol�� � �
�

�
#met�

�

�
#pol ���

�
� �(

���

�

#met and#pol give the metallic and polaronic contribution, respectively, and�( is the

activation energy for polaron hopping.

We fitted the high-temperature conductivity to the equation above. The graphs of the

fits are plotted in Fig. 5.19. Table 5.7 gives the parameters found for the fits.

The metallic coefficient decreases with Bi-content. This is consistent with the exis-

tence of scattering centers (Bi�	) in the conduction band, decreasing the mobility of

the carriers. On the contrary, the polaronic coefficient, together with the activation

energy increases with Bi substitution. When one calculates the polaronic contribu-

tion to the conductivity, the effect is that the polaronic contribution decreases as the

Bi-content increases (Table 5.8). This is consistent with the fact that the magnetic in-
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The lines are fits to the equation:��� � � �met

 	

�pol


 
��
�
� /

)�


�
.

x T (K) � (10�� ��� cm��) �met (10�� ��� cm��) �pol (10�� ��� cm��)

0.0
250 32.6 17.2 15.3
300 39.0 14.4 24.6

0.1
250 5.6 1.9 3.7
300 11.0 1.6 9.4

0.2
250 0.85 0.12 0.73
300 2.75 0.10 2.65

Table 5.8:Total (�), metallic (�met) and polaronic (�pol) contributions to the conductivity of
the Tl���Bi�Mn�O� family.
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Table 5.9:Hall coefficients and number of carriers for the Tl��Bi���Mn�O� compound.
T (K) �� (cm�/C) �� (cm�/C) n (10�� e�/f.u.)

5 -7.94(14) 9.5(12) 0.956(17)
50 -6.22(5) 5.8(5) 1.221(10)
100 -7.6(3) -33(3) 1.00(3)
150 -670(20) — 0.0113(3)
200 -1520(20) — 0.00499(7)

teractions are weakened, making the movement of the polarons more difficult, since

the FM interactions are no longer favouring the hopping. This difficulty is reflected on

a higher hopping energy for a higher Bi-content (Table 5.7). As expected, the activa-

tion energy for the polarons, except in the case of thePure, decreases when applying a

field, indicating an easier hopping. This is also expected, since applying field implies

more parallel alignment of the magnetic cations, making the polaron to move easier.

5.4.3 Analysis of the Hall data

Table 5.9 gives the Hall coefficients (�� and��) from the analysis of the Hall data, for

theBi 0.1 compound. From�� we calculated the concentration of electrons (n), also

given in Table 5.9. Observe hown is nearly constant below TC and how it drops for

temperatures above it (Fig. 5.20). This feature was also present in thePure sample.

These numbers of carriers are very similar for both samples at low temperatures (Bi

0.1: 0.956(17)� 10�� e�/f.u.; Pure: 1.192(14)� 10�� e�/f.u.). As we indicated

before, it is worth noting that the anomalous Hall coefficient (��), for 5 and 50 K,

is positive while the normal one (��) is negative. This further supports the idea of

competing magnetic interactions.

5.4.3.1 Applicability of the Majumdar-Littlewood model

The plotting of the MR versus the square of the normalized magnetization is presented

in Fig. 5.21. As the Majumdar-Littlewood model proposes (Section 1.5.1), for low

values of the magnetization, the dependence is linear, and temperature independent.

With respect to thePure, for the Bi 0.1 compound the slope is slightly higher

(48.62(19) for thePure, 50.3(4) for theBi 0.1), . As in their model� � �����, being

C the slope, this higher slope will mean a slightly lower number of carriers, as exper-

imentally found by Hall effect. But the lower slope for theBi 0.2sample (16.21(18))

would mean a higher electron density, what seems contradictory with a much higher
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Table 5.10: Microscopic transport parameters derived from the experimental transport data
for the Tl��Bi���Mn�O� compound.� is the mean free path,� is the electron mobility, and
�� and�� are the electron Fermi wave vector and energy, respectively.

T n � ? �� �� �� ��
(K) (10�� e�/m�) (� cm) (Å) (10�� m�/Vs) (10� m��) (meV) (K)

5 7.86 2.36 0.63 3.37 2.85 3.11 36.0
50 10.0 1.04 1.22 6.00 3.10 3.66 42.4
100 8.22 18.0 0.08 0.42 2.90 3.20 37.1
150 0.08 384 0.08 1.98 0.62 0.15 1.72
200 0.04 331 0.15 4.59 0.50 0.09 1.09

resistivity. A possible reason is the inaccuracy at calculating the saturation moment in

Bi 0.2 . We used for calculating the normalized magnetization a value for�� of about

1.8-1.9��/Mn. But a double value of�� (the expected value for Mn�	 is 3��) would

mean a slope four times bigger, changing significantly the trend: in that case theBi 0.2

slope would be bigger than that of bothBi 0.1andPure.

5.4.4 Microscopic transport parameters

As we did for thePurecompound, with the experimental values of the resistivity and

carrier density, we calculated some microscopic transport parameters for theBi 0.1

sample2. They are given in Table 5.10.

Having a look in first place to the mean free path (MFP),?, one sees that, except for

maybe 50 K, all the values are lower than the interatomic distances. This fact means

that the free electron model is not suitable to describe the compound. The MFP is

specially small at 100 and 150 K, near the peak in the resistivity, as expected.

The mobility of the electrons (��) is very small, coherent with the high resistance

observed. As happened for thePure sample, the mobility is greatly reduced around

TC, in the peak of the resistivity. This reduction in the electron mobility comes, then,

from scattering from magnetic fluctuations. When a magnetic field is applied, the

mobility will rise up, as the moments become more and more parallel. Therefore, a

colossal MR effect is produced near TC. At 5 K, that is, at the upturn, the mobility is

also reduced (with respect to the ’metallic’ one, at 50 K), as expected.

The Fermi energy, as happened for thePure compound, is almost constant up to

100 K and then, in the PM region, it is greatly reduced. This means that the Fermi

2Remember that we were not able to measure the electron concentration for theBi 0.2compound.
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Table 5.11: Comparison of the microscopic transport parameters for the Tl�Mn�O� and
Tl��Bi���Mn�O� compounds, at 50 K (minimum in the resistivity for Bi 0.1) and 5 K (up-
turn).

T x ? �� �� ��
(K) (Å) (10�� m�/Vs) (10� m��) (meV)

5
0.0 7.76 3.83 3.07 3.60
0.1 0.97 0.52 2.85 3.11

50
0.0 6.16 3.05 3.06 3.58
0.1 1.55 0.76 3.10 3.66

level approaches the bottom of the minority conduction band, as the number of car-

riers is reduced. This will affect the transport, that would be less metallic and more

semiconductor-like.

We also compared the values found for thePure andBi 0.1 samples, at the metallic

(50 K) and spin-glass (5 K) states of theBi 0.1 (both temperatures correspond to the

metallic zone of thePurecompound). The values are contrasted in Table 5.11. When

both samples are in the metallic zone (50 K), the Fermi energy (and wave-vector)

are very similar for them. This is logical, since�� (and �� ) only depends on the

carrier concentration, being similar in both samples. But the main difference comes

from the MFP. It is greatly reduced when Bi is introduced in the material, indicating

an enhancement in the concentration of scattering centers. This difference can only

come from the introduction of the Bi cation in the Tl positions. As we explain in the

introduction of this chapter, the Tl cations are known to form bands in similar oxides,

but for the Bi it is not the case. Therefore, even a small number of Bi (� 5 %) at the

Tl sites will cause such a high scattering, increasing the resistivity.

When we study the microscopic parameters when theBi 0.1is at the upturn the number

of electrons is basically the same for both samples, and so are�� and�� . But the MFP

is so small forBi 0.1 that is lower than the interatomic distances. This fact has no

physical sense, but is coherent with the presence of another interaction making the

movement of electrons more difficult.

As we discuss in 4.4.2.2, the conductivity at high temperatures has two contributions:

a metal-like one and an activated polaronic one. In the same way, we can separate the

metallic and polaronic contributions to the mobility in the high temperature region.

The metallic conductivity will be�met �
�met



, and the corresponding metallic mobil-

ity will be �met �
(met
��

. And the polaronic mobility will be�pol � �� � �met. The

temperature at which we have data for the number of carriers in the high-temperature
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Table 5.12: Comparison of the metallic (met) and polaronic (pol) contributions to the total
mobility (�) for the Tl���Bi�Mn�O� family.

x
T �� �met �pol �met��� �pol���

(K) (10�� m�/Vs) (10�� m�/Vs) (10�� m�/Vs) (%) (%)
0.0 250 23.6 12.5 11.1 53 47
0.1 200 4.59 3.54 1.05 77 23

Table 5.13:Parameters corresponding to the fit of the low temperature specific heat of the
Tl���Bi�Mn�O� compounds. We give also the values of some physical constants obtained
from them: the density of states at the Fermi level (���� �), the exchange integral (J), the
Debye temperature (�+) and the hyperfine energy separation (ÆSch) and internal field (Bint). As
the error inÆ of theBi 0.2 is bigger than its value, we did not consider the exchange integral
for that sample, as the spin-wave contribution can be considered as negligible.

x �
�

mJ
mol K�

�
Æ
�

mJ
mol K���

�
��
�

mJ
mol K	

�
�

�

mJ
mol K�

�
�
�

mJ
mol

�
0.0 19.6(5) 1.37(10) 1.903(15) 1.02(9)� 10�� 120(10)
0.1 43.7(7) 0.40(12) 1.863(9) 3.6(2)� 10�� 60(10)
0.2 42.9(7) 0.05(12) 2.407(9) 1.6(3)� 10�� 50(10)

x ���� � (eV��) J (meV) 
+ (K) ÆSch (K) Bint (T)
0.0 8.32(2) 3.54(2) 224.0(6) 0.044(3) 87(6)
0.1 18.5(3) 8.0(16) 225.6(4) 0.031(9) 62(18)
0.2 18.2(3) — 207.1(5) 0.03(7) 58(138)

region are 250 K for thePure and 200 K for theBi 0.1. The results of this analysis

(Table 5.12) show that for the Bi-substituted compound the polaronic contribution has

lost relevance with respect to the metallic contribution. This is expected, since in the

Bi-substituted compounds the magnetic interactions are weakened. Also, as we ex-

plained, this will make the movement of the polarons more difficult. This is consistent

with the increase in the activation energy for polaron hopping (Table 5.7).

5.4.5 Analysis of the specific heat data

As we did for thePurecompound in Chapter 4, the low-temperature specific heat was

analyzed taking into account four terms: electronic, lattice, spin-waves and hyperfine

contributions.

Once the fits were performed (Fig. 5.22), we compared the parameters found forBi

0.1andBi 0.2with those found for thePure(Table 5.13).

The electronic contribution grows with the Bi content. Therefore, the density of states

at the Fermi level is enhanced. This is a little bit odd, considering that the number of

carriers given by Hall effect are almost the same forPure andBi 0.1. Consequently,
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Figure 5.22:Low-temperature specific heat for Tl���Bi�Mn�O�. Symbols represent the ex-
perimental points and the curves give the fits, considering four terms.

one would not expect a major difference. We can infer from this that the bands could

have changed, increasing the density of states at the Fermi level in the majority band3.

The lattice contribution is almost the same forBi 0.1 than for thePure, yielding a

similar Debye temperature. But forBi 0.2 this contribution is notably enhanced (and


+ is reduced), indicating a softening of the bonds, consistent with a lower overlapping

of the Tl/Bi bands with the O’ band.

When dealing with the spin-waves contribution one can see that forBi 0.1 it is a third

of that for thePure, while for Bi 0.2 it is zero (within the error bar). That means that

the magnetic contribution for this last compound is negligible.

Finally, the hyperfine part is reduced as Bi content increases. From the values obtained,

the internal field for the

Mn is also reduced, becoming closer to the expected value

of � 30 T (Ananeet al., 1995).

3Remember that the majority carriers do not contribute to transport.
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Table 5.14:Exchange integral values (in meV) for the Tl���Bi�Mn�O� series, obtained from
different experimental methods.

x from TC from �mag

0.0 0.661(6) 3.54(17)
0.1 0.523(6) 8.0(16)
0.2 0.523(6) —

5.4.5.1 Comparison of the exchange integral values

In Table 5.14 we compare the different values forJ, depending on the technique used

to determine it. See that there is a decrease in theJ values as the Bi content increases,

revealing the decrease in the FM interactions. The increase ofJ from �mag for Bi

0.1 with respect to thePure compound can be due to other effects, makingÆ (from

specific-heat) be lower than expected.

5.5 Conclusions

� We have prepared and characterized the family Tl���Bi�Mn�O� (0� x � 0.2).

� We have found a weakening in the FM interactions, appearing competing mag-

netic interactions at low temperatures. This is mainly due to two factors: the

opening of the Mn–O–Mn angle (that favours an antiferromagnetic-like superex-

change), and the introduction of a considerable number of scattering centers (re-

ducing the effectiveness of the indirect exchange interaction (Núñez Regueiro

and Lacroix, 2001)).

� The low-temperature magnetic state is a spin-glass. This magnetic disorder

increases the resistance strongly. The effect is the appearance of Coulomb-

blockade, produced by particle charging. This Coulomb-Blockade has two con-

tributions: a magnetic one and a non magnetic one.

� There is a considerable increase in the resistivity values with Bi substitution.

� The number of carriers at low temperature is almost unchanged for theBi 0.1

sample, indicating that the increase in the low-temperature resistivity is a con-

sequence of the increase in the scattering due to the localizing effect of Bi in Tl

sites.
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� The mobility of the carriers is strongly reduced, specially near TC. When a

magnetic field is applied the scattering is greatly diminished, resulting in a huge

MR, as high as 10
 % at low temperature for theBi 0.2compound.

� The low-field MR has also increased, reaching 3.5� 10� % for Bi 0.2 under 1

T, at 5 K.

� The polarons begin to play a more important role in the high-temperature trans-

port than they did for thePurecompound.



Chapter 6

The Tl���Cd�Mn�O� Family

A
FTER introducing an isovalent cation at the Tl position, we tried a new

substitution: replacing Tl�	 by Cd�	. In principle, this substitution

will reduce the number of carriers and, accordingly to the Majumdar-

Littlewood model (Section 1.5.1), the magnetoresistance (MR) effect

would be bigger (Velascoet al., 2002b). Cd had been reported to occupy the A position

in the pyrochlore structure (Subramanianet al., 1983).

6.1 Introduction

In a simple ionic picture, the introduction of Cd�	 at Tl�	 positions will produce an

oxidation of Mn�	 to Mn
	, to maintain the charge neutrality. The existence of valence

mixing in the system would complicate the magnetic interactions, making very difficult

the study of this new system. But the Tl�Mn�O� pyrochlore is not a simple ionic

compound. As demonstrated by electronic band-structure calculations (Singh, 1997)

in this compound there exists a majority conduction band, with heavy holes that do not

contribute to the transport; and a minority conduction band, with light electrons that

are responsible for the transport and the magnetic interactions. The existence of this

minority conduction band means that electrons are not totally located at the oxygen

ions, but rather a part of them is delocalized, as in a metal. This can be seen as an

’increase’ in the oxidation state for the oxygen, due to the fact that the oxygen will not

have the 2 electrons totally bound to it.

In a first approximation we can assume that introduction of Cd�	 at Tl�	 sites will not

change significantly the band structure, but rather will produce a lower filling in that

conduction band (Fig. 6.1).

167
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Figure 6.1:Schematic view of the density of states in the Tl���Cd�Mn�O� family, indicating
the variable filling of the bands, depending on the doping level (higher x means a lower filling).

The charge neutrality is preserved, since each Tl�	 will contribute with 3 electrons to

the filling of the bands, and the Cd�	 will do the same with 2 electrons. Consequently,

the number of positive charges located at the cations is equivalent to the number of

electrons in the bands of the solid.

6.1.1 Sample preparation

The samples prepared were Tl�Mn�O� (labelled asPure), Tl��Cd���Mn�O� (Cd 0.1),

Tl���Cd���Mn�O� (Cd 0.2), and Tl��
Cd��
Mn�O� (Cd 0.5). The preparation was carried

out by solid state reaction, under moderate pressures (2 GPa) and high temperatures

(1300 K), as explained in Section 3.1. The reactives introduced in the gold capsule

were, in this case, Tl�O�, MnO� and CdO.
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6.2 Structural characterization

6.2.1 X-Ray diffraction

All samples were characterized by X-Ray diffraction (XRD). Fig. 6.2 shows the ob-

tained patterns. All the samples are single-phase. The inset gives a closer view of the

most intense reflection (2,2,2). The�
 diffraction angle for that reflection decreases

with increasing Cd content, indicating an increase in the lattice parameter, from�� =

9.9001(1) Å for thePureto �� = 9.9079(1) Å for theCd 0.5. This increase in the lattice

parameter is consistent with the larger ionic radius for Cd�	 (1.10 Å) with respect to

the Tl�	 (0.98 Å) in eightfold coordination (Shannon and Sleight, 1968).

6.2.2 Neutron powder diffraction

A neutron powder diffraction (NPD) study was performed at room temperature (RT)

for thePureandCd 0.2compounds. The high-resolution spectra were recorded at the

D2B diffractometer of the ILL (Grenoble, France), with a wavelength2 = 1.594 Å.

The Cd-containing sample, weighting 0.8 g, was packed in a double-walled vanadium

holder, to minimize the Cd absorption. The NPD patterns were Rietveld refined using

the FULLPROF program (Rodríguez-Carvajal, 1993). The structural model was that

of the conventional cubic pyrochlore, defined in the space group.(���, Z = 8. For the

Cd 0.2compound, Tl and Cd atoms were considered to be randomly distributed at the

A positions. The results are summarized in Table 6.1.

The final crystallographic compositions are Tl�������Mn�O������ and

[Tl �������Cd�������]Mn�O�������. Note that, contrarily to what happened to the

Pure sample, theCd 0.2 compound has no measurable deficiency at O’ positions.

Consistently with the XRD data, the cell parameters have increased. The increase in��

is rather small, of only a 0.17 %. Similarly, the main interatomic distances have been

slightly reduced: a 0.09 % for the Mn–O distance, a 0.4 % for the Tl/Cd–O distance

and a 0.1 % for the Tl/Cd–O’ distance. The Mn–O–Mn angle has been increased by

a 0.4 %. For this increase in the angle, one would expect a slightdecreasein the

super-exchange (SE) interaction, accordingly to the Goodenough-Kanamori-Anderson

rules (Kanamori, 1954; Goodenough, 1955; Goodenough, 1958). The similarities

between the parameter sets for both samples makes the assumption of very similar

band structures rather convincing.



170 Chapter 6. The Tl���Cd�Mn�O� Family

20 40 60 80 100

0

1000

2000

3000

4000

5000

6000

7000

x = 0.2

x = 0.1

x = 0.0

In
te

ns
ity

(a
rb

.u
ni

ts
)

2θ(º)

31.0 31.5 32.0

0

1000

2000

3000

4000

5000

6000

0.2

0.1
0.0

Figure 6.2: XRD patterns for the Tl���Cd�Mn�O� family. Inset: close view of the most
intense reflection (2,2,2). The diffraction� angle for that peak decreases with increasing Cd
content, indicating a progressive increase in the lattice parameter.
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Table 6.1:Structural parameters after the Rietveld analysis of the Tl�Mn�O� (x = 0.0) and
Tl���Cd���Mn�O� (x = 0.2) pyrochlores, from NPD data at RT, refined in the����� space
group. Tl and Cd atoms are randomly distributed, occupying the 16c (0,0,0) positions. Mn, O,
and O’ atoms are located at the 16d (�� ,�� ,�� ), 48f (u,�� ,�� ), and 8a (�� ,�� ,�� ) positions, respectively.

Cd content (x) 0.0 0.2
�� (Å) 9.89090(6) 9.9075(1)
6� (Å�) 967.63(1) 972.51(2)
9occ (Tl) 0.972(3) 0.87(1)
9occ (Cd) — 0.13(1)
9occ (O’) 0.960(6) 1.01(1)
: (O) 0.42484(7) 0.4258(1)

Crystallogr. formula Tl�������Mn�O������ [Tl �������Cd�������]Mn�O�������

(���� (�
) (Å) 1.9000(4) 1.8983(1)
Mn–O–Mn angle (deg) 133.93(1) 134.44(7)

(
 ������ (�
) (Å) 2.4709(4) 2.4681(8)
(
 ������� (��) (Å) 2.1484(2) 2.1436(1)

�� 1.81 2.35
R#� 5.25 2.68
R$ 2.15 7.01

Table 6.2:Magnetic parameters obtained form the thermal dependence of the susceptibility.
TC and�& are the FM and the Curie-Weiss transition temperatures, respectively.�������

is
the saturation magnetization obtained from the high-field magnetization extrapolation to zero
field. eff is the effective paramagnetic moment.

x TC (K) 
& (K) �������
(��/Mn) �eff (��/Mn)

0.0 115(1) 155.11(17) 2.558(2) 3.7256(13)
0.1 111(1) 145.97(19) 2.366(3) 3.875(3)
0.2 110(1) 141.56(6) 2.779(2) 4.1997(10)
0.5 110(1) 131.22(18) 2.437(2) 4.181(2)

6.3 Experimental data

6.3.1 Magnetic measurements

Left axis of Fig. 6.3 shows the variation with temperature of the susceptibility, mea-

sured in a 1000 Oe field, after a field-cooled process. All the samples show the spon-

taneous magnetization characteristic of ferromagnetic (FM) materials. Contrarily to

what happened for the Bi-substituted samples, in the Cd-substituted compounds no

magnetic anomaly can be found at low temperatures. The FM transition temperature

(TC) decreases with doping (see Table 6.2). This observation suggests a slight decrease

in the strength of the FM interactions. Observe the unexpected behaviour of the mag-

nitude of the low-temperature susceptibility. From thePure compound, it decreases
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Figure 6.3:Magnetic data for the Tl���Cd�Mn�O� oxides. Left axis: Susceptibility, mea-
sured at 1000 Oe after a field-cooled process. Right axis: Inverse of the susceptibility, together
with the linear fit to a Curie-Weiss behaviour. Arrows mark the points where the data deviate
from the ideal law.

for theCd 0.1, increases for theCd 0.2, and decreases again forCd 0.5. From our view

in the system, Cd-doping implies a reduction in the number of conduction electrons in

both the majority and the minority bands. As the Fermi level (EF in Fig. 6.1) lays very

close to the top of the majority conduction band, the decrease in the number of elec-

trons will affect in a different way to the itinerant magnetism, depending on whether

the Fermi level lays in the band or in the gap. If it lays in the gap, a reduction in the

number of electrons, as those are taken only from the minority band, will produce an

increase in the itinerant magnetism. On the contrary, if the Fermi level lays in the ma-

jority conduction band, a reduction in the number of electrons will produce a reduction

in both bands. But, as the density of states (DOS) is higher for the majority band (see

Fig. 6.1), this will produce a small decrease in this itinerant magnetism. On the other

hand, the effect upon the localized magnetic moments (from the Mn�	 cations) will

not vary substantially, in a stoichiometric sample. But we can expect that the different

O’ oxygen deficiency will vary the electronic configuration of these magnetic cations,
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in such a way that the moment is reduced.

The inverse of the susceptibility (right axis of Fig. 6.3) follows a Curie-Weiss be-

haviour, but only for high temperatures, well above TC. The Curie-Weiss temperature

(
& ) decreases when increasing the Cd doping level (Table 6.2), in agreement with the

reduction of the magnetic interactions that can be inferred from the TC values.

When cooling from high temperatures, a deviation from the Curie-Weiss linear de-

pendence is observed. This fact has been attributed to the presence of spin polarons

above TC (Velascoet al., 2001a; Velascoet al., 2001b) . As the temperature is in-

creased from the FM region, above but close to TC the formation of spin polarons is

easy: although the long-range magnetic interactions are vanished, there still remain

short-range interactions. As temperature increases, the thermal energy finally over-

comes the kinetic energy gain, destroying the short-range interactions, and reaching

the paramagnetic (PM) regime. This PM regime corresponds in the graph (Fig. 6.3)

to the solid lines that are coincident with the inverse of the susceptibility only above a

certain temperature. The temperature of deviation is marked for each sample with an

arrow. The left-most one corresponds to Tl��
Cd��
Mn�O�, while the right-most one

corresponds to the pure Tl�Mn�O� compound, being the middle one the corresponding

to the Tl��Cd���Mn�O�. The up-pointing arrow correspond to the Tl���Cd���Mn�O�.

The temperature of formation of polarons is lowered with increasing the Cd doping,

which means that the short-range magnetic interactions are also weakened.

Figs. 6.4 and 6.5 give the isothermal variation with the applied field of the Cd-

substituted compounds, at different temperatures. They all correspond to FM mate-

rials, with transition temperatures in the 100 - 150 K range. The low-temperature

(5 K) saturation magnetization is given in Table 6.2. It is calculated extrapolating

to zero-field the high-field magnetization. Note that —once more— there is a unex-

pected variation with increasing Cd content (see also Fig. 6.6, where we compare the

5 K magnetization versus field curves for the whole family).

6.3.2 Resistivity measurements

The thermal dependence of the resistivity is plotted in Fig. 6.7, both with (open sym-

bols) and without (solid symbols) an applied magnetic field of 9 T. In the absence of

magnetic field, an insulator-type behaviour is observed for temperatures well above TC.

By decreasing the temperature below 200 K, a huge drop in the resistivity is observed,

leading to a metallic behaviour for low temperatures. This metal-insulator transition
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is concomitant with the magnetic transition (the magnetic transition temperatures are

marked by arrows), and it is related to the reduction in the scattering of the conduc-

tion electrons when the neighbouring localized moments become ferromagnetically

ordered. Roughly speaking, a high-resistance state is found in the PM region, and

the low-resistance state is observed in the FM region, with a wide transition region be-

tween them. The fact that this transition is not a sharp one is explained by the wide PM

region in which an appreciable contribution to the susceptibility comes from the pres-

ence of spin polarons. There is a large difference between the resistivity magnitudes

of the four studied samples. This difference cannot be explained by only considering

the differences in the magnetic interactions from one sample to the others. As it can be

seen in Fig. 6.3, the values in the inverse of the susceptibility (and, hence, the suscep-

tibility itself) are not very far from one another. At least not to justify a two-order of

magnitude increase in the room temperature resistivities. This fact is, then, related to

a decrease either in the number of carriers, or in their mobility. The magnitude of the

high-temperature to low-temperature resistivity drop is also very sample-dependent.
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Figure 6.8:Variation of the ’inflationary’ MR ratio (MRI) at 9 T with temperature for the
Tl���Cd�Mn�O� family. Note the very large values forCd 0.2andCd 0.5.

The differences in the resistivity ratio between the high-resistive and the low-resistive

regions increase with the degree of Cd doping. This fact can be accounted for by con-

sidering the concomitant changes in the number of carriers, in such a way the samples

with a lower number of carriers are more affected by the magnetic interactions.

Also note in Fig. 6.7 that there is a small upturn in the resistivity at low temperatures

in the Cd 0.2andCd 0.5compounds, and that can be guessed also forCd 0.1. This

upturn appeared also in the Tl���Bi�Mn�O� family (Chapter 5), and it is related to a

Coulomb-blockade process.

As happened for the Bi-substituted compounds, the MR ratios are very large for this

family. Therefore we used again the ’inflationary’ magnetoresistance ratio (MRI),

defined as (Eq. 5.1):

MRI�$���� � ���� ����� ��$�

��$�

In Fig. 6.8 we present the variation of the ’inflationary’ MR ratio (MRI) at 9 T with

temperature for the Tl���Cd�Mn�O� family. The very high values found just above
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TC for theCd 0.2sample (above 10� %) are, to our knowledge, the largest values ever

reported in any system at those fields (9 T).

We also measured the field dependence of the resistivity at different temperatures, for

the three Cd substituted samples (Figs. 6.9 – 6.11). Again in this case, as for thePure

(Fig. 4.7) and the Bi-substituted family (Figs. 5.9 and 5.10), there are two different

behaviours, depending on the temperature: in the high-temperature PM region the

field dependence is parabolic, while in the low-temperature FM region it decays as the

inverse of the field. For intermediate regions (T� 150 – 200 K) there is a mixing of

both behaviours. This is related to the existence of short-range magnetic interactions

creating polarons.

6.3.3 Hall-effect measurements

When measuring the Hall effect data, we faced the same problem as we found for the

Bi-family: due to the high resistivity above� 100 K, it was impossible for us to apply

a current low enough to be able to measure the transverse (Hall) voltage. Nevertheless,

in the low-temperatures, where the (longitudinal) resistivity was in the� cm range

(Fig. 6.7), we were able to obtain some good data.

Figs. 6.12, 6.13 and 6.14 give the low-temperature Hall resistivity for theCd 0.1, Cd

0.2andCd 0.5samples, respectively. The slope is negative in all the cases, indicating

that the charge carriers are electrons.

Note that at 100 K in theCd 0.1compound the experimental data do not follow a

straight line for moderate to high fields (��$ > 0.5 T). Rather the data have a cur-

vature, that tends to reduce the (absolute) value of the slope upon the application of

a magnetic field. This curvature is, as explained in Section 4.4.3.2, related to anin-

creasein the number of carriers. This is the only sample in this family in which we

have experimental evidence for this behaviour. See in Fig. 4.8 that thePurecompound

does not present this behaviour, at least up to 100 K. We do not disregard that the same

behaviour (variation ofn with the field) is also present in all the samples, at higher

temperatures, near the transition temperature, in the peak of the resistivity. In fact, this

is the behaviour found by Imaiet al. around the transition (Imaiet al., 2000).

In Fig. 6.15 we compare the Hall resistivity at 5 K for all the compounds in this family.

See how the slope decreases, with respect to thePure, for Cd 0.1, then increases for

Cd 0.2, and finally decreases again forCd 0.5. This behaviour will be reflected in an

odd variation in the number of carriers.
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6.3.4 Specific heat measurements

The variation of the specific heat with temperature was measured for theCd 0.2com-

pound. In Fig. 6.16 we compare these data with those for thePure (see Chapter

4). Observe the low-temperature similarity of both compounds. As the temperature

is raised, the specific heat of thePurematerial is higher than that of theCd 0.2one.

This evidences a lower lattice contribution for the Cd-substituted compound. Note the

variation of the magnetic transition peak, around 110 K. This peak is shifted to lower

temperatures for the Cd-substituted sample.

6.4 Analysis and discussion

6.4.1 Analysis of the magnetic data

6.4.1.1 Analysis of the susceptibility

From the variation with temperature of the susceptibility, we calculate the transition

temperature (TC) as the corresponding to the maximum slope in that curve. The results
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Table 6.3: Parameters found for the low-temperature magnetization fit to the Bloch’s T���

Law. � is the magnetization at 0 K and 1000 Oe, andJ is the exchange integral.
x �� (��/Mn) J (meV)

0.0 1.69975(11) 0.785(5)
0.1 1.58987(10) 0.741(4)
0.2 2.03247(17) 0.605(4)
0.5 1.69154(19) 0.628(5)

are given in Table 6.2. There is a decrease in TC upon Cd substitution, evidencing a

weak softening in the magnetic interactions.

As we explained in Chapter 4, from TC, the exchange integral can be calculated as:

� �
�����

�<&�& � ��

with z= 6 the number of nearest neighbours andS= �
�

the spin of the magnetic cations,

Mn�	. Consequently, the corresponding values found for the exchange integral are

0.638(6) meV forCd 0.1, and 0.632 meV forCd 0.2andCd 0.5.

The variation in the series of the PM Curie-Weiss transition temperature (
& ) also evi-

dences this decrease in the magnetic interactions (see also Table 6.2). On the contrary,

the effective PM moment (�eff) increases with the Cd content. This signs the occur-

rence of superparamagnetic clustering. The superparamagnetic clusters are aggregates

of two or more magnetic cations that are ferromagnetically bounded, and act as a single

PM moment. It can be due to small inhomogeneities in the samples1.

From the absolute zero, as the temperature is raised, spin-waves begin to appear, re-

ducing the magnetization, due to thermal excitation. TheBloch’s T ��� Law govern

that decrease (Eq. 4.3):

��

��0K�
�

���	

&=

�
���

��&

����

Consequently, we fitted to that equation the low-temperature magnetization data mea-

sured at 1000 Oe, for the four compounds (Fig. 6.17). The values found for the

magnetization at 0 K and 1000 Oe (not saturated), (�� � ��0K�) and the exchange

integral (J) are given in Table 6.3. The values of�� follow the same trend that those of

��. The exchange integral decreases with increasing Cd content (except forCd 0.5),

indicating a weakening in the FM interactions. The value for theCd 0.5compound is

very similar to that of theCd 0.2, as expected from the similar values of TC they have.

1This inhomogeneities have been observed by preliminary EDX analysis (Martínez, 2002).
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Figure 6.17: Low-temperature magnetization measured under a field of 1000 Oe for the
Tl���Cd�Mn�O� compounds (open symbols), together with a fit to the Bloch’s T��� Law
(straight lines).

6.4.1.2 Analysis of the isothermal magnetization

The extrapolation to zero-field of the high field magnetization at low temperatures is

the saturation magnetization (�������
). The variation with the Cd content resembles

that of the susceptibility in Fig. 6.3. If we look at the variation in the number of car-

riers at low temperature from the Hall effect (Fig. 6.15) one can see that this variation

is exactly the opposite. That is, when the number of carriers increases, the magneti-

zation decays, and whenn decreases, the magnetization increases (Fig. 6.18). This

behaviour tells us that the electrons are coming from the minority band only, and that

the majority band is completely full. In other words, the Fermi level is in the majority

band gap. Consequently, as we explained before, when introducing electrons in the

system (probably by decreasing the O’ occupation) those electrons go to the minority
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band, with spin antiparallel to the located Mn�	 moments, reducing the total magnetic

moment.

We can also fit the approach to saturation at high fields and low temperatures to the

equation� � ��������$���. As we explained in detail in Section 4.4.1.2, the model

for such an approach to saturation is that of a saturated bulk material, with a surface

layer. This layer will have a high anisotropy, with randomly oriented anisotropy axis.

The plots of the fits are given in Fig. 6.19 and the parameters obtained from them

are given in Table 6.4. The anisotropy in that surface layer is reduced, with respect

to thePure, for theCd 0.1andCd 0.2, but it increases for theCd 0.5. This tells us

that the granular properties of the samples are very different, and that one would also

expect major differences in those properties that depend on the surface layer, such as

the transport.

We fitted the isothermal magnetization above TC to a Brillouin equation (Eq. 4.4), us-

ing the same values of�Bri and TBri for all the temperatures of each sample (Figs. 6.20

and 6.21). The parameters obtained are given in Table 6.4. The PM moment found in

this way (�Bri) increases with the Cd content, as happened to�eff. The PM transition

temperature (TBri) also decreases as the Cd substitution increases, as happened to
& .
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Table 6.4:Magnetic parameters for the Tl���Cd�Mn�O� family, derived from the isothermal
magnetization data.�������

is the saturation magnetization found when extrapolating to
very high fields the magnetization at 5 K.�� and�� are the anisotropy field and constant,
respectively, of the surface grain layer. Also the PM moment (Bri) and transition temperature
(TBri) from the fitting of the high temperature magnetization curves to the Brillouin equation
(Eq. 4.4) are given.

x �������
(��/Mn) ��$� (T) 1� (10� J/m�) �Bri (��/Mn) TBri (K)

0.0 2.6012(4) 1.55(2) 3.85(5) 2.611(3) 142.76(15)
0.1 2.3810(7) 0.455(12) 1.013(3) 2.932(3) 139.50(13)
0.2 2.7929(6) 0.388(12) 1.010(3) 3.159(5) 139.1(2)
0.5 2.563(3) 2.05(8) 5.03(2) 3.0172(16) 140.86(11)

Table 6.5:Transport parameters for the Tl���Cd�Mn�O� family.

x
�
% ����%

����%��
�%
MRIPeak(9T) MRI���% (9T) –MR���%(1T)

(� cm) (� cm) (%) (%) (%)
0.0 0.166 25.7 154.7 1319 41.9 11.5
0.1 0.148 2306 1.16� 10� 1.69� 10
 40.6 30.7
0.2 0.290 5951 8.78� 10� 1.96� 10� 38.0 63.7
0.5 0.924 6725 1.58� 10� 9.30� 10
 59.9 93.9

6.4.2 Analysis of the resistivity

The main transport parameters are given in Table 6.5. Observe the increase in all the

parameters when increasing the Cd content. The resistivity (both the residual value, at

5 K, and at RT) increases substantially. The same happens to the drop in the resistivity

between both sides of the MI transition. The MR ratios are also increased. All these

facts evidence either a lower number of carries, or a lower mobility for those carriers,

or both, for a higher Cd-content. We again emphasize the very high MR ratios obtained

for theCd 0.2compound around TC. Around this peak, also the low-field MR is greatly

enhanced (Fig. 6.22). See the very high initial slope for theCd 0.5compound (� 450

%/T).

6.4.2.1 Low-temperature resistivity

Having a detailed look to the low-temperature resistivity, we found a small upturn for

the Cd-substituted compounds. This upturn, that also appeared for the Bi-substituted

family (Section 5.4.2) is produced by a Coulomb-blockade process. When the mate-

rial’s grains are very isolating, applying a voltage potential between the sides of the

particles makes these particles behave like a condenser. Therefore, the particles get

charged. And this charge makes the particle even more isolating, since we will have
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Figure 6.21:Paramagnetic magnetization versus field above TC for Tl��
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Table 6.6:Parameters found for the low-temperature upturn in the resistivity, produced by
Coulomb-blockade.� gives the charging energy, and�� gives the contribution of the blockade
to the resistivity at temperatures far bigger than�.

x ��H (T) � (K) �� (� cm)

0.1
0 0.089(6) 0.1422(3)
9 0.0959(14) 0.11651(7)

0.2
0 0.44(5) 0.2383(4)
9 0.434(7) 0.2128(5)

0.5 0 0.63(7) 0.6962(18)

to apply a higher voltage to get the constant current through the particle (See Chapter

11). This effect only appears at low temperatures, because for higher temperatures the

thermal noise will mask this effect.

As we did for the Bi family, we fitted this upturn to a decay in the form��� � �

�� ��������� ��. We tried different reasonable values for the parametern. The best

fit was for n = 1/2 (Figs. 6.23 and 6.24). This exponent is the characteristic of a

Coulomb-blockade process. Therefore, as happened for the Bi family, particle charg-

ing appears at low temperatures.

Compare Fig. 5.18 with Figs. 6.23 and 6.24. Observe that this time the upturn is

clearly smaller (the experimental points deviate very soon from the fit), indicating a

stronger blockade in the Bi-substituted compounds. The�� and� parameters found

in the fits are given in Table 6.6.� is the charging energy and�� is the contribution

of this process to the resistivity of the material when the temperature is far bigger than

�.

One can clearly see the increase in the charging energy as we go up in the Cd content.

Also �� grows with Cd. These facts reveal a significant increase in the particle resis-

tance as the Cd content increases. Comparing the values for the Cd-substituted family

(Table 6.6) with those for the Bi family (Table 5.5) note that for the later, both� and

�� are bigger, indicating a higher blockade. But the main difference between both

families is that, while for the Bi-substituted samples the blockade is field-depending,

for the Cd family it is not so. As we explained for the Bi family, there is a very impor-

tant contribution to this upturn coming from the low-temperature spin-glass magnetic

state. As in the Cd family this spin-glass state is not present, this magnetic scattering

contribution to the upturn does not exist. For theCd 0.5compound the low-temperature

resistivity data have not enough quality to allow a good analysis.

If we follow with the model applied to theBi 0.2compound, considering each particle
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Figure 6.24:Analysis of the resistivity upturn for Tl��
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as a dielectric sphere of radiusr � 150 nm, the corresponding relative permeability for

Cd 0.1, Cd 0.2andCd 0.5, respectively, would be about 600, 125 and 90.

Another interesting feature worth noting at these low temperatures is the T� depen-

dence that also appeared for thePure compound. We fitted the data to the equation

� � �� � #� ������
 (Fig. 6.25).

As we discussed in Section 4.4.2.1, the T� factor for these materials comes from

electron-electron interactions, and that T� dependence is related to spin-flip processes

(Watts et al., 2000). Therefore, the exponential factor is associated with the inac-

cessibility of minority spin states for spin-flip scattering processes, as expected in a

half-metal (Fig. 4.16). The values found for the parameters are given in Table 6.7.

The resistivity�� increases with Cd content, except forCd 0.1, for which �� is very

close to the value found for thePure. This is, again, consistent with all the transport

measurements. The inverse of A will give an idea of the DOS available for the spin-flip

processes. The increment in the gap�� is consistent with the view of a lowering of

the Fermi level upon Cd-doping that we gave in Fig. 6.1.
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Figure 6.25:Log-Log plot of the low-temperature resistivity of the Tl���Cd�Mn�O� fam-
ily. Experimental data are represented by open symbols. The line corresponds to the fits to
functions in the form:� � �� 	�� ������
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6.4.2.2 High-temperature resistivity

For the high-temperature resistivity data, as in all the Tl�Mn�O�-related compounds,

the behaviour is thermally activated. Again, we considered the conductivity to have

two contributions: a polaronic one, coming from polaron hopping, and a metallic one,

coming from non-magnetic scattering processes of the electrons, as in a normal metal.

Then (Eq. 4.7):

��� � � �met�� � � �pol�� � �
�

�
#met�

�

�
#pol ���

�
� �(

���

�

x �� (� cm) A (� cm/K�) �� (K)
0.0 0.16511(10) 1.967(12) 4.3(4)
0.1 0.1485(5) 9.2(3) 38.8(19)
0.2 0.2718(8) 22.5(11) 74(3)
0.5 0.839(4) 107(7) 77(4)

Table 6.7:Parameters found for the low-temperature resistivity fit to the function� � �� 	
�� ������
 , indicating spin-flip processes.



196 Chapter 6. The Tl���Cd�Mn�O� Family

Table 6.8:Parameters found for the fit of the high-temperature conductivity to the equation

��� � � �met

 	

�pol


 
��
�
� /

)�


�
. �met and�pol give the metallic and polaronic contribution,

respectively, and�( is the activation energy for polaron hopping.
x ��H (T) #met (K/� cm) #pol (K/� cm) �( (meV)

0.0
0 4.31(12) 197(8) 85.0(16)
9 12.5(3) 440(60) 124(5)

0.1
0 0.0073(5) 870(40) 228.0(15)
9 0.431(8) 800(60) 223.0(16)

0.2
0 0.000(4) 1350(70) 263.0(14)
9 0.0044(2) 730(30) 240.0(13)

0.5
0 0.0004(2) 940(50) 257.0(16)
9 0.0063(3) 780(40) 242.0(17)

Table 6.9:Total (�), metallic (�met) and polaronic (�pol) contributions to the conductivity of
the Tl���Cd�Mn�O� family.

x T (K) � (10�� ��� cm��) �met (10�� ��� cm��) �pol (10�� ��� cm��)

0.0
250 32.6 17.2 15.3
300 39.0 14.4 24.6

0.1
250 0.52 0.03 0.49
300 0.83 0.02 0.81

0.2
250 0.23 0 0.23
300 0.37 0 0.37

0.5
250 0.026 0.002 0.024
300 0.149 0.002 0.147

#met and#pol give the metallic and polaronic contribution, respectively, and�( is the

activation energy for polaron hopping.

We fitted the high-temperature conductivity to the equation above. The graphs of the

fits are plotted in Fig. 6.26. Table 6.8 gives the parameters found for the fits.

The polaronic coefficient, together with the activation energy, increase with Cd con-

tent, up to theCd 0.2compound, and then decreases slightly forCd 0.5. The same

trend appears in nearly all the transport properties. For the metallic coefficient the

situation is the reverse. For each sample, the metallic contribution to the conductivity

increases when a field is applied. This means (as the scattering has not changed in this

case, because it is non-magnetic) that the number of carriers has probably increased.

When calculating the polaronic contribution to the conductivity (Table 6.9), one can

see how this polaronic contribution decreases as the Cd-content increases. This is due

to an increase in the activation energy as we go up in the family.

As expected the activation energy for the polarons, except in the case of thePure,

decreases when applying field, indicating an easier hopping. This is logical, since
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Table 6.10:Hall coefficients and number of carriers for the Tl���Cd�Mn�O� family, at dif-
ferent temperatures.

x T (K) �� (cm�/C) �� (cm�/C) n (10�� e�/f.u.)

0.0

5 -6.37(7) -2.7(7) 1.192(14)
50 -6.42(6) -3.2(7) 1.181(12)
100 -7.16(7) -4.4(9) 1.060(10)
150 -22(3) — 0.35(5)
250 -723.38(15) — 0.0105(2)

0.1

5 -3.34(8) -1.0(7) 2.27(5)
50 -3.84(3) -2.4(3) 1.978(15)
100 -11(3) -106(14) 0.70(19)
300 -4300(500) — 0.0018(2)

0.2

5 -30.9(2) 6.0(18) 0.2455(17)
50 -13.0(17) — 0.58(8)
100 -34(5) — 0.22(3)
120 -170(60) — 0.045(17)
150 -8(5)� 10� — 1.0(7)� 10��

250 -1.2(4)� 10
 — 6(2)� 10�


330 -1.5(6)� 10� — 4.9(19)� 10��

0.5
5 -7.20(2) -1.22(19) 1.053(3)
50 -7.379(19) -2.72(19) 1.028(3)
75 -8.52(5) -6.0(5) 0.890(5)

applying a field implies more parallel alignment of the magnetic cations, making easier

the movement of polarons.

6.4.3 Analysis of the Hall data

Table 6.10 gives the Hall coefficients (�� and��) from the analysis of the Hall data for

all the Tl���Cd�Mn�O� family. As we explained in Section 6.3.3, theCd 0.2sample

was too resistive, and we were able to measure it only at high fields (where, due to the

huge magnetoresistive effect, the resistance of the sample diminished considerably).

Therefore, from the high field slope of the transversal resistivity versus applied field

we calculated�� as if no anomalous effect was present.

The variation with temperature of the number of carriers for the four samples is given

in Fig. 6.27. See that the number of carriers is nearly constant at low temperatures

(below TC), and it drops by some 2 to 3 orders of magnitude to the value at high

temperatures. Therefore, this can explain in part the MI transition, as produced by a

reduction in the number of carriers.
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Figure 6.27:Variation with temperature of the number of carriers for the Tl���Cd�Mn�O�

family. Note the steep decrease above TC (� 110 K).

6.4.3.1 Applicability of the Majumdar-Littlewood model

When plotting, for high temperatures (T� 200 K), the MR versus the square of the

normalized magnetization (Fig. 6.28), we found again that the values correspond —

for low relative magnetization values— to straight lines crossing through the origin,

and that those values do not depend on the temperature. Therefore, the Majumdar-

Littlewood equation (Eq. 1.5) is fulfilled. As in the case of thePurecompound (Sec-

tion 4.4.3.1), here�� � � � for those temperatures2. Therefore, we are in the region

where electrons self-trap in magnetic polarons. But the� � ����� relation (Equation

1.6) is not valid.

6.4.4 Microscopic transport parameters

From the experimental values of the number of carriers and the resistivity we were

able to calculate some microscopic transport parameters, for all the family, at different

2Taking� � 10 Å (Lynnet al., 1998). For�� , see Table 6.11.
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family, with x = 0.0, 0.1, 0.2 and 0.5. The different temperatures are 200 K (squares), 250 K
(circles) and 300 K (triangles). Lines are the fits to the Majumdar-Littlewood equation (Eq.
1.5).

temperatures. We give those values in Table 6.11.

The mean free path (MFP),?, decreases slightly as the temperature is raised from 5

K. Those low-temperature values are greater than the interatomic distances (� 1 Å),

contrarily to what happened for the Bi-substituted family. Therefore, in this case, the

free-electron model can be suitable for describing the compounds. For temperatures

around the peak in the resistivity, the MFP reaches very low values, far less than the

interatomic distances, as expected from the very high values of the resistivity. And for

higher temperatures, it raises again as the activated polaronic conductivity begins to

play an important role in the system.

The mobility,��, follows the same trend: it has a very pronounced minimum around

the peak in the resistivity. Therefore, we can conclude that the MI transition is due to

a decrease in both the density of carriers and their mobility. For higher temperatures,

in the activated polaronic region, the mobility increases again, mainly from polaron

contribution, producing the slow (activated) decrease in the resistivity.
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Table 6.11: Microscopic transport parameters derived from the experimental transport data of
the Tl���Cd�Mn�O� compounds.� is the mean free path,� is the electron mobility, and��
and�� are the electron Fermi wave vector and energy, respectively.

x
T n � ? �� �� �� ��

(K) (10�� e�/m�) (� cm) (Å) (10�� m�/Vs) (10� m��) (meV) (K)

0.0

5 9.80 0.17 7.66 38.3 3.07 3.60 41.8
50 9.72 0.21 6.16 30.5 3.06 3.58 41.5
100 8.72 0.48 2.93 15.1 2.96 3.33 38.6
150 2.85 15.9 0.18 1.38 2.04 1.58 14.3
250 0.086 30.7 0.98 23.6 0.63 0.15 1.78

0.1

5 18.7 0.15 5.66 22.6 3.81 5.53 64.1
50 16.3 0.25 3.67 15.3 3.64 5.05 58.5
100 5.77 7.53 0.24 1.44 2.57 2.53 29.3
300 0.015 2306 0.043 1.86 0.35 0.047 0.54

0.2

5 2.02 0.29 12.7 106 1.81 1.26 14.6
50 4.80 0.39 5.27 33.0 2.42 2.24 26.0
100 1.84 42.0 0.094 0.81 1.76 1.18 13.7
120 0.37 154071 7.4�10�
 0.0011 1.03 0.41 4.71
150 0.0083 1226930 1.2�10�� 0.0061 0.29 0.032 0.37
250 5.0�10�
 39165 0.024 3.17 0.11 0.005 0.058
330 4.0�10�
 2420 2.07 637 0.049 0.0009 0.011

0.5
5 8.66 0.92 1.51 7.79 2.95 3.31 38.5
50 8.46 1.37 1.04 5.39 2.93 3.26 37.8
75 7.32 4.10 0.38 2.08 2.79 2.96 34.5

In the same way we did for the conductivity, the mobility can be separated into two

terms: the mobility of the polarons (�pol) and the "metallic" contribution to the mobility

(�met). The metallic term can be calculated in the usual way:�met �
(met
��

� �met�

��

.

And the contribution of the polarons to the mobility will be the difference�� � �met.

As the polarons only appear for high temperatures (T� 200 K), the only temperatures

at which we have all the needed parameters are 250 K for thePure, 300 K for theCd

0.1, and 250 and 330 K for theCd 0.2. The different contributions to the mobility are

given in Table 6.12.

The metallic contribution to the mobility decreases in importance as we go up in the

series. This is consistent with a higher resistivity for the Cd-richer samples. In the

extreme, for theCd 0.2compound, there is no metallic contribution, and all the con-

ductivity at those high temperatures comes from polaron hopping.

The Fermi energy,�� (Table 6.11), being proportional to����, resembles the temper-

ature dependence of the number of carriers: it is nearly constant for temperatures up

to� 100 K and then drops about 2 to 3 orders of magnitude across the MI transition.



202 Chapter 6. The Tl���Cd�Mn�O� Family

Table 6.12: Comparison of the metallic (met) and polaronic (pol) contributions to the total
mobility (�) for the Tl���Cd�Mn�O� series.

x
T �� �met �pol �met��� �pol���

(K) (10�� m�/Vs) (10�� m�/Vs) (10�� m�/Vs) (%) (%)
0.0 250 23.6 12.5 11.1 53 47
0.1 300 1.86 0.105 1.76 6 94

0.2
250 3.17 0.00 3.17 0 100
330 637 0 637 0 100

Table 6.13: Parameters corresponding to the fit of the low temperature specific heat of
Tl�Mn�O� and Tl���Cd���Mn�O� compounds. We give also the values of some physical con-
stants obtained from them: the density of states at the Fermi level (���� �), the exchange in-
tegral (J), the Debye temperature (�+) and the hyperfine energy separation (ÆSch) and internal
field for 

Mn atoms (Bint).

x �
�

mJ
mol K�

�
Æ
�

mJ
mol K���

�
��
�

mJ
mol K	

�
�

�

mJ
mol K�

�
�
�

mJ
mol

�
0.0 19.6(5) 1.37(10) 1.903(15) 1.02(9)� 10�� 120(10)
0.2 15(3) 1.9(5) 1.57(7) 2.1(4)� 10�� 120(20)

x ���� � (eV��) J (meV) 
+ (K) ÆSch (K) Bint (T)
0.0 8.32(2) 3.54(2) 224.0(6) 0.044(3) 87(6)
0.2 6.4(13) 2.9(5) 239(4) 0.044(3) 87(6)

Except for low temperatures (5 - 50 K), the thermal energy is higher than the Fermi en-

ergy, indicating that all the electrons in the minority conduction band are contributing

to the transport.

Regarding the Ioffe-Regel limit (�� ? � �), none of the compounds fulfills it at any

of the temperatures, indicating that the compounds of this family do not behave as

’normal’ metals.

6.4.5 Analysis of the specific heat data

The low-temperature specific heat data were analyzed taking four contributions into

account: electronic, lattice, spin-waves and hyperfine. Consequently, we fitted the

data to the equation:

� � �� � ���
� � �
�


 � Æ� ��� �����

The values found for the fits (Fig. 6.29) are given in Table 6.13. The electronic contri-

bution decreases for the Cd-substituted compound. This agrees with the lower number

of carriers found by Hall effect. Again, we emphasize that the DOS at the Fermi level

found by specific heat measurements is higher than that obtained from the Hall data
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Figure 6.29:Low-temperature specific heat for Tl�Mn�O� and Tl���Cd���Mn�O� compounds.
Symbols represent the experimental points and the curves give the fits, considering four terms.

considering a free electron model (����� � is 0.05 and 0.03 eV�� for thePureandCd

0.2 respectively). This is because to the specific heat all the carriers contribute, not

only the light minority electrons, but the heavy holes also.

The lattice contribution is slightly reduced (and
+ is slightly enhanced), indicating

that the bonds are tightened when including Cd. This experimental fact is consistent

with a reduction in the bond lengths (see Table 6.1).

The spin-wave contribution is higher forCd 0.2than for thePure compound. Con-

sequently, the exchange integral,J, calculated by this method is lower forCd 0.2,

indicating a weakening of the magnetic interactions. This is another corroboration of

the weakening manifested by the magnetic measurements.

The hyperfine contribution is the same —within error— for both samples, evidencing a

similar internal field for the

Mn cations. Therefore, the environment of Mn is almost

the same for both cases.
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Table 6.14:Exchange integral values (in meV) for the Tl���Cd�Mn�O� family, obtained from
different experimental methods.

x from TC from T��� Law from �mag

0.0 0.661(6) 0.785(5) 3.54(17)
0.1 0.638(6) 0.741(4) —
0.2 0.632(6) 0.605(4) 2.9(5)
0.5 0.632(6) 0.628(5) —

6.4.5.1 Comparison of the exchange integral values

In Table 6.14 we compare the different values forJ, depending on the technique used to

determine it. See that there is a decrease in theJ values as the Cd content increases, up

to Cd 0.2. ForCd 0.5the value is constant (or even higher) than that forCd 0.2. These

facts are coherent with the view of the different band filling: for low Cd contents, the

bands do not change, but we contribute with less electrons to the conduction band.

Also, Cd scattering centers are introduced at the Tl position. Putting this two facts

together (plus the opening in the Mn–O–Mn angle, that reduces the SE interaction) will

reduce the indirect exchange (IE) interaction proposed in a theoretical paper (Núñez

Regueiro and Lacroix, 2001). This justifies the observed reduction inJ.

However, when the Cd content is significant (x = 0.5), the bands have probably

changed, in such a way as to keep the exchange integral with the same value as for

Cd 0.2.

6.5 Conclusions

� The Tl���Cd�Mn�O� series has been prepared, for 0� x � 0.5.

� The FM interactions are weakened as the Cd content increases. Several factors

intervene in this weakening: the opening of the Mn–O–Mn angle (that favours

an antiferromagnetic-like SE); a decrease (in general terms) in the number of

carriers (that transmit the IE); and the introduction of Cd scattering centers at Tl

positions (also reducing the effectiveness of the IE interaction (Núñez Regueiro

and Lacroix, 2001)).

� No magnetic spin-glass state is found at low temperatures. Nevertheless, a

Coulomb-blockade effect is produced due to the introduction of scattering cen-

ters, which increase the resistivity.
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� The low-temperature resistivity (above the Coulomb-blockade) evidences the

existence of band separation, as well as a band-gap in the majority DOS. This is

consistent with the electronic band calculations for the x = 0.0 compound, that

predicted half-metallicity.

� For temperatures above TC (T � 1.2 TC) magnetic polarons govern the transport

properties. An activated polaron conductivity is found. The relative relevance of

the polarons increases with Cd content.

� The decrease in the mobility of the carriers (electrons) and in their number are

responsible for the MI transition. The increase in both parameters when applying

a magnetic field seems to account for the extraordinarily high MR values found.

This increase of MR is produced by a lowering in the magnetic scattering due to

the application of a magnetic field.





Chapter 7

The Tl�Mn���Ti�O� Family

I
N the previous chapters we have studied the modifications in the properties of

the Tl�Mn�O� pyrochlore when we substitute Tl�	 cations by either isovalent

(Bi�	) or aliovalent (Cd�	) cations. We have found a great increase in the

resistivity, as well as in the magnetoresistance (MR).

In the present chapter we describe the properties of a new family. This time we substi-

tute Mn�	 cations by another 4+ cation: Ti�	. This cation is well known to occupy the

B position in the pyrochlore structure (Subramanianet al., 1983).

7.1 Introduction

The obvious expected effect of the introduction of a non-magnetic cation (Ti�	) in the

magnetic sublattice (Mn�	) is that of the reduction in the ferromagnetic (FM) superex-

change (SE) between neighbouring Mn cations (via Mn–O–Mn paths) (Velascoet al.,

2001b). Therefore, a reduction in the magnetic exchange integral is expected.

Substitution of Mn�	 by an aliovalent cation in principle does not change the total

number of electrons in the system. But the bands are probably changed. This is very

likely, since the majority conduction band is formed basically from Mn(	��)-O orbitals.

Furthermore, the bigger cationic size for Ti�	 (0.605 Å) than for Mn�	 (0.53 Å) in

octahedral coordination (Shannon and Sleight, 1968) makes the corresponding Mn/Ti

band to go up in energy, either by the apparition of a hybridized Mn-Ti band at higher

energies than the corresponding band for thePureunsubstituted compound, or by the

apparition of a new band at higher energies than the Mn(	��) band, corresponding to

the Ti(3d).

All this band-changing will be translated into a new electronic distribution, that can

207
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change the effective number of carriers involved in the transport in these materials,

despite that the total number of electrons remains, in principle, unchanged.

7.1.1 Sample preparation

Tl�Mn�O� (labelled asPure), Tl�Mn���Ti���O� (Ti 0.2) and Tl�Mn���Ti���O� (Ti 0.4)

samples were prepared, as explained in Section 3.1, by solid state reaction at moderate

pressures (2 GPa) and high temperatures (1300 K), from the corresponding oxides

(Tl�O�, MnO� and TiO�).

7.2 Structural characterization

7.2.1 X-Ray diffraction

All samples were characterized by X-Ray diffraction (XRD). All were found to be

single-phased pyrochlores with increasing lattice parameter (��), from 9.9001(1) Å for

thePure to �� = 9.9201(1) Å for theTi 0.4. Fig. 7.1 shows the pattern for theTi 0.2

sample. In the inset we give the variation with x of��. Its increase is consistent with

the bigger cationic size for Ti�	 than for Mn�	. Small traces of MnO� were detected

(marked by a star in Fig. 7.1). The amount is less than a 1%: insignificant for reactions

carried out under such pressures.

7.2.2 Neutron powder diffraction

A neutron powder diffraction (NPD) pattern for theTi 0.2 sample was collected at

room temperature at the D2B diffractometer of the ILL (Grenoble, France), with a

wavelength2 = 1.594 Å. This pattern was Rietveld refined using the FULLPROF pro-

gram (Rodríguez-Carvajal, 1993). The structural model was that of the conventional

cubic pyrochlore, defined in the space group.(���, Z = 8. Mn and Ti atoms were

considered to be randomly distributed at B positions.

In Table 7.1 we compare the parameters found by the refinement with those obtained

for thePurecompound, given in Chapter 4. Mn/Ti occupancy factor was not refined,

since vacancies in the pyrochlore structure are only present atA andO’ positions (see

Section 2.4). In agreement with the XRD results,�� has increased (a 0.3 %). The

refinement of the occupancy factors for Tl and O’ led to stoichiometries significantly



7.2. Structural characterization 209

20 30 40 50 60

*

In
te

ns
ity

(a
rb

.u
ni

ts
)

x=0.2

Tl
2
Mn

2-x
Ti

x
O

7

x

a
(Å

)

2θ

0.0 0.2 0.4
9.89

9.90

9.91

9.92

Figure 7.1: XRD pattern for Tl�Mn���Ti���O�. All peaks can be indexed in a pyrochlore
structure. Inset shows the variation with x of the lattice constant for the Tl�Mn���Ti�O�

family. The star indicates the most intense reflection of MnO� impurity ( < 1%).

Ti content (x) 0.0 0.2
�� (Å) 9.89090(6) 9.9179(1)
6� (Å�) 967.63(1) 975.57(1)
9occ (Tl) 0.972(3) 0.99(1)
9occ (O’) 0.960(6) 1.00(1)
: (O) 0.42484(7) 0.4249(2)

Crystallogr. formula Tl�������Mn�O������ Tl������[Mn���Ti���]O�������

(���
��� (�
) (Å) 1.9000(4) 1.9052(7)
Mn–O–Mn angle (deg) 133.93(1) 133.93(1)

(
 ��� (�
) (Å) 2.4709(4) 2.4659(6)
(
 ���� (��) (Å) 2.1484(2) 2.1473(1)

�� 1.81 2.28
R#� 5.25 6.87
R$ 2.15 4.74

Table 7.1:Structural parameters for Tl�Mn�O� (x = 0.0) and Tl�Mn���Ti���O� (x = 0.2) py-
rochlores, after the refinement of NPD data at 295 K. Mn and Ti atoms are randomly dis-
tributed, occupying the 16d (�� ,�� ,�� ) positions. Tl, O, and O’ atoms are located at the 16c
(0,0,0), 48f (u,�� ,�� ), and 8a (�� ,�� ,�� ) positions.
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deficient in both atomic positions for thePurecompound, but fully stoichiometric in O’

for the Ti-substituted material: the respective crystallographic formulae can be written

as Tl�������Mn�O�O’������ for x = 0, and Tl������[Mn���Ti���]O�O’������� for x = 0.2.

The presence of both kinds of vacancies in thePurecompound is probably associated

with the moderate pressure conditions employed for the synthesis. However, it is im-

portant to underline that the Ti-substituted oxide is not defective in the O’ sublattice,

which is certainly associated with the much higher stability of Ti�	 vs. Mn�	 cations:

while Mn�	 requires high oxygen pressure to be stabilized in many oxides, Ti�	 is

perfectly stable in air under ambient pressure conditions1.

This structural feature has important electronic consequences: the deficiency of Tl

atoms is related to a certain degree of hole doping (or removal of electrons) in the

’undoped’Pure compound, which is, indeed, thallium deficient. The Ti-substituted

compounds are not Tl deficient (as shown from NPD data); thus the above-mentioned

hole-doping effect is no longer present; this fact leads to a net increase in the number of

carriers (electrons) in the Ti-substituted phases. The refinement of the relative Mn/Ti

ratio in the pyrochlore structure was not possible from NPD data, given the similarity

of their scattering lengths. On the other hand, the deficiency in O’ for thePureleads to

an electronic doping effect, that is not present in theTi 0.2sample. The net effect in the

Purewill be the difference between the two doping effects. This gives a net balance

of electron doping (with respect to the nominal Tl�Mn�O�) of -0.09(2) electrons per

formula unit. On the contrary, as none of those effects is present in theTi 0.2sample,

one would expect a much higher number of carriers in the Ti-substituted sample (�
0.09 e�/f.u.) than in thePure.

The main argument for this ’electron-doping’ effect is the higher stability of Ti�	

cations with respect to Mn�	 ones. Therefore, the same argument can be extrapolated

to theTi 0.4 sample. That is, one would expect no electron-deficiency and, hence, a

much higher number of carriers than thePurecompound (of the order of the carriers

in Ti 0.2).

The Mn–O distance observed for Tl�Mn�O�, of 1.9000(4) Å, increases slightly for

Tl�Mn���Ti���O�, with d����= 1.9052(7) Å; this is concomitant with the larger ionic

radius of Ti�	 vs. Mn�	. Mn–O–Mn angles (133.9(1)	) are almost unchanged upon

doping.

1For instance, in R�Ti�O� pyrochlores obtained in air (Subramanianet al., 1983)
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Figure 7.2:Magnetic data for the Tl�Mn���Ti�O� oxides. Left axis: Susceptibility, measured
at 1000 Oe after a field-cooled process. Right axis: Inverse of the susceptibility, together with
the linear fit to a Curie-Weiss behaviour. Arrows mark the points where the data separate from
the ideal law.

7.3 Experimental data

7.3.1 Magnetic measurements

In Fig. 7.2 we give the variation of the magnetic susceptibility, for the Ti-substituted

family, with temperature (left axis). It was measured under a field of 1000 Oe, after a

field-cooled process. All curves correspond to FM materials with transition tempera-

tures (TC) of about 100 - 120 K. The transition temperature decreases with increasing

Ti level. The magnitude of the susceptibility decreases upon Ti substitution, as can be

clearly seen at low temperatures. These effects evidence a weakening in the magnetic

interactions. That is what one would expect since, as we explained in the introduction

to the present chapter, we are replacing a magnetic cation (Mn�	) by a non-magnetic

one (Ti�	). As happened for the Cd-substituted samples, no magnetic anomaly (other

than the FM ordering) was found at low temperatures in this Tl�Mn���Ti�O� series.
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As in the other Tl�Mn�O� families, the linear paramagnetic (PM) behaviour of the

inverse of the susceptibility is exhibited only for relatively high temperatures, while for

temperatures immediately above and around TC the curve deviates from the expected

PM behaviour. This has been attributed to the existence of magnetic polarons, up to

temperatures as high as about 2TC (Velascoet al., 2001a; Velascoet al., 2001b). The

temperatures of deviation from the linear Curie-Weiss behaviour are marked in Fig.

7.2 by arrows. Note that the temperature of the deviation is reduced as the Ti content

increases. This is consistent with a lower FM interaction for the Ti-richer samples,

since the magnetic polarons will be weaker, and will disappear by thermal fluctuation

at lower temperatures than in thePure.

Fig. 7.3 gives the isothermal variation with the applied field of the Ti-substituted com-

pounds, at different temperatures. They all correspond to FM materials, with transition

temperatures in the 100 - 150 K range. The low-temperature (5 K) saturation magneti-

zation is given in Table 7.2. It is calculated by extrapolating to zero-field the high-field

magnetization. In Fig. 7.4 we compare the 5 K curves for all the family. Note the

decrease in the saturation magnetization value when Ti-content is increased.

7.3.2 Resistivity measurements

In Fig. 7.5 we show the thermal variation of the resistivity, without applied magnetic

field (solid symbols) and with an external magnetic field of 9 T (open symbols). In

previous chapters (4, 5 and 6) we saw that in these materials, in absence of a magnetic

field, a clear metal-insulator (MI) transition can be observed above TC. In Fig. 7.5

one can see that such behaviour, present in thePuresample, is not present in the Ti-

substituted compounds. The Ti-substituted samples exhibit a metallic behaviour in

all the temperature range (see inset). Nevertheless, the drop in the resistivity is still

present around TC. This same behaviour was found for thePure compound in some

of the earlier references (Shimakawaet al., 1996; Subramanianet al., 1996). This

difference in the behaviour of thePure samples (some showing insulator behaviour

above the resistivity transition and some others showing a metallic one) is attributed

to a difference in the Tl and O’ contents (Venkatesanet al., 2002). The present results

for the Ti-substituted compounds further support this idea: theTi 0.2sample, showing

neither Tl nor O’ deficiency behaves as a metal in all the measured temperature range.

Besides, the resistivity values for these Tl-substituted samples are lower than those

for our Pure sample, and very close to that reported (Subramanianet al., 1996) by
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Figure 7.3:Isothermal magnetization versus applied magnetic field for Tl�Mn���Ti���O� (up-
per panel) and Tl�Mn���Ti���O� (lower panel). Note the decrease in the saturation value.
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One can clearly see the metallic behaviour above TC.
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Subramanianet al.

The one-order-of-magnitude difference in the low-temperature resistivity values is

consistent with the higher carrier content expected from the analysis we did for the

NPD data.

Note the absence of any low-temperature upturn in the resistivity of those samples,

compared with the Bi- and Cd-substituted families. Consequently, no Coulomb-

blockade process is active in these samples. This absence is consistent with a lower

resistivity for these Ti-containing pyrochlores (�RT � 10�� � cm) than that of the Bi-

(�RT � 10� � cm) and Cd- (�RT � 10� � cm) substituted compounds.

It is striking the fact that for the substituted compound the difference between the

high-temperature and low-temperature values of the resistivity is lower than in the

pure undoped compound. This is attributed to the lower degree of ordering of the

magnetic lattice in the case of the Ti-containing compounds, since we are replacing

magnetic Mn�	 cations by non-magnetic Ti�	 ones. Therefore, the difference in the

magnetic scattering between the low-temperature, ferromagnetically ordered state and

the high-temperature, disordered state will be lower. The same fact is in the origin of

the smaller difference in the resistivity when a magnetic field is applied in the Ti-doped

compounds. This is reflected in a lower value for the MR ratio, as it can be seen in Fig.

7.6. The MR ratio used in that figure is the ’non-inflationary’ one defined in Equation

4.1 as MR��� � ��� � ���$� � ���T������T�. The reason is that, as the values in

the MR ratios for this family are moderate, we do not need to use the ’inflationary’

definition, but rather the standard one.

Figs. 7.7 and 7.8 show the variation with the applied field of the (normalized) resis-

tivity, at certain temperatures. As in the other Tl�Mn�O�-related compounds, there are

two different behaviours, depending on the temperature: in the high-temperature PM

region the field variation is parabolic, while in the low-temperature FM region it decays

as the inverse of the field. For intermediate regions (T = 150 K) there is a mixing of

both behaviours. Note the nearly saturated behaviour for the 5 K curve in the case ofTi

0.2. As happened for thePurecompound 4.4.2.3, the low-field MR comes from (bulk)

inter-domain scattering, while the high-field MR comes from inter-grain scattering. At

very low temperatures, when the magnetic moments are almost fully ordered and little

changes are expected from the application of an external magnetic field, the only con-

tribution to MR comes from extrinsic effects, due to the misalignment of moments at

the grain boundaries.
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Figure 7.6:Variation of the MR ratio at 9 T with temperature for the Tl�Mn���Ti�O� series.
Note the reduction in the MR values when introducing Ti in the pyrochlore.

7.3.3 Hall-effect measurements

Contrarily to what happened for the Bi- and Cd- substituted families, the Ti-containing

samples are very conducting. Therefore, it was relatively easy for us to measure the

Hall effect. Consequently, we have collected Hall data in a much broader range of

temperatures.

In Fig. 7.9 we plot the positive branches of the Hall resistivity forTi 0.2 andTi 0.4,

measured under magnetic fields up to 9 T. Observe the good quality of the data. The

negative slope indicates that —as in the other Tl�Mn�O�-related compounds— the

carriers responsible for the transport are electrons.

Note that at 150 and 200 K for theTi 0.2 sample and at 100 K for theTi 0.4 one, a

clear curvature appears at high fields. As explained in Section 4.4.3.2 this is related to

a variation in the number of carriers upon the application of a magnetic field. As the

absolute value of the slope increases with the field, the number of carriers is reduced

as the field increases.
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Figure 7.7: Variation of the resistivity of the Tl�Mn���Ti���O� compound with the applied
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Figure 7.10:Positive branches of the Hall resistivity, at low temperatures (5 K), for all the
Tl�Mn���Ti�O� family.

Also note that all the curves extrapolate at low fields nearly to zero in the transverse

resistivity, indicating that the anomalous effect is very small.

Fig. 7.10 compares the low-temperature Hall effect data for the Tl�Mn���Ti�O� fam-

ily. When Ti is introduced in the pyrochlore, the absolute value of the slope decreases,

indicating a higher number of carriers. This is what we expected from the absence of

deficiency at the Tl and O’ positions from the NPD analysis.

7.4 Analysis and discussion

7.4.1 Analysis of the magnetic data

7.4.1.1 Analysis of the susceptibility

The magnetic transition temperature (TC) was calculated from the variation with tem-

perature of the susceptibility, as the temperature for the maximum slope in that curve.

The results are given in Table 7.2. There is a decrease in the TC upon Ti substitution,
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Table 7.2:Magnetic parameters obtained form the thermal dependence of the susceptibility.
TC and�& are the FM and the Curie-Weiss transition temperatures, respectively.�������

is
the saturation magnetization obtained from the high-field magnetization extrapolation to zero
field. eff is the effective paramagnetic moment.

x TC (K) 
& (K) �������
(��/Mn) �eff (��/Mn)

0.0 115(1) 155.11(17) 2.558(2) 3.7256(13)
0.2 108(1) 148.8(4) 2.095(2) 3.480(5)
0.4 108(1) 147.0(5) 2.159(2) 3.673(6)

evidencing a softening in the magnetic interactions.

As we explained in Chapter 4, from TC, the exchange integral can be calculated:

� �
�����

�<&�& � ��

with z= 6 the number of nearest neighbours andS= �
�

the spin of the magnetic cations,

Mn�	. Consequently, the corresponding values found for the exchange integral are

0.661(6) meV for thePure compound, and 0.620(6) meV forTi 0.2 andTi 0.4. As

when we introduce the non-magnetic Ti�	 in sites of the magnetic Mn�	 the effective

number of nearest neighbours will be reduced, the value of the exchange integral for

Ti 0.2andTi 0.4will be slightly higher.

From the linear fit to the high-temperature inverse of the susceptibility (Curie-Weiss

Law) we calculated the PM transition temperature (
& ) and the effective PM moment

(�eff). The values are also given in Table 7.2. The decrease in the magnetic interactions

accounts for the decrease in
& . As happened to TC, the values for the Ti-substituted

compounds are very similar, and appreciably lower than the value for thePurematerial.

The effective PM moment is reduced when including Ti in the material, due to the

weakening in the magnetic interactions.

In Fig. 7.11 we represent the low-temperature magnetization, measured under 1000 Oe

versus T���. The dependence is linear, as expected from theBloch’s T��� Law (Equa-

tion 4.3). From the fits to that equation we obtained the values for the magnetization at

0 K and 1000 Oe (not saturated), (�� � ��0K�), and the exchange integral (J), that

are given in Table 7.3.�� decreases when increasing the Ti substitution, revealing a

weaker FM interaction. But this weakening is more clearly manifested in the reduction

that we found for the exchange integral. As in other magnetic parameters, this value

is considerably reduced for the Ti-containing compounds with respect to thePure, but

the value is very similar for bothTi 0.2andTi 0.4.

In Table 7.4 we compare the values found for the exchange integral for the
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Figure 7.11: Low-temperature magnetization measured under a field of 1000 Oe for the
Tl�Mn���Ti�O� compounds (open symbols), together with a fit to the Bloch’s T��� Law
(straight lines).

x �� (��/Mn) J (meV)
0.0 1.69975(11) 0.785(5)
0.2 1.6114(3) 0.4037(15)
0.4 1.45778(17) 0.4458(13)

Table 7.3: Parameters found for the low-temperature magnetization fit to the Bloch’s T���

Law. � is the magnetization at 0 K and 1000 Oe, andJ is the exchange integral.

x from TC from T��� Law
0.0 0.661(6) 0.785(5)
0.2 0.620(6) 0.4037(15)
0.4 0.620(6) 0.4458(13)

Table 7.4:Exchange integral values (in meV) for the Tl�Mn���Ti�O� family, obtained from
different experimental methods.
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Figure 7.12:Approach to saturation at very high fields of the low-temperature magnetization.
Experimental data are given by symbols, and the straight lines are the fits to equations in the
form� � ����� �!�����.

Tl�Mn���Ti�O� family from the Bloch’s Law with those found from TC. For these

last ones, the trend is the same as for those found from the Bloch’s Law, although with

not so strong changes.

7.4.1.2 Analysis of the isothermal magnetization

Extrapolating to zero-field of the high field magnetization at low temperatures gives

the saturation magnetization (�������
). It is very similar for both Ti-containing com-

pounds (Table 7.2), showing a reduction in the magnetic interactions.

We can also fit the approach to saturation at high fields and low temperatures to the

equation� � ��������$���. As we explained in detail in Section 4.4.1.2, the model

for such an approach to saturation is that of a saturated bulk material, with a surface

layer. This layer will have a high anisotropy, with randomly oriented anisotropy axis.

The plots of the fits are given in Fig. 7.12 and the parameters obtained from them are

given in Table 7.5. The anisotropy in that surface layer is reduced, with respect to the



224 Chapter 7. The Tl�Mn���Ti�O� Family

Table 7.5:Magnetic parameters for the Tl�Mn���Ti�O� family, derived from the isothermal
magnetization data.�������

is the saturation magnetization found when extrapolating to
very high fields the magnetization at 5 K.�� and�� are the anisotropy field and constant,
respectively, of the surface grain layer. Also the PM moment (Bri) and transition temperature
(TBri) from the fitting of the high temperature magnetization curves to the Brillouin equation
(Eq. 4.4) are given.

x �������
(��/Mn) ��$� (T) 1� (10� J/m�) �Bri (��/Mn) TBri (K)

0.0 2.6012(4) 1.55(2) 3.85(5) 2.611(3) 142.76(15)
0.2 2.3810(7) 1.03(3) 1.88(5) 2.647(6) 143.0(3)
0.4 2.7929(6) 1.50(3) 2.55(5) 2.574(3) 138.72(15)

Table 7.6:Transport parameters for the Tl�Mn���Ti�O� family.

x
�
% ����%

����%��
�%
–MRPeak(9T) –MR���%(9T)

(� cm) (� cm) (%) (%)
0.0 0.166 25.7 154.7 92.96 29.54
0.2 6.02� 10�� 2.81� 10�� 3.68 44.67 6.59
0.4 9.15� 10�� 2.58� 10�� 2.54 37.50 6.08

Pure, for the Ti-substituted samples. Although, the value of this anisotropy for theTi

0.4sample is closer to thePurethan the value found forTi 0.2.

For the above-TC isothermal magnetization we fit the data to the Brillouin equation

(Eq. 4.4), using the same� and TBri for all the temperatures of each sample (Fig.

7.13). Note the goodness of the fits. The PM moments are nearly constant for all the

family. The variation of the transition temperature is nearly the same as for
& .

7.4.2 Analysis of the resistivity

The main transport parameters are given in Table 7.6. Observe the decrease in all the

parameters when increasing the Ti content. The resistivity (both the residual value, at

5 K, and at RT) decreases substantially. This is consistent with a higher number of

carriers, as can be qualitatively seen from the slope reduction in the Hall resistivity

data. The MR ratios are also substantially reduced. These facts seems to indicate that

a higher carrier content weakens the conduction response to magnetic fields.

7.4.2.1 Low-temperature resistivity

As we indicated before, no appreciable upturn appears for the Ti-substituted com-

pounds. This absence is due to the low values of the resistivity, what prevents particle

charging and the appearance of Coulomb-blockade processes.
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Figure 7.13:Paramagnetic magnetization versus field above TC for the Tl�Mn���Ti�O� fam-
ily. Experimental data are shown by open symbols. Lines represent the fit to the Brillouin
equation (Eq. 4.4).
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The T� dependence for the low-temperature resistivity is also present in this family.

We fitted the data to the equation� � �� � #� ������
 (Fig. 7.14).

As we discussed in Section 4.4.2.1, the T� factor for these materials comes from

electron-electron interactions, and that T� dependence is related to spin-flip processes

(Watts et al., 2000). Therefore, the exponential factor is associated with the inac-

cessibility of minority spin states for spin-flip scattering processes, as expected in a

half-metal (Fig. 4.16). The values for the parameters found in the fit are given in Table

7.7. The resistivity�� is notably reduced, as happened to the other transport parameters

(see Table 7.6).

The inverse of A gives an idea of the DOS available for the spin-flip process. The

substantial decrease in A tells us that the DOS at the Fermi level is clearly higher

when the Ti is introduced. The increase in the gap energy (��) evidences a separation
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Table 7.7:Parameters found for the low-temperature resistivity fit to the function� � �� 	
�� ������
 , indicating spin-flip processes.

x �� (� cm) A (� cm/K�) �� (K)
0.0 0.16511(10) 1.967(12) 4.3(4)
0.2 0.00595(6) 0.0438(6) 5.2(10)
0.4 0.008980(10) 0.055(2) 15(3)
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Figure 7.15:Schematic DOS for the Tl�Mn���Ti�O� series, as can be deduced from the
parameters found in the fits of Fig. 7.14. The figures are not at scale. Note the increase in the
spin-flip band-gap (��) and in the DOS at the Fermi level when introducing Ti.

of the bottom of the majority valence band from the Fermi level. A schematic DOS can

be proposed from this analysis, that is consistent with the apparition of a intermediate

Ti band in the minority DOS (Fig. 7.15).

In Fig. 7.16 we plot the low-field MR at 5 K. Note the increase in the initial slope when

including Ti (about three times bigger than the slope for thePure). This fact is consis-

tent with a lower magnetic alignment in the ground state (H = 0, low-temperature) for

the Ti-substituted samples, with respect to thePure. That makes that the application

of a small magnetic field has more effect in the more disordered materials.

7.4.3 Analysis of the Hall data

Table 7.8 gives the Hall coefficients (�� and��) from the analysis of the Hall data for

all the Tl�Mn���Ti�O� series. From�� we calculated the density of electrons (n), also
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pounds.

x T (K) �� (cm�/C) �� (cm�/C) n (10�� e�/f.u.)

0.0

5 -6.37(7) -2.7(7) 1.192(14)
50 -6.42(6) -3.2(7) 1.181(12)
100 -7.16(7) -4.4(9) 1.060(10)
150 -22(3) — 0.35(5)
250 -723.38(15) — 0.0105(2)

0.2

5 -0.07891(17) -0.013(2) 96.5(2)
50 -0.0751(6) -0.008(8) 101.4(8)
100 -0.0692(8) 0.046(13) 110.0(12)
150 -0.0546(18) -0.4(8) 139(5)
200 -0.070(5) 1(6) 106(7)
250 -0.0581(2) — 131.0(5)
300 -0.0583(2) — 130.7(5)

0.4

5 -0.6949(7) -0.3372(8) 11.031(10)
50 -0.6483(14) -0.13(2) 11.82(3)
100 -0.526(9) -0.37(16) 14.6(2)
150 -0.49(6) -0(3) 15.6(2)
200 -0.465(4) — 16.5(14)

Table 7.8:Hall coefficients and number of carriers for the Tl�Mn���Ti�O� family, at different
temperatures.
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Figure 7.17:Variation with temperature of the number of carriers for the Tl�Mn���Ti�O�

family. Note that the steep decrease above TC is only present for thePurecompound.

given in Table 7.8. The low-temperature number of carriers for theTi 0.2compound is

0.0095 e�/f.u. higher than that of thePuresample. It is one order of magnitude lower

than the estimation we did (see Section 7.2.2) from the occupancy factors obtained

from NPD data, indicating that all the new electrons are not placed near the Fermi

level, but in lower energy levels. Observe how, while for thePure compoundn is

nearly constant below TC and drops for temperatures above it, for the Ti-substituted

materialsn is almost constant for all the temperature range (Fig. 7.17). This can partly

explain the lower difference in the disordered region/ordered region resistivities.

7.4.3.1 Applicability of the Majumdar-Littlewood model

The plotting of the MR versus the square of the normalized magnetization for T > 1.2

TC is presented in Fig. 7.18. As the Majumdar-Littlewood model proposes (Section

1.5.1), for low values of the magnetization, the dependence is linear, and temperature

independent. In their model, Majumdar and Littlewood give a relation between the

scaling factor� and the number of carriers:� � �����. C values diminish as the

Ti-substitution increases, as expected for a higher density of carriers. The slopeC is
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Lines are the fits to the Majumdar-Littlewood equation (Eq. 1.5).

reduced for both Ti-substituted samples, being very similar between them. This same

trend was, as mentioned before, found in all the transport parameters.

Majumdar and Littlewood propose two different situations, depending on the value of

the product�� �, where� is the magnetic correlation length. From neutron scattering

data, Lynnet al. found� � 10 Å (Lynnet al., 1998). If we calculate the Fermi vector

for temperatures above 200 K in the Ti-substituted samples we find it to be�� � ��

m�� (Table 7.9). That makes�� � � �. Therefore, we are in the intermediate region

between the two limit situations. As we explained in Section 1.5.1, they postulate

the existence of magnetic polarons only in the case�� � � �. In this intermediate

region the transport will not be due to activated polaron hopping, but rather a more

metallic-like one. This is exactly the situation we find experimentally when looking at

the high-temperature resistivity (Fig. 7.5, inset). This is another corroboration of the

goodness of the Majumdar-Littlewood model.
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Table 7.9: Microscopic transport parameters derived from the experimental transport data of
the Tl�Mn���Ti�O� compounds.� is the mean free path,� is the electron mobility, and��
and�� are the electron Fermi wave vector and energy, respectively.

x
T n � ? �� �� �� ��

(K) (10�� e�/m�) (� cm) (Å) (10�� m�/Vs) (10� m��) (meV) (K)

0.0

5 9.80 0.17 7.66 38.3 3.07 3.60 41.8
50 9.72 0.21 6.16 30.5 3.06 3.58 41.5
100 8.72 0.48 2.93 15.1 2.96 3.33 38.6
150 2.85 15.9 0.18 1.38 2.04 1.58 14.3
250 0.086 30.7 0.98 23.6 0.63 0.15 1.78

0.2

5 791 0.006 11.46 13.1 13.28 67.2 780
50 832 0.007 9.64 10.8 13.50 69.5 806
100 902 0.012 5.09 5.58 13.87 73.3 851
150 1142 0.023 2.36 2.39 15.01 85.8 996
200 869 0.025 2.54 2.82 13.70 71.5 830
250 1074 0.027 2.11 2.18 14.71 82.4 956
300 1071 0.028 2.00 2.07 14.69 82.3 955

0.4

5 89.8 0.009 32.1 75.9 6.43 15.8 183
50 96 0.010 28.3 65.4 6.58 16.5 192
100 119 0.016 15.5 33.3 7.06 19.0 220
150 127 0.024 9.8 20.6 7.22 19.9 230
200 134 0.025 8.92 18.4 7.35 20.6 239

7.4.4 Microscopic transport parameters

From the experimental values of the number of carriers and the resistivity we were

able to calculate some microscopic transport parameters, for all the family, at different

temperatures. We give those values in Table 7.9.

The mean free path (MFP),?, increases substantially with Ti content. Despite the

reduction in its value around 100 K (as also happens for thePuresample), the high-

temperature values are still of the order of, or even bigger than, the interatomic dis-

tances (� 2 Å). This is, again, in agreement with the metallic transport found for all

the temperature range.

The mobility of the electrons is for both Ti-substituted samples of the order of that of

thePure. It is about a half of it forTi 0.2, and nearly double forTi 0.4. The important

feature in the mobility it is its variation with temperature (Fig. 7.19). For thePure

compound, below TC it is nearly constant. It decreases steeply above TC, in the region

of the peak in the resistivity. After that, it increases again when polarons begin to play

an important role in the system’s transport. However, in the Ti-containing compounds,
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Figure 7.19: Variation with temperature of the electron mobility for the Tl�Mn���Ti�O�

family. The lines are a guide to the eye.

the polaron effect on the transport is negligible, compared with the metallic conduc-

tion. Consequently, there is no increase in the mobility for high temperatures (T�

250 K) in the Ti-containing materials: there is a step, but forTi 0.2, lower than for the

Pure, while for theTi 0.4, similar to thePure.

The Fermi energy,�� , is very high, compared with thePure. This indicates that the

bottom of the minority conduction band is far from the Fermi level, specially for the

Ti 0.2 compound. The problem is that, for calculating those values, we have used

the free-electron model. But if we consider the new Ti-related band (Fig. 7.15), the

effective mass for the electrons is no longer small, but rather greater. Therefore, we

are probably not so far from the band bottom as these estimations for�� seem to be. If

we compare the ratios between the low-temperature Fermi energy with the energy gap

for low-temperature spin-flip processes (�����), the values obtained are 9.53, 150 and

1.22 forPure, Ti 0.2andTi 0.4, respectively. This values give an idea of the scales in

the density of states.
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For the Ioffe-Regel limit, assuming the free-electron approximation to be valid, it will

be fulfilled for the Ti-containing compounds at low temperatures (T� 50 K). This

explains why these compounds behave in a different way from the previously studied

Bi- and Cd-containing compounds.

7.5 Conclusions

� We have prepared and characterized the family Tl�Mn���Ti�O� (0� x � 0.4).

� The FM interactions are weakened when Ti is introduced in the pyrochlore. This

is due to the introduction of a non-magnetic cation (Ti�	) in the magnetic sub-

lattice (Mn�	), weakening the SE.

� The band structure has been modified, by the introduction of a new band in the

minority DOS.

� The number of carriers has substantially increased, as measured by Hall effect.

The carriers (electrons) are coming from the absence of Tl and O’ deficiency, as

obtained by the NPD data analysis.

� Neither a magnetic spin-glass state nor a Coulomb-blockade effect are found at

low temperatures.

� The low-temperature resistivity evidences the existence of band separation, as

well as a band-gap in the majority DOS. This is consistent with the electronic

band calculations for the x = 0.0 compound, and with the behaviour found for

the other families.

� Magnetic polarons appear above TC, but they do not play a major role in the

transport. This transport for high temperatures is metallic, not activated.





Chapter 8

The Tl�Mn���Sb�O� Family

N
ÚÑEZ-REGUEIRO and Lacroix proposed, in their model for the ferro-

magnetism in the [Tl/In]�Mn�O� pyrochlores, that two magnetic in-

teractions are present in the system: a conventional Mn–O–Mn fer-

romagnetic (FM) superexchange (SE), and an extra indirect exchange

(IE), via the overlapping of the Mn–O and Tl–O’ bands. This last term would be the

main one, accordingly to their model (Núñez Regueiro and Lacroix, 2001). If we were

able to introduce more electrons in the minority band, this IE would be reinforced, in-

creasing the FM transition temperature (TC). In an effort to electron-dope Tl�Mn�O�,

we tried the introduction of cations with a higher valence at Mn positions. Although

Sb
	 is a non-magnetic cation, it is well suited to occupy B positions in a pyrochlore

structure (Subramanianet al., 1983).

8.1 Introduction

In a simple ionic picture, the introduction of Sb
	 at Mn�	 positions will produce a

reduction of Mn�	 to either Mn�	 or Mn�	, to maintain the charge neutrality. The

existence of valence mixing in the system would complicate the magnetic interactions,

making the study of this new system very difficult. But the Tl�Mn�O� pyrochlore is not

a simple ionic compound. As demonstrated by electronic band-structure calculations

(Singh, 1997) in this compound there exist a majority conduction band, with heavy

holes that do not contribute to the transport; and a minority conduction band, with

light electrons that are responsible for the transport and the magnetic interactions. The

existence of this minority conduction band means that electrons are not totally located

at the oxygen ions, but rather a part of them is delocalized, as in a metal. Therefore, the

235
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effect of introducing Sb
	 at Mn�	 sites will be that of a higher filling of the electronic

energy bands (1 extra electron per Mn atom substituted).

Besides, as we found for the Ti-substituted family (Chapter 7), when doping with

bigger cations at Mn�	 positions, the appearance of a new electronic band near the

Fermi level is very likely. In principle, for this system we can expect the same, since

Sb
	 is again bigger than Mn�	 (Shannon and Sleight, 1968), and it is substituting in

the B sites.

Consequently, this new band will take a part of the extra electrons contributed by the

Sb
	. But if the density of states (DOS) at the Fermi level is spin-polarized, the IE

will remain acting ferromagnetically in the material. Even more, if the degree of spin

polarization of the carriers taking part in the transport has increased1, the magnetic

exchange will be higher, and TC will increase.

The effect of the inclusion of a non-magnetic cation (Sb
	) in the magnetic subnetwork

(Mn�	) would be reduction of the direct FM SE between neighbouring Mn cations (via

Mn–O–Mn paths) (Velascoet al., 2001b). Therefore, a reduction in the magnetic SE

integral could be expected.

The balance between the reduction in the SE and the (possible) increase in the IE by

electron doping will give the net variation of the magnetic interactions in the system.

8.1.1 Sample preparation

We prepared the family Tl�Mn���Sb�O�, with 0� x � 0.5. The particular samples

were (Alonsoet al., 1999b) Tl�Mn�O� (labelled asPure), Tl�Mn��Sb���O� (Sb 0.1),

Tl�Mn���Sb���O� (Sb 0.2), Tl�Mn���Sb���O� (Sb 0.3) and Tl�Mn��
Sb��
O� (Sb 0.5).

The preparation was carried out by solid state reaction, under moderate pressures (2

GPa) and high temperatures (1300 K), as explained in Section 3.1. The reactives in-

troduced in the gold capsule were, in this case, Tl�O�, MnO� and Sb�O�.

1Note that not all the carriers necessarily contribute to the transport. Remember that, for the pure
Tl�Mn�O� the majority band states do not contribute (Section 4.4.5)
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Figure 8.1: XRD pattern for Tl�Mn��
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O�. All peaks can be indexed in a pyrochlore
structure. Inset shows the variation with x of the lattice constant for the Tl�Mn���Sb�O�

family.

8.2 Structural characterization

8.2.1 X-Ray diffraction

The reaction products were characterized by x-ray diffraction (XRD). All of the XRD

reflections could be indexed in a cubic unit cell, as illustrated in Fig. 8.1 for the

compound with the highest substitution level, x = 0.5. The inset of Fig. 8.1 shows

that the lattice parameter of the pyrochlore phase regularly increases with x, from�� =

9.9001(1) Å for Tl�Mn�O�, to �� = 10.0313(6) Å for Tl�Mn��
Sb��
O�. This variation

is consistent with the larger ionic radius for Sb
	 (0.60 Å ) compared with that of

Mn�	 (0.53 Å ), in octahedral coordination (Shannon and Sleight, 1968).
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Table 8.1: Structural parameters for Tl�Mn�O� (x = 0.0) and Tl�Mn���Sb���O� (x = 0.2)
pyrochlores, after the refinement of NPD data at 295 K. Mn and Sb atoms are randomly dis-
tributed, occupying the 16d (�� ,�� ,�� ) positions. Tl, O, and O’ atoms are located at the 16c
(0,0,0), 48f (u,�� ,�� ), and 8a (�� ,�� ,�� ) positions.

Sb content (x) 0.0 0.2
�� (Å) 9.89090(6) 9.9412(2)
6� (Å�) 967.63(1) 982.46(4)
9occ (Tl) 0.972(3) 0.94(1)
9occ (Sb) — 0.25(2)
9occ (O’) 0.960(6) 0.97(1)
: (O) 0.42484(7) 0.4249(1)

Crystallogr. formula Tl�������Mn�O������ Tl�������[Mn���
���Sb���
���]O������

(���� (�
) (Å) 1.9000(4) 1.9094(6)
Mn–O–Mn angle (deg) 133.93(1) 133.96(1)

(
 ������ (�
) (Å) 2.4709(4) 2.4721(8)
(
 ������� (��) (Å) 2.1484(2) 2.1523(1)

�� 1.81 1.27
R#� 5.25 7.00
R$ 2.15 3.25

8.2.2 Neutron powder diffraction

A neutron powder diffraction (NPD) pattern study was useful to investigate the struc-

tural details of the Sb-substituted samples. A room-temperature high-resolution NPD

pattern of Tl�Mn���Sb���O� was recorded at the D2B diffractometer at the ILL (Greno-

ble, France), with a wavelength2 = 1.594 Å.

The NPD pattern for theSb 0.2material was Rietveld refined (Rodríguez-Carvajal,

1993) in a conventional pyrochlore structural model. The results are summarized

in Table 8.1, compared with those of the unsubstituted compound. The refinement

of the occupancy factors of Tl, Mn/Sb and O’ led to a crystallographic composition

Tl�������[Mn���
���Sb���
���]O������. The Mn–O distance observed for theSb 0.2com-

pound, of 1.9094(6) Å is significantly longer than that observed for the non-substituted

pyrochlore, of 1.9000(4) Å. This is consistent with the larger size of Sb
	 with respect

to Mn�	 cations.

The refinement of the occupancy factors for Tl and O’ led to stoichiometries signif-

icantly deficient in both atomic positions for bothPure andSb 0.2compounds. The

presence of both kinds of vacancies is probably associated with the moderate pressure

conditions employed for the synthesis. As we explained in Chapter 7, the deficiency

of Tl atoms is related to a certain degree of hole doping (or removal of electrons). On
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the other hand, the deficiency in O’ leads to an electronic doping effect. The net bal-

ance of charge carriers (with respect to the nominal Tl�Mn�O�) is –0.09(2) electrons

per formula unit for thePurecompound, and –0.05(2) electrons per formula unit for

Sb 0.2. The consequence is that, in principle, theSb 0.2sample will have 0.04 e�/f.u.

more (has less electron deficiency) than thePurecompound.

8.3 Experimental data

8.3.1 Magnetic measurements

Fig. 8.2 gives the variation of the susceptibility with temperature, measured under

1000 Oe after a field-cooled process. We separate the Tl�Mn���Sb�O� family into two

groups, due to the different behaviours.

The top panel compares the susceptibility forSb 0.1andSb 0.2with that of thePure

compound. First thing to note is the great increase in the magnetic transition temper-

ature (TC), in the 180 – 190 K range. That implies a clear increase in the magnetic

interactions. As we explained in the introduction to the present chapter, the reason

for this increase is an increase in the number of carriers mediating the magnetic IE.

Therefore, a growth in the number of carriers measured by Hall effect is expected.

The second remarkable feature is that the decay to zero in the susceptibility in the

transition is reached in two steps. The first step is marked by arrows in Fig. 8.2.

Having a careful look at the temperature at which this first decay appears, one can see

that it is concomitant with the magnetic transition for thePurecompound. This fact

supports the idea of a phase-mixing in the material, even when XRD data evidenced

single-phase samples. As the second transition temperature is very similar for bothSb

0.1andSb 0.2, this seems to indicate that the possible two phases are the same for both

samples: a nearly Sb-free phase, and a Sb-rich one. The only difference between both

samples seems to be the relative amounts of each phase. Preliminary EDX analysis,

with a high spacial resolution, was performed in some of the samples. The data show

a certain inhomogeneity in the samples, not only from grain to grain, but also in the

same grain (Martínez, 2002): there are zones of the material with higher relative Sb

content and others with lower. Nevertheless, the mean Sb-content is the expected.

When looking at the inverse of the susceptibility (right axis), the high-temperature

behaviour is again linear only for very high temperatures (above 250 K), evidencing
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susceptibility forSb 0.5. Right axis: inverse of the susceptibility, together with the linear fit to
a Curie-Weiss behaviour.
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the existence of magnetic polarons from that temperature down to TC.

In the bottom panel we compare the susceptibility ofSb 0.3andSb 0.5. We also include

thePuredata for reference. These two compounds at the Sb-rich end of the series do

not seem to present phase-mixing. The curves correspond to FM materials. But the

magnetic transitions are far broader than for thePure, specially forSb 0.5. Besides,

for this last sample, there is an unexpected anomaly in the susceptibility below 30 K

(see inset).

The inverse of the susceptibility also behaves in a different way than all the other

Tl�Mn�O�-related materials. For very high temperatures, it has a linear Curie-Weiss

paramagnetic (PM) behaviour. But, as temperature is being approximated to TC, there

is a clear reduction in its value with respect to the linear ideal trend. This evidences

an increase in the effective PM moment, indicating the possibility of existence of large

FM clustering above TC.

Those facts point in the direction of having a magnetic competition and it should be

associated with the presence of nonmagnetic Sb
	 cations, perturbing the magnetic

interactions within the Mn sublattice.

Figs. 8.3 and 8.4 give the isothermal variation with the applied field of the Sb-

substituted compounds, at different temperatures. They all correspond to FM mate-

rials, with transition temperatures in the 100 - 200 K range. The low-temperature

(5 K) saturation magnetization is given in Table 8.2. It is calculated extrapolating to

zero-field the high-field magnetization. Note that there is an unexpected variation with

increasing Sb content.

In Fig. 8.5 we compare the low-temperature magnetization versus field curves for all

the Tl�Mn���Sb�O� family. The inset gives the variation of the saturation magnetiza-

tion with increasing Sb content. See that there is a clear decrease, indicating that the

inclusion of non-magnetic Sb
	, despite increasing the magnetic exchange, disturbs

the magnetism.

Fig. 8.6 presents the low-temperature variation of the magnetization curves for

Tl�Mn���Sb���O�. The behaviour is that of a typical ferromagnet far from TC.

8.3.2 Resistivity measurements

The thermal dependence of the resistivity is plotted in Fig. 8.7, both with (open sym-

bols) and without (solid symbols) an applied magnetic field of 9 T. Again, we give the

data separated into two panels for the sake of clarity.
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The behaviour forSb 0.1andSb 0.2is very similar to that of thePure. Sb 0.1exhibits

a metal-insulator (MI) transition for temperatures above TC, but with a much lower

resistivity. Sb 0.2does not present the insulator behaviour above TC. Like the Ti-

substituted samples, the resistivity of this sample is very low. It present a drop in its

value around TC, but it is metallic for all the temperature range.

For the substituted compounds the difference between the high-temperature and low-

temperature values of the resistivity is lower than in the pure unsubstituted compound.

This is attributed to the lower degree of ordering of the magnetic lattice in the case

of the substituted compounds, since we are replacing magnetic Mn�	 cations by non-

magnetic Sb
	 ones. Therefore, the difference in the magnetic scattering between

the low-temperature, ferromagnetically ordered state and the high-temperatures, dis-

ordered state will be lower. Another plausible explanation is that the spin-polarization

degree of the carriers is reduced. Therefore, the magnetic order/disorder effects do not

play such an important role as in other families.

The lower panel gives the Sb-rich end of the series.Sb 0.3do present the MI transi-

tion, with values for the resistivity between those for thePure and those forSb 0.1.

The relevant feature for this sample is that, when applying a 9 T magnetic field, the

low-temperature resistivity lays far below than the resistivity without applied field.

This indicates a disordered state without field even at the lowest temperatures. On the

contrary, for all the x� 0.2 samples, the difference was not so large. ForSb 0.5the

situation is very anomalous. Despite its low resistivity, it presents an insulating be-

haviour for all the temperature range. Nevertheless, a small hunch can be appreciated

just above TC.

Worth noting is the small upturn that appears at low temperatures. It is clearly smaller

than for the Bi- and Cd- substituted compounds, but it is still manifested. ForSb 0.5

the upturn is very clear, evidencing a Coulomb-blockade process.

The variation with temperature of the 9 T MR is given inFig. 8.8. Note how the MR

decreases upon Sb substitution. As happened to the drop in the resistivity around TC,

this decrease can be due either to the decrease in the magnetic ordering, or to a lower

degree of spin-polarization.

Another interesting aspect to be noted is the appearance of a secondary peak in the MR,

for temperatures about 70 K lower than TC. Again, the temperature for that secondary

peak is very close to the peak for thePure compound (Fig. 4.18). In Fig. 8.8 we

mark by arrows the temperatures for the secondary magnetic transition. Observe that
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the secondary peaks appear just above the secondary magnetic transitions. These facts

give further evidence of the existence of mixed phases.

We also measured the field dependence of the resistivity at different temperatures, for

the four Sb substituted samples (Figs. 8.9 – 8.12). Again in this case, as for the

other Tl�Mn�O�-related compounds there are two different behaviours, depending on

the temperature: in the high-temperature PM region the field dependence is parabolic,

while in the low-temperature FM region it decays as the inverse of the field. For

intermediate regions (T� 150 – 200 K) there is a mixing of both behaviours. This is

related to the existence of short-range magnetic interactions creating polarons.
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8.3.3 Hall-effect measurements

As happened for the Ti-substituted family, for the Sb-substituted compounds (except

for Sb 0.5), it was relatively easy for us to measure the Hall effect, since all the samples

presented a low resistance. The only problem for this low resistance was that we

needed to apply high currents for having a strong enough output signal. Therefore, for

high temperatures a heating of the sample occurred, introducing thermal noise in the

measurements.

In Figs. 8.13 and 8.14 we plot the positive branches of the Hall resistivity for the

Sb-substituted samples, measured under magnetic fields up to 9 T. Observe the good

quality of the data. The negative slope indicates that —as in the other Tl�Mn�O�-

related compounds— the carriers responsible for the transport are electrons.

Note that at 200 K for theSb 0.1sample and at 100 and 150 K forSb 0.2, a clear

curvature appears at high fields. As explained in Section 4.4.3.2 this is related to a

variation in the number of carriers upon the application of a magnetic field. As the

absolute value of the slope increases with the field, the number of carriers is reduced

as the field increases.

Fig. 8.15 compares the low-temperature Hall effect data for the Tl�Mn���Sb�O� fam-

ily. When Sb is introduced in the pyrochlore, the absolute value of the slope decreases,

indicating a higher number of carriers. In the inset we give the variation of the number

of carriers with increasing Sb substitution. Observe how it increases with x.

8.3.4 Specific heat measurements

The variation of the specific heat with temperature was measured for theSb 0.1com-

pound. In Fig. 8.16 we compare these data with those for thePure (see Chapter 4).

Observe the low-temperature similarity for both compounds. As the temperature is

raised, the specific heat of thePurematerial is higher than that of theSb 0.1one. This

evidences a lower lattice contribution at high temperatures for the Sb-substituted com-

pound. Note the variation of the magnetic transition peak, around 110 K for thePure

material, and around 190 K forSb 0.1.

The inset gives a more detailed view of the low-temperature part. Observe that the

slope is similar for both compounds, indicating a similar lattice contribution at low

temperatures. ForSb 0.1this linear part extrapolates to a lowerC/T value than the
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line shows that the principal transition goes down in temperature as Sb content increases. Ob-
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Puredata. This reflects a lower DOS at the Fermi level for the Sb-containing sample2.

8.4 Analysis and discussion

8.4.1 Analysis of the magnetic data

8.4.1.1 Analysis of the susceptibility

The magnetic transition temperature (TC) was calculated from the variation with tem-

perature of the susceptibility, as the temperature for the maximum slope in that curve.

2Remember that all the carriers at the Fermi level contribute to the electronic part of the specific
heat, disregarding whether they contribute to the electronic transport or not (Fig. 4.28).
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Table 8.2:Magnetic parameters obtained form the thermal dependence of the susceptibility.
TC� , TC� and�& are the FM lower temperature (secondary) and higher temperature (principal)
and the Curie-Weiss transition temperatures, respectively.�������

is the saturation magnetiza-
tion obtained from the high-field magnetization extrapolation to zero field.eff is the effective
paramagnetic moment.

x TC� (K) TC� (K) 
& (K) �������
(��/Mn) �eff (��/Mn)

0.0 115(1) — 155.11(17) 2.558(2) 3.7256(13)
0.1 117(1) 189(1) 206.33(13) 2.237(5) 3.551(3)
0.2 119(1) 183(1) 203.92(12) 2.502(2) 3.805(3)
0.3 — 158(1) 164.7(3) 1.6894(18) 3.726(4)
0.5 — 112(1) 137.5(3) 1.984(2) 3.815(4)

Fig. 8.17 gives the variation with temperature of the derivative of the susceptibility

with respect to the temperature. The negative peaks mark the magnetic transitions.

Observe that two peaks appear for theSb 0.1andSb 0.2compounds. They clearly show

two magnetic phases: the one corresponding to the lowest transition temperature (TC�)

is concomitant with thePure, and the second one, with higher transition temperature

(TC�) will be the Sb-rich phase. ForSb 0.3andSb 0.5the only phase present comes

from the Sb-rich phase inSb 0.1andSb 0.2(see the guide-line in Fig. 8.17). The

values for TC� and TC� are given in Table 8.2.

The exchange integral can be calculated from TC:

� �
�����

�<&�& � ��

with z= 6 the number of nearest neighbours andS= �
�

the spin of the magnetic cations,

Mn�	. As we have two transition temperatures, two exchange integrals are acting in

the system. The first one (��) is similar to that of thePure: � 0.66(1) meV. The second

one (��), corresponding to the new type of interactions that appear when introducing

Sb, decreases with Sb content, from 1.086(6) meV forSb 0.1to 0.643(6) meV forSb

0.5. If we consider that, as Sb is introduced in Mn sites, the number of neighbouring

magnetic cations for each Mn�	 is reduced, the values ofJ will be higher.

From the linear fit to the high-temperature inverse of the susceptibility (Curie-Weiss

Law) we calculated the PM transition temperature (
& ) and the effective PM moment

(�eff). The values are given in Table 8.2. For
& there is a sudden increase from the

Purecompound toSb 0.1, coming from the new interaction introduced in the system by

Sb substitution. ForSb 0.2
& is very similar to the value forSb 0.1. This is consistent

with the similar high value found for TC� . It indicates a very similar type of magnetic

interactions. From this value,
& decreases from 203.92(12) K forSb 0.2to 137(3) K
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Figure 8.18: Low-temperature magnetization measured under a field of 1000 Oe for the
Tl�Mn���Sb�O� compounds (open symbols), together with a fit to the Bloch’s T��� Law
(straight lines). Tl�Mn��
Sb��
O�, presenting a small anomaly at low temperatures (Fig. 8.2,
inset), does not follow the Bloch’s T��� Law, and it is not plotted in this figure.

for Sb 0.5. This reduction is due to the weakening in the magnetic interactions as the

relative number of magnetic atoms in B positions is reduced.

The PM moment (�eff) found per Mn atomis nearly constant for all the family, and

very close to the expected value for Mn�	 (3.8��).

In Fig. 8.18 we represent the low-temperature magnetization, measured under 1000 Oe

versus T���. The dependence is linear, as expected from theBloch’s T��� Law (Equa-

tion 4.3). From the fits to that equation we obtained the values for the magnetization

at 0 K and 1000 Oe (not saturated), (�� ���0K�) and the exchange integral (J), that

are given in Table 8.3. We did not fit theSb 0.5data because of the small magnetic

anomaly that is present at low temperatures for that material (Fig. 8.2, inset).

The variation of�� is atypical, evidencing a differentiated low-field susceptibility for
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Table 8.3: Parameters found for the low-temperature magnetization fit to the Bloch’s T���

Law.  � is the magnetization at 0 K and 1000 Oe, andJ is the exchange integral.
Tl�Mn��
Sb��
O� does not follow the Bloch’s T��� Law.

x �� (��/Mn) J (meV)
0.0 1.69975(11) 0.785(5)
0.1 1.5578(2) 1.34(4)
0.2 1.92371(17) 1.43(3)
0.3 1.3086(3) 1.73(9)

Table 8.4:Magnetic parameters for the Tl�Mn���Sb�O� family, derived from the isothermal
magnetization data.�������

is the saturation magnetization found when extrapolating to
very high fields the magnetization at 5 K.�� and�� are the anisotropy field and constant,
respectively, of the grain surface layer. Also the PM moment (Bri) and transition temperature
(TBri) from the fitting of the high temperature magnetization curves to the Brillouin equation
(Eq. 4.4) are given.

x �������
(��/Mn) ��$� (T) 1� (10� J/m�) �Bri (��/Mn) TBri (K)

0.0 2.6012(4) 1.55(2) 3.85(5) 2.611(3) 142.76(15)
0.1 2.245(2) 0.602(16) 1.20(3) 2.726(5) 203.99(19)
0.2 2.5347(8) 0.96(4) 2.09(8) 2.718(4) 194.27(18)
0.3 1.7250(8) 1.20(4) 1.68(6) 2.450(3) 179.07(17)
0.5 2.0510(11) 1.52(3) 2.24(5) 2.456(3) 144.20(17)

these compounds. ForJ we find a clear increase in its value, being about twice that

of thePure for all Sb-substituted compounds. This evidences the net increase in the

magnetic exchange.

8.4.1.2 Analysis of the isothermal magnetization

The extrapolation to zero-field of the high field magnetization at low temperatures is

the saturation magnetization (�������
). The values are given in Table 8.2. There is

an odd variation with increasing Sb content. It is very similar up toSb 0.2(� 2.5

��/Mn), decreasing substantially forSb 0.3andSb 0.5(� 1.9��/Mn). The variation

is that presented is the inset of Fig. 8.5.

The approach to saturation at high fields and low temperatures follows the equation

� � ����� ���$���. As we explained in detail in Section 4.4.1.2, the model for such

an approach to saturation is that of a saturated bulk material, with a surface layer. This

layer will have a high anisotropy, with randomly oriented anisotropy axis. The plots

of the fits are given in Fig. 8.19 and the parameters obtained from them are given in

Table 8.4. The variation with Sb content of�������
is the same as that of�������

,

commented before. The anisotropy in the surface layer is reduced with respect to the
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Figure 8.19:Approach to saturation at very high fields of the low-temperature (5 K) isother-
mal magnetization. Experimental data are given by symbols, and the straight lines are the fits
to equations in the form� � �� ��� �!�����.
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Table 8.5:Transport parameters for the Tl�Mn���Sb�O� family.

x
�
% ����%

����%��
�%
-MRPeak(9T) -MR���%(9T)

(� cm) (� cm) (%) (%)
0.0 0.166 25.7 154.7 92.96 29.54
0.1 0.029 0.093 3.28 37.35 6.76
0.2 0.011 0.023 2.04 23.14 3.78
0.3 0.102 0.118 1.32 9.19 —
0.5 0.543 0.375 0.84 — —

Pure, but it varies randomly from one sample to the next one.

We fitted the isothermal magnetization above TC to a Brillouin equation (Eq. 4.4),

using the same values of�Bri and TBri for all the temperatures of each sample (Figs.

8.20 and 8.21). The parameters obtained are given in Table 8.4. The PM moment

found in this way (�Bri) increases with the Sb content forSb 0.1andSb 0.2, but it

is reduced forSb 0.3andSb 0.5. This, again, evidences an increase in the magnetic

interactions for moderate substitutions. But when the Sb content is high enough (x >

0.2) the magnetic order is greatly disturbed, leading to a reduction in the PM moment.

The PM transition temperature (TBri) follows the same trend of
& .

8.4.2 Analysis of the resistivity

The main transport parameters are given in Table 8.5. Observe the decrease in all the

parameters when increasing the Sb content. The resistivity (both the residual value, at

5 K, and at RT) decreases substantially up toSb 0.2. Then, it increases with Sb content,

even reaching values higher than for thePurefor the resistivity at 5 K.

As explained before (Section 8.3.2), the decrease in the resistivity with Sb substitution

is due to the increase in the number of carriers. The further increase for high Sb

content it is due to the introduction of too many scattering centers, in such a way as

the low-resistive conduction paths are harder and harder to be found by the conduction

electrons, and the resistivity for the sample increases. It even reaches a semiconductor-

like behaviour forSb 0.5, also due to a reduction in the number of carriers3.

The drop in resistivity at the MI transition, quantified by the ratio����%��
�% is also

greatly reduced. This reduction, as well as the reduction in the MR ratios, as explained

in Section 8.3.2, is probably due to a decrease in the spin-polarization of the conduction

carriers. As the bands are being filled with the new electrons coming from the Sb

3See the high slope for theSb 0.5Hall effect data.
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panel) and Tl�Mn���Sb���O� (lower panel). Experimental data are shown by open symbols.
Lines represent the fit to the Brillouin equation (Eq. 4.4).
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Table 8.6:Parameters found for the low-temperature upturn in the resistivity, produced by
Coulomb-blockade.� gives the charging energy, and�� gives the blockade contribution to
the resistivity at temperatures far bigger than�.

x ��H (T) � (K) �� (� cm)

0.1
0 0.039(4) 0.02897(3)
9 0.009(4) 0.02563(3)

0.2
0 0.037(9) 0.01087(3)
9 0.006(22) 0.00923(6)

0.3
0 0.042(4) 0.09997(12)
9 0.017(4) 0.08997(13)

0.5
0 0.234(10) 0.4892(1)
9 0.149(7) 0.4441(11)

atoms, the difference between the respective majority and minority Fermi velocities

(and, hence, in the conductivities) is reduced. That reduction in the spin-polarization

makes the effect of the magnetic order/disorder to diminish. Even more, for high Sb

content, the MR vanishes for finite temperatures.

8.4.2.1 Low-temperature resistivity

Having a detailed look to the low-temperature resistivity, we found a small upturn

for the Sb-substituted compounds. This upturn, that also appeared for the Bi- and Cd-

substituted families, is produced by a Coulomb-blockade process. When the material’s

grains are very isolating, applying a voltage potential between the sides of the particles

makes these particles behave like a condenser. Therefore, the particles get charged.

And this charge makes the particle even more isolating, since we will have to apply a

higher voltage to get the constant current through the particle (See Chapter 11).

As we did for the Bi and Cd families, we fitted this upturn to a decay in the form

��� � � �� ��������� ��. We tried different reasonable values for the parametern.

The best fit was forn = 1/2 (Figs. 8.22 and 8.23). This exponent is characteristic of a

Coulomb-blockade process. Therefore, as happened for the previous families, particle

charging appears at low temperatures. The�� and� parameters found in the fits are

given in Table 8.6.� is the charging energy and�� is the contribution of this process

to the resistivity of the material when the temperature is far bigger than�.

One can see the increase in the charging energy as we go up in the Sb content. This in-

crease indicates a stronger low-temperature scattering as the Sb substitution increases.

It is due to the higher number of disorder sites.

Comparing the values for the barrier for this family with those for Bi- (Table 5.5)
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Figure 8.24:Log-Log plot of the low-temperature resistivity of the Tl�Mn���Sb�O� fam-
ily. Experimental data are represented by open symbols. The lines correspond to the fits to
functions in the form:� � �� 	�� ������
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and Cd- (Table 6.6) substituted materials, note that the effect is clearly higher in the

Bi family. Despite the differences in resistivities for Sb- and Cd-containing families,

the Coulomb barriers have similar height, very small compared with that of the Bi-

substituted samples. This fact further reinforces the idea of the main role that the

magnetic spin-glass state plays in the Coulomb-blockade for the Bi family.

The variation of�� resembles that of the resistivities in Table 8.5, as expected.

The T� dependence for the low-temperature resistivity is also present in this family,

except forSb 0.5. We fitted the data to the equation� � �� � #� ������
 (Fig. 8.24).

As we discussed in Section 4.4.2.1, the T� factor for these materials comes from

electron-electron interactions, and that T� dependence is related to spin-flip processes

(Watts et al., 2000). Therefore, the exponential factor is associated with the inac-

cessibility of minority spin states for spin-flip scattering processes, as expected in a



268 Chapter 8. The Tl�Mn���Sb�O� Family

Table 8.7:Parameters found for the low-temperature resistivity fit to the function� � �� 	
�� ������
 , indicating spin-flip processes.

x �� (� cm) A (� cm/K�) �� (K)
0.0 0.16511(10) 1.967(12) 4.3(4)
0.1 0.02892(9) 0.228(10) 51(5)
0.2 0.01098(10) 0.0577(18) 112(4)
0.3 0.10034(7) 0.1069(17) 8(2)
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Figure 8.25:Schematic DOS for the Tl�Mn���Sb�O� series, as can be deduced from the
parameters found in the fits of Fig. 8.24. The figures are not at scale. Note the increase in the
spin-flip band-gap (��) and in the DOS at the Fermi level when introducing Sb.

half-metal (Fig. 4.16). The values for the parameters found in the fit are given in Table

8.7.

The variation of the resistivity�� is, logically, that of�
% in Table 8.5.

The inverse of A will give an idea of the DOS available for the spin-flip process. The

substantial decrease in A tells us that the DOS at the Fermi level is clearly higher when

the Sb is introduced. The increase in the gap energy (��) evidences a separation of the

bottom of the majority valence band from the Fermi level. A schematic DOS can be

proposed from this analysis, that is consistent with the apparition of a intermediate Sb

band in the minority DOS (Fig. 8.25).

For Sb 0.3the scheme seems to be far more complicated, since the gap is clearly

reduced, as well as the DOS at the Fermi level. This seems consistent with the appear-

ance of a new band in the majority DOS, gaining some of the extra electrons. This
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Figure 8.26:Low-field MR at low temperatures for the Tl�Mn���Sb�O� family. See the
increase with respect to thePure.

partial filling of a new band in the majority DOS will produce a reduction of the spin-

polarization. We found this possibility very likely due to the observed reduction in the

spin-dependent transport properties.

For Sb 0.5there is no T� dependence, indicating the absence of appreciable spin-

polarization. Furthermore, the semiconducting-like variation of the resistivity with

temperature points in the direction of the existence of a band-gap inbothchannels.

In Fig. 8.26 we plot the low-field MR at 5 K. Note the increase in the initial slope when

including Sb. As explained for other compounds (see Sections 4.4.2.3 and 7.3.3),

the low-field MR comes from domain wall displacements. The increase in the low-

field MR is consistent with a softer magnetic material. Note that forSb 0.2the low-

temperature MR at 1 T is above 13 %.
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Table 8.8:Parameters found for the fit of the high-temperature conductivity to the equation

��� � � �met

 	

�pol


 
��
�
� /

)�


�
. �met and�pol give the metallic and polaronic contribution,

respectively, and�( is the activation energy for polaron hopping.
x ��H (T) #met (K/� cm) #pol (K/� cm) �( (meV)

0.0 0 4.31(12) 197(8) 85.0(16)
0.1 0 410(200) 18300(1400) 48(4)
0.2 0 790(160) 13000(600) 43(3)

0.3
0 1040(80) 21000(3000) 68(5)
9 560(160) 12000(2000) 54(7)

0.5
0 321(13) 5300(500) 60(3)
9 90(70) 2100(200) 29(5)

8.4.2.2 High-temperature resistivity

For the high-temperature resistivity data, as in most of the Tl�Mn�O�-related com-

pounds, the behaviour is thermally activated. Again, we considered the conductivity

to have two contributions: a polaronic one, coming from the polaron hopping, and a

metallic one, coming from non-magnetic scattering processes of the electrons, as in a

normal metal. Then (Eq. 4.7):

��� � � �met�� � � �pol�� � �
�

�
#met�

�

�
#pol ���

�
� �(

���

�

#met and#pol give the metallic and polaronic contribution, respectively, and�( is the

activation energy for polaron hopping.

We fitted the high-temperature conductivity to the equation above. The graphs of the

fits are plotted in Fig. 8.27. Table 8.8 gives the parameters found for the fits.

The metallic and polaronic coefficients increase with Sb content, up to theSb 0.3

compound, and then decreases forSb 0.5. A similar trend appears in nearly all the

transport properties. The activation energy for the polarons decreases from thePure

to Sb 0.1and Sb 0.2, as expected: the FM interactions for these two samples are

reinforced, and the polarons are able to move more easily. ForSb 0.3and Sb 0.5

it increases again, as the magnetic interactions are disturbed by the presence of the

non-magnetic Sb
	.

When applying a magnetic field, for 0� x � 0.2 the� vs. Tcurves do not present any

activated behaviour. But forSb 0.3andSb 0.5, the activation energy is decreased when

a magnetic field is applied. This is logical, since the magnetic cations will be more

aligned, and the polaron will move more freely.
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Table 8.9:Hall coefficients and number of carriers for the Tl�Mn���Sb�O� family, at different
temperatures.

x T (K) �� (cm�/C) �� (cm�/C) n (10�� e�/f.u.)

0.0

5 -6.37(7) -2.7(7) 1.192(14)
50 -6.42(6) -3.2(7) 1.181(12)
100 -7.16(7) -4.4(9) 1.060(10)
150 -22(3) — 0.35(5)
250 -723.38(15) — 0.0105(2)

0.1

5 -0.3707(14) -0.238(17) 20.6(8)
50 -0.336(18) -0.02(2) 22.73(12)
100 -0.317(3) -0.05(4) 24.1(2)
150 -0.232(3) -0.28(7) 32.9(5)
200 -0.211(3) -0.05(10) 36.1(6)

0.2

5 -0.6866(12) -0.344(12) 11.163(2)
50 -0.6108(8) -0.204(8) 12.548(16)
100 -0.456(2) -0.079(17) 16.83(8)
150 -0.2959(11) -0.305(13) 25.91(9)
200 -0.277(6) -0.07(20) 27.7(6)
300 -0.2504(16) — 30.6(2)

0.3

5 -0.127(2) -1.07(3) 61.30(10)
50 -0.114(3) -0.86(5) 68.40(19)
100 -0.1368(18) -0.98(3) 57.0(8)
150 -0.115(3) -1.72(5) 67.9(18)
200 -0.13(2) -2.8(16) 60(11)

0.5
5 -0.137(4) -0.68(7) 57.5(19)

100 -0.112(7) -1.19(15) 70(4)
150 -0.115(14) 3.8(7) 68(8)

8.4.3 Analysis of the Hall data

Table 8.9 gives the Hall coefficients (�� and��) from the analysis of the Hall data for

all the Tl�Mn���Sb�O� series. From�� we calculated the concentration of electrons

(n), also given in Table 8.9. The low-temperature number of carriers for theSb 0.2

compound is 0.001 e�/f.u. higher than that of thePure sample. It is one order of

magnitude lower than the estimation we did (see Section 8.2.2) from the occupancy

factors obtained from NPD data, indicating that, as happened with the Tl�Mn���Ti���O�

compound (Section 7.4.3), all the new electrons are not placed near the Fermi level,

but in lower energy levels. As happened for the Ti-containing family, while for the

Pure compoundn is nearly constant below TC and drops for temperatures above it,

for the Sb-substituted materialsn is almost constant for all the temperature range (Fig.

8.28). This can partly explain the lower difference in the disordered region/ordered
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Figure 8.28:Variation with temperature of the number of carriers for the Tl�Mn���Sb�O�

family. Note that the steep decrease above TC is only present for thePurecompound. The lines
are a guide to the eye.

region resistivities.

8.4.3.1 Applicability of the Majumdar-Littlewood model

When plotting, for high temperatures (T� 200 K), the MR versus the square of the

normalized magnetization (Fig. 8.29), we found again that the values correspond —

for low relative magnetization values— to straight lines crossing through the origin,

and that those values do not depend on the temperature. Therefore, the Majumdar-

Littlewood equation (Eq. 1.5) is fulfilled. The slope,C does not fulfill the proposed

equation� � ����� (Eq. 1.6), but it does have a potential relationship with the number

of carriers, as can be seen in the inset of the figure.

Majumdar and Littlewood propose two different situations, depending on the value of

the product�� �, where� is the magnetic correlation length. From neutron scattering
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Figure 8.29:MR versus the square of the normalized magnetization for the Tl�Mn���Sb�O�

family. The different temperatures are 200 K (squares), 250 K (circles) and 300 K (triangles).
Lines are the fits to the Majumdar-Littlewood equation (Eq. 1.5). Inset: variation of the slope,
C with the number of carriers. The line gives an exponent of -1.58(17), very far from the
expected value accordingly to the Majumdar-Littlewood model (-2/3).

data, Lynnet al. found � � 10 Å for thePurecompound (Lynnet al., 1998). If we

calculate the Fermi vector for temperatures above 200 K in the Sb-substituted samples

we find it to be�� � �� m�� (Table 8.10). That makes�� � � �. Therefore, we are in

the intermediate region between the two limit situations. As we explained in Section

1.5.1, they postulate the existence of non-interacting magnetic polarons only in the

case�� � � �. In this intermediate region the transport will not be due to activated

polaron hopping, but rather a more metallic-like one. This is why the fit to the activated

behaviour seems not so clear as for the Bi- and Cd-substituted families.



8.4. Analysis and discussion 275

Table 8.10:Microscopic transport parameters derived from the experimental transport data of
the Tl�Mn���Sb�O� compounds.� is the mean free path,� is the electron mobility, and��
and�� are the electron Fermi wave-vector and energy, respectively.

x
T n � ? �� �� �� ��

(K) (10�� e�/m�) (� cm) (Å) (10�� m�/Vs) (10� m��) (meV) (K)

0.0

5 9.80 0.17 7.66 38.3 3.07 3.60 41.8
50 9.72 0.21 6.16 30.5 3.06 3.58 41.5
100 8.72 0.48 2.93 15.1 2.96 3.33 38.6
150 2.85 15.9 0.18 1.38 2.04 1.58 14.3
250 0.086 30.7 0.98 23.6 0.63 0.15 1.78

0.1

5 168 0.029 6.57 12.6 7.93 24.0 278
50 186 0.031 5.88 8.19 25.6 25.6 297
100 197 0.040 4.34 7.89 7.89 26.6 309
150 269 0.062 2.28 3.74 9.27 32.7 380
200 295 0.101 1.32 2.09 9.56 34.8 404

0.2

5 90.9 0.011 26.4 62.1 6.46 15.9 184
50 102 0.011 24.3 55.1 6.71 17.2 199
100 137 0.013 17.4 35.6 7.40 20.9 242
150 211 0.017 10.1 17.9 8.55 27.8 323
200 225 0.023 7.05 12.3 8.74 29.1 337
300 249 0.023 6.43 10.8 9.04 31.1 361

0.3

5 491 0.102 0.93 1.25 11.3 48.9 567
50 548 0.103 0.86 1.11 11.8 52.6 611
100 456 0.110 0.90 1.24 11.1 46.6 540
150 544 0.125 0.71 0.92 11.7 52.4 608
200 481 0.135 0.71 0.96 11.2 48.2 559

0.5
5 456 0.543 0.18 0.25 11.0 46.5 540

100 555 0.470 0.19 0.24 11.8 53.1 616
150 543 0.445 0.20 0.26 11.7 52.3 607

8.4.4 Microscopic transport parameters

In Table 8.10 we give the values for the most notable microscopic transport parameters,

calculated from the experimental values of the number of carriers and resistivity.

The mean free path (MFP),?, is nearly similar forSb 0.1and Pure. For Sb 0.2it

increases largely. And forSb 0.3and forSb 0.5it decreases substantially, below the

interatomic distances (� 2 Å), indicating that the transport for these materials in the

Sb-rich end of the family is not a normal metallic one. Only forSb 0.1andSb 0.2the

high-temperature values are still of the order of, or even bigger than, the interatomic

distances. This is, again, in agreement with the nearly metallic transport found at high

temperatures for these two materials.

In Fig. 8.30 we give the variation of the electron mobility with temperature. For the
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Figure 8.30: Variation with temperature of the electron mobility for the Tl�Mn���Sb�O�

family.

Purecompound, below TC it is nearly constant. It decreases steeply above TC, in the

region of the peak in the resistivity. And it again increases when polarons begin to

play an important role in the system’s transport. But in the Sb-substituted compounds,

the activated polaron hopping effect on the transport is very small, compared with

the metallic conduction. Consequently, there is no increase in the mobility for high

temperatures (T� 200 K) in the Sb-containing materials.

As happened to the Ti-containing family, the Fermi energy,�� , is very high, compared

with the Pure. This indicates that the bottom of the minority conduction band is far

from the Fermi level, specially for theSb 0.3andSb 0.5compounds. The problem

is that, for calculating those values, we have used the free-electron model. But if we

consider the new Sb-related band (Fig. 8.25), the effective mass for the electrons is

no longer small, but rather greater. Therefore, we are probably not so far from the

band bottom as these estimations for�� seem to be. If we compare the ratios between

the low-temperature Fermi energy with the energy gap for low-temperature spin-flip

processes (�����), the values obtained are 9.53, 5.45, 1.64 and 70.9 forPure, Sb 0.1,
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Figure 8.31:Low-temperature specific heat for Tl�Mn�O� and Tl�Mn��Sb���O� compounds.
Symbols represent the experimental points and the curves give the fits, considering four terms.

Sb 0.2andSb 0.3, respectively. This values give an idea of the scales in the density of

states. The very high value forSb 0.3tells us of the lower spin-polarization.

Regarding the Ioffe-Regel limit, assuming the free-electron approximation to be valid,

it will be fulfilled for the Sb 0.2compound at low temperatures (T� 100 K). This

explains why this compound behaves in a nearly metallic way.

8.4.5 Analysis of the specific heat data

The low-temperature specific heat data were analyzed taking four contributions into

account: electronic, lattice, spin-waves and hyperfine. Consequently, we fitted the

data to the equation:

� � �� � ���
� � �
�


 � Æ� ��� �����

The values found for the fits (Fig. 8.31) are given in Table 8.11. The electronic con-

tribution decreases for the Sb-substituted compound. This seems in contradiction with

the higher number of carriers found by Hall-effect. Again, we emphasize that for the
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Table 8.11: Parameters corresponding to the fit of the low temperature specific heat of
Tl�Mn�O� and Tl�Mn��Sb���O� compounds. We give also the values of some physical con-
stants obtained from them: the density of states at the Fermi level (���� �), the exchange in-
tegral (J), the Debye temperature (�+) and the hyperfine energy separation (ÆSch) and internal
field for 

Mn atoms (Bint).

x �
�

mJ
mol K�

�
Æ
�

mJ
mol K���

�
��
�

mJ
mol K	

�
�

�

mJ
mol K�

�
�
�

mJ
mol

�
0.0 19.6(5) 1.37(10) 1.903(15) 1.02(9)� 10�� 120(10)
0.1 4.5(13) 0.4(2) 2.04(4) 0.9(2)� 10�� 80(10)

x ���� � (eV��) J (meV) 
+ (K) ÆSch (K) Bint (T)
0.0 8.32(2) 3.54(2) 224.0(6) 0.044(3) 87(6)
0.1 1.9(5) 8(3) 218.7(12) 0.036(5) 71(9)

Table 8.12:Exchange integral values (in meV) for the Tl�Mn���Sb�O� family, obtained from
different experimental methods.

x from TC� from TC� from T��� Law from �mag

0.0 0.661(6) — 0.785(5) 3.54(17)
0.1 0.672(6) 1.086(6) 1.34(4) 8(3)
0.2 0.684(6) 1.051(6) 1.43(3) —
0.3 — 0.908(6) 1.73(9) —
0.5 — 0.643(6) — —

electronic contribution to the specific heat, all the states at the Fermi level contribute,

not only the mobile carriers.

The lattice contribution is slightly enhanced (and
+ is slightly reduced), indicating

that the bonds are softened. This experimental fact is consistent with an increase in the

bond lengths (see Table 8.1).

The spin-wave contribution is lower forSb 0.1than for thePure compound. Con-

sequently, the exchange integral,J, calculated by this method is higher forSb 0.1,

indicating a reinforcement of the magnetic interactions (Velascoet al., 2002c). This is

an extra corroboration of the reinforcement manifested by the magnetic measurements.

Finally, the hyperfine part is reduced as Sb content increases. From the values ob-

tained, the internal field for the

Mn is also reduced, becoming closer to the expected

value of� 30 T (Ananeet al., 1995).

8.4.5.1 Comparison of the exchange integral values

In Table 8.12 we compare the different values forJ, depending on the technique used

to determine it. See that there is a clear increase inJ when introducing Sb in the ma-

terial. Roughly speaking, for the Sb-containing compounds,J is double than for the
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Pure. The dependence on increasing Sb content (fromSb 0.1) is the opposite whether

we take the values from TC or from Bloch’s Law. ForSb 0.1andSb 0.2, the values are

very similar between them, independently of the technique. Remember that, for calcu-

latingJ from TC we did not take into account the reduction in the number of magnetic

neighbours for each Mn atom. If we consider this,J values (from TC) would increase.

Therefore, the net effect of introducing Sb is an increase in the exchange integral upon

increasing Sb content. Viewing the variation of the transport properties with increasing

Sb substitution, they seem to indicate a lower magnetic interaction. This is due to the

fact that we are reducing substantially the number of magnetic cations. Therefore, the

macroscopic effect is a reduction in TC.

8.5 Conclusions

� We have prepared and characterized the family Tl�Mn���Sb�O� (0� x � 0.5).

Sb cations are demonstrated to occupy the Mn sublattice, with a pentavalent

oxidation state.

� The FM interactions are strengthened when Sb is introduced in the pyrochlore,

leading to a significant increase in TC. This is due to the electron doping intro-

duced by Sb
	. This fact is in agreement with the existence of an IE interaction,

as recently proposed (Núñez Regueiro and Lacroix, 2001). For high Sb con-

tent (x� 0.3) the macroscopic magnetism is weakened, as Sb
	 (non-magnetic

cation) is included in the magnetic Mn�	 sublattice.

� The band structure has been modified, by the introduction of a new band in the

minority DOS.

� The number of carriers has substantially increased, as measured by Hall effect.

The carriers (electrons) are coming from the higher oxidation state of the Sb

cation with respect to Mn�	.

� As a consequence of the increment of the density of carriers, the resistivity and

magnetoresistance substantially decrease with respect to the unsubstituted com-

pound.

� A small Coulomb-blockade effect is found at low temperatures.
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� The low-temperature resistivity evidences the existence of band separation, as

well as a band-gap in the majority DOS. This is consistent with the electronic

band calculations for the x = 0.0 compound, and with the behaviour found for

the other families.



Chapter 9

The Tl�Mn���Te�O� Family

W
HEN studying the Tl�Mn���Sb�O� family, we found a great in-

crease in the magnetic interactions, despite the fact that we are

substituting a magnetic cation (Mn�	) by a non-magnetic one

(Sb
	). The increase in the interaction is due to the enhancement

of the number of carriers in the compounds, in agreement with the existence of the

indirect exchange (IE) proposed by Núñez-Regueiro and Lacroix1 (Núñez Regueiro

and Lacroix, 2001).

Consequently, we looked forward to obtaining further evidence of the existence of this

IE. Therefore, we tried another substitution of the Mn�	 cation by another one with a

higher valence: Te�	. This cation is known to occupy the B position in the pyrochlore

structure (Subramanianet al., 1983).

9.1 Introduction

As happened for the Sb-substituted family, in a simple ionic picture, the introduction

of Te�	 at Mn�	 positions will produce a reduction of Mn�	 to either Mn�	 or Mn�	,

to maintain the charge neutrality. The existence of valence mixing in the system would

complicate the magnetic interactions, making the study of this new system very diffi-

cult. But the Tl�Mn�O� pyrochlore is not a simple ionic compound. As demonstrated

by electronic band-structure calculations (Singh, 1997) in this compound there exist a

majority conduction band, with heavy holes that do not contribute to the transport; and

a minority conduction band, with light electrons that are responsible for the transport

and part of the magnetic interactions. The existence of this minority conduction band

1See Section 1.7.3.

281
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means that a part of the electrons is delocalized, as in a metal. That is, they are not

totally located at the oxygen anions. Therefore, the effect of introducing Te�	 at Mn�	

sites will be that of a higher filling of the electronic energy bands, even more than

in the case of introducing Sb. This time we introduce 2 extra electrons per Mn atom

substituted.

Besides, as we found for the Ti- (Chapter 7) and Sb- (Chapter 8) substituted families,

when doping with bigger cations at Mn�	 positions, the appearance of a new electronic

band near the Fermi level is very likely. In principle, for this system we can expect

the same, since Te�	 is again bigger than Mn�	 (Shannon and Sleight, 1968), and it is

being introduced at the B sites.

Consequently, this new band will take a part of the extra electrons contributed by the

Te�	. But if the density of states (DOS) at the Fermi level is still spin-polarized, the IE

will remain acting ferromagnetically in the material. Even more, if the degree of spin

polarization of the carriers taking part in the transport has increased2, the magnetic

exchange will be higher, and TC will increase.

On the other hand, as we are including a non-magnetic cation (Te�	) in the magnetic

network (Mn�	), a reduction in the ferromagnetic (FM) superexchange (SE) between

neighbouring Mn cations (via Mn–O–Mn paths) could be expected (Velascoet al.,

2001b).

The balance between the reduction in the SE and the (possible) increase in the IE by

electron doping will give the net variation of the magnetic interactions in the system.

9.1.1 Sample preparation

The materials we prepared were Tl�Mn�O� (labelled asPure), Tl�Mn��Te���O� (Te

0.1) and Tl�Mn���Te���O� (Te 0.2).

The preparation was carried out by solid state reaction, under moderate pressures (2

GPa) and high temperatures (1300 K), as explained in Section 3.1. The reactives in-

troduced in the gold capsule were, in this case, Tl�O�, MnO� and TeO�.

2Note that not all the carriers necessarily contribute to the transport. Remember that, for the pure
Tl�Mn�O� the majority band states do not contribute (Section 4.4.5)
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Figure 9.1:XRD pattern for Tl�Mn���Te���O�, cubic with!� = 9.9226(1) Å. The inset shows
the unit cell parameters variation for the series Tl�Mn���Te�O� (x = 0, 0.1, 0.2). The star
indicates the most intense reflection of MnO� impurity ( < 1%).

9.2 Structural characterization

9.2.1 X-Ray diffraction

The products of the reaction were characterized by XRD as major pyrochlore phases

(with minor amounts of MnO� for theTe 0.2compound). Fig. 9.1 illustrates the XRD

pattern of Tl�Mn���Te���O�. In all cases, all the pyrochlore reflections could be indexed

in a cubic unit cell. The variation of the lattice parameter with Te content is shown in

the inset of Fig. 9.1. The observed expansion of the lattice with respect to that of the

pure Tl�Mn�O� pyrochlore (�� = 9.9001(1) Å) was expected, given the ionic radii for

Mn�	 (0.53 Å) and Te�	 (0.56 Å) in sixfold coordination (Shannon and Sleight, 1968).

9.2.2 Neutron powder diffraction

Because the XRD scattering factors of Tl, Mn and Te are considerably higher than that

of oxygen, neutron diffraction techniques were necessary to complement the XRD
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Table 9.1: Structural parameters for Tl�Mn�O� (x = 0.0) and Tl�Mn���Te���O� (x = 0.2)
pyrochlores, after the refinement of NPD data at 295 K. Mn and Te atoms are randomly dis-
tributed, occupying the 16d (�� ,�� ,�� ) positions. Tl, O, and O’ atoms are located at the 16c
(0,0,0), 48f (u,�� ,�� ), and 8a (�� ,�� ,�� ) positions, respectively.

Te content (x) 0.0 0.2
�� (Å) 9.89090(6) 9.9215(1)
6� (Å�) 967.63(1) 976.63(1)
9occ (Tl) 0.972(3) 0.945(6)
9occ (Te) — 0.054(5)
9occ (O’) 0.960(6) 0.98(1)
: (O) 0.42484(7) 0.4250(1)

Crystallogr. formula Tl�������Mn�O������ Tl������[Mn������Te�������]O������

(���
��� (�
) (Å) 1.9000(4) 1.9050(4)
Mn–O–Mn angle (deg) 133.93(1) 134.03(1)

(
 ��� (�
) (Å) 2.4709(4) 2.468(1)
(
 ���� (��) (Å) 2.1484(2) 2.1481(1)

�� 1.81 2.45
R#� 5.25 6.97
R$ 2.15 5.86

data in order to extract accurate structural information concerning metal-to-oxygen

distances, Mn–O–Mn angles and other structural features.

Therefore, a room temperature high resolution NPD pattern of Tl�Mn���Te���O� was

collected at the D2B diffractometer of the ILL (Grenoble, France), with a wavelength

2 = 1.594 Å. The counting time for a 0.8 g sample was 4 hours in the high flux mode.

The Rietveld refinement (Rodríguez-Carvajal, 1993) of the NPD pattern for nominal

Tl�Mn���Te���O� was performed in a conventional pyrochlore structural model, space

group Fd��m, Z = 8,considering Tl at 16c positions, Mn and Te distributed at random

at 16d sites, O at 48f and O’ at 8a positions. The final atomic coordinates and thermal

factors, unit-cell parameters and discrepancy factors after the refinement of the NPD

data are given in Table 9.1.

The final crystallographic composition is [Tl������]� sites[Mn������Te�������]� sitesO������.

There is no significant deficiency at O’ positions. We observe, on the one hand, that the

amount of Te incorporated into the Mn sublattice is lower than expected, but it is still

significant. On the other hand, there is a clear atomic deficiency at the Tl sublattice,

of about 5%. This effect had already been reported for the pure Tl�Mn�O� compound

(Alonsoet al., 2000a). It is remarkable that the effect of removing some Tl�	 cations

(hole doping) is opposite to that of replacing some Mn�	 for Te�	 (electron doping).

The net balance of electron doping (with respect to the nominal Tl�Mn�O�) is –0.09(2)
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Figure 9.2:Variation with temperature of the magnetic susceptibility for the Tl�Mn���Te�O�

family. It was measured under 1000 Oe after a field-cooled process (FC). Arrows mark the
magnetic anomalies forTe 0.1andTe 0.2. Right axis: inverse of the susceptibility, together
with the linear fit to a Curie-Weiss behaviour.

electrons per formula unit for thePurecompound, and –0.07(2) electrons per formula

unit for Te 0.2. The consequence is that, in principle, theTe 0.2sample will have 0.02

e�/f.u. more (has less electron deficiency) than thePurecompound.

9.3 Experimental data

9.3.1 Magnetic measurements

In Fig. 9.2 the susceptibility data are plotted versus temperature for the

Tl�Mn���Te�O� family. The behaviour is that of a FM material, in which the TC is

enhanced upon Te-substitution with respect to the unsubstituted compound. This same

effect was found when introducing Sb in the Mn sites. That marks a clear increase in
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the magnetic interaction. As we explained in the introduction to the present chapter,

the reason for this increase is an increment in the number of carriers mediating the

magnetic IE. Therefore, a growth in the number of carriers measured by Hall effect is

expected.

On the other hand, an unexpected decay at the magnetic transition (100 - 200 K range)

is found. Comparing these curves with those forSb 0.1and Sb 0.2(Fig. 8.2, top

panel) we can assign the unexpected shape of the decay also to the existence of two

FM phases, with different transition temperatures. The first step is concomitant with

the magnetic transition for thePurecompound. This fact supports the idea of a phase-

mixing in the material, even when XRD data evidenced single-phase samples. As the

second transition temperature is very similar for bothTe 0.1andTe 0.2, this seems to

indicate that the possible two phases are the same for both samples: a nearly Te-free

phase, and a Te-rich one. The only difference between both samples seems to be the

relative amounts of each phase.

When looking at the inverse of the susceptibility (right axis), the high-temperature

behaviour is again linear only for very high temperatures (above 250 K), evidencing the

existence of magnetic polarons from that temperature down to TC. Note the difference

in the slope for theTe 0.2compound with respect to the others. The lowering of the

slope indicates a higher paramagnetic (PM) moment. Therefore, some FM clustering

can appear even above the magnetic transition.

Fig. 9.3 give the isothermal variation with the applied field of the Te-substituted com-

pounds, at different temperatures. They all correspond to FM materials, with transition

temperatures in the 150 - 200 K range.

In Fig. 9.4 we compare the low-temperature magnetization versus field curves for all

the Tl�Mn���Te�O� family. The inset gives the variation of the saturation magneti-

zationper Mn atomwith increasing Te content. See that there is a slight increase,

indicating that the inclusion of non-magnetic Te�	 does not disturb the magnetism as

much as happened in the Sb-containing family.

9.3.2 Resistivity measurements

The thermal dependence of the resistivity is plotted in Fig. 9.5, both with (open sym-

bols) and without (solid symbols) an applied magnetic field of 9 T.

The behaviour forTe 0.1andTe 0.2is very similar to that of thePure. They exhibit

metal-insulator (MI) transitions for temperatures above TC, but with a much lower
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Figure 9.4: Comparison of the 5 K isothermal magnetization for the Tl�Mn���Te�O� py-
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resistivity. In fact, the very low resistance for theTe 0.2sample has as a consequence

a very low voltage drop in the sample. Therefore, the noise in the measurements is

considerable (see Fig. 9.5).

For the substituted compounds the difference between the high-temperature and low-

temperature values of the resistivity is lower than in the pure unsubstituted compound.

This is attributed to a lower spin-polarization of the carriers. Therefore, as happened

for the Sb-substituted family, the magnetic order/disorder effects do not play such an

important role as in other families.

The variation with temperature of the 9 T MR is given inFig. 9.6. Note how the MR

decreases upon Te substitution. As happened to the drop in the resistivity around TC,

this decrease is due to a lower degree of spin-polarization.

Another interesting aspect to be noted is the appearance of two peaks in the MR,

separated by about 70 K. Again, the temperature for the first peak is very close to

the peak for thePure compound (Fig. 4.18). In Fig. 9.6 we mark by arrows the

temperatures for the secondary magnetic transition. Observe that the secondary peaks

appear just above the secondary magnetic transitions. These facts give further evidence
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of the existence of mixed phases.

We also measured the field dependence of the resistivity at different temperatures, for

the two Te substituted samples (Fig. 9.7). As we explained before, the low resistance

of the samples introduced a considerable noise in the measurements, specially at low

temperatures (lower resistance values). On the other hand, for high temperatures (�
300 K), thermal noise appeared. These are the reasons for the few� vs. H curves

available in Fig. 9.7. Even though, note that the behaviour is different for 200 K (near

TC) than for high temperatures (parabolic dependence).

9.3.3 Hall-effect measurements

In Fig. 9.8 we plot the positive branches of the Hall resistivity for the Te-substituted

samples, measured under magnetic fields up to 9 T. Observe the good quality of

the data. The negative slope indicates that —as in all the other Tl�Mn�O�-related

compounds— the carriers responsible for the transport are electrons.

Note that at 50 and 150 K for theTe 0.1sample, a clear curvature appears at high

fields. As explained in Section 4.4.3.2 this is related to a variation in the number of

carriers upon the application of a magnetic field. As the absolute value of the slope

decreases with the field, the number of carriers is increased with the field. For the

Te 0.2compound that effect is not present, at least for the temperatures at which we

measured.

Fig. 9.9 compares the low-temperature Hall effect data for the Tl�Mn���Te�O� family.

When Te is introduced in the pyrochlore, the absolute value of the slope decreases,

indicating a higher number of carriers. In the inset we give the variation of the number

of carriers with increasing Te substitution. Observe how it increases with x.

9.4 Analysis and discussion

9.4.1 Analysis of the magnetic data

9.4.1.1 Analysis of the susceptibility

The magnetic transition temperature (TC) was calculated from the variation with tem-

perature of the susceptibility, as the temperature for the maximum slope in that curve.

Fig. 9.10 gives the variation with temperature of the derivative of the susceptibility
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Dashed curves are indicating the curvature in the slope, due to a variation in the number of
electrons with the field.
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Figure 9.9: Positive branches of the Hall resistivity, at low temperatures (5 K), for all the
Tl�Mn���Te�O� family. Inset: variation of the number of carriers with Te content. The line is
a guide to the eye.

with respect to the temperature. The negative peaks mark the magnetic transitions.

Observe that two peaks appear for theTe 0.1andTe 0.2compounds. They clearly show

two magnetic phases: the one corresponding to the lowest transition temperature (TC�)

is concomitant with thePure, and the second one, with higher transition temperature

(TC�) will be the corresponding to the Te-rich phase. The values for TC� and TC� are

given in Table 9.2.

The exchange integral can be calculated from TC:

� �
�����

�<&�& � ��

x TC� (K) TC� (K) 
& (K) �������
(��/Mn) �eff (��/Mn)

0.0 115(1) — 155.11(17) 2.558(2) 3.7256(13)
0.1 111(2) 194(2) 191.1(3) 2.642(2) 3.732(4)
0.2 111(2) 191(2) 201.71(14) 2.609(3) 9.753(6)

Table 9.2:Magnetic parameters obtained form the thermal dependence of the susceptibility.
TC� , TC� and�& are the FM lower-temperature and higher-temperature and the Curie-Weiss
transition temperatures, respectively.�������

is the saturation magnetization obtained from
the high-field magnetization extrapolation to zero field.eff is the effective paramagnetic mo-
ment.
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Figure 9.10:Derivative of the susceptibility with the temperature for the Tl�Mn���Te�O�

family. The negative peaks mark the magnetic transitions. The curves are not at scale, and
are displaced vertically for clarity. The magnetic transition temperatures are obtained from
the minima in those curves. The ones at higher temperatures are marked by dotted circles.
The dashed line shows that the transition corresponding to the Te-rich phase goes down in
temperature as Te content increases. Observe that the first peak forTe 0.1andTe 0.2coincide
with the transition for thePurecompound.

with z= 6 the number of nearest neighbours andS= �
�

the spin of the magnetic cations,

Mn�	. As we have two transition temperatures, two magnetic interactions are acting in

the system, with their corresponding exchange integrals. The first one (��) is similar

to that of thePure: � 0.66(1) meV. The second one (��), corresponding to the new

type of interactions that appears when introducing Te, decreases with Te content, from

1.115(11) meV forTe 0.1to 1.097(6) meV forTe 0.2. If we consider that, as Te is

introduced in Mn sites, the number of neighbouring magnetic cations for each Mn�	

is reduced, the values ofJ will be higher, and will increase with Te content.

From the linear fit to the high-temperature inverse of the susceptibility (Curie-Weiss

Law) we calculated the PM transition temperature (
& ) and the effective PM moment

(�eff). The values are given in Table 9.2. For
& there is a sudden increase from the
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Figure 9.11: Low-temperature magnetization measured under a field of 1000 Oe for the
Tl�Mn���Te�O� compounds (open symbols), together with a fit to the Bloch’s T��� Law
(straight lines).

Purecompound toTe 0.1, coming from the new interaction introduced in the system

by Te substitution. ForTe 0.2
& is higher, but similar to the value forTe 0.1. This is

consistent with the similar high value found for TC�. It indicates a very similar type of

magnetic interactions.

The PM moment (�eff) per Mn atomfound forTe 0.1is very similar to that of thePure

compound, and very close to the expected value for Mn�	 (3.8��). But for Te 0.2the

value is nearly 3 times bigger. That is possibly due to the existence of FM clustering

far above TC.

In Fig. 9.11 we represent the low-temperature magnetization, measured under 1000

Oe versus T���. The dependence is linear, as expected from theBloch’s T ��� Law

(Equation 4.3). From the fits to that equation we obtained the values for the magneti-

zation at 0 K and 1000 Oe (not saturated), (�� � ��0K�), and the exchange integral
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Table 9.3: Parameters found for the low-temperature magnetization fit to the Bloch’s T���

Law. � is the magnetization at 0 K and 1000 Oe, andJ is the exchange integral.
x �� (��/Mn) J (meV)

0.0 1.69975(11) 0.785(5)
0.1 1.7676(4) 0.91(2)
0.2 1.74035(13) 0.641(3)

Table 9.4:Exchange integral values (in meV) for the Tl�Mn���Te�O� family, obtained from
different experimental methods.

x from TC� from TC� from T��� Law
0.0 0.661(6) — 0.785(5)
0.1 0.638(11) 1.115(11) 0.91(2)
0.2 0.638(11) 1.097(11) 0.641(3)

(J), that are given in Table 9.3.

The variation of�� resembles that of the saturation magnetization given in Table 9.2:

it increases when Te is introduced in the material. ForJ we find an increase in its value

for Te 0.1, but a decrease forTe 0.2. The increase forTe 0.1evidences the net increase

in the magnetic exchange. Nevertheless, the reduction forTe 0.2can be due to other

causes, such as defects introduced in the Mn sublattice.

In Table 9.4 we compare the different values forJ, depending on the technique used

to determine it. As explained before, we give two values coming from TC: �� (from

TC�) and�� (from TC�). Values for�� are nearly double of those for��, indicating

the increase in the magnetic interactions due to the introduction of Te. The values

for J coming from Bloch’s T��� Law are higher than those for��, coming from TC� .

See that forTe 0.1it is clearly higher than for thePurematerial, while forTe 0.2it is

lower. But, from the transport measurements (for example, the reduction in the rate

of resistivity in the disordered and ordered regions, or in the MR ratios) we can guess

that the magnetic interactions actually increase with Te inclusion, as indicated from

the increase inJ coming from TC.

9.4.1.2 Analysis of the isothermal magnetization

The extrapolation to zero-field of the high field magnetization at low temperatures is

the saturation magnetization (�������
). The values are given in Table 9.2. There is an

increase in its value (per Mn atom) when introducing Te. It is very similar forTe 0.1

andTe 0.2(� 2.6��/Mn). The variation is that presented is the inset of Fig. 9.4.

The approach to saturation at high fields and low temperatures follows the equation
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Figure 9.12:Approach to saturation at very high fields of the low-temperature (5 K) isother-
mal magnetization. Experimental data are given by symbols, and the straight lines are the fits
to equations in the form� � �� ��� �!�����.

� � ����� ���$���. As we explained in detail in Section 4.4.1.2, the model for such

an approach to saturation is that of a saturated bulk material, with a surface layer. This

layer will have a high anisotropy, with randomly oriented anisotropy axis. The plots

of the fits are given in Fig. 9.12 and the parameters obtained from them are given in

Table 9.5. The variation with Te content of�������
is the same as that of�������

,

commented before. The anisotropy in the surface layer is reduced with respect to the

Pure.

We fitted the isothermal magnetization above TC to a Brillouin equation (Eq. 4.4),

using the same values of�Bri and TBri for all the temperatures of each sample (Fig.

9.13). The parameters obtained are given in Table 9.5. The PM moment found in this

way (�Bri) increases with the Te content. The PM transition temperature (TBri) follows

the same trend of
& .
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Table 9.5:Magnetic parameters for the Tl�Mn���Te�O� family, derived from the isothermal
magnetization data.�������

is the saturation magnetization found when extrapolating to
very high fields the magnetization at 5 K.�� and�� are the anisotropy field and constant,
respectively, of the grain surface layer. Also the PM moment (Bri) and transition temperature
(TBri) from the fitting of the high temperature magnetization curves to the Brillouin equation
(Eq. 4.4) are given.

x �������
(��/Mn) ��$� (T) 1� (10� J/m�) �Bri (��/Mn) TBri (K)

0.0 2.6012(4) 1.55(2) 3.85(5) 2.611(3) 142.76(15)
0.1 2.673(2) 0.86(8) 2.08(12) 2.86(2) 188.9(9)
0.2 2.643(13) 0.94(4) 2.14(9) 2.662(5) 207.70(18)

Table 9.6:Transport parameters for the Tl�Mn���Te�O� family.

x
�
% ����%

����%��
�%
–MRPeak(9T) –MR���%(9T)

(� cm) (� cm) (%) (%)
0.0 0.166 25.7 154.7 92.96 29.54
0.1 0.054 0.107 2.156 31.24 2.76
0.2 0.009 0.016 1.886 22.65 6.50

9.4.2 Analysis of the resistivity

The main transport parameters are given in Table 9.6. Observe the decrease in all the

parameters when increasing the Te content. The resistivity (both the residual value, at

5 K, and at RT) decreases substantially.

As explained before (Section 9.3.2), the decrease in the resistivity is due to the increase

in the number of carriers. The further increase in the resistivity that appeared in the

Sb family for higher Sb contents (x� 0.3) is not present here, due to the low substitu-

tion introduced. But we do not disregard higher resistivities for higher Te-containing

materials.

The drop in resistivity at the MI transition, quantified by the ratio����%��
�% is also

greatly reduced. This reduction, as well as the reduction in the MR ratios, as explained

in Section 9.3.2, is probably due to a decrease in the spin-polarization of the conduction

carriers. As the bands are being filled with the new electrons coming from the Te

atoms, the difference between the respective majority and minority Fermi velocities

(and, hence, in the conductivities) is reduced. That reduction in the spin-polarization

makes the effect of the magnetic order/disorder to diminish.
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Table 9.7:Parameters found for the low-temperature upturn in the resistivity, produced by
Coulomb-blockade.� gives the charging energy, and�� gives the blockade contribution to
the resistivity at temperatures far bigger than�.

x ��H (T) � (K) �� (� cm)

0.1
0 0.0248(11) 0.0463(3)
9 0.033(12) 0.0035(2)

0.2
0 0.005(3) 0.00794(13)
9 0.014(6) 0.0063(2)

9.4.2.1 Low-temperature resistivity

Having a detailed look to the low-temperature resistivity, we found a small upturn

for the Te-substituted compounds. This upturn, that also appeared for almost all the

substituted families, is produced by a Coulomb-blockade process. When the material’s

grains are very isolating, applying a voltage potential between the sides of the particles

makes these particles behave like a condenser. Therefore, the particles get charged.

And this charge makes the particle even more isolating, since we will have to apply a

higher voltage to get the constant current through the particle (See Chapter 11).

As we did for the other families, we fitted this upturn to a decay in the form��� � �

�� ��������� ��. We tried different reasonable values for the parametern. The best

fit was forn = 1/2 (Fig. 9.14). This exponent is characteristic of a Coulomb-blockade

process. Therefore, as happened for the previous families, particle charging appears at

low temperatures. The�� and� parameters found in the fits are given in Table 9.7.

� is the charging energy and�� is the contribution of this process to the resistivity of

the material when the temperature is far bigger than�.

One can see the decrease in the charging energy with Te content. This decrease indi-

cates a weaker low-temperature scattering as the Te substitution increases. It is due to

the increase in the low-temperature FM interactions.

Comparing the values for the barrier for this family with those for other families, note

that the effect is very similar for Sb- and Te-substituted compounds. This indicates,

once more, the similarity between those families.

The variation of�� resembles that of the resistivities in Table 9.6, as expected.

The T� dependence for the low-temperature resistivity is also present in this family.

We fitted the data to the equation� � �� � #� ������
 (Fig. 9.15).

As we discussed in Section 4.4.2.1, the T� factor for these materials comes from

electron-electron interactions, and that T� dependence is related to spin-flip processes
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Figure 9.15:Log-Log plot of the low-temperature resistivity of the Tl�Mn���Te�O� fam-
ily. Experimental data are represented by open symbols. The lines correspond to the fits to
functions in the form:� � �� 	�� ������
 .

(Watts et al., 2000). Therefore, the exponential factor is associated with the inac-

cessibility of minority spin states for spin-flip scattering processes, as expected in a

half-metal (Fig. 4.16). The values for the parameters found in the fit are given in Table

9.8.

The variation of the resistivity�� is, logically, that of�
% in Table 9.6.

The inverse of A will give an idea of the DOS available for the spin-flip process. The

substantial decrease in A tells us that the DOS at the Fermi level is clearly higher when

the Te is introduced. The increase in the gap energy (��) evidences a separation of the

bottom of the majority valence band from the Fermi level. A schematic DOS can be

proposed from this analysis, that is consistent with the apparition of a intermediate Te

band in the minority DOS (Fig. 9.16).
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Table 9.8:Parameters found for the low-temperature resistivity fit to the function� � �� 	
�� ������
 , indicating spin-flip processes.

x �� (� cm) A (� cm/K�) �� (K)
0.0 0.16511(10) 1.967(12) 4.3(4)
0.1 0.05263(11) 0.181(13) 29(6)
0.2 0.00806(5) 0.016(4) 24(25)
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Figure 9.16:Schematic DOS for the Tl�Mn���Te�O� series, as can be deduced from the
parameters found in the fits of Fig. 9.15. The figures are not at scale. Note the increase in the
spin-flip band-gap (��) and in the DOS at the Fermi level when introducing Te.

9.4.2.2 High-temperature resistivity

For the high-temperature resistivity data, as in most of the Tl�Mn�O�-related com-

pounds, the behaviour is thermally activated. Again, we considered the conductivity

to have two contributions: a polaronic one, coming from the polaron hopping, and a

metallic one, coming from non-magnetic scattering processes of the electrons, as in a

normal metal. Then (Eq. 4.7):

��� � � �met�� � � �pol�� � �
�

�
#met�

�

�
#pol ���

�
� �(

���

�

#met and#pol give the metallic and polaronic contribution, respectively, and�( is the

activation energy for polaron hopping.

We fitted the high-temperature conductivity to the equation above. The graphs of the

fits are plotted in Fig. 9.17. Table 9.9 gives the parameters found for the fits.
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Table 9.9:Parameters found for the fit of the high-temperature conductivity to the equation

��� � � �met

 	

�pol


 
��
�
� /

)�


�
. �met and�pol give the metallic and polaronic contribution,

respectively, and�( is the activation energy for polaron hopping.
x #met (K/� cm) #pol (K/� cm) �( (meV)

0.0 4.31(12) 197(8) 85.0(16)
0.1 1320(8) 29000(400) 77.2(5)
0.2 4000(1600) 74000(500) 41(4)

Table 9.10:Hall coefficients and number of carriers for the Tl�Mn���Te�O� family, at differ-
ent temperatures.

x T (K) �� (cm�/C) �� (cm�/C) n (10�� e�/f.u.)

0.0

5 -6.37(7) -2.7(7) 1.192(14)
50 -6.42(6) -3.2(7) 1.181(12)
100 -7.16(7) -4.4(9) 1.060(10)
150 -22(3) — 0.35(5)
250 -723.38(15) — 0.0105(2)

0.1

5 -1.1336(17) -0.087(15) 6.678(10)
50 -0.971(4) -0.44(3) 7.87(3)
100 -0.83(3) -0.5(4) 9.20(4)
150 -0.56(8) 2.3(13) 13.70(19)

0.2

5 -0.0466(7) -0.0045(7) 163.6(2)
50 -0.0794(2) -0.005(7) 96.1(3)
100 -0.0769(4) -0.002(5) 99.1(5)
150 -0.0726(5) -0.009(9) 105(7)
200 -0.0807(5) -0.057(18) 94.4(6)

The metallic and polaronic coefficients increase with Te content, consistently with

the decrease in the resistivity. The activation energy for the polarons decreases when

substituting with Te, as expected: the FM interactions for the Te substituted samples

are reinforced, and the polarons are able to move more easily.

When applying a magnetic field, the� vs. T curves do not present any activated be-

haviour, but they are rather metallic, consistently with a higher magnetic alignment,

allowing the carriers and polarons to move in a more easy way.

9.4.3 Analysis of the Hall data

Table 9.10 gives the Hall coefficients (�� and��) from the analysis of the Hall data

for all the Tl�Mn���Te�O� series. From�� we calculated the concentration of elec-

trons (n), also given in Table 9.10. The low-temperature number of carriers for the

Te 0.2compound is 0.016 e�/f.u. higher than that of thePure sample. It is only
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Figure 9.18:Variation with temperature of the number of carriers for the Tl�Mn���Te�O�

family. Note that the steep decrease above TC is only present for thePurecompound.

slightly lower than the estimation we did (see Section 9.2.2) from the occupancy fac-

tors obtained from NPD data, indicating that, contrarily to what happened with the

Tl�Mn���Ti���O� and Tl�Mn���Sb���O� compounds (Sections 7.4.3 and 8.4.3), almost

all the new electrons are placed near the Fermi level. As happened for the Ti-and Sb-

containing families, while for thePurecompoundn is nearly constant below TC and

drops for temperatures above it, for the Te-substituted materialsn is almost constant

for the studied temperature range, below TC (Fig. 9.18).

9.4.3.1 Applicability of the Majumdar-Littlewood model

When plotting, for high temperatures (T� 200 K), the MR versus the square of the

normalized magnetization (Fig. 9.19), we found again that the values correspond —

for low relative magnetization values— to straight lines crossing through the origin,
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Lines are the fits to the Majumdar-Littlewood equation (Eq. 1.5). Inset: variation of the slope,
C with the number of carriers. The line gives an exponent of -1.09(16), a bit higher than the
expected value accordingly to the Majumdar-Littlewood model (-2/3).

and that those values do not depend on the temperature. Therefore, the Majumdar-

Littlewood equation (Eq. 1.5) is fulfilled. The slope,C does not follow the proposed

equation� � ����� (Eq. 1.6), but it does have a potential dependence with the number

of carriers, as can be seen in the inset of the figure.

Majumdar and Littlewood propose two different situations, depending on the value of

the product�� �, where� is the magnetic correlation length. From neutron scattering

data, Lynnet al. found � � 10 Å for thePure compound (Lynnet al., 1998). As

we only have Hall data at high temperature for theTe 0.2compound at (200 K), we

calculate the Fermi vector for it. We find it to be�� � �� m�� (Table 8.10). That

makes�� � � �. Therefore, we are in the intermediate region between the two limit

situations, as happened for the Ti- and Sb-substituted compounds. As we explained in

Section 1.5.1, they postulate the existence of non-interacting magnetic polarons only
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Table 9.11: Microscopic transport parameters derived from the experimental transport data of
the Tl�Mn���Te�O� compounds.� is the mean free path,� is the electron mobility, and��
and�� are the electron Fermi wave-vector and energy, respectively.

x
T n � ? �� �� �� ��

(K) (10�� e�/m�) (� cm) (Å) (10�� m�/Vs) (10� m��) (meV) (K)

0.0

5 9.80 0.17 7.66 38.3 3.07 3.60 41.8
50 9.72 0.21 6.16 30.5 3.06 3.58 41.5
100 8.72 0.48 2.93 15.1 2.96 3.33 38.6
150 2.85 15.9 0.18 1.38 2.04 1.58 14.3
250 0.086 30.7 0.98 23.6 0.63 0.15 1.78

0.1

5 55 0.054 7.58 21.1 5.46 11.4 132
50 64 0.055 6.66 17.6 5.75 12.6 146
100 75 0.067 4.98 12.5 6.05 14.0 162
150 112 0.095 2.67 5.85 6.92 18.3 212

0.2

5 1339 0.009 5.71 5.48 15.8 95.5 1108
50 787 0.008 8.34 9.56 13.3 66.9 777
100 811 0.010 7.01 7.96 13.4 68.3 793
150 859 0.012 5.30 5.90 13.7 71.0 824
200 773 0.016 4.47 5.16 13.2 66.2 768

in the case�� � � �. In this intermediate region the transport will not be due to

activated polaron hopping, but rather a more metallic-like one. This is why the fit to

the activated behaviour seems not so clear as for the Bi- and Cd-substituted families.

9.4.4 Microscopic transport parameters

In Table 9.11 we give the values for the most notable microscopic transport parameters,

calculated from the experimental values of the number of carriers and resistivity.

The mean free path (MFP),?, is enhanced with Te substitution (except forTe 0.2at

5 K). For the Te-containing compounds, the high-temperature values are still of the

order of, or even bigger than, the interatomic distances. This is, again, in agreement

with the nearly metallic transport found at high temperatures for these two materials.

In Fig. 9.20 we give the variation of the electron mobility with temperature. For the

Pure compound, below TC it is nearly constant. It decreases abruptly above TC, in

the region of the peak in the resistivity. And it again increases when polarons begin

to play an important role in the transport. But for the Te-substituted compounds, we

observe the decrease around TC, but we do not have high-temperature data to assert

whether there is a further increase around 300 K. But we can guess that, as happened

for the Sb-substituted family, where the activated conductivity is a small feature, in
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Figure 9.20: Variation with temperature of the electron mobility for the Tl�Mn���Te�O�

family.

this Te-containing family there would be no further increase in the mobility.

In the same way we did for the conductivity, the mobility can be separated into two

terms: the mobility of the polarons (�pol) and the "metallic" contribution to the mobility

(�met). The metallic term can be calculated in the usual way: �met �
(met
��

� �met�

��

.

And the contribution of the polarons to the mobility will be the difference�� � �met.

As the polarons only appear for high temperatures (T � 200 K), the only temperatures

at which we have all the needed parameters are 250 K for the Pure and 200 for the Te

0.2. The different contributions to the mobility are given in Table 9.12.

x
T �� �met �pol �met��� �pol���

(K) (10�� m�/Vs) (10�� m�/Vs) (10�� m�/Vs) (%) (%)
0.0 250 23.6 12.5 11.1 53 47
0.2 200 5.16 1.61 3.54 31 69

Table 9.12:Comparison of the metallic (met) and polaronic (pol) contributions to the total
mobility (�) for the Tl���Te�Mn�O� series.
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The polaronic contribution to the mobility gains in importance as we go up in the

series. This is consistent with a higher magnetic interactions for the Te-containing

samples. This produces a better polaron hopping, being then the polaronic contribution

to the mobility the main one.

As happened to the Ti- and Sb-containing families, the Fermi energy,�� , is very high,

compared with thePure. This indicates that the bottom of the minority conduction

band is far from the Fermi level. As we explained in Chapter 8, the problem is that, for

calculating those values, we have used the free-electron model. But if we consider the

new Te-related band (Fig. 9.16), the effective mass for the electrons is no longer small,

but rather greater. Therefore, we are probably not so far from the band bottom as these

estimations for�� seem to be. If we compare the ratios between the low-temperature

Fermi energy with the energy gap for low-temperature spin-flip processes (�����),

the values obtained are 9.53, 4.55 and 55.4 forPure, Te 0.1andTe 0.2, respectively.

This values give an idea of the scales in the density of states. The very high value for

Te 0.2tells us of the reduction in the spin-polarization.

Regarding the Ioffe-Regel limit, assuming the free-electron approximation to be valid,

it will be fulfilled for the Te 0.2compound at low temperatures (50 K). This explains

why this compound behaves in a nearly metallic way.

9.5 Conclusions

� We have prepared and characterized the family Tl�Mn���Te�O� (0� x � 0.2).

� The FM interactions are strengthened when Te is introduced in the pyrochlore,

leading to a significant increase of TC. This is due to the electron doping intro-

duced by Te�	.

� The band structure has been modified, by the introduction of a new band in the

minority DOS.

� The number of carriers has substantially increased, as measured by Hall effect.

The carriers (electrons) are coming from the higher oxidation state of the Te

cation with respect to Mn�	. Care is needed to be taken, and one have to consider

the occupancy factors for the different positions, in order to estimate the number

of carriers.
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� As a result of the increment of the density of charge carriers, the resistivity

and magnetoresistance substantially decrease with respect to the unsubstituted

compound.

� A small Coulomb-blockade effect is found at low temperatures.

� The low-temperature resistivity evidences the existence of band separation, as

well as a band-gap in the majority DOS. This is consistent with the electronic

band calculations for the x = 0.0 compound, and with the behaviour found for

the other families.





Chapter 10

Under Pressure

A
FTER studying the different substituted families, we turned our view to

another interesting study: the influence of hydrostatic pressure on the

structural and magnetotransport properties.

10.1 Introduction

As explained in the introductory chapter (Chapter 1), some studies had been performed

on the unsubstituted Tl�Mn�O� pyrochlore under high hydrostatic pressures (Sushko

et al., 1998; Senis, 2000), but none on any of the substituted families. Those studies

on Tl�Mn�O� evidenced areductionin the magnetic transition temperature (TC) when

applying moderate (p < 5 GPa) pressures (� – 1.5 K/GPa). For higher pressures (p

> 7 GPa) the variation changes sign, and an enhancement in TC was observed. The

structural measurements, both by neutron powder diffraction (NPD) (Sushkoet al.,

1998) and synchrotron X-Ray diffraction (XRD) (Senis, 2000), reveal adecreasein all

the relevant structural parameters (lattice parameter (��), Mn–O distance ((����) and

Mn–O–Mn angle).

Sushko gave an explanation for the obtained features (Sushkoet al., 1998), proposing

a negative, antiferromagnetic (AF) interaction to nearest-neighbours (nn). This AF

interaction would not be revealed because of the geometric frustration of the lattice.

Consequently, the manifested ferromagnetism comes from ferromagnetic (FM) next-

nearest-neighbours.

On the other hand, Senis gave an explanation in terms of the band structure (Senis,

2000). For moderate pressures, the effect of the diminution of the hybridization of

the bands will dominate, reducing TC. For higher pressures, the widening of the band

313
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dominates, increasing TC.

Recently, Núñez-Regueiro and Lacroix described (Núñez Regueiro and Lacroix, 2001)

with detail the explanation proposed by Senis: the mechanism for ferromagnetism in

A�Mn�O� pyrochlores, (A = In, Y, Lu and Tl). In their model there are two interac-

tion terms. The first one is a conventional superexchange (SE). They take into account

more terms in the magnetic Hamiltonian than other people do, finding that for certain

values of the energy difference between the Mn(��) and the O levels, the interaction

is FM. And when a pressure is applied, these Mn(��) levels rise in energy, thus weak-

ening the strength of the FM coupling, with the subsequent reduction in the transition

temperature. This term alone would lead to a transition temperature of about 15 K

(as found experimentally for A = Y and Lu). The second term is only present in the

In�	 and Tl�	 pyrochlores, since these cations contain voluminous 5s and 6s orbitals,

able to overlap with Mn and O orbitals. This term is described as an indirect exchange

(IE) between Mn cations caused by the strong hybridization of the Tl/In-O’ conduction

bands with the empty Mn(��) levels, allowing an indirect coupling between neighbour-

ing Mn(	��) states. This second magnetic interaction would account for an increase in

the transition temperature of about 100 K.

Consequently, we performed a study of the structural and transport properties for the

pure Tl�Mn�O� pyrochlore, as well as in three of the substituted compounds. With this

study we aimed to elucidate which of the proposed explanations was correct.

10.2 Experimental methods

The chosen compounds to be studied were (Velascoet al., 2002d) Tl�Mn�O� (labelled

asPure), Tl��Bi���Mn�O� (Bi 0.1), Tl���Bi���Mn�O� (Bi 0.2), Tl���Cd���Mn�O� (Cd

0.2), and Tl�Mn���Sb���O� (Sb 0.2). They were chosen for being paradigmatic com-

pounds, exhibiting all the range of effects: electron reduction/increase, spin-glass state,

lowering/rising of TC, etc.

10.2.1 Neutron powder diffraction

NPD data were collected at the PEARL high pressure facility, HiPr, at ISIS (Ruther-

ford Appleton Laboratory, U. K.) for thePure, Bi 0.2, Cd 0.2andSb 0.2samples,
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under pressures up to 9 GPa, at room temperature. As explained in Chapter 3, a Paris-

Edinburgh cell was used, with a 4:1 by volume mixture of fully deuterized methanol-

ethanol as pressure transmitting liquid. The gasket we used was the new encapsulated

one for the Paris-Edinburgh cell. Typically, diffraction data were collected at seven

or eight pressures between ambient pressure and 9 GPa, with each data collection run

lasting for 3 hours. All the diffraction patterns were analyzed with the Rietveld tech-

nique using the General Structure Analysis System (GSAS) (von Dreele and Larson,

1986).

A pressure-calibration run was performed for theCd 0.2sample. A mixture of NaCl

andCd 0.2in a 2:1 volume ratio was loaded in the gasket. Eight pressure points were

collected up to 9 GPa.

10.2.2 Resistance measurements

The resistance versus temperature (from 10 to 300 K) of thePure, Bi 0.1, Cd 0.2and

Sb 0.2samples was measured, up to 8.3 GPa in a diamond-anvil cell, using silicone oil

as pressure transmitting liquid and ruby grains for calibration of the pressure (Tissen

et al., 2002). We usedBi 0.1 instead ofBi 0.2 because the later is a highly insulating

compound (see Chapter 5), which made it difficult to measure the resistance in very

small samples. Sample sizes are typically 0.2� 0.2� 0.05 mm�. The standard four

contact technique was used to measure samples with resistance lower than 20 M�,

using a Keithley 195 multimeter. Samples with resistance higher than 20 M� were

measured using the voltage source and the amperemeter of a Keithley 617 electrome-

ter. A careful manipulation was needed to avoid cutting the gold wires when closing

the cell. As the exact geometry of the samples under pressure is uncertain, we give

resistance instead of resistivity values. These delicate measurements were performed

by Dr. Vladimir Tissen.

10.3 Results and discussion

10.3.1 Structural data

For the pressure-calibration run (forCd 0.2and NaCl), eight pressure points were col-

lected up to 9 GPa. The actual pressures inside the cell were calculated from the NaCl

unit cell parameters (Decker, 1971). No significant overlapping was found between
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the NaCl and the pyrochlore peaks. From the two-phase Rietveld analysis, the lattice

parameter of theCd 0.2pyrochlore was calculated for each pressure. The data were

fitted to the equation of state, following the 3rd. order Birch-Murnaghan model:

% � �'�9�� � �9�
�
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�
� �

�

�
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is the eulerian strain.

'� is the isothermal bulk modulus (B = –V dp/dV) evaluated at p = 0. Similarly, the

(dimensionless)B’ parameter is the first derivative of the isothermal bulk modulus, also

evaluated at p = 0. The latter provides a measure of how much stiffer the material gets

with increasing pressure. Typical values for this parameter are around 4. The values

we obtained for6�, '� andB’ for theCd 0.2sample were 970.8(4) Å�, 198(8) GPa and

0.0(1.4), respectively. The value for6� (zero-pressure unit cell volume) is in agreement

with the XRD and NPD data1 (972.51(2) Å�), assessing for the goodness of the model.

The small discrepancy is due to the fact that the6� figure would correspond to zero

pressure, whereas the experimental procedure requires a small —but not negligible—

pressure to seal the cell. Typical Paris-Edinburgh cell sealing pressures range from

near zero to 0.2 GPa, depending on just how well the sample is packed into the anvils.

The'� value is rather large, meaning that the material is quite incompressible. The

zero-within-error value ofB’ for our equation of state fit therefore means that V as a

function of p is essentially linear. This is possibly due to the rather large value forB�

�200 GPa, and we simply did not collect data over a large enough pressure range to

detect any significant curvature inV vs. p.

The refinement of the NPD pattern was performed by the Rietveld method in the con-

ventional pyrochlore structural model, space group Fd��m, Z = 8, considering Tl (Cd,

Bi) atoms distributed at random at 16c (0,0,0) positions, Mn (Sb) at 16d ( �
�
,�
�
,�
�
) sites,

O at 48f (u,�
�
,�
�
), and O’ at 8a (�

�
,�
�
,�
�
) positions. For all the compounds, the symme-

try remains unchanged throughout the studied pressure region. Scattering from the

pressure cell resulted in the presence of low-intensity peaks from tungsten carbide

and nickel, which were introduced in the refinement as secondary phases. Fig. 10.1

illustrates a typical example of a neutron diffraction pattern after the final refinement.

1See Table 6.1
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Figure 10.1:Neutron powder diffraction data for theSb 0.2sample after the Rietveld refine-
ment. The second and third series of allowed Bragg reflections correspond to CW and Ni from
the pressure cell. The pattern was collected at 1.33 GPa, at room temperature, in the PEARL
high-pressure facility at ISIS. The inset shows the relative variation of the lattice parameter vs.
the applied load for the different samples. The relative variation is almost the same for all the
four samples, exhibiting a similar compressibility.

It corresponds toSb 0.2, under an applied pressure of 1.33 GPa.

The pressure calibration of the cell was performed using theCd 0.2sample (see above)

and it was assumed that the compressibility of all the samples is approximately the

same. That is, for a given pressure, the relative variation of the cell volume is similar

for all the compounds. To check this reasonable hypothesis we have plotted in the

inset of Fig. 10.1 the relative variation of the cell dimension for all samples with the

applied load. The slope is very similar for all samples, as expected for materials with

very similar compressibilities.

Fig. 10.2 gives the variation of the relevant structural parameters with pressure for

the four samples, i.e. Mn–O bond lengths and Mn–O–Mn angles. Both parameters are

plotted in the same scale for the four samples, in order to make easier the comparison of

the relative variations between different compounds. As expected, the Mn–O distance

(d����) decreases monotonically when an external pressure is applied (full squares

in the figure). As both Tl and O’ occupy special positions in the unit cell, the Tl–O’
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Figure 10.2:Pressure variation of the main structural parameters for the four samples. The
left axes correspond to the variation of the Mn–O distance. The right axes correspond to the
Mn–O–Mn angle variation.
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Figure 10.3:Relative variation of the Mn–O distance with the applied pressure, for the four
pyrochlores. A linear variation is observed. The minimum compressibility of the Mn–O bond
corresponds toSb 0.2, which substantially differs from the others.

bond length decreases when pressure increases, as the cell parameter is reduced. Very

interestingly, the Mn–O–Mn angle (
), related to the magnetic SE, experiences diverse

variations for the different oxides. For thePureand theCd 0.2compounds,
 increases

with pressure, whereas for theBi 0.2sample,
 remains almost unchanged. The most

peculiar variation is that observed forSb 0.2, for which
 decreases.

The behaviour of the different samples can be understood with the help of Fig. 10.3,

that compares the relative variation of the Mn–O distances in the four compounds. For

theSb 0.2sample, the slope is substantially lowered with respect to the other samples,

suggesting that the compressibility of the Mn–O bonds is lower for this compound. In

fact, in Sb 0.2, Mn�	 cations are partially replaced by Sb
	. Given the much higher

electronegativity of Sb
	, this cation is able to form much stronger covalent bonds

to oxygen than Mn�	 cations. Thus the introduction of Sb into the Mn sublattice

reinforces the overall strength of the (Mn/Sb)–O bonds.
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In the pyrochlore structure there is a single variable structural parameter, theu coor-

dinate for O oxygens at 48f positions, determining the Mn–O and Tl–O bond-lengths

and the Mn–O-Mn angles. The closing of the Mn–O–Mn angles implies a reduction of

theu value, together with a shortening of the Tl–O distances. The observed reduction

of the Mn–O–Mn angles inSb 0.2suggests that the compressibility of the Tl–O bonds

is higher than that of the Mn(Sb)–O bonds. This is consistent with the previously men-

tioned reinforcement of the (Mn/Sb)–O chemical interactions, giving rise to stronger,

less compressible bonds.

In thePureandCd 0.2samples we observe the opposite trend: Mn–O bonds are more

compressible than Tl(Cd)–O bonds, in such a way that the application of an external

pressure leads to a shift of the O oxygen positions, involving an increase of theu

parameter, leading to the opening of the Mn–O–Mn angle.

Finally, the case ofBi 0.2, showing no significant pressure variation of the Mn–O–Mn

angle, suggests a weakening of the Tl–O covalent bonds as a result of the introduction

of Bi into the Tl sublattice, which is reasonable since Bi doping involves a remark-

able charge localization in the valence electronic states, thus decreasing the covalent

character and the strength of the (Tl/Bi)–O bonds. The described variation of the bond-

lengths and angles under an external pressure will be the key for the interpretation of

the variation of the magnetotransport properties described below.

10.4 Results and discussion

10.4.1 Transport data

It is important to point out that, in Tl�Mn�O�-related pyrochlores, the electronic trans-

port is associated with the magnetic ordering, in such a way that the metal-insulator

transition (TMI ) occurs more or less at the magnetic transition (TC). Therefore, the

measurement of the transport transition is a good approximation to the Curie tempera-

ture. TMI is defined as the maximum of theA�� ���A� because this value is close to

that of TC (Senis, 2000).

Figs. 10.4 and 10.5 display the resistance versus temperature curves for different pres-

sures in 3D graphs. In the Resistance-Pressure plane one can see the projections of the

values of the resistance at room temperature (R�
 ) and at 10 K (R��% ), with a solid

line as a guide to the eye. The Temperature-Pressure plane contains the projections
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Figure 10.4: 3D representation of the resistance of Tl�Mn�O� (top panel) and
Tl��Bi���Mn�O� (bottom panel) versus temperature curves for different pressures. The resis-
tance versus pressure are projected for room temperature (R�
 ) and 10 K (R��%). A projection
of the transition temperature (TMI ) variation with pressure is also included.
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Figure 10.5: 3D representation of the resistance of Tl���Cd���Mn�O� (top panel) and
Tl�Mn���Sb���O� (bottom panel) versus temperature curves for different pressures. The re-
sistance versus pressure are projected for room temperature (R�
 ) and 10 K (R��%). A pro-
jection of the transition temperature (TMI ) variation with pressure is also included. ForCd 0.2
a logarithmic scale is used for clarity.
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of the transition temperatures (TMI ) for the different pressures, also with a solid curve

showing the trend. We will discuss these values later.

10.4.1.1 Low-temperature resistance

Observe that for thePureandSb 0.2samples the overall shape of the curves does not

change with pressure. For the other two samples (Bi 0.1andCd 0.2) an upturn appears

at low temperatures for very high pressures. This can be seen in detail in Fig. 10.6.

The upturn forBi 0.1 is shown in the upper panel (a), which is already present at

ambient pressure. For theCd 0.2 compound (lower panel, b) the upturn is only

significant for pressures higher than 5 GPa. This low-temperature upturn appeared

at ambient pressure in almost all the families, but it is specially relevant in the

Bi-substituted series. We fitted this upturn to an exponential decay in the form

��� � � �� ��������� �
� , with �� being the resistance for very high temperatures

compared with the activation energy (�). Experimentally we findn to be 1/2, reveal-

ing a Coulomb-Blockade process, rather than an activated semiconductor behaviour

(n = 1). This Coulomb-Blockade consists of a localization of the charge carriers,

generating that increase in the resistance with decreasing temperature. As the carri-

ers are responsible for the IE FM interaction (Núñez Regueiro and Lacroix, 2001), if

the Coulomb-Blockade effect is pronounced, a disruption of the magnetic exchange

between the Mn�	 magnetic moments can be produced, ending in a spin-glass state.

That spin-glass state was observed in the Bi-substituted series (Chapter 5) at ambient

pressure by means of magnetic measurements.

The variation of the� parameter with pressure is given in the insets of Fig. 10.6 (a)

and (b). One can see a monotonic, almost linear, increase of� with pressure for theBi

0.1 sample, and a sudden increase of it for pressures higher than about 6 GPa for the

Cd 0.2material. Notice that, forBi 0.1, the upturn is already present even at very low

pressures. As explained in Chapter 5, this observation suggests that in this oxide the

magnetic interactions are already weakened and the spin-glass phase transition can be

easily triggered by an external pressure.

On the contrary, for theCd 0.2pyrochlore the low-temperature upturn takes significant

values only for very high pressure, since at ambient pressure, no spin glass behaviour

has been observed in the Tl���Cd�Mn�O� series for Cd contents up to x = 0.5 (Chapter

6). Comparing the increase of the Coulomb-Blockade with the effect of applying a

magnetic field (see Section 5.4.2.1 forBi 0.1) we can conclude that the effects of
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Figure 10.6:Detailed view of the variation of the resistance versus temperature curves for
different pressures, for low temperatures, (a) for theBi 0.1 and (b) for theCd 0.2samples.
Insets: the corresponding variation of the Coulomb-Blockade energy� (in K) with pressure
for both samples.
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pressure and magnetic fields are opposite. That is, when applying a pressure, the

magnetic interactions are weakened. Then, a decrease in the transition temperature is

expected forBi 0.1 andCd 0.2when pressure is applied. We will come to this fact

later, when describing the variations in the transition temperatures.

10.4.1.2 Variation of the R with pressure at constant temperature

Fig. 10.7 shows the variation of the resistances at room temperature (solid squares) and

10 K (open circles) with pressure, for the four samples. Even if the sample sizes are

not the same, it is remarkable the very different orders of magnitude of the resistance

for different chemical substitutions. The resistance for thePuresample varies within

the 10� � range. For the Bi-substituted and Sb-substituted oxides, the resistances are

in the order of 10
 � and 10� �, respectively. For the Cd-substituted, the resistance

varies in a very wide range, from 10� to 10� � for the RT resistance, and around 10� �

at 10 K. These variations are due to differences both in the number of carriers and in

their mobility (Chapters 4, 5, 6 and 8).

Let us examine the different variations of the RT and 10K resistance with pressure (Fig.

9). For thePuresample, the resistance decreases when an external pressure is applied.

This can be easily explained if we take into account that the distance between Tl and

O’ ions becomes shorter with pressure (as the lattice parameter shrinks). This means a

better overlap between Tl and O’ orbitals, thus broadening the conduction band-width

and lowering the resistance. On the contrary, for the Bi-substituted sample there is a

clear increase of R�
 and R��% with pressure. Let us remind that Bi cations act as elec-

tron drains, reducing the charge carrier density at the conduction band; this draining

effect is enhanced when an external pressure shorten the Bi-O’ bond lengths, thus in-

creasing its localizing effect (Massaet al., 1999). In other words, the conduction band

will be narrowed and the resistance will, therefore, increase. For the Cd-substituted

compound, the situation is slightly different. We have scattering centers not only at Tl

positions, but we also have a superimposed hole-doping effect, since we are replacing

Tl�	 for Cd�	 cations (see Chapter 6). This hole injection (or electron removal) seems

to be strongly hindered in the low-pressure range, accounting for the initial decrease

of the resistance, either at RT and 10 K. For larger pressures, the scattering effect of

Cd cations, slowly increasing with pressure, is able to overcome the precedent one,

thereby leading to a new increase in the resistance. By contrast, for the Sb-substituted

sample there is an initial increase of the resistance, opposite to the behaviour observed
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Figure 10.8:Pressure variation of the transition temperature increment, for the four samples
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in the Cd- sample. This is consistent, since in the Sb-substituted oxide there is an

electron-doping effect (See Chapter 8), accounting for the low ambient-pressure resis-

tance; this electronic injection seems to be hindered by the application of moderate

pressures, accounting for the initial increase in resistance. The variation for pressures

higher than 2 GPa is the same as commented for the Pure sample: now we do not

have scattering centers at the Tl position (as inBi 0.1 andCd 0.2); and the overall

effect of pressure is to broaden the conduction band-width with a concomitant drop in

resistance.

10.4.1.3 The metal-insulator transition

As explained before, the metal-insulator (MI) transition is concomitant with the mag-

netic transition. Therefore, TMI gives a good approximation of TC. Remember that we

take TMI as the maximum of theA�� ���A� because this value is close to that of TC.
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Table 10.1:Comparison of the variation that we found for different parameters with pressure
for the Tl�Mn�O� pyrochlore with those published by Sushko (Sushkoet al., 1998) and by
Senis (Senis, 2000). TC is the magnetic transition temperature (or TMI , when the study was on
transport measurements).����� is the Mn–O distance and� is the Mn–O–Mn bond angle.
([1]: Magnetic susceptibility measurements; [2]: resistivity measurements; [3]: NPD study;
[4]: XRD study.)

d TC/d p d (����/d p d 
/d p reference
– 1.6 K/GPa [1] – 1.5� 10�� Å/GPa [3] – 0.1	/GPa [3] (Sushkoet al., 1998)
– 1.4 K/GPa [2] – 1.3� 10�� Å/GPa [4] – 0.3	/GPa [4] (Senis, 2000)
– 0.85 K/GPa [2] – 3.7� 10�� Å/GPa [3] 0.07	/GPa [3] (Velascoet al., 2002d)

Fig. 10.8 displays the pressure variation of TMI . For each sample we have plotted

��MI �%� � �MI�%� � �MI ���. Once again, the four samples behave in a different

manner. For thePurecompound there is a decrease of TMI with applied pressure, in

an almost linear way, with a rate of about – 0.85 K/GPa. TheBi 0.1 sample displays

a very large initial decrease, of about – 3 K/GPa, followed by a subsequent saturation

or slight increase. For theCd 0.2compound, TMI initially increases slightly, and then

decreases, for p > 0.5 GPa, at the same rate observed for thePure one. Finally, for

very high pressures, p > 4 GPa,there is a sudden faster decrease. By contrast, TMI for

Sb 0.2starts increasing when pressure is applied, and with a quite high rate (about 7

K/GPa); then���$ reaches saturation, even showing a slight decrease.

The monotonic decrease observed for thePurecompound can be explained through the

Goodenough-Kanamori-Anderson rules (Kanamori, 1954; Goodenough, 1955; Good-

enough, 1958) for the exchange interaction (J) governing the SE in Mn–O–Mn paths.

The magnetic interaction between nn Mn�	 moments, for Mn–O–Mn angles (
) close

to 90	, is FM in sign (J > 0), whereas it is AF (J < 0) for Mn–O–Mn angles close

to 180	. In between those
 values, there is a gradual decrease of the magnitude of

the FM interaction with increasing
 ; the interaction changes sign for
 � 135	 and

becomes AF. The magnitude of the AF interactions increase with the angle up to
 =

180	. Therefore, as the angle increases, the magnetic interaction becomes less FM,

and the transition temperature is reduced, and viceversa. This is exactly the case of the

Purecompound: there is an overall increase in
 under an external pressure (see Fig.

10.2), accounting for the decrease of TMI .

Compare the value we found with those found by Sushko and by Senis (Table 10.1).

Observe that our value for d TC/d p is significantly lower. This is consistent with the
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variation of the structural parameters we found: for our sample, d
/d p ispositive, in-

dicating an increase in the bonding angle. That should produce a higherreductionrate

in the transition temperature. But, on the other hand, our d(����/d p rate is consider-

ably higher, indicating a better overlap of the conduction band with the Mn(��) bands,

increasing the IE. Thus, this effect nearly compensates the increase in the bonding an-

gle, being the overall effect areductionin the decreasing d TC/d p rate. Note that the

NPD is a more suitable technique for determining the oxygen positions. Therefore, the

values obtained for the Mn–O–Mn angle and Mn–O distance are more reliable than in

the case they were obtained from XRD.

The Cd 0.2 sample presents a case similar to that of thePure, except for a slight

initial increase in TMI , that could be correlated to the initial decrease in
 that can be

observed in Fig. 10.2. In any case, for pressures higher than 1 GPa, the increase in


displayed in Fig. 10.2 is thought to be responsible for the decrease in TMI . Moreover,

this increase seems to have a more pronounced slope at pressures higher than 5 GPa,

which is correlated to a sudden decrease of TMI at this same pressure. This sudden

decrease in TMI develops simultaneously with the appearance of the low-temperature

upturn, as a result of a Coulomb-Blockade process. These facts strongly support the

idea of the IE via the minority carriers being the responsible for both the FM interaction

and the transport in the material. Compare the variation with pressure of� (Inset of

Fig. 10.6 (b)) and the variation of TMI (Fig. 10.8) for thisCd 0.2sample.

The situation is different for the Bi-substituted compound. Even though the structural

data were measured forBi 0.2, one can speculate that forBi 0.1 the variation would

be intermediate between thePure and theBi 0.2 compounds. Since thePure oxide

experiences a net increase in
, and forBi 0.2
 is almost unchanged, we can imagine

thatBi 0.1 would display a slight increase. That would not account for a decrease in

TMI bigger than for thePurepyrochlore, as actually happens (Fig. 10.8). Therefore, an

additional mechanism must be present. This extra mechanism is given by the Núñez-

Regueiro and Lacroix model. In this model, for the IE term, a reduction in the number

of carriers (or in their mobility) will produce a dramatic decrease in the magnetic in-

teractions. Therefore, as can be seen by the appearance of the low-temperature upturn

in the resistance, this is the case forBi 0.1: the low mobility for the carriers produces a

big decrease of TMI when applying pressure. The final increase in TMI , that appears for

pressures higher than 7 GPa, is also accounted for by the Núñez-Regueiro and Lacroix

model. The observed rise of TC for very high pressures is expected from the lowering
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of the conduction band energy (Núñez Regueiro and Lacroix, 2001).

For the Sb-substituted sample, the decrease in
 (Fig. 10.2) accounts for the dramatic

increase of TMI for moderate pressures. The closing of the
 angle is concomitant with

a reinforcement in the FM SE interaction. On the other hand, the slight TMI reduction

observed for pressures higher than 2 GPa can be interpreted again as due to the raising

of the Mn(��) levels with respect to the O level, proposed by Núñez-Regueiro and

Lacroix.

10.5 Conclusions

� We have studied the effect of hydrostatic pressure on the structure and transport

properties of some pyrochlores related to Tl�Mn�O�. Different behaviours have

been found for the different families.

� The Mn–O bond lengths monotonically decrease for all the samples; however

the characteristic Mn–O–Mn angles, controlling the transfer integral and the

strength of superexchange, have been found to vary in a different way accord-

ing with the nature of the chemical substitutions introduced in the pyrochlore

structure.

� The introduction of Sb at the Mn sublattice involves a strengthening of the

(Mn,Sb)–O chemical bond, accounting for the observed closing of the Mn–O–

Mn angle and the concomitant increase of TMI under an external pressure.

� The magnitude of the resistance and the transition temperature have also found

to evolve in different manners for the four samples; they have been correlated

and interpreted as a function of the variation of the structural parameters.

� In the most insulating materials (Bi- and Cd-substituted pyrochlores) a

Coulomb-blockade effect is induced with an external pressure.

� Finally, the data seem to support the Núñez-Regueiro and Lacroix model, within

the considered pressure range.
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Powder Magnetoresistance

S
INCE the pyrochlores are produced by high-pressure synthesis, all transport

data have been collected on dense ceramic samples. Grain boundaries are

well-known to play an important part in determining the resistivity and

magnetoresistance of metallic oxides (Hwanget al., 1996; Guptaet al.,

1996; Ziese, 2001; Evettset al., 1998). Therefore, the question arises of whether

the observed magnetoresistive effects are intrinsic properties of the Tl�Mn�O�-related

pyrochlores; or, on the contrary, they come from the grain boundaries.

Notably, a low-field contribution to the magnetoresistance of Tl�Mn�O� in the ferro-

magnetic (FM) state which is almost linear in field, varying as |H|, was attributed to

the alignment of the magnetization of adjacent grains, separated by a grain boundary

(Hwanget al., 1996).

11.1 Introduction

In the vicinity of TC, the intrinsic colossal magnetoresistance effect may become very

pronounced, especially in suitably substituted material (Alonsoet al., 1999a; Alonso

et al., 2000b). Above TC, the magnetoresistance����(0) varies as C(m/m�)� (Ma-

jumdar and Littlewood, 1998a; Majumdar and Littlewood, 1998b)1, wherem is the

magnetization induced by the applied field,�� is the saturation magnetization and��

= � (0) - � (H); in low fields,��/� (0) varies as H�. The coefficient C = 15 reported

for Tl�Mn�O� (Shimakawaet al., 1996) is larger than for most other materials, in-

cluding the mixed-valence manganites. The large value has been attributed to intrinsic

spin-disorder scattering, where the coefficient C scales as�����, n being the electron

1See Section 1.5.1 for more details.

331
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density (Majumdar and Littlewood, 1998a; Majumdar and Littlewood, 1998b). More

generally (Evettset al., 1998), a resistance varying as:

� � ���� ���



��

�
�

��

��
�

(11.1)

offers a phenomenological description of the behaviour of a wide range of FM oxides

near and above TC. This expression reduces to��/� (0) = C(m/m�)� when (m/m�) �

0.2.

Large negative ’butterfly’ magnetoresistance effects have been reported for pressed

powder of various FM materials including the half-metallic oxides CrO�, Fe�O�,

(La���Sr���)MnO� and Sr�FeMoO� (Borgeset al., 1999; Coeyet al., 1998a; Coeyet al.,

1998b; Coey, 1999). By physically separating the crystallites and pressing them to-

gether in a powder compact, electrical contact is achieved with minimum exchange

coupling between the adjacent grains (Coey, 1999). It is possible to focus on the in-

terparticle transport that dominates the resistance of the compacts. We applied the

method to FM Tl�Mn�O� and related pyrochlores in an effort to understand the origin

of the magnetoresistance in these materials.

11.2 Experimental methods

The compounds studied are: Tl�Mn�O�, Tl�(Mn���Te���)O� and (Tl���Bi���)Mn�O�. All

the pyrochlores were prepared from the oxides by high-pressure synthesis (2 GPa) in

sealed gold tubes at 1300 K, as described in Chapter 3.

A standard four-probe method was used to measure the resistivity and magnetoresis-

tance in the range 4 - 300 K using a commercial 5 T SQUID magnetometer or a 1.2

T MULTIMAG 2 set-up. Resistivity measurements were performed on dense ceramic

samples using the four-probe method.

For powder magnetoresistance (PMR) measurements, the ceramics were ground using

a mortar and pestle to a grain size of about 0.3�m, which corresponds roughly to the

crystallite size. The powder was then compressed at 12 MPa into a disk of about 0.8

mm thick and 5 mm in diameter. In one series of measurements, the Tl�Mn�O� powder

was diluted with various amounts of insulating*-Al �O� powder of approximately the

same grain size.

2The MULTIMAG is a permanent-magnet variable flux source which provides a transverse field in
the bore which can be varied both in magnitude and direction.
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Table 11.1: Physical properties of Tl�Mn�O�, (Tl���Bi���)Mn�O� and Tl�(Mn���Te���)O�

samples.!� andV are the unit cell parameter and volume, respectively.��, �ceramicand�powder

are, respectively, the nominal (X-Ray), ceramic and powder densities.�� is the particle size,
from electron micrographs.� stands for the resistivity of the ceramic samples. TC is the FM
transition temperature.�� is the saturation magnetization (at 5 K), andn is the number of
carriers, measured by Hall-effect in the ceramics.

Pure Bi Te
�� (Å) 9.9001 9.9233 9.9226
V (m�) 9.70� 10��� 9.77� 10��� 9.77� 10���

�� (kg m��) 8634 8586 8773
(ceramic(nm) 500(300) 600(170) 200(80)
�ceramic/�� 0.79 0.81 0.80
(powder (nm) 330(30) 670(90) 240(30)
�powder/�� 0.48 0.41 0.38

� (200 K) (� cm) 16.3 1731 0.114
� (4 K) (� cm) 8.33� 10�� 1.386� 10� 8.38� 10��

TC (K) 115 91 191
�� (5 K) (��/Mn) 2.56 1.15 2.61
�� (5 K) (kA/m) 390 175 397
���� (5 K) (T) 0.49 0.22 0.50

n (e�/m��) [Hall] 9.81� 10�� — 9.81� 10��

Densities of the ceramics were measured by weighing in CCl� and those of the pressed

powder compacts were deduced from the mass of the cylindrical pellets.

11.3 Results

Electron micrographs of the ceramics and powder compacts of the pure end-member,

and the Bi- and Te-substituted materials are shown in Fig. 11.1. The densities and

grain sizes are listed in Table 11.1. Typical relative densities of ceramics and powders

are about 80% and 50% respectively.

The temperature dependence of the resistivity of ceramic, powder and composites with

*-Al �O� are shown in Fig. 11.2 for Tl�Mn�O�. The powder compact and the ceramic

have room-temperature (RT) resistivities that differ only by a factor of ten above TC but

the gap between them widens to two orders of magnitude below 100 K. The greater

resistivity of the powder compact is attributed to the resistance of the interparticle

contacts.

One can expect a very broad distribution of contact resistance, which will direct the

conduction along percolation paths encompassing the lower resistance contacts. The
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Figure 11.1: Electron micrographs of (a) Tl�Mn�O� ceramic, (b) Tl�Mn�O� powder, (c)
(Tl���Bi���)Mn�O� ceramic, (d) (Tl���Bi���)Mn�O� powder, (e) Tl�(Mn���Te���)O� ceramic,
and (f) Tl�(Mn���Te���)O� powder. The scale bars represent 1m.
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Figure 11.2:Temperature dependence of the resistivity of powder and ceramic samples of
Tl�Mn�O�: (a) ceramic, (b) pressed powder, (c) pressed powder 60% Tl�Mn�O�: 40% "-
Al�O�, and (d) pressed powder 55% Tl�Mn�O�: 45%"-Al�O�.

powder compact of Tl�Mn�O� shows a resistivity of 10� � cm at room temperature,

and the grain sized is about 0.3�m. The average interparticle contact resistance

���� � ��( is therefore about 3 M�.

The temperature dependence of the resistivity of pressed powder compacts 60%

Tl�Mn�O�: 40%*-Al �O� and 55% Tl�Mn�O�: 45%*-Al �O� is also included in Fig.

11.2. Diluting Tl�Mn�O� with 40% and 45% insulating*-Al �O� increases the resistiv-

ity by a further three to six orders of magnitude and produces an upturn in resistivity at

low temperature typical of a dielectric granular metal (Sheng, 1992). Extrapolating the

conductivity to zero using the percolation relation��� � �+�+��
� yields the threshold

concentration+� = 54%.

11.3.1 Coulomb-blockade

The I:V characteristics of the samples are generally ohmic, with the exception of

the 55% Tl�Mn�O�: 45%*-Al �O� sample. The I:V curves shown in Fig. 11.3 are
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Figure 11.3:I:V curve for 55% Tl�Mn�O�: 45%"-Al�O� pressed powder at different tem-
peratures.

non-linear at 2 and 5 K, a behaviour typical of a Coulomb gap (Coulomb-Blockade3)

(Geerligs, 1990).

Furthermore, the low-temperature upturn of the resistivity in these powders is fitted

by the equation� = �� ��������� �
��� where�� is the resistivity at 100 K and� is

approximately equal to the charging energy�� � ��

��
, whereC is the capacitance of

the FM grains (Sheng, 1992). The capacitance of a small spherical metallic particle is

� � �"����@ where�� is the permittivity of free space,�� is the relative permittivity

3In materials consisting of small metal grains, coupled by tunnel barriers, at low temperatures the
electrical properties are strongly influenced by charging effects resulting from thesmall capacitance
of the grains. Because charge is transferred in discrete units (e for normal metal junctions(e is the
electron charge.), 2e for superconducting tunnel junctions), the energy change of the system during
tunnelling can be significant. If the energy of the system would increase, the tunnelling is forbidden
at zero temperature. This phenomenon is called Coulomb-blockade of (electron) tunnelling. Typical
energy changes are of order	� � ��

�� , so that the temperature must be lower than	���� (�� is the
Boltzmann constant) to observe charging effects. In other words,	� � ��T : the energy	� should
be greater than the energy of thermal fluctuations. In practice, only in those with small capacitances (of
the order of fF), we can observe the effect. With the advance of submicron lithography it has become
possible to artificial produce planar tunnel junctions with capacitance as small as 10��� F, for which
charging effects can be observed at liquid-He temperatures. Especially, the recent possibility of using
a scanning tunnelling microscope on granular material allowed for observation of charging effects at
much higher temperatures (C� 10��� F, or	���� > 100 K).
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Figure 11.4:Magnetoresistance variation with applied field of (a) ceramic and (b) pressed
powder samples of Tl�Mn�O� at different temperatures. The inset in (b) shows the temperature
dependence of the�� term for the pressed powder.

andr is the radius. If we take an average value forr = 165 nm and�� = 5, thenC is 9.2

� 10��� F and����� = 10.1 K. Fitting the data of Fig. 11.2d gives���� = 25 K.

11.3.2 Powder Magnetoresistance

Turning now to the magnetoresistance4 (MR), the field dependence for ceramic and

pressed power compacts are shown in Fig. 11.4. Two types of behaviour may be

distinguished. One is a convex H� dependence and the other is a concave variation

beginning as |H|, which approaches saturation in higher fields. The ceramic sample

of Tl�Mn�O� exhibits an H� variation above TC and a |H| variation below TC as seen

in Fig. 11.4a. Near TC, where the magnetoresistance is most pronounced reaching a

maximum of 30% in 1 T, there is mixed behaviour.

On the other hand, the pressed powder exhibits an H� variation at all temperatures,

both above below and above TC. The temperature dependence of the coefficient*,

where����� � *���$��, is shown by the inset in Fig. 11.4b; it reaches a maximum

4MR ratio is defined here as in Eq. 4.1: MR�� � 
��� �		
��	�T

�	�T
 .
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value around TC where the magnetoresistance in 1 T is 5%. The value at 300 K is

around 0.3 % in 1T.

Fig. 11.5 compares the powder magnetoresistance of undiluted Tl�Mn�O�, 60%

Tl�Mn�O�: 40% *-Al �O� and 55% Tl�Mn�O�: 45% *-Al �O� compacts at differ-

ent temperatures. The magnetoresistance follows the*���$�� behaviour and is little

changed at 40 vol. % Al�O� with respect to the powder undiluted Tl�Mn�O�, but at 45

vol. %, there is a sharp increase of MR and a changeover from H� to |H| behaviour at

100 K, just below TC.

11.3.3 Tl�(Mn 

�Te�
�)O� and (Tl

�Bi�
�)Mn �O�

Fig. 11.6 shows the resistivity of Tl�(Mn���Te���)O� and (Tl���Bi���)Mn�O�, both ce-

ramic and powders, as a function of temperature. The resistivity of the Te-substituted

powder exhibits an increase of three orders of magnitude in resistivity compared to the

ceramic, but in neither case is there much of a peak at TC (190 K). The Te-substituted

material shows an initially-linear MR behaviour below TC in both ceramic and pressed

powder compacts (Fig. 11.7).

In the Bi-substituted sample, the resistivity is two or three orders of magnitude greater

than in the pure compound and it diverges as T� 0. In contrast to the Te-substituted

samples, the resistivity of Bi-substituted ceramic and powder samples exhibits a maxi-

mum above TC = 91 K, similar to unsubstituted materials, followed by an upturn at low

temperature. Magnetoresistance at 200 K, of (Tl���Bi���)Mn�O� ceramic and powder

varies as H�, but at 50 K, the powder shows an H� variation whereas the ceramic is a

|H| case (Fig. 11.7).

11.4 Discussion

In order to analyze the data, we have to distinguish the intrinsic resistance and MR of

Tl�Mn�O� in the paramagnetic and FM states from the contribution of the interparticle

contacts. Normally, the intrinsic properties of metallic oxides can be measured directly

on single crystals or epitaxial films, but in the present case these are unavailable. The

best available material seems to be that ofShimakawa et al.(Shimakawaet al., 1996)

(Table 11.2) who find a residual resistivity�� = 4� 10�� � cm with no marked field

dependence up to 7 T for a sample fired twice at high pressure. This is one or two
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orders of magnitude less than�� found for other samples (Ramirez and Subramanian,

1997; Martínezet al., 1999), including our own one.

An unusual feature of Tl�Mn�O� is evident when the spin polarizationP is evaluated

using data from Singh (Singh, 1997). There are several possible definitions,)�, )�,

)�, where (Geerligs, 1990):

)� � ���4��� ���4��� �����4��� ���4��� �

for n = 0, 1, 2.

Table 11.2:Electrical properties of Tl�Mn�O� ceramics.
�� (� cm) ����% (� cm) d����% /dT Reference
4� 10�� 3� 10�� > 0 (Shimakawaet al., 1996)
8� 10�� 1� 10�� > 0 (Ramirez and Subramanian, 1997)
2� 10�� 3� 10�� < 0 (Cheonget al., 1996)

— 1� 10�� > 0 (Imai et al., 2000)
9� 10�� 1� 10� > 0 (Martínezet al., 1999)
8� 10�� 1� 10� < 0 (This work)
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All are equal to 100% for a type I or type II half metal (Coey and Venkatesan, 2002)

where�� or�� = 0. However, for type III and type IV half-metals(Coey and Venkate-

san, 2002), where both light and heavy� or 
 carriers are present at the Fermi level,

the values of)� are quite different. For Tl�Mn�O�, )� = 66 %,)� = -5 % and)� = -71

%. Generally)� applies for ballistic transport and)� applies for diffusive transport

and tunnelling through a specular barrier with low transparency (Mazin, 1999). For

unsubstituted Tl�Mn�O� we therefore anticipate thatlittle MR will be associated with

ballistic intergranular transport.

11.4.1 Ceramic samples

The residual resistivity of our ceramic sample�� = 8 � 10�� � cm, together with

the carrier density determined from Hall effect measurements on the same samples

(Section 4.4.3), 1.2� 10�� carriers per unit cell (n = 9.8� 10�� m��) yields an mean

free path,? = 1.6 nm. Taking�� = ��"������� � 3� 10� m�� from the free electron

model, the Ioffe-Regel criterion for metallic conduction (Mott, 1974)�� ? � � requires

? to be greater than 3.2 nm. The low-temperature resistivity is therefore extrinsic. The

linear, low-field MR at low temperature (Fig. 11.4a) which approaches saturation in a

field of 1 T is attributed tointergranular tunnelling(Hwang and Cheong, 1997).

Any process where electrons tunnel or hop directly from one FM grain to another

without passing through a domain wall can give rise to a MR varying initially as |H|,

and saturating in fields��$ � 1 T. The reason is that each grain is subject to a stray

field 9�� created by the others, wheref < 1. Provided the exchange coupling does

not propagate across the grain boundary, the change in angle
�0 between the direction

of magnetization of two grains varies asÆ
�0 � H/9�� in small fields. Since the

electron transfer probability depends on�����
�0��� �
�
�
������ 
�0�, and����
�Æ
� �

��� 
 � �! 
 � Æ
, the MR is therefore initially linear in H. It will saturate in fields

� 9��, where���� = 0.49 T (Table 11.1).

Turning to the behaviour of the Tl�Mn�O� ceramic above TC, where� � 10�� cm

and Æ��� � H�, it is evident that the Ioffe-Regel criterion cannot be satisfied and

that intergranular contacts are important. One wonders whether the colossal MR near

TC and the H� variation above TC reflect the properties of the bulk or of the resistive

intergranular regions. The MR varies as (����)� with � � 49 (Fig. 4.23), also

indicating a lower carrier density than for Shimakawa’s sample (Shimakawaet al.,

1996) whereC = 15.
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It is possible that, despite the high resistance, the temperature and field-dependence do

reflect intrinsic behaviour, typified by Shimakawa’s sample which shows both colossal

MR, and an H� MR at higher temperature. How this comes about is shown schemat-

ically in Fig. 11.8. A well-sintered material (Fig. 11.8a) with low grain-boundary

resistance exhibits intrinsic properties, including the magnitude of�. However, if

some intergranular contacts are either missing or nonmetallic, it is still possible for

a percolation path to pass entirely through low resistance contacts (Fig. 11.8b). The

maximum resistance�max of such a path may be of order�7�(� wherel is the sample

dimension (5 mm) andd is the grain size (0.3�m). Again using Shimakawa’s data to

provide an upper limit for� at room temperature (3� 10�� � cm) gives�max = 2�
10� �.

However, such a thread-like percolation path is highly improbable in three dimensions

where a better estimate of�max would be the resistance of a single grain acting as a

bottleneck;�max = �/d = 10� �. In any case, the point to be emphasized is that a

ceramic or powder sample can exhibit a resistivity that is some orders of magnitude

greater than the intrinsic value, with a field and temperature dependence which is nev-

ertheless intrinsic. Taking the sign of d�/dT as a criterion, it can be seen from Table

11.2 that samples with resistivity up to 1� cm still have a positive sign of d�/dT at

room temperature.

11.4.2 Powder samples

The extended H� MR of the powder samples below TC is absent in the dense ceramic,

and must therefore be a feature of the interparticle contacts. Furthermore it has not

been observed in the FM state of any other half-metallic oxide (Coey, 1999). With the

exception of the 45/55 sample just below TC, it is also evident in the dilute samples

which have a high resistance (� 10� �) and behave like dielectric granular metals

(Coeyet al., 1998a; Sheng, 1992).

The MR of any heterogeneous polycrystalline material is dominated by its weakest

links, which could be single tunnel barriers, or one or more isolated particles, as

shown in Fig. 11.8c and 11.8d. The broad distribution of interparticle contact re-

sistance may be log-normal or bimodal with maxima above and below the quantum

of resistance�1 � B���� = 12.9 k�, which is the maximum value a metallic contact

can take. The conducting path can be imagined by first joining the particles with the

lowest contact resistance to form clusters, and then growing the clusters by adding
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a) b)

c) d)

Figure 11.8: Schematic conduction paths through (a) a well-sintered ceramic with low-
resistance grain boundaries (light lines), (b) a poorly sintered ceramic or powder compact with
few or (c) many high-resistance contacts, and (d) a dilute powder compact with an isolated
grain in the critical path.
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progressively higher-resistance contacts until a percolation path appears between the

electrodes. Continuing this process further adds paths in parallel with much higher

resistance, having little influence on the net resistivity. It is expected that the resis-

tance of a sample will be of order the resistance of the most resistive link in the least

resistive path. This will be a metallic contact whenR < �1 (i.e. for the ceramic and

pressed powder of the pure and Te-substituted materials, whereR < 10� �) but a tun-

nel barrier in the diluted samples whereR > �1 (i.e. the diluted powder of pure and

bismuth-substituted material, whereR> 10� �).

How then does the H� MR arise? Above TC, it is related, via Eq. 11.1, to the polariza-

tion of the paramagnetic bulk material; below TC, it is related to the polarization of the

magnetically disordered interface region. Following Evettset al. (Evettset al., 1998),

we postulate the presence of an interfacial region with magnetization��� through

which the electrons have to pass when travelling from one particle to the next. This

region is subject to stray fields from adjacent particles as well as the applied field,

so 3��� � ���� 3$ � "�
3$�� where 3$� is the stray field from the i-th adjacent particle;

generally3$� � 9� 3��. The resistance varies as Eq. 11.1, and the MR is then

������ ��$������� �  ��
���$

� � � 3$ � "�
3$��

The second term will average to zero when the directions of3$ and"�
3$� are uncorre-

lated.

The microscopic mechanism behind the phenomenology is a matter for speculation.

One possibility is spin-disorder scattering by paramagnetic atoms at the interface.

Majumdar and Littlewood considered paramagnetic scattering of a low-density elec-

tron gas (Majumdar and Littlewood, 1998a; Majumdar and Littlewood, 1998b). Their

model accounts for the variation ofC with ����� or ���� , but a difficulty is that the cor-

responding condition,�� � 	 1, is not satisfied for the bulk Tl�Mn�O�, as explained

in Section 4.4.3.1.

The unusual MR of the Tl�Mn�O� powder may be attributed to its semimetallic char-

acter. Band narrowing at the surface of the particles due to the reduced coordination

number will make the surface semiconducting, transferring the
 Tl(6s) electrons over

to fill the �Mn(	��) band. By removing the electrons which mediate the FM exchange

interaction, the surface spin structure is influenced by the Mn–O–Mn superexchange,

as well as possible anisotropies, and a non-collinear alignment may result. These sur-

face spins can be polarized in a large applied field, as shown in Fig. 4.13. The high

field itself can help to empty the�Mn(	��) band by increasing the spin splitting, but the



346 Chapter 11. Powder Magnetoresistance

effect on the magnetization is one order of magnitude smaller than that due to align-

ment of the surface spins, which produces the 1/H� approach to saturation illustrated

in Fig. 4.13. The approach to saturation of the MR mimics that of the magnetization.

11.4.3 The percolation threshold

The percolation threshold lies at a volume fraction+� = 54% in the Tl�Mn�O�/Al �O�

mixture. Given that the powder compacts are only about 48% dense (Table 11.1),

this corresponds to 26% of space filled by Tl�Mn�O�. Normally for fully-dense ran-

dom media, percolation occurs at about 16%. A rule of thumb for site percolation is

+� � 2/Z, whereZ here is the coordination number (Hwang and Cheong, 1997). The

structure of the powder compacts is a random packing of roughly-spherical particles,

although the observed density is lower than for random dense packing (63 %), and the

rigid nature of the contacts precludes a full complement of 12 - 13 of them from being

conducting. Using the rule of thumb, the average number of conducting contacts per

particle in the undiluted compact is 2/+� = 3.7. The three-dimensional crystal lattice

which best models this is diamond.

11.4.4 Substituted samples

The Te-substituted ceramic is metallic at all temperatures, (� � 10�� � cm) with a

small resistivity peak near TC, and no colossal MR effect.��/� is about 2 % in 1 T at

200 K, and the value ofC well above TC is only 0.2. The H� MR above TC is likewise

very small in the powder compact. However, a linear low-field effect clearly seen in

both the ceramic and the powder below TC, is associated with interparticle hopping

or tunnelling (Fig. 11.7). Band narrowing does not result in a surface depleted of

conduction electrons here because of the large carrier concentration.

The Bi material is localized at low temperature, and exhibits a large colossal MR. Anal-

ysis of the low-temperature upturn in resistivity shows that it fits a granular metal-type

behaviour� � �� ������� ���� rather than a semiconductor law� � �� ������� �.

The value of� is 34 K, similar to that of the dilute Tl�Mn�O� samples, suggesting that

the grain boundaries in the bismuth ceramic are already depleted of electrons. How-

ever, the upturn is field dependent, with the resistivity at 10 K decreasing by almost

3 orders of magnitude in 7 T, as the value of� falls from 34 K to 16 K. The field-

dependence is much too large to be explained in terms of the���� 
�0/2 dependence of
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the transmission probability of an electron between adjacent misoriented grains. The

intrinsic semiconductor gap (if there was one) would be expected to widen rather than

narrow in an applied field. The field dependence of� has been reported in granular

metals (Helman and Abeles, 1976), in CrO� powder compacts (Coeyet al., 1998a) and

in discontinuous LaSrMO films (Ziese, 2002) where it is associated with the greater

population of accessible grains for hopping as the moments are aligned.

11.5 Conclusions

� The resistivity of our ceramic and pressed-powder samples of Tl�Mn�O� is

largely determined by interparticle contacts. Nevertheless it is possible for the

field and temperature dependence to reflect the intrinsic, bulk behaviour when

the resistance of a sample is no more than about two orders of magnitude greater

than the intrinsic resistance.

� In more resistive samples, the MR is that of the interparticle contacts. Each

particle has approximately four contacts with its neighbours.

� An H� MR is associated with the contacts in pressed powder of Tl�Mn�O�, both

above and below TC. The latter behaviour has not been reported previously

in any other powder compact made of half-metallic material. It is attributed

to the semimetallic nature of Tl�Mn�O�, which leads to an electron-depleted,

semiconducting surface layer with the full Mn�	 spin moment. The quadratic

variation is explained phenomenologically in terms of the magnetization� �� of

a misaligned region at the particle surface with electron hopping or tunnelling

through the interface region.

� When diluted with nonconducting particles near the percolation threshold, there

is evidence of Coulomb blockade of particles along the percolation path. Similar

behaviour is seen in the Bi-substituted material, where the grain boundaries are

electron-depleted.





Chapter 12

Comparison of all the families

N
OW that we have studied all the families separately, it is time to make

a comparative review of all of them. Since most of the internal prop-

erties (such as the band structure, half-metallicity, magnetic interac-

tions, etc.) remain qualitatively the same for all the families, this study

can throw some light on those global properties as a whole.

12.1 Introduction

The main interest of this chapter is to find the correlations arising between different

properties of the system. Specifically, we would like to find out a further evidence for

the existence of a superexchange (SE) and/or an indirect exchange (IE) as magnetic

interactions in the system.

Besides, we want to show that the colossal magnetoresistance (MR) in these materials

comes from the suppression, when applying a field, of the magnetic scattering due to

spin fluctuations, specially important around the magnetic transition temperature (TC).

Another aspect we have left unstudied up to this point is the anomalous contribution

to the Hall-effect. As the Hall data were not as good as one would like, and they were

scarce, we now try to analyze its behaviour through all the compounds.

Last of all, we want to analyze the prediction by Majumdar and Littlewood of the

scaling relation between the number of carriers in each compound and the coefficient

C of proportionality between the MR and the square of the normalized magnetization.

The samples studied are identified by the labels given in the respective chap-

ters: Tl�Mn�O� (Pure), Tl��Bi���Mn�O� (Bi 0.1) and Tl���Bi���Mn�O� (Bi 0.2);

Tl��Cd���Mn�O� (Cd 0.1), Tl���Cd���Mn�O� (Cd 0.2) and Tl��
Cd��
Mn�O� (Cd 0.5);

349
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Figure 12.1: Saturation magnetization (at 5 K) versus the number of carriers at the same
temperature for the different compounds studied in this work. The line is a guide to the eye.

Tl�Mn���Ti���O� (Ti 0.2) and Tl�Mn���Ti���O� (Ti 0.4); Tl�Mn��Sb���O� (Sb 0.1),

Tl�Mn���Sb���O� (Sb 0.2), Tl�Mn���Sb���O� (Sb 0.3) and Tl�Mn��
Sb��
O� (Sb 0.5);

Tl�Mn��Te���O� (Te 0.1) and Tl�Mn���Te���O� (Te 0.2).

12.2 Magnetic properties

In Fig. 12.1 we plot, for all the samples studied in this work1, their low-temperature

saturation magnetization versus the low-temperature number of carriers. One can see

that, as the number of carriers increases the saturation magnetization decreases con-

siderably. This fact tells us that the carriers introduced in the system with the different

substitutions go to minority band states, reducing the magnetic moment.

Nevertheless, an increase of about 0.01 electrons per formula unit would produce a

decrease of about 0.01��/f.u. in the magnetization, and the observed decrease is

one order of magnitude higher. This indicates that not all the carriers introduced go

to states near the Fermi level, but to lower energy states2. This produces the higher

1Except forBi 0.2, of which we do not have Hall data.
2in agreement with the analysis we did in previous chapters (See Sections 7.4.3 and 8.4.3). For
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Figure 12.2:Magnetic transition temperature versus the density of carriers at 5 K. The line is
a guide to the eye.

decrease in��, but it is not reflected on the transportn.

12.2.1 Study of TC

Accordingly to the Núñez-Regueiro’s Model (see Section 1.7.3), a higher number of

carriers would reinforce the magnetic IE, increasing the exchange integral. This would

be reflected upon a rising of the magnetic transition temperature (TC). Consequently,

in Fig. 12.2 we plot TC versus the number of carriers per formula unit (at 5 K) for all

the compounds. Observe that, except for the points in the rectangle, there is a clear

tendency of a rising of TC with increasing density of carriers. This fact agrees with

the proposed IE, in which charge carriers will mediate the magnetic exchange. For

high number of carriers a saturation is nearly reached. This is due to the appearance

of a second band in the minority band structure (See Figs. 8.25 and 9.16). This band

will receive a high number of carriers that participate in the transport, but not in the

magnetic IE. This same reason accounts for the nearly constant TC for the compounds

represented in the rectangle: all of them present the secondary band that do not take

Te-substituted compounds, the decrease is small, in agreement with the statement that we did in Section
9.4.3, that for Te-substitution the introduced electrons do go near to the Fermi level.
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Figure 12.3:Representation of the residual resistivity (at 5 K) versus the density of carriers at
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part in the IE.

12.3 Transport properties

12.3.1 Residual resistivity

The value of the residual (at 5 K) resistivity,�
% , will give us an idea of the scattering

rate of the carriers in the ground state. In Fig. 12.3 we plot that value versus the number

of carriers per formula unit at that same temperature. One can observe a decrease in

�
% when increasing�
% . That was expected, since a higher number of carriers will

lower the total resistivity of a given material.

12.3.2 The peak in the magnetoresistance

To compare the values of the MR ratio, we have to unify its definition. Remem-

ber that for the families with a very high ratio (Bi- and Cd-families) we defined the

’inflationary’ MR ratio as MRI�$���� � ��� � ����� � ��$�����$�. But for the
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Figure 12.4:Plot of the value of the MR ratio at the peak, versus the density of carriers at the
ground state. The line is a guide to the eye.

families with lower ratios we used the ’standard’ (or ’normal’) MR: MR�$���� �

���� ���$�� ����������. For comparison, for the reasons given in Section 5.3.2, we

are going to use MRI.3

In Fig. 12.4 we represent, for each sample, the value of the 9 Tesla MRI at the peak4

versus the density of states (DOS) at the ground state. The MR is greatly reduced as the

number of carriers increases (5 orders of magnitude in MRI in 3 orders of magnitude

variation inn). What does this indicate? MRI is essentially proportional to the ratio of

resistivities.��
 �
.�
 �

. That is —except for minor factors— proportional to the ratio in the

configurations of the magnetic moments at 0 and 9 T. In thePeakof the MRI we are

just above TC. Therefore, the configuration at 0 T will be a disordered state. But the

application of a high field (such as 9 T) will bring all the moments to a nearly parallel

configuration. Consequently, MRIPeak (9 T) gives an idea of the degree of magnetic

disorder at 0 T (the ’spontaneous’ disorder): the more the disorder, the higher the

MRI.

3The relation between both ratios is: MRI����� � 
��� �MR		
	�

MR		
	�
���� . Remember that for the

pyrochlores, as���� � ����, MR(H) is negative while MRI(H) is positive.
4All the samples, with the exception ofSb 0.5present a peak in theMR vs. Tcurves.
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Figure 12.5:Value of the 9 T MR ratio at its peak compared with the value of the resistivity
(without field) at that temperature. The line is a guide to the eye.

Then, the decrease in MRIPeak (9 T) when increasing the number of carriers tells us

that, asn increases, the zero-field configuration just above TC becomes more ordered.

What is the same: the magnetic interactions are reinforced as the number of carriers

increases5. This is exactly the effect of the proposed IE.

All this reasoning is even clearer in Fig. 12.5. In this figure we give the same MRIPeak

(9 T) value compared with the resistivity (without applied field) at that temperature (the

temperature of the peak in the MR). It yields a clear correlation, which evidences that

MRI (9 T) gives the degree of disorder at zero-field (only for temperatures just above

TC and lower, where the magnetic configuration of cations is parallel when applying 9

T).

If we compare the MRI at the peak with the mobility of the carriers at those temper-

atures (� 150 K), see how the MR decreases as the mobility (without field) increases

(Fig. 12.6). This fact evidences that the main scattering factor comes from the mag-

netic scattering with the spin fluctuations that arise around and above TC. That is, as

we reasoned above, MRIPeak(9 T) gives an idea of the degree of magnetic disorder at

5For a more accurate approximation to MRI one should take into account the number of carriers. As
� � 
��, variations in the number of carriers with high field will suppose a variation in the MRI.
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zero-field. We can see that, as this disorder decreases, the mobility of the carriers in-

creases, giving us the correlation between the magnetic configuration and the mobility

of the carriers.

To check the influence of the SE in the magnetic interactions, we give in Fig. 12.7 a

comparison of MRIPeak (9 T) (circles, left axis) and of TC (open squares, right axis)

with the Mn–O–Mn bonding angle
.

For MRIPeak (9 T) we find an increase in the degree of magnetic disorder with in-

creasing
. This fact is what one should expect when SE interactions are present in

the system: as the angle tends to 180	, the SE becomes more antiferromagnetic-like.

Therefore, all these data agree with the Núñez-Regueiro’s Model, where a SE together

with a IE are present in the system (Núñez Regueiro and Lacroix, 2001).

For TC (open squares) we found no clear correlation between TC values and
 values.

This is due to the great influence of the IE in TC, that acts together with the SE.
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Figure 12.7:Plot of the parameters related to the magnetic interactions (MRIPeak(9 T), circles,
left axis, and TC, open squares, right axis) with respect to the Mn–O–Mn bonding angle�. The
line for MRI vs. � is a guide to the eye.

12.3.3 The low-temperature resistivity

Two effects appeared in the low-temperature range of the resistivity: a Coulomb-

blockade and a T� dependence. As both were relevant to the study of the different

families, following we give a global comparison for all the samples.

12.3.3.1 The Coulomb-blockade

As the temperature approaches to zero, the metallic resistivity changes, and an upturn

in this resistivity appears. This upturn is related to Coulomb-blockade process, coming

from particle charging.

In Fig. 12.8 we plot the charging energy�C-B versus the residual resistivity (at 5

K 6). As expected from particle charging, the charging energy goes up as the low-

temperature resistivity increases. As we saw before, the residual resistivity increases

6For the Bi-substituted samples we give the resistivity at 50 K as the residual value, due to the high
upturn that appears at 5 K.
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Figure 12.8:Charging energy for the particles in the Coulomb-blockade processes (�C-B)
versus the residual resistivity of each sample (�
%). For Bi 0.1 andBi 0.2 we give the 50 K
value of the resistivity. The line is a guide to the eye.

when the number of carriers decreases (and the IE also). Therefore, this particle charg-

ing, and the Coulomb-blockade processes, comes together with a poorer magnetic in-

teraction.

12.3.3.2 The ’T�’ dependence

Just above the mentioned upturn, the dependence of the resistivity with temperature is

in the form� � �� � #� ������
 . The T� dependence is related to spin-flip processes

(Wattset al., 2000). The exponential factor is associated with the inaccessibility of

minority spin states for spin-flip scattering processes, as expected in a half-metal (Fig.

12.9).

We give the comparison of the gap in the density of states (��) versus the number of

carriers in Fig. 12.10. Observe that the gap is reduced when the number of carriers

increases. This fact evidences a higher filling of the minority conduction band as we

introduce electrons in the system.

We also wondered about the relationship between this gap for spin-flip processes and

the Mn–O distance. Núñez-Regueiro and Lacroix stated that the Mn(��) level will go
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Figure 12.9:Schematic representation of the band structure of the Tl�Mn�O� pyrochlore, in-
dicating the band-gap for a spin-flip scattering process (��), and the impossibility of a process
of that kind without changing in the energy.
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Figure 12.11:Variation of the gap energy for spin-flip processes with the structural parameters
����� (circles, bottom axis) and!� (open squares, top axis).

up in energy (Núñez Regueiro and Lacroix, 2001), with respect to the conduction band

when the Mn–O distance becomes shorter. Maybe the same happened to the gap for

these spin-flip processes. As we have neutron data only for thex = 0.2 members of

each family, we also studied the variation of�� with the lattice parameter,��, since

the Mn–O distance is closely related to it.

The results are plotted in Fig. 12.11. Observe that the points are uncorrelated. That

is, no dependence can be inferred from the plot. What is the same,�� is related to the

filling of the minority conduction band, but not to the Mn–O distance.

12.3.4 The high-temperature resistivity

At high temperatures (above TC) magnetic polarons appear in the system. As the tem-

perature is raised from TC, the polarons will gain thermal energy and will migrate via

hopping, contributing to the charge conduction. Therefore, an activated term, coming

from polaron hopping, has to be considered in the high-temperature conductivity. The

energy barrier for polaron hopping (�() would depend, in principle, on the strength of
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Figure 12.12:Energy barrier for polaron hopping versus the density of carriers for each
compound. The line is a guide to the eye.

the FM interactions between neighbouring magnetic cations.

We represent in Fig. 12.12�( versus the density of carriers for each of the samples.

The energy barrier experiences a reduction when the number of carriers increases.

This gives a further evidence for the IE acting in the system: the higher the number

of carriers, the stronger the FM interaction, lowering the energy barrier for polaron

hopping.

12.3.5 The anomalous Hall-effect

Hitherto we have left the anomalous contribution to the Hall-effect unstudied. The

problem is that the anomalous Hall coefficient,��, does not behave in such a straight-

forward way as the normal coefficient does.

In Fig. 12.13 we give the anomalous Hall coefficient for each sample at different tem-

peratures with the number of carriers at that temperature. Observe that the tendency

is of a reduction in�� with increasing number of carriers. This is, once more, con-

sistent with the IE: as the anomalous Hall-effect comes from magnetic scattering of

the itinerant magnetic moments with the magnetic cations, an increase in the IE (when



12.3. Transport properties 361

10-4 10-3 10-2
10-5

10-4

10-3

10-2

10-1

100

101

102

Pure Sb 0.2
Bi 0.1 Sb 0.3
Cd 0.1 Sb 0.5
Cd 0.2 Te 0.1
Cd 0.5 Te 0.2
Sb 0.1 Ti 0.2

Ti 0.4

-
R

S
(c

m
3 /C

)

n
5K

(e_ / f. u.)

Figure 12.13:Anomalous Hall coefficient versus the number of carriers, for each sample, at
different temperatures. The line is a guide to the eye.

increasing the number of carriers) will produce alower magnetic scattering of those

carriers, lowering the value of��.

There are two mechanisms for the anomalous Hall-effect: skew scattering and side-

jump (Berger and Bergmann, 1980). Skew scattering is a change in the direction of

the carrier motion (Fig. 12.14(a)). It comes from the spin-orbit coupling between

the localized moment and the conduction electrons. Side-jump is produced when the

electron, after the interaction with the localized moment, continues travelling in the

same direction, but with a lateral displacement (Fig. 12.14(b)).

In general, the anomalous Hall coefficient is related to the resistivity in the form:

���� � � �"�� �, with * = 1 for skew scattering and* = 2 for side-jump mechanism

(Chenet al., 1999).

We make that analysis in Fig. 12.15. In it, the anomalous Hall coefficient, at different

temperatures for each sample, is given versus the resistivity at that temperature. The

solid line represents* = 1, while the dashed line gives* = 2. Clearly, the best fit

is obtained for* = 1, indicating that the mechanism responsible for the anomalous

Hall-effect in the Tl�Mn�O�-related pyrochlores is the skew scattering, coming from

the spin-orbit coupling.
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12.4 The Majumdar-Littlewood model

As we explained in Section 1.5.1, Majumdar and Littlewood not only gave account

for the scaling of the MR with the square of the normalized magnetization (���� �

�������
�). They also found that the scaling factorC is proportional to the number

of carriers:� � �����.

In Fig. 12.16 we plot the value for the scaling coefficient,C, versus the density of carri-

ers (at 5 K),n. The values for the compounds studied in this work are given by circles.

We also include the data given by Majumdar and Littlewood in their work (Majumdar

and Littlewood, 1998a). Observe that for both sets of data the proportionality� � �"

is fulfilled. Nevertheless, while for their data the* exponent is –2/3 (dashed line), for

our data* � �� gives a better fit (solid line).

The explanation for this discordance comes from the conditions of applicability of

the model. Majumdar and Littlewood deduce the� � ����� dependence for the

case in which�� � � �. As we explained in previous chapters, for the Tl�Mn�O�-

related pyrochlores�� � ; �. Therefore, the Bohr approximation is not valid, and the
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� � ����� dependence needs not to be fulfilled.

12.5 Conclusions

� We have found, by magnetic, transport and magnetotransport measurements, an

increase in the magnetic interactions through all the compounds in the Tl�Mn�O�

system as the number of carriers increases. This fact agrees with the proposed

(Núñez Regueiro and Lacroix, 2001) existence of a ferromagnetic indirect ex-

change.

� Besides the indirect exchange, a superexchange interaction is also present in the

system. This interaction becomes more ferromagnetic as the Mn–O–Mn angle

decreases towards 90	.

� The zero-field resistivity around TC is dominated by magnetic scattering due

to spin fluctuations. The extraordinary magnetoresistance found in this region is

due to the suppression of those spin fluctuations when applying a magnetic field.

� We have shown that the Coulomb-blockade effect is related to the residual (5 K)

resistivity. This, in turn, is related —via the indirect exchange— to the number

of carriers.

� The gap for spin-flip processes becomes narrower as the density of carriers in-

creases, evidencing a higher filling of the minority conduction band.

� The anomalous Hall effect is produced by skew scattering, due to the spin-orbit

coupling between the conduction electrons and the located magnetic moments.

� The proportionality coefficient between the magnetoresistance and the square of

the normalized magnetization in the Majumdar-Littlewood model does actually

scales with the density of carriers. However the exponent for this scaling relation

is different from the proposed value.



Conclusions

� We have demonstrated that the Tl�Mn�O� pyrochlore and five different series

of new compounds, substituted either at the Tl or at the Mn sublattice, can be

prepared at moderate pressures of 2 GPa. Working at such moderate pressures

made available a large enough amount of sample to fully characterize the physi-

cal properties of the different materials.

� The compounds were characterized by X-Rays diffraction and neutron pow-

der diffraction (also under high pressures); magnetic, transport (also under

pressure) and magnetotransport measurements (included Hall-effect and spe-

cific heat measurements), both in ceramics and pressed powder. In particular,

we studied these new families of thallium-manganese pyrochlores: Tl�Mn�O�,

Tl���Bi�Mn�O� (x � 0.2), Tl���Cd�Mn�O� (x � 0.5), Tl�Mn���Ti�O� (x �

0.4), Tl�Mn���Sb�O� (x � 0.5) and Tl�Mn���Te�O� (x � 0.2).

� All the compounds are ferromagnetic, with transition temperatures (TC) ranging

80 – 190 K. The low-temperature saturation moment is about 2.5 Bohr mag-

netons per Mn atom. For the Bi-substituted family a magnetic spin-glass state

develops at low temperatures.

� All the compounds are half-metals, with only minority electrons at the Fermi

level contributing to the transport.

� We have found a strong correlation of both magnetic and transport properties

with the number of carriers.

� There are two magnetic interactions acting in the system, as proposed by Núñez-

Regueiro and Lacroix: a super-exchange via Mn–O–Mn paths and an indirect-

exchange, produced by the hybridization of the Mn(��) band with the Tl–O’

band.

365
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� Through the different chemical substitutions we have been able to change the

density of carriers by three orders of magnitude. We found an increase in the

number of carriers in Ti-, Sb- and Te-substituted samples, and a reduction in it

for Bi- and Cd-substituted materials.

� The main scattering contribution is magnetic in origin. It comes from the

spin-orbit coupling between the conduction electrons and the localized mag-

netic moments. This scattering is very pronounced just above TC, due to spin-

fluctuations, producing a jump in the resistivity (metal-insulator transition).

� A decrease in the resistivity is found when applying a magnetic field. This effect,

specially pronounced just above the magnetic transition, is known as magnetore-

sistance. It is due to the suppression of the spin-fluctuations when applying the

field.

� We have found extraordinarily high values of the magnetoresistance ratios for

some of the families (Bi- and Cd-substituted). Specifically, for Tl���Cd���Mn�O�

the magnetoresistance ratio at 9 Tesla is above 10� % at 115 – 134 K. To our

knowledge this is the highest magnetoresistance ratio ever reported.

� Just above TC magnetic polarons are present in the system, contributing to the

transport by hopping to neighbouring sites. This mechanism is thermally acti-

vated.

� In most of the families an upturn is produced in the resistivity at low tempera-

tures, due to a Coulomb-blockade process, by charged particles.

� For temperatures above 1.2TC the magnetoresistance is found to be proportional

to the square of the normalized magnetization:���� � �������
�, indepen-

dently of the temperature. The proportionality factorC scales with the inverse

of the number of carriers:� � ���. This expression differs slightly from the

Majumdar-Littlewood theoretical model, that predicts� � �����. The differ-

ence is due to the low values found for the product�� �.

� The resistivity of the ceramic samples is largely determined by interparticle con-

tacts. Nevertheless, it is possible for the field and temperature dependence to

reflect the intrinsic, bulk behaviour when the resistance of the sample is no more
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that about two orders of magnitude greater than the intrinsic resistance. In more

resistive samples the magnetoresistance is that of the interparticle contacts.

� An H� magnetoresistance is found for the pressed powder of Tl�Mn�O�, both

above and below TC. The latter behaviour has not been reported previously

in any other powder compact made of half-metallic material. It is attributed

to the semimetallic nature of Tl�Mn�O�, which leads to an electron-depleted,

semiconducting surface layer with the full Mn�	 spin moment. The quadratic

variation is explained phenomenologically in terms of the magnetization of a

misaligned region at the particle surface with electron hopping or tunnelling

through the interface region.





Appendix A

Saturation of the surface layer

I
N this appendix we will try to calculate the variation of the magnetization with

the applied magnetic field for the surface layer of the grains. In those grains,

for each point in the surface, there will be a preferred orientation for the mag-

netization (anisotropy axis) due to the lack of magnetic order in the surface.

A.1 Magnetization for one point of the surface

Let us consider one of those points in the surface. The anisotropy axis (31) will form

an angle� with the direction of the applied magnetic field. Let us call
 the angle of

the magnetization with the applied field, and� the angle of the magnetization with the

anisotropy direction (Fig. A.1). The magnetic energy will be the sum of two terms:

a dipolar one, tending to orientate the magnetization towards the applied field; and

an anisotropy one, that tends to rotate the magnetization towards the direction of the

anisotropy. As both energies will be minimized when the respective angles (
 and�)

were minimum, the magnetization will always lay in the plane defined by the field

direction and the anisotropy direction. Therefore, the three angles will be related:

� � 
 � �.

The magnetic energy will be, then:

���� � ����	��� � �����	� � ��� 3� � 3$ �1� �! 
� �

with 1� the anisotropy constant. Introducing the anisotropy field,$�, defined as:

1� � ��
���

�
:

369



370 Appendix A. Saturation of the surface layer
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Figure A.1:Schematic view of the relevant elements for the magnetization of a small part of
the surface.#� is the applied field,#� is the anisotropy axis and#� is the magnetization.
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(Here, we have considered that each surface particle will be saturated, what is true,

even for small fields, at low temperatures.)

Minimizing the energy:
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�� (A.1)

This equation will give the
� value for each particle, with its own anisotropy magneti-

zation easy axis (31�), with its��.
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When the applied field is high enough ($ 	 $�), intuitively the angle
� will be very

small (
� � �). Mathematically, in Eq. A.1, the factor in the right-hand term will be

�! ���� � 
��, that is, between -1 and 1. Therefore, as$ 	 $�, �! 
 must be small

enough, that is
 � �.

Therefore, for high fields, de Eq. A.1:
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And, hence, the magnetization for one of the moments in the surface will be the pro-

jection of 3� on the field direction:

�� � 3� �
3$

$
� � ��� 
�

(We assume the anisotropy constant1� being the same for all the particles in the

surface).

A.2 Magnetization of the whole surface

The total magnetization, per volume unit, for high fields (if the condition of saturation

was not fulfilled, now it will be) will be the average of all the possible31� directions

with respect to the field (that is, an average in��):
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Therefore, for high fields:

� � ��

�
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��	
(A.2)



Appendix B

Magnetization dependence of the
Magnetoresistance

S
INCE, intuitively, the scattering of an electron will depend on the relative

orientation of its spin with the magnetic moment of the Mn atom which

scatters it, one can wonder if there is some relation between the magne-

toresistance (variation of the resistance upon the application of a magnetic

field) and the magnetization (that will also vary with the application of a magnetic

field). The same argument is valid for the transfer of an electron between two zones

with different magnetization orientations.

For hopping or tunnelling, the transfer integral will be (Guinea, 2001):

��0 � ���� 
�0��

and hence the conductivity will be also proportional to���� 
�0��. But ���� 
�0�� �

�� � ��� 
�0���.

i j

θij

θi

θj

Figure B.1: Schematic view of an electron transfer between two Mn atoms.�� is the angle
between the spin S� and a reference direction (the applied field direction), and��0 is the angle
between the spins S� and S0.
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As thei- andj-directions are not correlated, the average of��� 
�0 will be:

���� 
�0� � ���� 
� ��� 
0� � ���� 
������ 
0� � ���� 
���

On the other hand, the magnetization will be the sum of all the projections of the indi-

vidual magnetic moments onto the field direction. And that will also be proportional to

the average of��� 
� (� � ���� 
��, being thism the normalized magnetization M/M�).

Consequently, we have that the conductivity in a sample magnetized with a magneti-

zationm will be proportional to the square of the magnetization:� � �� ������.

Then, the magnetoresistance:

�� �
����� ��$ � ��

��$ � ��
�

��$ � ��� ����

����

In the case of tunnelling between neighbouring grains, the MR will be conditioned

by the relative magnetization between both grains. In that case the$ � � state will

consist of a random arrangement of each grain direction. Therefore��$ � �� �
�� � ���� � ���.

And hence:
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Appendix C

Hyperfine specific heat for a system
with 6 levels

L
ET us discuse the contribution to the specific heat in a system with 6

nuclear energy levels. Those levels will be equally spaced by an amount

� of energy. This is the case of the Mn
��, that will cause a hyperfine

contribution to contribution to the low-temperature specific heat, called

Schottky (���,).

When the temperature is much higher than the separation between levels, all the levels

will be equally occupied, and small changes in the temperature will not change the

occupation factor in those level, and the total energy of the system will not change.

Hence, there will be no contribution to the specific heat. But when the temperature is

the higher levels will be less populated than the lower ones, and small increases in the

temperature of the system will cause excitation to the higher levels, contributing to the

specific heat.

In Fig. C.1 there is a schematic view of the splitting of the nuclear energy levels. The

energy of each level with respect to the original degenerated level will be�$�, with

� � �$'int��, where'int is the internal magnetic field affecting the nucleus and�$ is

the nuclear moment of the atom.

Taking the origin of energies at the bottom level, one can write the energy of the r-level

as�� � @�, with r = 0, 1,  , 5.

From (Gopal, 1966), for a system withN particles inn levels, each level having energy

�� and degeneracy>�, the Schottky energy of the system will be:
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In our case, the degeneracy of all the levels will be the same,>�. Then:

375



376 Appendix C. Hyperfine specific heat for a system with 6 levels

∆

E

Figure C.1:Energy splitting of a system with 6 levels equally spaced.
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Finally, introducing the energy separation in Kelvins (ÆSch� ����):

���, � ���ÆSch

�

��� @ �����@ÆSch�� ��

��� >� �����@ÆSch�� �

The hyperfine contribution to the specific heat will be then:
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For� 	 ÆSch (as is the case),ÆSch�� � �, and then:
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Concluding:
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(C.1)

wheren is the number of atoms per molecule andR is the molar gas constant.
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