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Abstract

In this thesis thermal-conductivity x and thermopower S measurements have
been performed on the Kondo insulator UsRu,Sn, the quasi-one-dimensional spin
system Yb,(Asg7Po.3)s, the heavy-fermion compound YbRhy(Si;—,Ge,)s (z =
0,0.05), the diamagnet ThAsSe and the clathrate BagGaisGesp.

UsRusSn has been classified as the first tetragonal uranium-based Kondo insu-
lator. Specific heat and magnetic susceptibility, as well as NMR provide evidence
for the opening of an energy gap of approximately 160 K. Thermal-conductivity
and thermopower measurements were performed on UsRusSn along and perpen-
dicular to the tetragonal c axis, in the temperature range between 100 mK and 1
K, in zero field and in a magnetic field of 6 T. Below 400 mK, the phonon contri-
bution to x(T') shows a T? behavior for both directions that can be attributed to
phonons scattered from electrons. S(7') presents a linear behavior in the whole
temperature range. S is positive along the ¢ axis and negative perpendicular to
the ¢ axis. Using a one-band model the effective mass m* is estimated to be 2my
along and 16m, perpendicular to the ¢ axis, where my is the free-electron mass.
This indicates that UyRusSn has a highly anisotropic residual density of states
within the pseudogap.

The Yby(Aso.7Po.3)3 is a quasi-one-dimensional S = 1/2 Heisenberg antiferro-
magnet. Yby(Asg7Po.3)s was studied by thermal-conductivity measurements at
low temperatures. k was measured in the temperature range between 150 mK
and 7 K and in applied magnetic fields up to 8 T. x(7') is found to follow the
relation a7+ bT? between 0.4 and 3 K at zero magnetic field. This dependence is
attributed to the dominating role of magnons: The magnons act as heat carriers
at the lowest temperatures (a7 term) and as scatterers for the phonons at higher

temperatures (bT? term). Below 0.4 K, the thermal conductivity drops below



the aT + bT? law, in agreement with the deviation from the magnon-related T
term in the specific heat due to spin-glass freezing. Above 1 K, the thermal
conductivity decreases with increasing magnetic field, the opening of a gap in
the magnon-excitation spectrum and the scattering of the phonons by magnetic
solitons are possible explanations of this behavior.

The heavy-fermion compound YbRhsSi, is a weak-antiferromagnet with Ty =
70 mK. It shows pronounced non-Fermi-liquid behavior related to a nearby
antiferromagnetic quantum critical point. Thermopower and thermal-conducti-
vity measurements were performed on YbRhy(Si;_,Ge;)s (z = 0, 0.05) between
200 mK and 7 K. One aim of this study is to check the predictions of a model pro-
posed for heavy-fermion compounds close to an antiferromagnetic quantum criti-
cal point. The model predicts an anomalous logarithmic temperature dependence
in the thermopower, which is indeed observed in YbRhs(Si; ,Ge;)s (xz = 0,0.05)
in a certain range of temperature. x shows striking deviations for the behavior
expected for a simple metal, e.g. the Wiedemann-Franz law does not appear to
be fulfilled.

The structurally disordered diamagnetic compound ThAsSe shows a glass-
like behavior observed in specific-heat measurements. Resistivity measurements
reveal Kondo-like behavior followed by non-Fermi-liquid behavior upon cooling.
This behavior is independent of magnetic field and pressure. A Kondo effect
derived from a structural two-level system is a possible explanation of the beha-
vior in this compound. Thermal-conductivity measurements were performed on
ThAsSe in the temperature range between 300 mK and 1 K, in zero field and in
a magnetic field of 6 T. The phonon contribution to #(7") shows a T' behavior
that can be attributed to phonons scattered from tunneling states.

The clathrate BagGaigGesy prepared with an excess of Ga presents p-type
transport properties with temperature dependences typical for heavily doped
semiconductors. Thermal-conductivity measurements were performed on single
crystals of p-type BagGa;sGesy in the temperature range between 200 mK and
7 K. Below 1.5 K, the phonon contribution to x(7') shows a T'-> behavior that
can be attributed to phonons scattered from electrons instead of the commonly

expected scattering of phonons from guest-atom tunneling states.



Chapter 1
Introduction

The last two decades have seen a growth of interest in strongly correlated elec-
tron systems — materials where the electron-interaction energies dominate the
electron kinetic energies, becoming so large that they qualitatively transform the
physics of the medium. The picture of an electron gas without interaction, which
describes reasonably well simple metals, is no more applicable. In general, specific
magnetic properties arise, especially when electrons become localized. Examples
of strongly correlated systems include cuprate superconductors, heavy-electron
compounds, Kondo insulators, Fermi and non-Fermi-liquid compounds, quasi-
one-dimensional materials, etc [1].

Furthermore, strongly interacting electrons are the key ingredient for many
unusual optical, electrical, and magnetic properties of technologically promising
materials such as high-temperature superconductors, colossal magneto-resistance
materials or Kondo insulators. Among other things, possible future applications
for these classes of materials may range from magnetic data recording to sig-
nificantly faster computers, loss-free transport and storage of electrical energy,
new means of transport based on magnetic levitation, medical imaging, better
speech quality in mobile communication, generation of electric energy, portable
refrigerators and hyperfine detectors in scientific research and material testing
[2—4].

A powerful tool for studying strongly correlated electron systems are thermal-
transport measurements, which are important for the determination of the basic

scattering mechanism in these systems. The thermal conductivity is a useful tool
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in order to probe dissipation and scattering of any propagating excitation in a
solid, while, thermopower measurements provide a sensitive probe of low-energy
excitations in metallic systems [5, 6].

In this thesis a number of compounds which present strong electronic correla-
tions have been investigated. The main aim of this work is to study the features
that thermal conductivity and thermopower present in different kinds of strongly
correlated electron materials at low temperatures.

Thermal-conductivity measurements can be used to probe magnetic excita-
tions in low-dimensional magnetic materials, where magnetic interactions along
one direction or plane of the crystallographic structure are much larger that in
the transverse direction. It has been found that magnetic excitations in such ma-
terials provide an unusual transport channel of heat. The huge anisotropy seen in
the thermal conductivity in the direction parallel and perpendicular to the chains
or ladders indicates that magnetic excitations of these quasi-one-dimensional sys-
tems do play an important role in heat transport [7].

An exciting question is whether the theoretical understanding of electrons
with strong correlations can be verified experimentally. This is the case for
ThAsSe which apparently represents an experimental realization of a two-channel
Kondo effect [8]. Thermal-conductivity measurements could help to explain the
main mechanism by which heat is conducted and by which the heat flow is limited
in this compound.

Another recent topic is the study of the thermal-transport properties of metal-
lic heavy-fermion systems near a magnetic quantum critical point. A problem
of interest is to understand the behavior of the thermal conductivity and ther-
mopower of compounds that show non-Fermi-liquid behavior. In particular, it
is an interesting task to study whether the Wiedemann-Franz law can still des-
cribe the behavior in those compounds. The Wiedemann-Franz law is a robust
signature of a Fermi liquid and, until a very recent study on a high-T, supercon-
ductors 9], no materials have been reported to violate it.

Studies of thermal-transport properties could help to clarify the origin of the
energy-gap formation in Kondo insulators. This is due to the fact that thermal
conductivity and thermopower are sensitive to the opening of the energy gap in

these compounds. Kondo insulators are not only an interesting research topic
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but might also find an application as thermoelectric materials. This is due to
the huge thermopower observed in the temperature range where the gap opens
[10, 11].

Studies of thermoelectric phenomena in strongly correlated electron systems
are not only of fundamental interest in condensed-matter physics, but could also
have great technological implications. Using thermoelectric effects of solids it
is possible to generate electric energy from heat. This process is not accompa-
nied with any pollution. Therefore thermoelectric materials are clean means for
waste heat utilization, power generation for deep-space missions, and so on. The
materials which have been studied as promising candidates for thermoelectric
applications are mostly semiconducting alloys and compounds. Materials such
as BiyTes/SbeTes and Si-Ge, which are currently favored for room-temperature
applications, belong to this category. Another class of materials with poten-
tially useful thermoelectric properties are Ce and La filled skutterudites such as
LaFe3;CoSbhis and CeFe3CoSby,. Recently, it has been claimed that the best ther-
moelectric materials could be correlated metals and semiconductors (i.e., rare-
earth intermetallic compounds) [4]. The search for new thermoelectric materials
with high efficiency has recently focused on novel compounds with a complex
crystal structure such as clathrates, mainly due to their remarkably low lattice

thermal conductivity [12].

This thesis is divided into eight chapters. After a general introduction in
this chapter the experimental part will be outlined in chapter 2. Both the ex-
perimental technique and the equipment are described there. Chapter 3 gives
the basic theories that will help to understand and to analyze the experimental
results. Chapters 4 to 7 cover the main content of the thesis, each chapter dea-
ling with another topic. In chapter 4, thermal-transport properties of the Kondo
insulator UsRuySn are investigated. Chapter 5 presents thermal-conductivity
measurements of the quasi-one-dimensional S = 1/2 Heisenberg antiferromagnet
Yby(Aso7Po3)s at low temperature and in applied magnetic fields. Chapter 6
is dedicated to the thermal transport of the antiferromagnetic heavy-fermion
compound YbRhy(Si;_,Ge;)s, which is close to an antiferromagnetic quantum
critical point. Chapter 7 is dedicated to the study of the thermal conducti-
vity of the structurally disordered compound ThAsSe and the p-type clathrate
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BagGai6Gesp. Finally, in chapter 8 the general conclusions will be given.



Chapter 2
Experimental Methods

The thermal-transport behavior of the different compounds studied in this the-
sis has been investigated by measuring thermal conductivity x, thermopower S
and electrical resistivity p as a function of temperature 7" and magnetic field
B. In this chapter, the concepts and methods of measurement will be given.
Thermal conductivity and thermopower were measured simultaneously by means
of a steady-state method. The experiments were performed at low temperature
(T < 7K) in dilution refrigerators. Measurements of the electrical resistivity were
performed in the Physical Properties Measurement, System (PPMS) of Quantum
Design, using the AC Transport Option in the range of temperature between 0.35
and 7 K.

2.1 Definitions

To define and estimate the thermal conductivity and the thermopower, consider a
metal bar along which the temperature varies slowly in space. By supplying heat
to one end of the bar, at the rate as it flows away, one can produce a steady state.
Thermal conductivity is related to the ratio between a uniform flow of thermal
energy and a temperature gradient on the bar [13]. The thermopower concerns
the direct generation of an electrical field by thermal means. This phenomenon
arises because electrons at the hot end of a conductor can find states of lower
energy at the cold end, setting up an electric field or a potential difference between
the two ends [14].
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T T

AT

Heater

Cold Bath

Figure 2.1: Scheme of the experimental arrangement for measuring thermal

conductivity and thermopower.

In the simplest steady-state (experimental) arrangement, illustrated schemat-
ically in Fig. 2.1, heat is supplied at one end of the sample of uniform cross section
A at a known rate Q and is removed at the other end. Thermometers are attached
at two places along the sample separated by a distance L, and the temperature
difference AT and the thermal voltage AV}, between them is measured. The

thermal conductivity x and the thermopower S are then derived from the rela-

tions
. AT
=KkA— 2.1
Q= ra” (2.1
and
AV
S = ) 2.2
AT (2.2)
For k measurements, if AT is not too large (% < 0.1), the derived value
of k will be that corresponding to the mean temperature 7" = % between

the thermometers even if x is a rapidly varying function of temperature. The
steady-state method can be used if it is certain that nearly all the heat supplied
by the heater does indeed travel through the sample to the colder end [5].

For S, equation 2.2 is just valid if a small temperature difference (% < 0.1)

is maintained between the two ends [15].
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2.2 Experimental set-up

2.2.1 Sample holder

In Fig. 2.2 the sample holder is shown. Thermal links between the sample and
the heater, the RuOy thermometers and the cold bath were established with
high-purity Au wires (¢ ~ 25 um or 50 um) spot welded to the sample. The spot-
welded contacts were stabilized mechanically using silver paint. In some cases,
the sample was directly glued to the cold bath using silver paint. The thermome-
ters were glued to silver foil and the heater was wrapped into silver foil. NbTi
superconducting wires were used in the electrical wiring since superconducting
wires, much below the critical temperature 7,, have very low thermal conductiv-
ity and do not contribute to the thermopower. The entire set-up was suspended
with the help of fine Nylon wires in a Vespel frame. Application of a heat load to
generate AT of the order of a few percent (1 % to 5 %) rapidly lead to equilibrium
even at the lowest 7' (= 100 mK) investigated. Four thermometers were attached
to the sample holder for the determination of AT; two of them were calibrated
from 100 mK up to 1.2 K and the second pair was calibrated from 1 K to 7 K.
The four thermometers were calibrated in situ in different magnetic fields (1 T, 2
T,4T,6T,8T). The thermal voltage AV}, was measured using a Keithley 2001
multimeter with the help of a Keithley 1801 nanovolt preamplifier. The resis-
tance of the thermometers was measured with an AVS-47 resistance bridge from
RV-Elektroniikka OY. The power dissipated at the heater was generated using a
Keithley 236 current source and measured using a Keithley 2182 nanovoltmeter.

Typically, the investigated samples had dimensions of 1.5 mm X 0.5 mm X

0.2 mm.

2.2.2 Dilution refrigerator

Most of the measurements performed in the framework of this thesis were carried
out using a dilution refrigerator (*He-*He refrigerator). This kind of refrigerator
uses the thermodynamic properties of a >He-*He mixture to cool down the system.
When a mixture of the two stable isotopes of helium is cooled below a critical

temperature it separates into two phases. The lighter “concentrated phase” is rich
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Figure 2.2: Experimental set up. A sample of UsRuySn is glued to the cold finger
with silver paint, the heater is located at the other end of the sample. The black

squares at both sides of the sample are RuO, thermometers.

in *He and the heavier “diluted phase” is rich in *He. Since the enthalpy of the *He
in the two phases is different, it is possible to obtain cooling by “evaporating” the
3He from the concentrated phase into the diluted phase. The “He which makes up
the majority of the diluted phase is inert, and the 3*He “gas” moves through the
liquid *He without interacting with it. This gas is formed in the mixing chamber
at the phase boundary, and the cooling obtained by this process is used to cool
the sample. A detailed discussion of the principles of a dilution refrigerator has,
for example, been given in Ref. 16.

Two dilution refrigerators were used in this thesis. The first one is the so-called
“mini fridge” (home made). In this cryostat, the sample holder was mounted on a
decoupling platform which allows to regulate the bath temperature between 0.07
K and 7 K in a magnetic field up to 8 T. Several changes were performed on the
cryostat to improve its base temperature from 150 mK to 70 mK and to reach
a higher reliability: The old wiring which was soldered to several thermalization
stages in the inner vacuum chamber was changed into one band of superconduct-
ing wires which has just two soldering points, one at the 1 K pot and the other one
at the mixing chamber. The amount of 3He-*He mixture was increased. In order

to reduce the background signal in the thermopower measurements, a vacuum
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tube for the thermal voltage wires, which originally passed through the He bath,
was installed. Using this “mini fridge” the following samples of this thesis were
measured: YbRhy(Si;_,Gey)s (z = 0,0.05), Ybs(Asy7Po3)s and BagGaigGeso.
Due to a leak in the inner vacuum chamber which, after various attempts, could
not be fixed the use of another cryostat was necessary.

The second cryostat is a Kelvinox 100 (Oxford Instruments). This cryostat is
situated at the Institut fiir Festkorperphysik at Dresden University of Technology
and was made available for this study by Professor Joachim Wosnitza. The base
temperature was 60 mK with the sample holder in a magnetic field up to 6 T.
The sample holder was mounted 23 cm below the mixing chamber in the center of
the magnet. There is no decoupling platform in this cryostat; thus measurements
could be performed below 1 K only. The following samples of this thesis were
measured using this cryostat: YbRhy(Si;_,Gez)s (z = 0,0.05), UyRusSn and
ThAsSe.

In both cryostats, for measuring thermopower a pair of copper wires (¢ ~
100 um) was installed in the cryostat without interruption and soldering points
from the preamplifier at room temperature down to the mixing chamber, where
a pair of superconducting wires continues down to the sample holder. In order to
prevent the generation of parasitic thermal voltages at the copper/superconductor
transition, the wires were screwed to small copper blocks which, by using GE
varnish, were brought in good thermal contact with the mixing chamber but
were electrically insulated from it. All wires from the sample holder to room
temperature were thermally anchored at various points on the refrigerator.

On the mixing chamber decoupling platform a germanium thermometer and
a heater were installed in order to measure and control the temperature of the
cryostat. The temperature stabilization occurs by a combination of an AVS-
47 resistance bridge and a PID-temperature controller TS-530, both from RV-
Elektroniikka OY.

2.2.3 AC Transport Option

The Quantum Design AC Transport Option of the Physical Property Measure-

ment System (PPMS) permits measurements of electrical-transport properties in
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the temperature range from 0.35 to 400 K and in applied magnetic fields up to 14
T. The system measures the electrical resistivity p by using a standard four-point
AC technique, passing an AC bias current / and measuring the potential drop V'

across the sample. The resistivity p is calculated from

VA
P=TTL

where A and L are the sample cross section and the distance between the voltage

(2.3)

contacts, respectively (see Fig 2.1). The sample contacts for measuring p are
the same contacts used for measuring the thermal conductivity. Using the AC
transport option the following samples were measured: YbRhy(Si;_,Ge;)s (z =
0,0.05), UsRuySn, and BagGaigGeso.

2.3 Measurement and data analysis

To determine x and S from the measurements, relations 2.1 and 2.2 are used.
Q) is the power generated by the heater which is related to its resistance R and
the applied current I by Q = RI2. AT is the temperature difference across the
sample, AT = T, — T, where T, is the temperature at the warm end and 7} is
the temperature at the cold end. Replacing Q and AT in equations 2.1 and 2.2,

the relations

RI? L
— - 2.4
T T A (2:4)
and
AV,
- 2.
S T, (2.5)

are obtained.

The experiment was performed as follows: After setting the temperature of
the cryostat (bath temperature), a set of currents was applied to the heater
to generate different gradients of temperature. For each current, the sample’s
temperature profile was stabilized and 77, 7> and AV}, were measured, keeping
the bath temperature stable. After the last current setting and measurement the

next bath temperature was set.
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Figure 2.3: Background signal of AV}, as a function of time ¢. These data were
measured in the Kelvinox 100. For the “mini fridge”, the background was larger and
the time dependency was stronger. The jump is generated when *He is transferred

to the cryostat.

For each bath temperature, four heater currents (Iy, I;, I> and I3) were ap-
plied; two of them had value zero (Iy and I3). The first zero-current measurement
was performed after a well stabilized bath temperature was reached and the sec-
ond one after the last measurement with a non-zero current was performed.

The zero-current measurements provide information about the stability of the
system during a complete measurement at a given bath temperature: AT and
AV}, ought to be the same for Iy and I3, if the system is thermally stable. In
addition, in an “ideal” system, AT and AV}, ought to be zero at Iy = I3 = 0. The
fact that always finite background signals are measured is due to weak thermal
links on the sample holder and inhomogenities in the wiring. The background
signal of AV}, was found to depend strongly on time ¢; in fact it depends on the
“He level in the cryostat (see Fig. 2.3 and more information in [17]).

Before calculating x and S, it is important to subtract background signals

from the measured data. Figure 2.4 shows AVj, as a function of ¢ for four
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Figure 2.4: Thermal voltage AV}, as a function of time ¢ for four different currents.

Each set of 4 points was measured at constant bath temperature. The solid line is a

linear-in-t fit between the I, and I; data.

different current settings. Each set of four points was measured at a constant bath
temperature. The solid line is a linear-in-¢ fit for the two zero-current settings of
the second bath temperature Tjq,0. Using the fit, it is possible to estimate the
background AVip pecr for the non-zero-current data of the same bath-temperature
setting.

To estimate the background signal of AT it is necessary to consider that,
at a given bath-temperature setting, for each non-zero applied current the av-
erage temperature 7" of the sample increases. In Fig. 2.5, AT is plotted as a
function of In(T") for four different current settings. The leftmost point of each
curve corresponds to the first bath-temperature setting Tjq:,1. The curves for the
currents I; and I, are shifted to higher temperature with respect to the curves
for the currents Iy and I3. The estimated background signal AT}, is, for each
current and average temperature, determined from the AT (I) and AT (/3) data
by interpolation in temperature (cf. Fig. 2.5).

In order to calculate x and S'it is necessary to obtain the background-corrected
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Figure 2.5: Temperature gradient AT as a function of In(7T") for four different
currents. T is the average sample temperature. The solid lines are interpolations for

each current.

AT and AV}, values for the different current settings at the same average sample
temperatures, e.g. at a select average temperature T'(I5), interpolation-in-T" is
also necessary for obtaining AT (I1), AVi,(I1) and I at T'(I5). Then, to extract
x and S for each average sample temperature, a plot of I? versus the background-
corrected AT values and a plot of AV}, versus AT, both background-corrected,
are made. If the condition for x and S are fulfilled (% < 0.1), the plots should
represent lines the slopes of which are x and S, according to equations 2.4 and
2.5.

A polycrystalline sample of lead (Pb 5N) was used to test the system. Pb is
superconducting below the critical temperature 7, of 7.19 K. In superconductors
much below 7,, the electronic contribution to x is suppressed and other contri-
butions to k, e.g. the lattice contribution, become more important. According to
various theories [18, 19|, this phonon-dominated regime is expected at tempera-

tures % < 0.15 where, on account of the energy gap in the electronic excitation
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spectrum of the superconductor, not only the electronic transport contribution
has vanished but also the scattering of phonons by electrons is negligible.

In Fig. 2.6, k is shown as a function of temperature for Pb. Circles (o) show
k(T') data of a single crystal taken from [20] and triangles (A) show x(T") of the
polycrystalline sample used in our calibration. For both samples, x shows an
approximate T2 dependence below 1 K (~ T?7 for the polycrystal and ~ T2
for the single crystal). This temperature dependence is theoretically expected for
boundary scattering of phonons [13, 20]. The absolute value of £ depends directly
on the mean-free path [,, of the phonons. In the case of the single crystal, at
low temperature, [, is of the size of the smallest side of the sample. In the case
of the polycrystalline sample, [, is of the size of the grains and this lowers x as
may be seen from Fig. 2.6.

Another characteristic of superconductors is that, below 7., they do not show
thermoelectric effects, indicating that electrons do not transport entropy [13, 15].
In Fig. 2.7, a measurement of S(7") of our polycrystalline Pb sample is shown.
As expected, S(T') = 0 within the error bars. From this result we may estimate
the resolution of S(7') measurements with the “mini fridge” system used for the
Pb measurement: it is better that 0.5 4V /K above 0.1 K.
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Figure 2.6: Thermal conductivity x as a function of temperature 17" of Pb measured

within the “mini fridge” system. Single crystal data are taken from Ref. 20.
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Figure 2.7: Thermopower S as a function of temperature T of a polycrystalline Pb

sample measured with the “mini fridge” system.
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2. Experimental Methods




Chapter 3
Theoretical concepts

This chapter is dedicated to introduce some theoretical concepts which will then

be used during the discussion of the results.

3.1 Thermal Transport

The theoretical concepts and relations discussed in this section are mainly taken
from the books “Electrons and Phonons” by Ziman [21|, “Thermoelectric Power
of Metals” by Blatt [6] and “Thermal Conduction in Solids” by Berman [5].
Expressions for the transport coefficients in the case of electronic transport
are derived by solving the Boltzmann transport equation subject to appropri-
ate boundary conditions. Under steady-state conditions in a bulk sample the

distribution function must satisfy the equation

E-kawk-vrf:(%—{) (3.1)

where f = f(k,7) is a function of the wave vector k and of the position 7, which
measures the number of carriers with momentum &k in the neighborhood of 7.
The terms on the left-hand side of equation 3.1 are the drift terms, which de-
scribe the change in the local distribution due to a temporal change of k and 7
(acceleration and velocity). The term on the right-hand side is the collision term,
denoted by the subscript ¢, and gives the number of electrons scattered into the

six-dimensional volume element dkdF per time. The calculation of the collision
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term is a difficult problem, and the result depends on the type of interactions
which give rise to scattering, e.g., interaction with defects, lattice vibrations, mu-
tual exchange interaction. Using the relaxation-time approximation to estimate
the collision term and considering that at equilibrium the distribution of carri-
ers among the available energy levels is given by the Fermi-Dirac distribution,
the transport coefficients electrical conductivity o, thermopower S and thermal
conductivity x can be written as a function of a single function. The transport

coefficients are given by solutions of the Boltzmann equation as:

o=¢ /_+oo de (—%) Y(e), (3.2)

ToS = e/_:o de (-%) S(e)(e — ), (3.3)
Thy = /_ :o de (-%) S(e)(e — w2, (3.4)

where p is the chemical potential, e is the electron charge, ¢ is the energy, and

fo is the Fermi-Dirac distribution for the system in equilibrium:

( %) 1 ) (3.5)

S 9e ) kgT (e(;;—‘}) + 1)2.

The transport distribution function ¥(g) is, in the case of parabolic bands,

given by:

Y(e) = N(e)v(e)*r () (3.6)

where N(g) is the density of states, v(e) is the group velocity of the carriers and
7(€) is the carrier’s lifetime.
The theory is just the same for phonons except that the Bose-Einstein statis-

tics should be taken into account.

3.1.1 Thermopower

Thermoelectric phenomena are sensitive indicators of the electronic properties of

metals, particularly of the interactions between electrons and phonons, impurities
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and other defects. The interest in thermoelectric phenomena is based on the fact
that they can shed light on fundamental features of electronic energy levels and
on the interaction of conduction electrons with their environment.

Electronic contribution in metals

In the degenerate limit, expansion of the integral 3.3 leads to the Mott expression

71 k3T (0lno(e)
Sd——? . ( e )EF (3.7)

Here, e is the electron charge, T' the temperature, kg the Boltzmann constant,
and Er the Fermi energy. The function o(¢) yields the dc electrical conductivity

of the system. The Fermi energy EFf is given by the expression

w22 (3n\%3
Ep=1_" <?> (3.8)

where m* is the effective mass, n is the charge carrier concentration and # is the
Planck constant divided by 27.

Sy is the diffusion thermopower which is the contribution to the thermopower
associated with a system of charge carriers that interact with a random distribu-
tion of scattering centers. It should be noted that the sign of Sy in equation 3.7
is not only determined by that of the charge carriers but also by the sign of the
logarithmic derivative of o(e).

At very low temperature where the relaxation time is limited by impurity

scattering, the diffusion thermopower in the free-electron approximation is:

w2k3T

S, = .
4 T 3eE,

(3.9)

3.1.2 Thermal conductivity

There are several mechanisms by which heat can be transmitted through a solid
and many processes which limit the effectiveness of each mechanism. In an elec-
trical insulator heat is conducted by means of the thermal vibrations of the atoms
(phonons). In simple metals, on the other hand, the thermal conductivity is usu-

ally dominated by electrons.
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Electronic contribution and Wiedemann-Franz law

The high thermal conductivity of metals is closely connected to their high elec-
trical conductivity. In the Drude theory of electrical conductivity, the electrical

conductivity can be expressed as

ne?l,

o

= 3.10
2Me Ve ( )

where n is the charge carrier concentration, e and m, are the electric charge and
the electron mass, v, is the mean velocity and [, is the mean-free path. Assuming
that, in a temperature gradient, electrons travel just the same average distance
l. before transferring their excess thermal energy to the atoms by collisions, then

the heat conductivity is given by

1
Ke = gncevele (3.11)

where ¢, is the heat capacity per electron (nc. is the electronic heat capacity
per unit volume, C,). The Wiedemann-Franz law is obtained by comparing &,
with o as given in the equations 3.10 and 3.11. Taking into account that v, is

independent of temperature, while c, is proportional to I’, one obtains:

Fe _ T (’LB)QT (3.12)

o 3 \ e
This is the Wiedemann-Franz law «./(0T) = Lo, where Lg is the Lorentz
number with the value of 2.4x107% WQcm/K2. The Wiedemann-Franz law is

valid for the strictly elastic processes that operate when 7T goes to zero.

Phonon contribution

Lattice vibrations, i.e., phonons, also play a role in thermal transport. Their
mean-free path [, is a measure of the rate at which energy is exchanged between

different phonon modes. [, is determined by a combination of scattering mech-

1 1

anisms (lp_h = Zzl]m——z

independently. We can again use the expression

), assuming that the different scattering mechanism act

1
t = 3 CpnUpnlpn (3.13)
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to represent the heat conductivity, where vy, is the mean phonon velocity, approx-
imately equal to the sound velocity in the crystal, and Cy, is the heat capacity
contributed by the lattice.

The phonons are scattered by many origins, e.g., by phonons themselves,
electrons, imperfections of the crystal, or at the surface of the crystal. Each
mechanism leads to a different temperature dependence of x. The dominant
scattering mechanism depends on the temperature and the concentration of scat-
tering centers.

The conventional formulae for x,, and vy, given by the Debye model are

kg kg 3 3 /T 4z
=8 (2B} 7 - T)d 14
=g (1) T gD 610
k0
Uph = BhD(67r2N)—1/3, (3.15)

where 6p is the Debye temperature, N the number of atoms per unit cell, and
Ton(z, T') is the phonon-relaxation time. The latter is related to the phonon mean-
free path [, via the phonon velocity vy (T, = lpn/Vpn) and z = hv,pq/kpT where
q is the phonon wave number. The total heat current comes from the sum of the
contributions of each mode. The problem of solving the equation 3.14 is to calcu-
late 7,1(2z,T). The relaxation time is related to the heat rate that is transferred
locally from one mode to another of the phonon system. Unfortunately, there are
scattering processes which make the integral in Eq. 3.14 diverge at small values of
g. One way of solving the problem is by considering that the phonon distribution
at any given temperature tends to be concentrated about a particular frequency.

The number of quanta in the range of frequencies dv is proportional to

v2dy
(i) _ 1

which has a maximum at Avgy, ~ 3.8kT or hv,pqaem ~ 3.8kpT where vg,y, is

(3.16)

the dominant phonon frequency and g4, is the dominant phonon wave number.

1. Boundary Scattering At high temperatures [, is limited by direct interac-

tions among the phonons themselves. As the temperature decreases, interactions
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among the phonons become rapidly less effective in restricting l,,. At low tem-
peratures l,, may reach several millimeters and is comparable with the smallest
dimension of the sample. Then, the scattering of the phonons with the sample
boundary has to be considered. The phonon mean-free path due to boundary

scattering, also called Casimir mean-free path, can be expressed as

lpthasimir - 4A/7Ta (317)

where A is the cross section of the sample.

2. Phonon-electron scattering Most measurements have shown that the
lattice component of the thermal conductivity in metals and alloys at low tem-
peratures is proportional to 72. This 72 behavior has been shown theoretically
to arise when the lattice waves are scattered predominantly by the conduction
electrons.

A theory developed by Ziman [22| shows that the phonon mean-free path for
phonon charge-carrier scattering can be expressed as
m*Eg, kg

l—l

ph—e =

— 2T 3.18
27rpmh4v§hz ’ (3.18)

where m™ is the effective mass of the charge carriers, Fg4.; is the deformation

potential, p,, is the mass density of the compound and z comes from the domi-

hvpnq
kT *

strength of the phonon-electron interaction.

nant phonon approximation z = The deformation potential measures the
However, the phonon-electron interaction is negligible if the product of the
charge-carrier mean-free path [, and the wave number of the dominating phonons
Gdom 18 less than 1 (Pippard ineffectiveness condition) [23]. At low phonon fre-
quencies, the electronic mean-free path is shorter than the phonon wavelength,
and the electrons are invisible for the phonons.
To estimate the electronic mean-free path [, the electronic conductivity in

the case of electron-phonon interaction is used

e?l,

- 3rh

o

(372n)?/3, (3.19)
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where e is the charge of the carriers, [, is the electronic mean-free path due to
the electron phonon scattering, and n is the charge-carrier concentration.
Recently, Sergeev and Mitin [24] have discussed the validity of the condition
loq > 1 for systems with extra disorder due to atoms which oscillate independently
from the lattice (rattling) and they have found that in this case even for [.q < 1
the phonon charge-carrier scattering can be dominant.
Using this last model, in the case that [.¢ > 1, the mean-free path can be

written as:

= 28,422 ( gle arctan(gle) _ (1 - lﬁ) i) P(2), (3.20)

lph—e vr \ gle — arctan(qle) L) ql,
where P(z) is a cutoff function which allows only phonons with ¢ < 2kr to
contribute, vr is the Fermi velocity and L is the electron mean-free path with
respect to the scattering from the quasistatic potential.

In the case l.qg < 1 the phonon mean-free path is given by

— W2, 3.21
lphfe UFL + 5Uph ﬂlT wq ( )
with
2 2 w2y
=|-F —. 3.22

Using the dominant-phonon approximation and replacing (%EF) by Eqes [21],
B, is expressed as
E2 m*%v
B = 72;;; 7 ;_; (3.23)
In the limit leggom > 1 and l./L = 0, Eq. 3.20 combined with Eq. 3.23
correctly reproduces the Ziman equation (Eq. 3.18). Calculating the phonon
thermal conductivity with equation 3.20 results in K,y ~ T% with 1 < o < 2.

In the limit l.qg4om < 1, the mean-free path is expressed as

1 3Egm*up, EEgefm*PFZZk%Te )

lph,—e B 7T2pmh3L o pmvphh5

(3.24)

Calculating the phonon thermal conductivity with equation 3.24 results in
Kpn ~ T with a < 1.
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Magnetic contribution

In a magnetically ordered crystal the propagating excitations of the spin sys-
tem, known as magnons, can transport heat in the same manner as the phonons.
In 1955, Sato [25] pointed out that, at liquid-helium temperatures, the magnon
system can have a specific heat equal to or greater than that of the phonouns.
The velocities of the two excitations are comparable and, at sufficiently low tem-
peratures, their mean-free paths are equal, since both are limited only by the
boundary of the sample. Therefore, at low temperatures, a large fraction of the
total thermal conductivity of the system may be due to the magnons. In analogy
to the electron and phonon cases the magnon thermal conductivity k,, is given
by
1

K = glmva’m, (3.25)

where (), is the magnetic heat capacity, v,, is the propagation velocity of the
magnons and [, is the mean-free path of the magnons. Sato showed that the
thermal conductivity due to magnons scattered by the sample boundary would
vary as T2. The magnons can also be scattered by phonons. The interaction is
strongest at the point where the dispersion curves cross, since at this point energy
and wave vector can be conserved in a one-phonon-one-magnon interaction. At
the point of the intersection a gap opens in the dispersion curves, and near the
gap the excitations are neither magnons nor phonons, but coupled magnetoelastic
modes. The size of the gap is determined by the magnitude of the magnetoelastic
coupling constant. The magnon-phonon interaction can also affect the phonon
conductivity. Because of the gap, a band of phonons is effectively removed from
the heat-carrier spectrum.

Magnon conductivity could be recognized by a departure of the thermal con-
ductivity from the T behavior expected for the boundary-limited phonon con-
ductivity. Another useful technique is the measurement of the conductivity in an
external magnetic field. For a ferromagnet, the applied magnetic field raises the
magnon energies which decreases their population and thus lowers the magnon
component of the conductivity. In an antiferromagnet, one magnon branch is

lowered, causing an increase in the magnon contribution.
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Figure 3.1: Schematic band structure and magnetic-field dependence in a Kondo

insulator at low temperatures [28].

3.2 Kondo insulators

Kondo insulators are materials which show the behavior typical of Kondo lat-
tices at high temperatures, but which evolve into a semiconducting state as the
temperature is lowered. Characteristic is the high-temperature Curie-Weiss mag-
netic susceptibility which evolves into low-temperature paramagnetism on the
same temperature scale describing the exponential rise in the electrical resistiv-
ity and electronic specific heat at low temperatures. This scale also gives the
temperature development of the Hall constant |26, 27].

A simple model which captures most of these properties is that of a flat f-band
hybridizing with a broad conduction band, with exactly two electrons per unit
cell. At T = 0 these two electrons fill the lower hybridized band (see Fig. 3.1(a)).
Furthermore, for applied magnetic fields small compared to the hybridization gap
(see Fig. 3.1(b)), the magnetic response x vanishes because the number of up-
and down-spin electrons remains equal. As 7" grows from 0 K, however, the fill-
ing of the lower and upper bands deviates from unity and zero, respectively, and
a thermally activated Pauli-like term dominates x(7") (see Fig. 3.1(c)). Analo-
gously, the transport properties at low 7" are those of a semiconductor while, at
T of order of the gap and above, the resistivity should resemble that of a metal
[27].

While this simple model explains most of the physical properties of cubic
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systems such as Ce3BisPts, it does not account for all the macroscopic properties
of some other, in particular non-cubic, Kondo insulators [29|. This may be due
to the fact that the conditions for gap formation (one f-band crossing exactly
one conduction band, two relevant electrons per f-site) are more likely fulfilled
in cubic materials.

A number of models has been proposed to account for the unusual properties
of Kondo insulators [30-33]. A renormalized gap can be derived by a mean-
field treatment of the Anderson-lattice Hamiltonian [31]. Another picture is the
formation of a local Kondo singlet where the excitations are s-wave-type exci-
tons, which was proposed to described the strong £ dependence of the magnetic
excitations in the classical Kondo insulator SmBg [32]. In addition, there is a
controversy on the problem whether or not the mechanism of the gap formation
in YbBy, is similar to that in the Ce compounds [32].

Theoretical descriptions of the closure of the energy gap and the accompanying
insulator-metal transition in Kondo insulators by means of a magnetic field [34,

35], of pressure [36], and of impurities [37, 38] have been given.

3.3 Fermi-Liquid State

The Fermi-liquid model is the correct description of the low-temperature mea-
surable parameters of a metal provided that the electron interaction, as 71" goes
to zero, becomes temperature independent and is short ranged in both space and
time. Assuming a one-to-one correspondence of the excitations (quasiparticles) of
an interacting-electron system and of a free-electron gas, Landau [39-42] derived
that the low-7" properties of the Fermi liquid obey the same laws as the Fermi gas,
with a renormalized effective mass m*, and a few additional parameters taking
into account the residual interactions among the quasiparticles.

The thermodynamic and transport properties of a normal Fermi liquid are
shown to be directly related to the effective mass m*. The following properties
are predicted by Landau-Fermi liquid theory when the temperature goes to zero.

The density of states at the Fermi energy is given by:

m*kp
m2h2’

N(Ep) = (3.26)
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where kr is the Fermi wave vector.

The temperature independent susceptibility y has the form

_ Hopsm’kp 1
mh? 1+ FY

where I is the antisymmetric Landau parameter. In comparison with the case

(3.27)

of a non-interacting Fermi gas, x is enhanced by a factor of m*/my(1 + F§).

The electronic specific heat follows the relation

C.  mkekd
T =77 A

Therefore, specific-heat measurements should provide direct information on

(3.28)

the effective mass m*.

The electrical resistivity varies as

p=po+ AT?, (3.29)

where py is the residual resistivity and the coefficient A reflects the cross section

of the electron-electron scattering (A ~ v ~ N(Er)?).

3.4 Heavy-fermion metal

The Kondo effect describes the exchange interaction between a magnetic impurity

(with a spin S) and a conduction electron (with spin ), given by the Hamiltonian

H=-JS-3 (3.30)

For a negative coupling J, the impurity spin is completely compensated by

conduction electrons at low temperature, leading to the formation of a Kondo
singlet. The binding energy of a Kondo singlet is determined by

kBTK ~ G_JNI(EF), (331)

N(Er)
where Tk is the Kondo temperature.
Heavy-fermion compounds can be considered as a Kondo lattice composed

of a periodic array of magnetic impurities. Characteristic features of a Kondo
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lattice at low temperature are: The electronic specific heat is typically some 100
times larger than that found in most metals, the magnetic susceptibility can be
two or more orders of magnitude larger than the temperature-independent Pauli
susceptibility observed in conventional conducting materials, and, for 7" < Tk,
p = po + AT? with a large coefficient A [43]. The compensation of the magnetic
moments of the f electrons by the conduction electrons via the Kondo effect leads
to a non-magnetic ground state.

On the other hand, the f electrons can interact with each other via the con-
duction electrons, an indirect interaction referred to as Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction. This RKKY interaction tends to form a magnetic
state. The energy associated with the RKKY interaction is

kTrxxy ~ J°N(ER) (3.32)

where Tri kv is the characteristic temperature of the RKKY interaction.

In heavy-fermion materials, the evolution of ground states as a function of
pressure or chemical environment is frequently discussed in terms of an intuitive
model first proposed by Doniach [44]. This model considers a one-dimensional
chain of Kondo impurity atoms that experience the effect of competing long-range
RKKY and short-range Kondo interactions, which both depend on a coupling
constant proportional to the magnetic exchange |J|. Because of their different
functional dependencies on |J|, quadratic (RKKY) and exponential (Kondo), the
RKKY interaction dominates for small values of |J|. As a consequence, the spin
system orders magnetically. The Néel temperature 7T increases initially with
the exchange. For modest values of |J|, the magnetic singlet state favored by
the Kondo effect competes with long-range order, producing a maximum in Ty
versus |J| and, at sufficiently large |J|, the magnetic state is driven towards a
zero-temperature transition.

The prototype heavy-fermion materials include actinide and rare-earth alloys,
mostly containing U, Yb, and Ce, respectively, like CeAls, CeCug, UBe;3, UPts3,
etc. [45].
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3.5 Non-Fermi-liquid behavior

In recent years, non-Fermi-liquid (NFL) behavior has been widely observed in
heavy-fermion systems, high-T, superconductors, d-transition-metal compounds
and one-dimensional systems (see, e.g., recent reviews [46-48|). NFL behavior
is observed as a non-quadratic temperature dependence of the electrical resis-
tivity (p ~ T™, n < 2), a strongly temperature-dependent electronic specific-
heat coefficient v (y ~ log(T/Tp) or v ~ 4o — aT*/?) and a divergent magnetic
susceptibility (x ~ —log(T/Ty) or x ~ bT?). The divergence of the effective
mass (~ 7y) indicates that Landau-Fermi-liquid theory breaks down in these sit-
uations. To understand these unusual physical properties, various theoretical
models have been proposed: (1) scenario of a quantum critical point; (2) multi-
channel Kondo model; (3) Kondo-disorder model; (4) the Griffiths-phase model
and (5) the Luttinger-liquid model. In this section, we briefly overview the first
two models which are considered to be relevant for the systems investigated in
this thesis.

3.5.1 Quantum critical point (QCP) theories

In heavy-fermion compounds, NFL behavior usually occurs around a magnetic
quantum critical point, at which the magnetic transition temperature is contin-
uously tuned to zero by an external parameter § (pressure, magnetic field, or
doping). Similar to classical phase transitions at a finite temperature, quantum
phase transitions are also characterized by a divergent correlation length & and
correlation time 7, however, resulting from quantum fluctuations instead of ther-
mal ones. ¢ and 7 are linked by the dynamical scaling exponent z as 7 ~ &*
while approaching to the quantum critical point. For 7" = 0 phase transitions
the finite lifetime 7 of the fluctuations has to be taken into account, in contrast
to finite-T transitions. This leads to an increase of the effective dimensions from
d to d + z. Thus, a d-dimensional quantum system can be viewed as a d + z-
dimensional classical system, where z takes a value of 2 for antiferromagnetic and
3 for ferromagnetic fluctuations.

By utilizing the renormalization-group theory, Hertz [49] and Millis [50] in-

vestigated quantum critical phenomena in itinerant-fermion systems. Figure 3.2
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Figure 3.2: A qualitative phase diagram for a quantum critical point in the case of

three-dimensional antiferromagnetic interactions [46].

illustrates a phase diagram for a three-dimensional antiferromagnetic system [50].
Regions of different behavior are separated by the crossover lines 77 and 77;. In
the disordered phase of region I, the fluctuations on the scale £ have an energy
much larger than kg7 and, therefore, are of quantum nature. Fermi-liquid behav-
ior is expected to exist in this region. Region /1 is a quantum-classical crossover
region, in which the fluctuation modes at the scale of £ have energies less than
kgT but £ is still determined by &2 ~ |6 — &.|. In region II1, £ is controlled by
temperature rather than by |§ — d.|. Experimentally, no clear difference can be
discerned between region /I and region I11.

Similar results were also derived within the phenomenological self-consistent
renormalization model (SCR) by Moriya et al. [51], which takes into account the
coupling among different modes of spin fluctuations in a self-consistent fashion.
In comparison with the model studied by Millis and Hertz, a more systematic
treatment of the mode-mode coupling between spin fluctuations at zero wave
vector was considered in the SCR theory. Initially, the SCR theory was developed

for d-electron systems. However, the behavior of many heavy-fermion compounds
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is also tentatively explained within this theory.

In addition to the above theories, Lonzarich also presented a phenomenological
theory of spin fluctuations at a QCP [52]. In all these models, the spontaneous
spin fluctuations slow down, grow in magnitude and range, and become strongly
temperature dependent as the system approaches the magnetic QCP, leading to
the divergence of the dynamic susceptibility. This indicates that the concept of
well-defined quasiparticles might break down at the magnetic QCP and therefore
non-Fermi-liquid behavior occurs.

More recently, Rosch has studied the interplay of disorder and spin fluctu-
ations at the quantum critical point and found that p = py + AT™ [53]. The
exponent n is limited to the range of 1 < n < 1.5 depending on the amount of
disorder. For perfectly clean systems, one has n = 2. A small quantity of disor-
der may change the exponent n from n = 2 to n = 1 at the lowest temperature,
followed by a ‘bump’-like rise and fall of n to higher temperatures. However, n
tends to 1.5 as the temperature goes to zero in the dirty limit.

In Table 3.1, the main predictions of the above spin-fluctuation theories are
summarized.

The theories discussed above were developed for itinerant fermion systems.
Recently, it was found that CeCug_,Au, [54, 55| and YbRhy(Si;_,Ge,)s [56, 57]
display unusual properties at the quantum critical point, e.g., E/T and H/T
scaling which cannot be explained within the above itinerant scenarios. To un-
derstand these new phenomena, Si et al. [58] and Coleman et al. [55, 59] have
proposed another type of quantum critical scenario, the locally critical quantum
phase transition. In this theory, vestiges of local moments remain as local criti-
cal moments which coexist with the long-wavelength critical fluctuations of the
order parameter at the QCP. The dynamic susceptibility x(¢,w,T") displays an
anomalous frequency and temperature dependence everywhere in the Brillouin

zone:

1
flg) + AweM(w/T)

x(g,w,T) = (3.33)

where f(g) is a non-zero smooth functional and M (w/T) is a scaling function.

The static uniform (¢ = 0) spin susceptibility has a modified Curie-Weiss form
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Theories | Physical | AFM 2z =2 | AFMz=2 | FMz2=3 FM z=3
quantities d=3 d=2 d=3 d=2
C/T v — aT*? | log(Ty/T) | log(Ty/T) T3
(a) Ax T3/ xo — dT ; _
Ap T3/? T T -
C/T | y—al'? | —log(T/Ty) | —log(T/To) | T7'°
(b) XQ T 32 —(logT)/T) T4/3 —1/TlogT
Ap T3/2 T T5/3 T4/3
c/T Yo + T2 ) —log(T/Ty) T-1/3
(c) Ax T-3/2 - T3 T
p T3/? : T5/3 T3

Table 3.1: Temperature dependence of electronic specific heat C/T, susceptibility
(x), and electrical resistivity (p) at a QCP derived from the spin-fluctuation theories
by (a) Millis/Hertz, (b) Moriya et al., (c) Lonzarich [46].

1

x(T)

Reflecting on experiments, one has x ™' —x, ' ~ T%(a < 1), which has been ob-
served in some heavy-fermion systems as CeCusgAug; [54, 55] and YbRh,Si, [56,
57]. It was shown that the two-dimensional spin fluctuations favor such type of

quantum critical point [58].

3.5.2 The single-impurity multichannel Kondo model

The multichannel Kondo model for a single impurity which was first introduced

by Noziéres and Blandin [60] can be written as:

(3.35)

H = Z €kMk,om + JS - i%

k,o,m o
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where S and 3 are the spin operators of the magnetic impurity and of the conduc-
tion electrons, respectively. The « labels are the orbital channels or the degrees of
freedom of the conduction electrons. The spins of the conduction electrons near
the magnetic impurity are bound together to partially or wholly compensate the
impurity spin, giving rise to the following three scenarios:

(1) m = 2S: the impurity spin is just compensated by the conduction electron
spins to form a singlet state. This gives rise to the normal Fermi-liquid behavior.

(2) m < 2S: The impurity spin is not fully compensated by the conduction
electrons.

(3) m > 2S: In this case, the conduction electron spins overcompensate the
impurity spin and the magnetic ion can no longer form the usual non-magnetic
singlet state. But the new magnetic state can still undergo further Kondo scat-
tering. The resulting ground state bears no resemblance to the non-interacting
gas of electrons and is a local non-Fermi liquid.

The single-impurity multichannel Kondo model can be solved exactly and
NFL behavior was found to exist only in the case of m > 2S. In the two-
channel model (m = 2, S = 1/2), a single spin one half magnetic impurity
interacts antiferromagnetically with two conduction electron seas (hence the two
channels). These two seas do not interact with each other; they do not even
experience a Pauli exclusion principle on each other. Only the magnetic impurity
sees that there are two channels. Experimentally this is hard to realize, but there
are claims that tunneling experiments through certain two-level systems can be
modeled in a very similar way |8, 61].

The specific-heat coefficient and the magnetic susceptibility diverge at very

low temperature, following

C 1 T
e .
T Tr n b T (3.36)
1 T
~——In—— 3.37

where b; and b, are constant. The electrical resistivity is

T\ 2
p=po— A (E) . (3.38)
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It should be noted that, while the logarithmic divergence of C'/T and x ap-
pears for T < 0.5Tx, Ap = —AT'/? is observable only for T < 0.05 7. In the

intermediate temperature range, Ap = —AT.



Chapter 4

U2RU2 Sn

4.1 Introduction

There is a number of f-electron compounds that show narrow-gap semiconducting
behavior at low temperatures, with an activation-type behavior of the electrical
resistivity as function of temperature. These materials have in the literature been
referred to either as Kondo insulators [27] or as heavy-fermion semiconductors
[62]. In Kondo insulators, the localized f-derived magnetic moments are progres-
sively quenched with decreasing temperature, leading to a paramagnetic ground
state. Most of the Kondo insulators do not behave as ideal intrinsic semiconduc-
tors because the hybridization gap is frequently only a pseudogap and/or there
are intrinsic states or impurity states in the band gap [62]. The signature of
the gap formation in Kondo insulators is usually found in transport (resistiv-
ity, Hall effect, thermopower, thermal conductivity), magnetic-susceptibility and
specific-heat measurements [26].

Kondo insulators can be distinguished from conventional semiconductors by
the small gap of the order of 10-500 meV [27, 62|, the magnetic moments accom-
panying excitations across the low-temperature gap [27] and the observation that
the gap disappears above a characteristic temperature 7* [26]. The gap energy
evaluated from electron-tunneling and optical-conductivity studies is larger than
T* [63-65]. The tunneling spectra give clear evidence for a crossover from a well-
developed gap state at low temperature, to a partially gaped state at T ~ 0.17T%

and to a Kondo-metallic state at T' ~ 0.2Tx, where T is the Kondo temperature.
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The existence of two characteristic energies distinguishes these compounds from
the conventional semiconductors, where the gap closes due to thermal activation
of electrons from the rigid band edges [63].

It has been shown that these materials undergo a metal-insulator transition
under the effect of temperature [66], external pressure [67-69], doping [66, 67, 70,
71] and strong magnetic field [28, 72-76]. However, measurements of electrical
resistance under pressure on Ce3BisPt; show the gap being further opened upon
increasing the pressure [77].

Kondo insulators are Ce, Yb, or U-based narrow-gap semiconductors, e.g.,
CeNiSn, Ce3BisPts, YbBy5, U3SbsPts. The magnitude of the hybridization gap
ranges for example from 3500 K in TmTe, to 1200 K in U3NizShy, to 42 K in
Ce3BisPt3 and to as low as 10 K in CeNiSn [62].

The cubic systems Ce3BisPt;, SmBg, YbB;s and the orthorhombic ones
CeNiSn and CeRhSb have been most thoroughly investigated |26, 62, 78-80|]. Ear-
lier samples of CeNiSn and CeRhSb with the orthorhombic TiNiSi-type structure
showed semiconducting behavior in the resistivity. However, the semiconducting
behavior of CeNiSn has turned into metal-like behavior as the sample quality was
improved [80]. This is not the case for the cubic compounds YbBy, Ce3BisPts
and U3Sh,Pts where the resistivity, for good single crystals, increases by several
orders of magnitude as the temperature decreases |67, 77, 81, 82]. The significant
difference in the low-energy excitations between the orthorhombic systems and
the cubic ones was first pointed out by NMR measurements of the spin-lattice
relaxation rate 1/7;. For both CeNiSn and CeRhSb, 1/T; is proportional to T
[83], as opposed to the exponential behavior in YbB;s [78] and Ce3BisPts [84].
A T3-dependence in 1/T; has been reproduced theoretically using a gap with a
V-shape structure. This means that the quasiparticle density of states is linearly
proportional to the energy near the Fermi level at low temperatures [85]. An
exponential behavior of 1/77, on the other hand, is consistent with the forma-
tion of a gap where the density of states is zero within the energy gap at low
temperatures [78, 85].

The uranium-based Kondo insulators are, in general, cubic systems with gaps
in the range from 500 K for U3Sb,Pt; [67], to 1400 K for UNiSn [86-89], to 1740
K for UsPt3Sb, [90], to 2320 K for U3NizSb, [90], to 2668 K for UsPd3Sb, [90],
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to 3945 K for UPtSn [87|, and to as high as 5000 K for URhSb [87]. Among
uranium-based Kondo insulators, the compound UsRusSn investigated here is
the first tetragonal Kondo insulator, with an energy gap of only around 160 K
[91, 92]. The physical properties of UyRu,Sn will be discussed in detail in the

next section.

The investigation of Kondo insulators by means of thermal-transport measure-
ments is, on one hand, motivated by the desire to improve the understanding of
the physical properties, e.g., to clarify the origin of the energy-gap formation and,
on the other hand, to determine whether they could be used as thermoelectric
materials for refrigeration applications.

Thermoelectric refrigeration is currently attracting renewed interest because
of the increasing need for a portable refrigerator without the use of refrigerants
|4]. Conventional narrow-gap semiconductors have been intensively studied over
the last decades for such propose and BiyTes and its alloys are found to be the
most efficient materials at room temperature (highest figure of merit). The per-
formance efficiency of thermoelectric materials is determined by the dimensionless
figure of merit ZT = T'S?0/k, where S is the thermopower, o is the electrical con-
ductivity and « is the thermal conductivity. For a good thermoelectric material,
one needs a low thermal conductivity but a high electrical electrical conductivity
and a high thermopower. Recently, materials with high values of |S| were found
among the Kondo insulators. Kondo insulators exhibit large thermopower values
at temperatures below 7, due to the opening of the gap in the density of states
[93]. The relationship between the large thermopower and the opening of the gap
was confirmed by measurements of Kondo insulators under doping [70, 71, 94, 95|
or in high magnetic fields [72]; both are known to close the gap. For example,
YbBis which has an energy gap of the order of 100 K shows |Syez| ~ 140 uV /K
at around 100 K, and the only transition-metal based Kondo insulator FeSi ex-
hibits |Spez| ~ 500 pV/K at T = 50 K. The fact that many Kondo insulators
have characteristic temperatures below room temperature and thus display large
maxima in S(T") below room temperature makes them promising candidates for
low-temperature cooling applications |10, 96].

The characteristic feature of the thermal conductivity (1) of Kondo insula-

tors is a pronounced increase of £(7T') upon lowering the temperature below T*. It
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is believed to be related to the gap opening: the large enhancement of the phonon
dominated thermal conductivity is due to the enhancement of the phonon lifetime
Tph as a result of the reduction of the number of the charge carriers, which act as
scattering centers for the phonons at high temperatures |11, 70, 79, 97|. As for
the thermopower, the relationship between the enhancement of the thermal con-
ductivity and the opening of the gap was confirmed by measurements of Kondo
insulators under doping |70, 94, 98| and in high magnetic fields [72].

In this chapter thermal-transport measurements of UsRusSn are presented
at low temperatures and in different magnetic fields. The continuation of the
measurements to higher temperatures will be presented in another PhD thesis
[99].

4.2 Physical properties

The first evidence for semiconducting behavior of UyRu,Sn was provided by the
temperature dependence of the electrical resistivity. Below 30 K, the resistivity
of polycrystalline samples was reported to increase with decreasing temperature
in a thermally activated manner [100]. Magnetic susceptibility, specific-heat, and
NMR measurements are all consistent with the existence of a gap of around 160
K [91, 92]. Recent inelastic neutron-scattering measurements using high-energy
incident neutrons, however, were taken as evidence for the formation of a spin
gap of around 800 K [101]. Big discrepancies in energy-gap values extracted from
different experiments have also been observed for other Kondo insulators. E.g., for
Ce3Bi Pt3 the energy gap ranges from 50 K as extracted from electrical resistivity
and thermopower measurements [66, 102] to 100 K as extracted from neutron-
scattering measurements [103] and for CeNiSn the energy gap ranges from 10 K
as extracted from resistivity measurements [80, 103] to 25 K as extracted from
neutron-scattering measurements [104].

U,;RuySn crystallizes in the tetragonal P4/mbm structure (a = 7.500(1) A,
¢ = 3.563(1) A) (cf. Fig. 4.1), which is an ordered version of the UsSis-type
structure [105].

The magnetic susceptibility x(7') measured on a single-crystalline sample

along two crystallographic directions shows anisotropy, with the ¢ axis identi-
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Figure 4.1: Crystal structure of UyRuySn

fied as the magnetic easy axis [cf. Fig. 4.2(a)]. x(T") shows a broad maximum at
around 160 K and decreases strongly at lower temperatures, which indicates the
opening of an energy gap at approximately this temperature [91].

Figure 4.2(b) shows the specific heat C'(T’) of a single crystal of UsRu,Sn and
of a polycrystal of the non-f reference compound ThyRusSn. The difference be-
tween the UsRuySn and the ThoRusSn data was attributed to a magnetic contri-
bution to C(T') because, in this range of temperature, the sample dependence and
electronic contributions to C'(T') are not important. The magnetic contribution
to the specific heat was fitted by a simple Schottky-type anomaly, with a spacing
between the two levels of around 150-160 K. From 300 mK to 3 K, C(T') of the
UyRuySn single crystal is well described by C(T) = 26.3 mJ/molK? x T + 0.73
mJ/molK* x T? (data not shown) [106]. Using the phonon term of the specific
heat, the Debye temperature 6 is estimated as 8 = 240 K.

Also, the electrical resistivity p(7') of UsRusSn, measured along two crys-
tallographic directions (cf. Fig. 4.3 (a)), is anisotropic. p(7T) shows a (local)
maximum at around 130 K and drops strongly below that temperature. This
drop was associated with the onset of coherence among the regularly spaced U
derived magnetic moments [107]. Below the temperature of the minimum at
around 30 K, p(T") shows an upturn and tends to saturate at temperatures below
10 K.

In Fig. 4.3(b) the temperature dependence of the Hall coefficient Ry (T) is
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Figure 4.2: (a) Temperature dependence of the magnetic susceptibility, x(7'), of a
single crystal with the magnetic field H along either the a or the ¢ axis, in an
applied magnetic field of 1 T. Modified from [91]. (b)Temperature dependence of
the specific heat, C(T). Left scale: C(T) of a single crystal of UsRuySn and of a
polycrystal of ThyRuySn. Right scale: Difference of the UsRuySn and
ThyRusSn data, AC, in units of the gas constant R vs temperature 7. The dotted
curve shows the best Schottky fit. Modified from [91].
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shown, with the electrical current I either along or perpendicular to the c axis
and with the magnetic field H perpendicular to the ¢ axis. Ry (7T) is isotropic
with large absolute values at low temperatures. Thus, together with p(7), an
anisotropic Hall mobility (ugy = Rpg/p), with higher mobility for I L ¢, fol-
lows. The charge-carrier concentration n, determined assuming a simple one-band
model (Ry = 1/ne), was found to be n = 4.5 x 102%m~2 at 2 K [106].

4.3 Results and discussion

The measurements presented here were performed on phase-pure bars of approx-
imately 2 mm X 1 mm X 0.3 mm cut from a single crystal grown in a four-mirror
furnace. These samples were provided by Professor John Mydosh. Thermopower
and thermal conductivity were measured with the heat current Q along and per-

pendicular to the ¢ axis.

4.3.1 Thermopower

Figure 4.4 shows the temperature dependence of the thermopower S(7') along
and perpendicular to ¢ in zero field and in 6 T. For both directions, S(T") shows
a behavior linear in T. For Q || ¢, S(T) is positive while for Q L ¢ it is negative.
This linear behavior is attributed to the diffusion thermopower, since other con-
tributions to S(7') such as the phonon drag are expected to be negligible in the
temperature range investigated here. The phonon-drag mechanism is important
in the temperature range (0.1-0.2) xfp which is, in our case, in the temperature
range between 20 and 40 K. A linear behavior of S(T') has also been observed in
CeNiSn below 1 K [72|, and in FeSi and YbB;, at low temperatures |70, 71] and it
was predicted theoretically by T. Saso [96]. Whether this behavior is intrinsic to
Kondo insulators or due to nonstoichiometry /impurities remains to be clarified
[10]. Surprising at first sight are the different signs of S for both crystallographic
directions since Hall-effect measurements [106] yield electron-like carriers for both
directions. However, the sign of S is, according to the Mott relation (Eq. 3.7),
determined by the product of the sign of the charge carriers and the sign of the

logarithmic derivative of the electrical conductivity o(e) with respect to energy
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Figure 4.4: Thermopower as a function of temperature, S(7), of UsRu,Sn with the
magnetic field B along and perpendicular to the ¢ axis, in fields of 0 and 6 T. The

solid and dashed lines represent best linear fits to the data.

at the Fermi level [6]. Since from Hall-effect measurements the sign of the charge
carriers is negative for both directions, the opposite sign of S must be due to
different signs of the derivative of o(e) at the Fermi level. This indicates that
there is an anisotropy in the density of states in the Fermi level. Also in CeNiSn
and CeRhSb, Ry and S do not have the same sign. Ry for CeNiSn becomes neg-
ative at temperatures below 5 K while S stays positive. For CeRhSb, S becomes

negative below 5 K while Ry remains positive [82].

Combining the thermopower results with the charge-carrier concentration n
(n = 4.5 x 10*° cm™2 at 2 K, independent of direction) estimated from the Hall-
effect measurements [106] in a one-band model, one may estimate the effective
mass m* of the charge carriers. For Q || ¢, m* is 2mq while for @ L ¢ we obtain
m* = 16myg, where my is the free-electron mass. The same trend of a larger
residual density of states for the direction perpendicular to c is suggested from

recent Knight-shift experiments [108]. The origin of this remarkable anisotropy
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remains to be understood.

S(T) does, in fields up to 6 T, not present any magnetic-field dependence
in the temperature range investigated (cf. Fig. 4.4). This is plausible since
the temperature equivalent of 6 T is approximately 6 K, which is much smaller
than the energy-gap temperature of 160 K. In several other Kondo insulators
the field-induce insulator to metal transition occurs at a critical field which is
of the order of the gap-opening temperature. The gap decreases progressively
under applied magnetic field until, at the critical field, the gap vanishes. This is
believed to be due to the up- and down-spin bands being shifted by the Zeeman
effect [34, 75, 89|.

4.3.2 Thermal conductivity

Figure 4.5 shows the temperature dependence of the thermal conductivity «(7")
of UsRu,Sn along and perpendicular to ¢ in magnetic fields B applied parallel
to the heat current Q). As for S(T), (T does not present any change under an
applied magnetic field of 6 T.

Comparing our data with previous results of x(7") on polycrystalline samples

[109], the agreement in the overlapping temperature range is within experimen-

WF

tal error. The electronic contribution to the thermal conductivity &,

may be
estimated from the electrical resistivity (cf. Fig. 4.3(a)) measured on the same
samples between 350 mK and 10 K using the Wiedemann-Franz law (Eq. 3.12).
For temperatures below 350 mK, the resistivity was extrapolated from the mea-
sured values. As may be seen in Fig. 4.5, k" is distinctly smaller than the
measured total x(7T") (cf. solid line for Q || ¢ and dashed line Q L ¢). The phonon
contribution due to boundary scattering /ﬁg,f“m" is estimated using the kinetic
gas equation (Eq. 3.13), with the low-temperature lattice specific heat C,;, = 0.73
mJ/molK* x T3, the sound velocity v,, = 2189 m/s (Eq. 3.15) taking 6p = 240
K calculated from Cp, at temperatures below 3 K [106] , and by taking the small-
est dimensions of both samples (~ 0.3 mm) for the phonon mean-free path (cf.
dotted line). wG#*™" is much larger than the total measured (7). Thus, the
phonons appear to be subject to an additional scattering mechanism. We may

estimate the total phonon contribution as kp,(T) = k(T) — k¥ (T). Below 400
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Figure 4.5: Temperature dependence of the thermal conductivity, x(7"), of UsRuySn
with the magnetic field B along and perpendicular to the ¢ axis, in fields of 0 and 6
T. The solid and dashed lines represent the electronic contribution calculated using
the Wiedemann-Franz law, V7, for Q || ¢ and Q L ¢, respectively. The dotted line

is the phonon contribution due to boundary scattering, ng,fSimi’.
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Figure 4.6: Temperature dependence of the phonon thermal conductivity, x,,(1") of
UsRu,Sn along and perpendicular to the ¢ axis. The dashed and solid lines show the

temperature range where a T2 dependence holds for || ¢ and Q L ¢, respectively.

mK, k,,(T) is well approximated by a T2 law for both crystallographic directions
(cf. Fig. 4.6). This temperature dependence can be attributed to scattering of
phonons from charge carriers [5]. The slight tendency to a higher power law at
temperatures below 200 mK may indicate a crossover to the boundary-scattering
mechanism at lower temperatures. The approximate T8 power law at 7' > 400
mK may indicate that additional scattering mechanisms become important here.
The reduced Lorenz number L/L,, where L = pk/T, decreases with decreasing
temperature for both crystallographic directions from about 30 for Q || ¢ and 14
for @ L c at 1 K to about 9 for Q || ¢ and 5 for Q L ¢ at 0.2 K, in agreement
with k(7T") being phonon dominated in the entire temperature range investigated
here.

The process of scattering of phonons from charge carriers is usually negligible
if the product of the charge-carrier mean-free path [, and the wave number of the
dominating phonons g4om is less than 1 (Pippard ineffectiveness condition) [23].
Combining resistivity results with the charge-carrier concentration n at 2 K from

Hall-effect measurements, we find /.40, = 1.9 for Q || ¢ and l¢quom = 4.1 for Q 1
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¢, confirming that phonon-charge-carrier scattering may indeed be the dominant
process here. Using the Ziman model for phonon-electron scattering [22], and the
effective masses calculated using the one-band model for the thermopower, it is
possible to estimate the deformation potential E4, a measure of the strength
of the phonon-electron interaction. For UsRusSn, Eyer is 1.44 eV for Q || ¢ and
0.16 6V for Q L c. These values of Ey, ¢ are comparable with values of a normal

semiconductors with similar n [110, 111].

4.4 Outlook

e In order to clarify whether the observed thermal-transport behavior is in-
trinsic to UsRusSn or related to unavoidable residual impurities, measure-
ments on samples of different qualities and/or on doped samples should be

performed.

e Thermal-conductivity and thermopower measurements above 1 K should
be performed for a set of single crystals and in different magnetic fields to

study the behavior of the energy-gap formation in this compound.
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Chapter 5

Yb,(Asy7Pg3)3

5.1 Introduction

One- and two-dimensional quantum spin systems have received considerable at-
tention during the past decade both from a theoretical and an experimental point
of view. A considerable amount of research has been carried out since the dis-
covery of high-T, superconductivity in layered cuprates. This is because of the
proposal of a quantum spin liquid as a possible origin of the exotic properties
of high-T, superconductors [112]. The parent cuprate insulators are now con-
sidered the best example of planar spin 1/2 antiferromagnets with isotropic and
predominantly nearest-neighbor coupling. They show simple long-range antifer-
romagnetic order at low temperatures in agreement with the prediction for the
S = 1/2 antiferromagnetic Heisenberg model on a two-dimensional square lat-
tice [113, 114]. Due to the investigations of the two-dimensional superconducting
cuprates and the search for related transition-metal oxides a fascinating field of
copper oxide compounds, vanadates, manganites, and nickelates opened [115—
120].

The theory of magnetism in one dimension, on the other hand, has a his-
tory reaching back to the origin of quantum mechanics. This is due to the fact
that many problems of a spin chain can be solved either analytically or nu-
merically [121]. There is a considerable theoretical interest in one-dimensional
Heisenberg spin-1/2 systems because they exhibit a number of properties that

are entirely dominated by quantum-mechanical behavior and have no analogue
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in three-dimensional systems. The properties of the S = 1/2 Heisenberg anti-
ferromagnetic model in one dimension are well known. The model is defined by
the Hamiltonian H = J 7, S - 5’]- where ¢ labels lattice sites where spin-1/2
operators S; are located, (i, j) denotes nearest-neighbors sites, and J (>0) is the
antiferromagnetic exchange coupling that provides the energy scale to the prob-
lem [122]. A famous solution found by Bethe showed that quantum fluctuations
prevent true long-range antiferromagnetic order, giving instead a slow decay of
the spin correlations at a rate that varies essentially inversely with the separation

between the spins. Uniform one-dimensional spin systems have no spin gap [123].

The dimension of the spins and the spin value determine the nature of ground
states and elementary excitations of quantum spin systems. In contrast to a
classical three-dimensional system, low-dimensional spin systems with exotic ex-
change topology and/or geometrical frustration show a variety of possible ground
states: Superconductivity, spin-density waves, charge order, or spin-Peierls are
just a selection of the possible ground states [114-116, 124-126]. Understanding
these effects is the most intriguing challenge at present. These compounds show
effects of strong electronic correlations and magnetism in low-dimension. Thus
spin dynamics are expected to be closely related to charge, orbital, and lattice
degrees of freedom [115, 116].

Usually the magnetic excitations of these spin systems are experimentally
studied by spectroscopic techniques or thermodynamic quantities that provide
information on the magnetic ground state and the excitation spectra. In principle,
dispersive magnetic excitations should also contribute to transport properties,
e.g., to the thermal conductivity. The experimental investigation of the magnon
heat transport can give interesting information on the magnetic excitations, e.g.,
on the dissipation and scattering of magnons [126, 127].

It has been shown that the Heisenberg S = 1/2 chain represents an inte-
grable system characterized by a macroscopic number of conservation laws. One
important conserved quantity is the energy current, implying an ideal (infinite)
thermal conductivity along the chains at nonzero temperatures, if perturbations
from impurities, phonons, or interchain coupling, which always leads to nonin-
tegrable models, are negligible [128]. It is an open question, to what extent a

real material may be regarded as an ideal integrable system [129]. Probably the
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most obvious evidence for the predicted anomalous (infinite) heat transport is the
observation of an unusually high quasi-one-dimensional magnon thermal conduc-
tivity in the series (Sr,Ca,La);4Cus4O4; |7, 117, 130]. However, this anomalous
behavior has not yet been explained. Some theoretical calculations have sug-
gested that the magnetic energy transport tends to be ballistic (dissipationless)
in low-dimensional spin systems, leading to an infinite value of the magnon ther-
mal conductivity [119, 131-133|.

A large number of studies of thermal heat conductivity in low-dimensional spin
systems has been performed and magnetic contributions to the thermal conduc-
tivity are discussed in low-dimensional spin systems such as the spin-Peierls com-
pound CuGeOj [134, 135], the model Heisenberg spin-1/2 chain cuprates SroCuQO3
[136], SrCuOj3 and SrCuO, [127], the four-leg spin-ladder system LayCusOj [137],
in quasi two-dimensional spin systems [138] as well as in two-dimensional cuprates
[139, 140]|. However, in many compounds the interpretation of the data is contro-
versial, since a clear discrimination of the different contributions to the thermal
conductivity is difficult or even impossible [127, 141].

In this chapter, thermal-conductivity measurements of the one-dimensional
S = 1/2 antiferromagnet Yby(Aso7Po3)3 at low temperatures and in different
magnetic fields are presented. The thermal conductivity of Ybs(Asg7Pg3); will
be compared with the thermal conductivity of the pure compound, Yb,As3, in
order to show that the low-temperature thermal conductivity is essentially unaf-
fected by the dramatic reduction of the charge-carrier concentration that occurs
upon doping YbsAss with P, putting the earlier interpretation of magnon domi-

nated heat transport in YbsAsz [142] on a firmer ground.

5.2 Physical properties

5.2.1 Physical properties at B =0

Yb,Asz behaves as an ordinary metal at room temperature, where it has the anti-
Th3P,-type cubic crystal structure (space group 143d). The arrangement of the
Yb sites can be viewed as being aligned on four families of interpenetrating chains

oriented parallel to the space diagonal of a cube. Chemical-valence counting
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Figure 5.1: Crystal structure of YbyAs3 in the trigonal phase at 7" < 295 K. Yb; are
Yb3* ions and Yb;; are Yb?* ions [144].

assuming that the As-ions are trivalent shows that three quarter of the Yb-ions
have valency 2+, and one quarter valency 3+4. In the high-temperature phase,
which is stable above 295 K, all Yb sites are equivalent, and the holes in the
f shells are moving between the Yb ions due to hybridization with the As-4p
holes. The compound is in a metallic intermediate-valent state with an average
valence of Yb of 2.25+. At 295 K, YbsAs3 undergoes a first-order structural
phase transition: Yb,Asjz shrinks along one of the four equivalent chain directions,
resulting in a trigonal structure with o = 90.8° (space group R3c) (cf. Fig. 5.1)
[143]. Along with the transition to the trigonal phase, various quantities (e.g.,

resistivity, Hall coefficient) present discontinuities.

In the trigonal phase, the electronic state of YbsAs; is quite unusual. The
magnetic susceptibility x(7") of the compound shows Curie-Weiss behavior at
high temperatures but a tendency of saturation is seen below 20 K. Below 7 K
X(T) increases again steeply and the value extrapolated to zero is rather large (cf.
Fig. 5.2). However, the compound exhibits no long-range magnetic ordering down
to at least 0.045 K [145]. Between 0.5 and 8 K, the specific heat is dominated by a
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Figure 5.2: Temperature dependence of the magnetic susceptibility, x(7), of
Yb4(ASl_mP$)3 [148]

linear-in-temperature term, C' = T, with 7 ~ 200 mJ /molK? (see Fig. 5.3). Due
to this large value Ybh,Ass was originally classified as a heavy-fermion compound
[146, 147]. Also, for 4 K < T < 100 K, the electrical resistivity of YbsAss exhibits
a temperature dependence that can be described well by p(T) = py + AT?, with
a strongly enhanced A-coefficient (4 = 0.75 uf2 cm/K?). Above 100 K, a -
InT dependence in the electrical resistivity in the trigonal phase is observed (cf.
Fig. 5.4). The ~ value versus susceptibility at about 10 K, where it shows a
shoulder, as well as the A value versus 72 at low temperatures lie on the same

lines as those of typical heavy-fermion materials [146].

The temperature dependence of the Hall coefficient Ry is shown in Fig. 5.5.
The charge-carrier concentration n, estimated from the Hall coefficient at 4.2

K by assuming a one-band model is 7 x 10'® ¢m—3

corresponding to about one
charge carrier per 10® Yb ions. These carriers consist mainly of As p-holes with a
low effective mass [146]. Such a low charge-carrier concentration may be judged
insufficient to screen the 4f moments. Thus, no heavy quasiparticles can be
formed at Er, implying that the standard Kondo picture for the origin of the

low-energy excitations of “heavy-fermion” metals can not be applied.
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Figure 5.3: Specific heat C plotted as C/T as a function of T? of
Yb4(A51,$Pw)3 [148]

Magnetic-susceptibility [146], Mossbauer [145], and perturbed angular-
correlation [149] measurements suggest that the structural phase transition is
accompanied by charge ordering from a valence fluctuating state in the cubic
phase to a charge-ordered state in the trigonal phase. Figure 5.1 illustrates
the expected charge ordering in YbyAs3. With the trigonal distortion, the dis-
tance between Yb atoms becomes shorter in the chain along one <111> axis and
longer in the other three chains. It has been suggested [146| that the charge order
in YbyAss is such that the Yb ions in the short chain (Yb;) become trivalent,
whereas those in the long chain (Yb;;) become divalent. Polarized-neutron mea-
surements reveal that the charge ordering in Yb,As; is nearly perfect. However,
there is still a small amount of magnetic moments at the Yb;; sites which behave
as those of magnetically isolated Yb ions. The polarized-neutron experiments
also revealed that the increase of the susceptibility below 7 K is not due to an

impurity effect but is a bulk property [150, 151].

Inelastic neutron-scattering experiments revealed low-energy magnetic excita-



5.2. Physical properties 55

BRI AL AL

T(K)

0 100 200 300
Figure 5.4: Temperature dependence of the resistivity, p(7T'), of Yby(As;_,P,)s.
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tions which were attributed to antiferromagnetic coupling within the Yb*?3 chains
[144]. Furthermore, these experiments [144] have demonstrated that the magnetic
excitations are well described by means of a one-dimensional isotropic Heisen-
berg chain, i.e., by a des Cloiseaux-Pearson spectrum [152], €(q) = 37Jcsf|sing],
—m < ¢ <mand Jgrp/kp ~ 25 K. It was found that this model explains the value
of C/T at low temperatures, as well as the enhanced susceptibility of YbyAss.
The steep upturn of the susceptibility below 7 K and the 72 dependence of the
resistivity cannot be explained with the simple Heisenberg model. These results
suggest that the heavy-fermion-like behavior in Yb,Asj is closely related to the
formation of Yb*? chains caused by the charge ordering rather than being due
to the Kondo effect [144]. As mentioned above, the small charge-carrier concen-
tration is also incompatible with the standard Kondo picture [142].

To confirm this proposal the charge-carrier concentration was changed by
doping YbsAs3 with P and Sb. With increasing concentration x of P, the electrical
resistivity of Yby(As; ,P,)s grows drastically. At 40 % P doping, the behavior of

the resistivity is very similar to that typical for semiconductors with impurities
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Figure 5.5: Temperature dependence of the Hall coefficient, Ry (T), of
Yb4(ASl_wa)3 [148]

(cf. Fig. 5.4). In Fig. 5.5 the temperature dependence of the Hall coefficient Ry
of the 40 % P-doped system is shown. As p(7T'), also Ry (T) is semiconductor-like
for the 40 % P-doped system. It should be noted that Ry is always positive even
in P-doped samples suggesting dominant hole conduction in the valance band. In
Fig. 5.2 the magnetic susceptibilities of pure Yb,Ass and of two P-doped samples
are shown. Contrary to the transport properties the characteristic features of all
three samples are almost the same. The results of the specific-heat measurements
are shown in Fig 5.3 as C/T versus T?. Most surprisingly, even in the very low
charge-carrier-concentration system (40 % P) a large y-value was observed [148|.
Thus, a reduction of the charge-carrier concentration by four orders of magnitude
upon going from YbyAsz to Yby(Asp¢Po.4)3 has almost no influence on the heavy-
fermion-like features (large y values). With increasing Sb content z, the absolute
value of the resistivity of Yby(As;_,Sb,)s decreases due to the increase of the
number of charge carriers; the system becomes more metallic. The decrease of
the charge-ordering temperature reflects the increase of the screening effect. At

29 % Sb the charge ordering seems to disappear. The 7 value of the specific
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heat is, however, still large even in the 29 % Sb sample [153]. Thus the 7y value
is essentially independent of the charge-carrier concentration, showing that the
enhancement of 7 is not of Kondo type.

Cyclotron-resonance experiments in Ybs(AsgsPo4)s and Yby(Asg71Sbg.ag)s
were performed to investigate the effective mass of the carriers at the Fermi
level. In the former material the results indicate cyclotron masses of (0.6 - 0.87)
mg, where my is the free-electron mass. This again excludes the possibility that
Yby(AsoePo.4)3 is a heavy-fermion material. In the latter compound the mea-
surements indicate a lower limit for the cyclotron mass of 5.3 my [154].

With the substitution of Sb/P for As, transport properties vary drastically
from more metallic (for Sb substitution) through semimetallic (for YbsAs3) to
semiconducting (for P substitution), whereas the behavior of C(T") and x(7) (in-
cluding its low-7 upturn) is insensitive to the substitution. Thus, there is an
apparent decoupling between magnetic and transport properties. This decou-
pling has also been observed in NMR and NQR studies of Yb,(As;_,P,)s [155].
Detailed inelastic-neutron-scattering studies on the semiconducting compound
Yby(AsoePo.4)3 show that there are similar low-energy magnetic excitations as
in the case of YbsAss. This indicates that the charge-ordering phenomenon is

common to both compounds [156].

5.2.2 Physical properties under magnetic field

When a magnetic field is applied to YbyAss, a gap in the magnetic excitation
spectrum appears to open. This refers to measurements of the specific heat [157]
where it has been found that a field of 4 T leads to a dramatic decrease of the
linear term in the specific heat below 0.5 K, indicating that an additional energy
scale exists. This field-induced gap can theoretically be accounted for by a weak
inter-chain coupling [158].

Several proposals have been made in order to explain this unusual behavior
[159]. The first model is based on the observation that a staggered Dzyaloshinsky-
Moriya interaction, which generates an effective staggered g tensor, is allowed in
this 4f compound [160-162]. It is known that a staggered ¢ tensor leads to a

gap formation in an external field [163, 164]. The second model, based on a
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mean-field analysis of the anisotropic spin chain, proposes that a gap opens in
the presence of a uniform transversal magnetic field [159].

Upon increasing the magnetic field, C(T")/T becomes progressively reduced
below its zero-field value, while at higher temperatures a broad hump forms
which is continuously shifting towards higher 7. These specific-heat maxima have
their correspondence in even more pronounced peaks in the thermal-expansion
coefficient. Since there are four equivalent cubic space diagonals above the struc-
tural transition, the samples exhibit a polydomain structure in the charge-ordered
state. Monodomain crystals are obtained only if an uniaxial pressure is applied
parallel to one of the four cubic space diagonals prior to cooling below 295 K. In
thermal expansion it is possible to apply uniaxial pressure along the measurement
direction. A detailed study of the field-induced peaks in the thermal-expansion
coefficient revealed that a finite-field component perpendicular to the short axis
(Yb; ions) is required to produce the anomaly [165].

Using the classical sine-Gordon solutions (solitons) to fit the thermal-expansion
coefficient, it is possible to explain those results assuming solitary excitations for
magnetic fields containing a nonzero component perpendicular to the spin chains
[166].

Inelastic neutron-scattering experiments in the charge-ordered state of Yb,Ass
show that the magnetic-field dependence of the magnetic response from the one-
dimensional spin chains can be well explain by the quantum sine-Gordon theory
for the staggered field effect due to the existence of the Dzyalosinsky-Moriya
interaction [167].

Recently, specific-heat measurements at low temperatures and in magnetic
fields could also be well explained using the predictions of the quantum sine-
Gordon model [168].

5.2.3 Thermal conductivity of YbsAs;

In Fig. 5.6, the temperature dependence of the thermal conductivity x(7') of
YhbyAs; is plotted for different magnetic fields B [142]. The zero-field data of
Yb,Asz may be well approximated by aT + bT?, with a = 0.65 mW /cmK? and
b = 0.33 mW/cmK3. The electronic contribution to the thermal conductivity,
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estimated from the electrical resistivity using the Wiedemann-Franz law, is more
than one order of magnitude smaller than the measured total x(7) (cf. dotted line
in Fig. 5.6), and the phonon contribution due to boundary scattering from the
smallest sample dimensions (~ 800 um) is much larger than «(7) (cf. dashed line
in Fig. 5.6). The aT+bT? dependence was attributed to the dominating role of 1D
magnons in the thermal conductivity of YbyAss, which act as heat carriers (a7’
term) and as scatterers for the phonons (b7 term). Above 1 K, k decreases with
increasing magnetic field. The thermal conductivity data «(B,T) normalized
to the zero-field data x(T") were fitted using the classical sine-Gordon solutions
(solitons) [169]. The magnetic-field dependence of the thermal conductivity x(B)
is attributed to the scattering of the three-dimensional phonons from the magnetic
solitons. These solitons act as scattering centers for the phonons but they are
not able to carry heat [142, 166].

5.3 Results and analysis

The measurements presented here were performed on single crystals of approxi-
mately 1 mm x 0.7 mm x 0.4 mm. The samples, provided by Professor Akira
Ochiai, were prepared using a technique explained elsewhere [146]. Thermal-
conductivity measurements where performed on a multi-domain Yby(Asg7Pg3)3
crystal in magnetic fields up to 8 T.

Thermal conductivity as a function of temperature T for Yb,(Asg7Pg3)s is
shown in Fig. 5.7 in different magnetic fields. As for the pure sample, the zero-
field data of Yby(Asg7Po3)3 can, between 0.4 and 3 K, be well approximated by
aT + bT?, with a = 0.39 mW /cmK? and b = 0.76 mW /emK3.

The electronic contribution, as estimated from the electrical-resistivity data
[142] using the Wiedemann-Franz law (Eq. 3.12), is four orders of magnitude
smaller for the doped compound (k¥ (7K) = 1.7 x 10 °>mW/Kcm) than for
the pure compound (k" (7K) = 1.7 x 107! mW/Kcm), ruling out that the
experimentally observed linear term is due to an electronic thermal conductivity
and also showing that electrons cannot be important scatterers for the phonons.

The phonon contribution may be estimated from the gas kinetic equation
(Eq. 3.13) taking Cp, = 3 mJ/molK* x T? for the phonon specific heat and
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Figure 5.6: Temperature dependence of the thermal conductivity, x(T), of
Yb4Ass in different applied magnetic fields B. The solid line represents the best
aT + bT? fit to the data. The dotted line represents the electronic contribution

calculated using Wiedemann-Franz law, k. The dashed line is the phonon

contribution due to boundary scattering, £5,**"™". The inset shows that
k = aT + bT? holds between 0.4 K and 6 K [142].
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Figure 5.7: Temperature dependence of the thermal conductivity, x(7T'), of
Yb4(Asq 7Po.3)3 in different applied magnetic fields. The solid line represents the
best a1 + bT? fit to the data. The dashed line is the phonon contribution due to
boundary scattering, £5**"™". The inset shows that x = aT" 4 bT? holds between

0.4 K and 3K.



62 5. Yb4(ASO.7PO.3)3

vpr, = 2975 m/s for the sound velocity [142]. If boundary scattering from the
smallest sample dimensions (~ 400 pm) determines the mean-free path [, the
dashed line in Fig. 5.7 results. The phonon contribution due to this boundary
scattering is much larger than the measured x(7"). Thus, the phonons appear to

be subject to an additional scattering mechanism.

The magnons play an important role in the thermal conductivity of YbyAss.
Since the magnetic properties of YbyAss and Yby(Asg7Po3)3 are similar it is
possible to consider magnons as scatterers for the phonons leading to the b7
term. In addition, the magnons act as heat carriers (a7 term). Applying the gas
kinetic equation to magnon thermal conductivity (Eq. 3.25), taking C,, = 200
mJ/molK? for the magnon specific heat and v,, = 2020 m/s, the magnon mean-
free path [, can be estimated as l,, ~ 310 A, which corresponds to 80 times the
Yb3T-Yb3" distance (130 times for the pure compound). This mean-free path is
most probably due to scattering from static point defects on the Yb3* chains.
Below 0.4 K, the thermal conductivity drops below the a7 + b7 line due to
spin-glass freezing [142, 168|.

The magnetic-field dependence of the thermal conductivity below 1 K is plau-
sible within this interpretation. For both compounds, at B = 1 T, the magnon
thermal conductivity is reduced, but the reduction of the phonon-magnon scat-
tering rate reinforces the phonon conductivity and, thus, overcompensates this
effect at higher magnetic fields such that, at B = 6 T, the zero-field thermal
conductivity is almost recovered. The opening of a gap in the magnon-excitation
spectrum is a possible explanation of this behavior. Above 1 K, x(B) decreases
with increasing magnetic field as it was observed in the pure compound. As in
Yb4Ass, the scattering of the three-dimensional phonons by the magnetic solitons

could explain this behavior [142].

In conclusion, the electronic contribution to the thermal conductivity is re-
duced by four orders of magnitude when doping YbsAs3 with 30 % of P due to
the reduction of the number of charge carriers. The fact that the a7 term is
virtually unchanged rules out an electronic origin of this term. Instead, we at-
tribute the thermal conductivity at low temperatures and in zero magnetic field

of YbsAs3 and Yby(Asp7Po.3)3 to heat carried by magnons.
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5.4 QOutlook

e Thermal conductivity measurements of Yby(Asg7Pg3)s in a single-domain
sample at low temperatures and in applied magnetic fields with the heat
current parallel and perpendicular to the spin chains will be important. Be-
cause of the negligible electronic contribution to the thermal conductivity,
they will allow to unambiguously separate the magnetic thermal conduc-

tivity from the phonon contribution.
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Chapter 6

YbRhy(Si;_,.Gez)s with x = 0,0.05

6.1 Introduction

Since the discovery of non-Fermi-liquid behavior in Uy 2Y(gPds [170], non-Fermi-
liquid research has become a very active field. Today, non-Fermi liquid behav-
ior and quantum critical phenomena in strongly correlated electron systems are
among the most intensively studied subjects in condensed matter physics [171].
Non-Fermi-liquid behavior — a characteristic deviation from conventional Landau-
Fermi-liquid behavior — is observed in a number of f-electron systems when
they are tuned through a quantum critical point (continuous phase transition
at 7= 0) by varying a control parameter such as doping, pressure, or magnetic
field [46, 172-177]. The character of the magnetic fluctuations near a quantum
critical point has been investigated not only to elucidate the behavior of mag-
netic order in metals but also with relation to unconventional superconductivity
that sometimes appears upon suppressing the magnetic order by applying pres-
sure [178-180]. Quantum critical magnetic fluctuations have been proposed as
a promising pairing mechanism for this unconventional superconductivity, the
character of which has not been fully understood.

In recent years there is a growing interest in investigating heavy-fermion
metals which are located at or close to a magnetic quantum critical point [46,
59]. Systematic experiments in these systems promise to shed considerable light
on the general physics of this unconventional metallic ground state. In fact,

there is an increasing number of examples of Ce- and U-based systems which
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have been found to exhibit non-Fermi-liquid behavior either by doping such as
CeCug_, R, (R = Au, Ag) [54, 181, 182], UCus_,Pd, [183], U;_,Th,Be;3 [184—
187, Cey44Nis1,Geoy, [188, 189, Ce(Niy_yPd,)2Ges [190-192], CeNiy(Ger—ySiy)-
[191], and CeCusy(Si; 5 Gey)2 [193, 194] or by applying external pressure such as
Celng [179, 195] and CePd,Siy [196]. Among this class of systems, YbRhySis has
attracted considerable excitement as being the first ordered Yb-based heavy-
fermion compound which is located extremely close to a quantum critical point

and exhibits pronounced non-Fermi-liquid behavior [56, 57].

In a normal metal at sufficiently low temperatures, the electrical and thermal
conductivities are determined by the scattering of electrons by lattice defects.
The electrical conductivity approaches a constant, while the heat conductivity
k(T) ~ T is related to the electrical conductivity via the Wiedemann-Franz law.
In a Fermi liquid, it is expected that this law still holds at low enough temper-
ature, when the quasiparticles cannot exchange energy during collisions (elastic
scattering) [5]. Theoretically, electrons are predicted to obey the Wiedemann-
Franz law at 7" — 0 in a very wide range of environments: in both three dimen-
sions and two dimensions (but not strictly in one dimension), for any strength
of disorder and interactions, scattering, and magnetic field. Experimentally, the
Wiedemann-Franz law does appear to be universal at 7" — 0: until very recently
[9, 197-199], no materials have been reported to violate it. The Wiedemann-Franz
law holds in simple metals like copper, but also in systems with strong electron
correlations such as the heavy-fermion compounds CeAl; [200], the antiferromag-
net CeBg [201, 202], the normal phase of UBe;3 [201] and CeRuySis [203], as well
as in the Kondo compounds CeNiyAl; [204] and CeCug [205]. For a review see
|206]. The Wiedemann-Franz law may even hold in the presence of non-Fermi-
liquid behavior: For CeNiyGey, which is close to an antiferromagnetic quantum
critical point, at very low temperatures (7" < 0.1 K) the Wiedemann-Franz law is
observed. With increasing temperature, a deviation from the Wiedemann-Franz

law due to an inelastic spin-fluctuation contribution is observed [207].

Thermal-conductivity studies in high-7, superconductors have shown anoma-
lous behavior of the electronic thermal conductivity in the field-induced normal
state [197-199]. The deviations from the Wiedemann-Franz law recently observed

in the normal state of a copper-oxide superconductor have been interpreted as
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evidence for the breakdown of Fermi-liquid theory [9].

For disordered conductors [208, 209] as well as for mesoscopic degenerate con-
ductors with strong electron-electron scattering [210], theoretical evaluations of
the electron-electron interaction correction to the electronic thermal conductivity
show that the Wiedemann-Franz law is violated.

For heavy-fermion compounds, the fractionalized Fermi-liquid theory provides
a possible explanation of the weak-moment magnetism and its relation to the
non-Fermi-liquid behavior. This theory predicts that a decoupling between the
conduction electrons and the spin liquid leads to a violation of Wiedemann-Franz
law [211, 212|. This topic is currently much discussed [9, 209, 212|.

Recently, a model for the behavior of the thermopower in heavy-fermion com-
pounds close to an antiferromagnetic quantum critical point was proposed [213].
The model predicts an anomalous logarithmic temperature dependence of the
thermopower, which has already been observed in CeCug_,Au, [214].

In this thesis thermopower S and thermal-conductivity x measurements on
single crystals of YbRhy(Si;—,Ge,)s (z = 0, 0.05) between 200 mK and 7 K are

presented.

6.2 Physical properties

YbRhySiy crystallizes in the tetragonal ThCrySis structure in the space group
I4/mmm with lattice parameters a = 4.007 A and ¢ = 9.858 A (cf. Fig. 6.1).
YDbRh,Si, contains Yb*? ions whose single-ion Kondo temperature Tx ~ 20 — 30
K can be inferred from various experimental probes [56].

The Sommerfeld coefficient of the electronic specific heat v = C,/T is shown
in Fig. 6.2 as a function of temperature 7. The electronic specific heat has been
obtained by subtracting the phonon contribution from the raw data, determined
by measurements of LuRh,Siy [56, 215]. Below 10 K, C,/T increases logarithmi-
cally upon cooling. C./T was found to be described as C./T ~ In(T,/T), with
To = 24 K in a wide temperature range 0.3 K < 7 < 10 K (cf. dashed line).
Below 0.3 K, C./T diverges stronger than logarithmically. A comparison with
the reference compound LuRh,Si, [215] shows that C'/T of YbRh,Si, is electron
dominated below 10 K (cf. solid line).
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Figure 6.1: Crystal structure of YbRh,Sis.
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Figure 6.2: Temperature dependence of the Sommerfeld coefficient of the electronic
specific heat, C(T")/T, of YbRhy(Si;_,Ge;) (z = 0, 0.05) [216]. The dashed line
represents C,/T ~ In(Ty/T). Temperature dependence of the specific heat divided
by temperature, C(T')/T, for the reference compound LuRhySis (right axis, solid
line) [215].
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Figure 6.3: Temperature dependence of the low-temperature electrical resistivity

p(T) of YbRhy(Si;_;Ge;)2 (z = 0, 0.05) of the samples used in this investigation.

The inset shows the electrical resistivity as a function of temperature between 20
mK and 200 mK, taken from [217].

The temperature dependence of the electrical resistivity p(7T) is shown at
low temperatures in Fig. 6.3. The resistivity was measured in the temperature
range between 350 mK and 10 K on the same samples used to measure ther-
mal conductivity and thermopower. Below 10 K, p(7) presents an almost linear
temperature dependence over more than two decades in temperature. In mea-
surements performed at lower temperatures, the electrical resistivity has shown
a kink at T = 70 mK, related to an antiferromagnetic phase transition (see inset
Fig. 6.3) [217]. Below the transition, Landau-Fermi-liquid behavior is recovered
and p(T) can be described by p(T) = po + AT?. At around 100 K, p(T) shows a
Kondo-like maximum and above 100 K, p(7') is almost constant [56].

At high temperatures (7" > 200 K) the magnetic susceptibility of YbRhySi,
measured along both crystallographic directions (a and c¢) follows a Curie-Weiss
law with an effective magnetic moment very close to the value of free Yb™3
(ferr = 4.515); but due to the strong magnetic anisotropy there is a marked dif-
ference in the respective extrapolated values for the Weiss temperatures, % ~ —9
K and ©% ~ —180 K [56]. At T = 2 K, the magnetic susceptibility measured
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along the basal plane is about 20 times larger than the one measured with the
applied magnetic field parallel to the ¢ axis. The highly anisotropic magnetic
response suggests that Yb3t-moments are forming an easy-plane perpendicular
to the crystallographic ¢ direction. At low temperatures AC-susceptibility mea-
surements on YbRh,Si; have detected an antiferromagnetic transition at 7'~ 70
mK. The anomaly at 70 mK has been confirmed in recent muon-spin relaxation
(uSR) measurements [218]. The static magnetism occurs over the entire sample,
with a tiny ordered Yb*" moment, < 2 x 1073up [218]. In addition, the existence
of spin fluctuations in this low-moment state of YbRh,Si, has been reported from
low-temperature 2Si NMR and puSR experiments [218, 219].

The linear temperature dependence of the electrical resistivity and the log-
arithmic divergence of the Sommerfeld coefficient of the electronic specific heat
clearly demonstrate non-Fermi-liquid behavior [56, 57, 216|. Electrical resistivity
[57] as well as AC-susceptibility [56], SR |218], thermal-expansion [220|, and
specific-heat [57] results revealed a very weak antiferromagnetic phase transition
at Ty ~ 70 mK. Below the antiferromagnetic phase transition YbRhsSiy en-
ters a Landau-Fermi-liquid state with very heavy quasiparticles as evidenced by
electrical-resistivity measurements [57].

The magnetic-field dependence of the electrical resistivity, AC susceptibility,
and specific heat strongly suggest that there exists a magnetic field-induced quan-
tum critical point [57, 216]. The anomalies in the zero-field AC susceptibility,
specific heat and resistivity around 70 mK can be suppressed in a magnetic field
of B. =~ 0.06 T applied perpendicular to the ¢ axis and B, =~ 0.66 T applied par-
allel to the ¢ axis [57]. For magnetic fields larger than B., Landau-Fermi-liquid
behavior is recovered at the lowest temperature.

On the other hand, Ty increases with pressure [221]. Extrapolating Tx(p) — 0
one obtains a critical pressure p. = —0.3 GPa. Thus, a small expansion of
the unit-cell volume would tune 7 — 0. This can be achieved by the sub-
stitution of Si by the isoelectronic, but larger, Ge. Using the bulk modulus
of YbRhy(Si;_;Ge,)s, the quantum critical point is expected to be reached at
z. = 0.05 [221].

Specific-heat measurements of samples with the nominal composition

YbRhy(Sige5Gegos)2 show that the Néel temperature has been substantially sup-
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pressed compared to pure YbRhySip, but is still finite (T =~ 20 mK, [216]).
The electrical resistivity depends linearly on temperature over more than three
decades, i.e., from 20 mK to above 20 K (cf. Fig. 6.3). The Sommerfeld coefficient
diverges logarithmically between 10 K and 0.3 K and the AC-susceptibility follows
a dependence x~! ~ T with a ~ 0.75 in the temperature range 0.2 K < T < 1.5
K. Below 0.3 K, the Sommerfeld coefficient shows a pronounced upturn, while
the uniform susceptibility can be well described by a Curie-Weiss law, as also
found for YbRhySis in the temperature range Ty < T < 0.5 K, with equally
large paramagnetic moments, perr ~ 1.4 g, and similar Weiss temperatures,
f ~ —0.3 K. The weak antiferromagnetic order of YbRhs(Sig.95Geg 05)2 below 20
mK is suppressed by a small magnetic field of B. ~ 0.027 T applied in the easy

plane, as shown by specific-heat [216] and magnetostriction measurements [220)].

6.3 Results and discussion

The measurements presented here were performed on single-crystalline platelets
of approximately 2.3 mm X 1.4 mm X 0.16 mm grown in In flux, using a molten-
metal-solvent technique in closed Ta crucibles. From a careful microprobe analy-
sis on samples of the nominal composition YbRhy(Sig 95Geg 05)2, the effective Ge
concentration was found to be z.¢r ~ 0.02 £ 0.01. The large difference between
the nominal and effective Ge content is due to the fact that Ge dissolves better
than Si in the In flux [57]. To be consistent with the literature, the Ge-doped
single crystal studied in this chapter is labeled by its nominal Ge concentration
x = 0.05. The samples were provided by Octavio Trovarelli (MPI CPfS, Dresden).
Thermopower and thermal conductivity were measured with the heat current Q

perpendicular to the ¢ axis.

6.3.1 Thermopower

Figure 6.4 shows the temperature dependence of the thermopower S(T') of
YbRh,(Si;_,Gez)s (z = 0, 0.05). S(T) is negative in the whole temperature
range. The negative sign of the thermopower may be attributed to the Abrikosov-

Suhl resonance (ASR) being situated below the Fermi energy Ef, in contrast to
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Figure 6.4: Temperature dependence of the thermopower, S(7T'), of
Ythg(Sil_xGex)Q ($ = 0, 005)

Ce-compunds where the ASR lies above Er and S is positive. As expected for
magnetic compounds, S(T) does not show a simple linear behavior |222].

In Fig. 6.5, the thermopower and specific heat of YbRhy(Si;_,Ge;)2 (z = 0,
0.05) are plotted as S/T and C,/T versus temperature 7. For a certain range
of temperature, the S/T data follow the predictions made by Paul et al [213]:
S/T ~ In(T§/T). For x = 0, Ty is estimated to be 20 K while, for z = 0.05,
T; = 15 K. A logarithmic behavior was also observed in the measurements of the
volume thermal-expansion coefficient for YbRhy(Sig95Geg 5)2 [223] in the same

range of temperature as the S/T" data, with a similar value of 7.

6.3.2 Thermal Conductivity

Figure 6.6 shows the temperature dependence of the thermal conductivity (T")
of YbRhy(Si; ;Gey)s (z = 0, 0.05). The thermal conductivity of heavy-fermion

compounds is, at very low temperatures (' < 4 K), strongly dominated by
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Figure 6.6: Temperature dependence of the thermal conductivity, x(7"), of
YbRhy(Sii_,Ge, )2 (x = 0, 0.05). The solid lines represent the electronic

contribution estimated using the Wiedemann-Franz law.



6.3. Results and discussion 75

the electronic contribution k. [206]. Indeed, from specific-heat measurements
of YbRhySi; and LuRhsSiy, it is expected that the phonon contribution x,, of
YbRh,(Si;_,Ge,)s is negligible below 7 K (cf. Fig. 6.2). The electronic contribu-
tion to the thermal conductivity s}V ¥ was estimated using the Wiedemann-Franz
law (Eq. 3.12, cf. solid line in Fig. 6.6), calculated from the electrical resistiv-
ity measured on the same samples (with the same contacts) between 350 mK
and 10 K. For temperatures below 350 mK, the resistivity was extrapolated from
the measured values. As may be seen in Fig. 6.6, k¥ does not behave as it is
expected for a metal. In a wide range of temperatures, the Wiedemann-Franz
law does not appear to be obeyed. For YbRhySi, at the lowest measured tem-
perature, k¥ (T) and the measured x(7T) coincide. For YbRhy(Sig.95Geg.05)2,

e

WF

o (T) and k(T) deviate from each other. Further measurements with

however, x
other samples are highly desired to clarify whether this behavior is intrinsic.

In Fig 6.7, the thermal conductivity plotted as /T versus T? is presented.
This is done in order to separate the contributions of phonons and electrons: In a
simple metal, phonons are expected to have a thermal conductivity which varies
as T and the electronic thermal conductivity should follow a behavior linear in 7T,
at sufficiently low temperature, leading to £(T) = k(T)+kpn(T) = AT+BT?. In
a k/T versus T? plot the ordinate (A4) accounts for the electronic contribution and
the slope (B) of the straight line represents the phonon contribution. The slopes
of the k/T curves above 10 K? are nearly zero, indicating that the contribution
of phonons is negligible in the investigated temperature range. Below 10 K2, x/T
increases rapidly upon cooling. Thus, also here no phonon contribution can be
resolved and the electronic part is strongly 7' dependent.

The phonon contribution due to boundary scattering from the borders of the
sample 0™ is estimated from the gas kinetic equation (Eq. 3.13) using the
low-temperature lattice specific heat of the reference compound LuRh,Si, (Cpp, =
0.13 mJ/molK* x T3, §p = 240 K) [215], and taking the smallest dimensions of
both samples (~ 0.16 mm) for the mean-free path. k5*"™" /T versus T? is
presented in Fig. 6.7 (cf. dashed line). The slope of k("™ /T is much larger
than the slope of the /T data. This shows that additional scattering mechanisms
must suppress the phonon thermal conductivity in YbRhy(Si; ,Gey)o.

The thermal conductivity plotted as /T versus T is shown in Fig. 6.8 in order
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to study the temperature dependence of the coefficient of the electronic thermal

conductivity. It is possible to discern temperature ranges where /T ~ In(Ty/T).

Spin fluctuations may play an important role in the electrical resistivity
and thermal resistivity W, of compounds close to an antiferromagnetic quan-
tum critical point [207] and in compounds with an antiferromagnetic transition
[224]. The magnetic fluctuations may affect the electrical resistivity and the
heat resistivity in different ways, leading to a deviation from the Wiedemann-
Franz law between the antiferromagnetic transition and the characteristic tem-
perature of the spin fluctuations [224]. In Fig. 6.9, the temperature depen-
dences of the thermal resistivity W,(T") and of the electrical resistivity p(7) of
YbRhy(Si;_,Geg)s (z = 0,0.05) are shown. W,(T) was estimated using the re-
lation W, = 1/k,, assuming that the measured thermal conductivity is electron
dominated (k(T) = k¢(T")). In order to compare W, with the electrical resistivity,
W, is multiplied by LT with Ly = 2.44x 1078 W Q K=2, assuming that W, obeys



6.3. Results and discussion 77

YbRh (Si, Ge),
ProwS -_
9_ ]
s 6l ]
Q
A ~ %@K{c@
E 3L x=0 S
g |
= |
> A
41 . _
VAN
/\
/\
£

Figure 6.8: Temperature dependence of the thermal conductivity divided by
temperature ,x(T)/T, of YbRhy(Si;_,Ge;)s (z = 0, 0.05). The dashed line
represents k/T ~ In(Ty/T).
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the Wiedemann-Franz law. There is a large difference between the two resistivi-
ties at high temperatures. At low temperatures, the two resistivities are similar
for the pure sample, but, in the case of the Ge-doped sample, upon decreasing the
temperature the two resistivities first approach each other but then, below 1 K,
they separate again. To obtain conclusive information about the influence of spin
fluctuations on the thermal and electrical resistivity it is necessary to measure in
the temperature range between the antiferromagnetic transition at 70 mK and

the characteristic temperature of the spin fluctuations which is around 24 K in
YbRh,Siy [56].

6.4 Outlook

e Thermal conductivity and thermopower of YbRhsSi, should be measured
below 70 mK, where Fermi-liquid behavior is recovered, and up to and

above 24 K, the characteristic temperature of the spin fluctuations.

e Measurements of the thermal conductivity and the thermopower of YbRh,Si,
should be performed in applied magnetic field in order to study their be-
havior when tuning the system through its magnetic-field-induced quantum

critical point.

e Measurements of the Nernst effect would be very interesting in connection
with the giant Nernst effect observed in CeColns [225]. This anomalous
behavior could be associated with the non-Fermi-liquid features in various
transport properties of CeColns. However, the origin of the anomalous

Nernst signal is still not understood.

e Additional measurements of the low-temperature thermal conductivity shall

reveal whether and where the Wiedemann-Franz law is violated.
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Chapter 7

T? phonon thermal conductivity

7.1 ThAsSe

7.1.1 Introduction

Since the anomalous features of insulating glasses have been understood, the low-
temperature behavior of metallic glasses has attracted considerable interest. The
key step in the understanding of glasses was the introduction of the concept of
two-level system (TLS). TLS’s are the typical excitations of a glass. They are
associated with a large “free atomic volume” at some positions where the atom or
group of atoms can be found in two different configurations with a small energy
difference between them. If only one atom is involved, then a double potential
describes the two quasistable energy minima well, and the atom oscillates between
these minima by tunneling [226]. These tunneling transitions are rare and a much
more efficient mechanism is electron-assisted tunneling, in which the scattering
of a conduction electron from the tunneling atom induces the transition [227].
One of the interesting aspects of a TLS is the appearance of an exotic Kondo
effect: The Hamiltonian of a TLS interacting with a degenerate Fermi gas can
be mapped to the Hamiltonian of a spin-1/2 antiferromagnetic Kondo problem
[8, 228-231]. Furthermore, it is expected that the system would have a non-
Fermi-liquid ground state below the Kondo temperature T as a realization of a
two-channel Kondo effect. A logarithmic temperature dependence of the electrical

conductivity is also expected in this systems above T, [229-233]. This nonmag-
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netic analogue of the ordinary Kondo problem is called the TLS Kondo effect.
However, there is only a limited number of well-defined TLS Kondo systems to
be used for verification of the theoretical predictions [8].

Uranium-pnictochalcogenide crystals show the TLS Kondo effect, especially
strong in UAsSe [234, 235] and UPS [236]. In UAsSe, the electrical resistivity
presents Kondo-like behavior of nonmagnetic origin [237]. Neutron-scattering
measurements of UAsSe show that about 6 % of the As-atom positions are oc-
cupied by Se-atoms and vice versa [234]. Moreover, electrical-resistivity mea-
surements in UAs;_,Sei,, (0 < 2 < 0.06 ) show that the Kondo-like resistivity
decreases when z increases [234, 235|. Thus, the Kondo effect in this compound
may originate from a disordered occupation of the As and Se sublattices. In
the temperature dependence of the thermopower, a peak related with the Kondo
temperature is observed in UAsSe. Changes in the thermoelectric power intro-
duced by tiny variations of the Se excess are clear signs of the incoherent Kondo
scattering from the TLS centers in UAsSe (238, 239]. As well as in UAsSe, UPS
shows a low-temperature upturn in the electrical resistivity and a peak at the
Kondo temperature in the thermopower, both related to the TLS Kondo effect
[236, 239

Two-level systems influence the low-temperature properties in disordered
solids. The most remarkable result was the discovery of a set of universal low-
temperature properties of the insulating and metallic glasses. These properties
are normally not found in crystals and are often called “anomalous”. Examples
are the excess specific heat and extra sources for phonon scattering. Below 1 K|
the specific heat varying as C' ~ T and the thermal conductivity x varying as
k ~ T with o = 1.9 £ 0.1 are characteristic of the TLS states [240-243].

In this section, thermal-conductivity x measurements on single crystals of
ThAsSe between 300 mK and 1 K in zero magnetic field and at 6 T are presented.

7.1.2 Physical properties

The diamagnetic compound ThAsSe crystallizes in a tetragonal structure (PbFCI-
type, space group P4/nmm) with lattice parameter a = 4.084 A and ¢ = 8.578
A. The crystallographic unit cell with exposed polyhedrons, formed by the closest
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Figure 7.1: Crystal structure of ThAsSe [244].

anion neighborhood of thorium, is shown in the Fig. 7.1.

Figure 7.2 shows the normalized resistance R/R(300K) as a function of tem-
perature T for several single crystals of ThAsSe. The resistance increases with
decreasing temperature. Although the low-T resistance is strongly sample depen-
dent, for several specimens a distinct -In7" behavior was observed between 2 and
20 K (not shown). This behavior is unaffected by both magnetic field and pres-
sure, showing that it is not related to the magnetic Kondo effect but that it could
be related to the interaction between the TLS and the conduction electrons. At
low temperatures, the resistance is found to saturate [244]. A detailed analysis
of the electrical resistivity revealed an anomalous scattering mechanism, which
is apparently derived from two-level systems: Below 4 K, the resistivity presents
non-Fermi-liquid behavior that is again suppressed below 0.2 K. This complex
behavior can be consistently interpreted in terms of the TLS Kondo model [245].

Magnetic-susceptibility measurements of ThAsSe yield a constant negative
value in a wide range of temperature as expected for a diamagnetic material.

Below 50 K, the susceptibility increases and saturates below 8 K; this can be
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Figure 7.2: Temperature dependence of the normalized resistance, R(7)/R(300K),
of several samples of ThAsSe [244].

attributed to a very small amount of magnetic impurities carrying around 5.4 x
107 pp/fu. [244].

Figure 7.3 shows the temperature dependence of the specific heat C(T), at
low temperatures. Between 1.7 and 5 K, the specific heat is well approximated
by C = T + BT? with v = 0.3 mJ/molK? and 3 = 3 x 1944/0p J/molK*, where
fp = 254 K. Below 1.7 K, an additional contribution to C is detected: A linear
term of non-electronic origin dominates the low-temperature specific heat. It was
ascribed to the dynamic disorder derived from the two-level system [244|. This
behavior is strikingly similar to the one of the heat capacity of vitreous SiO,, a
well known TLS material [240, 244].

A charge-carrier density of n = 8.4 x 10*! cm™ at 300 K was derived from
Hall-effect measurements using the one-band model. n(7T) decreases upon cooling

down until 100 K, where n(T') approaches the constant value n = 1.1 x 10*! cm™

[244, 246].
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Figure 7.3: Temperature dependence of the specific heat, C'(T'), of ThAsSe [244].

7.1.3 Results and discussion

The measurements presented here have been performed on a single crystal of
approximately 2 mm X 1 mm X 0.1 mm grown by a chemical-vapor transport
method. The sample was provided by Dr. Zygmunt Henkie and Dr. Andrzej Wo-
jakowski from the Institute of Low Temperature and Structure Research, Polish
Academy of Sciences.

Figure 7.4 shows the temperature dependence of the thermal conductivity
k(T') of ThAsSe in zero field and at 6 T. (T") does not present any magnetic-field
dependence in the temperature range investigated. The electronic contribution

K,WF

o~ was estimated from the electrical resistivity using the Wiedemann-Franz

law (Eq. 3.12). The electrical resistivity was measured on the same sample using
the same contacts and it was found to saturate below 100 K at p ~ 495 uQ2cm
[247]. As kT (cf. dotted line) is distinctly smaller than the measured total
k(T'), phonons are the dominating heat carriers. The phonon contribution due to
boundary scattering x5*™" (cf. dashed line) is estimated from the gas kinetic
equation (Eq. 3.13) using the low-temperature lattice specific heat (Cp, = 0.73
mJ/molK* x T3, 6 = 254 K) [244], and taking the smallest dimensions of the
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sample (~ 0.1 mm) for the mean-free path. ng,fLSimir is much larger than the

total measured k(7). Thus, the phonons appear to be subject to an additional
scattering mechanism. Below 0.7 K, x(T) of ThAsSe is well approximated by
the relation x(T) = B(T/a)’ with a = 1 K, § = 1.92 and B = 22.5 x 10~*
W/(Kem) (cf. solid line). A power law with 6 = 1.9 &+ 0.1 is universal for
compounds which present scattering of phonons from tunneling states [240]. Tt
is important to mention, though, that a similar behavior, x ~ T2, is expected
for phonons scattered from electrons. Usually this process is negligible if the
product of the charge-carrier mean-free path [, and the wave number of the
dominating phonons ¢gom, is less than 1 (Pippard ineffectiveness condition) [23].
Combining resistivity results with the charge-carrier concentration n from Hall
measurements [244|, for ThAsSe we have estimated l.qgom to be 0.5. In systems
containing atoms which move differently from the host lattice the phonon electron
coupling can be enhanced even if l.q4,,m» < 1. However, in this case the thermal
conductivity should behave as k ~ T* with o <1 [24], in disagreement with the
experimental observation. Thus, the low-temperature x(7) data presented here

provide additional evidence for the presence of TLS in ThAsSe.

7.2 BagGa16Ge30

7.2.1 Introduction

Current investigations to explore new thermoelectric materials for Peltier cooling
or power generation include rattling compounds, Kondo insulators, semiconduc-
tors, superlattices, etc |4, 248]. The performance efficiency of thermoelectric
materials is determined by the dimensionless figure of merit ZT = TS%0/k,
where S is the thermopower, o is the electrical conductivity, and & is the thermal
conductivity. For a good thermoelectric material, one needs a low thermal con-
ductivity but a high electrical conductivity and a high thermopower. To obtain
high S values, semiconductor- or semimetal-like compounds are preferred. Up to
now, the maximum value of Z7T is still limited to approximately 1 at ambient
conditions. Recently, Slack has proposed the concept of a phonon glass and elec-

tron crystal (PGEC model) for obtaining new thermoelectric materials with high
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ZT [249]. The basic idea of the PGEC model is that guest atoms “rattle” inside
a host framework and produce low-frequency anharmonic phonon modes, which
strongly scatter the heat carrying acoustic modes from the host atoms. The rat-
tler scattering will significantly reduce the (phonon) thermal conductivity to a
glass-like value without seriously reducing the electrical conductivity, which is
mainly determined by the framework. In the last few years, the PGEC model
has been argued to be realized in the clathrates [249].

In the clathrates, molecules or atoms of one substance are enclosed within
the crystal structure of another substance. Chemically, one component (e.g. Si,
Ge, Sn) forms “host” cages and the “guest” atoms/molecules (e.g. alkali met-
als, alkali-earth metals, rare-earth metals or gas molecules) are trapped within
the cages. The guest atoms can rattle inside the oversized cavities. The cages
are face sharing and the constituent atoms are sp® hybridized, forming covalent
bonds with their nearest neighbors. The intermolecular forces between the host
atoms and the guest atoms usually are weak compared to the covalent bonds.
A large number of clathrate types and compositions exists. Of interest here are
the type-I clathrates, with the formula IIgIII;4IV3q where the roman numbers
indicate the group of the periodic table. These cubic solids are, from simple
valence counting arguments, expected to be intrinsic semiconductors. However,
most of them show metal-like resistivities and n-type properties. The only ex-
ception are BagGaq4Si3g, BagGaigGesg, BagGagSnsg and SrgGaigGesg which have
temperature dependent transport properties typical for heavily-doped semicon-
ductors [250]. p-type properties have only been observed in slightly Sb doped
BagGaiGezy samples [251] and in BagGaigGesy samples with an excess of Ga.
The sample studied in this section is such a p-type BagGai6Geso sample [252].

As expected from the PGEC model, studies of the thermal conductivity in
many clathrates have indeed revealed glass-like temperature dependences: Ge
clathrates doped with Sr and/or Eu [12, 253, 254], Na-doped Si clathrate [255],
type-I Sn clathrates [256, 257]. The majority of all these measurements has
been performed above liquid-helium temperature. Only SrgGai6Gesq has been
measured at temperatures below 1 K [12].

Here, thermal-conductivity measurements on single crystalline BagGaiGesg

between 200 mK and 7 K are presented.
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Figure 7.5: Crystal structure of BagGa;6Gesp [250].

7.2.2 Physical properties of BagGaisGes

The physical properties presented in this section were measured on samples from
the same batch as the one used to measure thermal conductivity.

Figure 7.6 shows the electrical resistivity p as a function of temperature of
BagGai6Gesg. p increases upon decreasing the temperature. At around 1.5 K a
kink is observed [252].

Figure 7.7 shows the Hall coefficient Ry as a function of temperature of
BagGaiGesyg. Ry is positive in the whole temperature range indicating that
the majority carriers are holes. Ry increases upon decreasing the temperature.
The charge-carrier concentration was calculated from the Hall coefficient using a
one-band model. It was found to be n ~ 0.069/ f.u. at 2 K [252].

The temperature dependence of the specific heat C of BagGaigGesg is shown
in Fig. 7.8. Above 5 K, the electronic contribution to the specific heat is negligible
and the lattice contribution can be well described with a combined Debye and
Einstein model. A linear fit of C/T versus T? between 1.5 K and 4 K gives a
Debye temperature fp of approximately 311 K and C,, = 0.0077 J/molK* x T3
[258].

The thermopower S of BagGaigGesp is positive and increases with increasing
temperature. Above 70 K, S(T') follows a T%% dependence. The deviation from
the expected linear temperature dependence can be attributed to the increase of

n with increasing temperature. Combining the thermopower results (not shown)
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Figure 7.8: Temperature dependence of the specific heat, C(7T'), of BagGa5Gesp in
a log-log plot [258].

with the charge-carrier concentration n at 300 K, one may estimate the effective
mass m* of the charge carriers to be m* = 3.6mg, where mg is the free-electron
mass [252].

7.2.3 Results and discussion

The measurements presented here were performed on a single crystal of approxi-
mately 3.5 mm X 2.4 mm X 1.5 mm grown from Ga flux, using a molten-metal-
solvent technique [258]. The sample was provided by B. B. Iversen (University
of Aarhus, Denmark).

The electronic contribution to the thermal conductivity V" was estimated
from the electrical resistivity [252, 258| measured on the same sample (with the
same contacts) between 350 mK and 400 K using the Wiedemann-Franz law

(Eq. 3.12). For temperatures below 350 mK, the resistivity was extrapolated from

WF

.. is three orders of magnitude smaller than the total

the measured values. &

measured thermal conductivity over the whole temperature range. Hence one can
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consider that k(T") = kp,. Figure 7.9 shows the temperature dependence of the
phonon thermal conductivity k(1) of BagGajsGeso. The phonon contribution
due to boundary scattering 5™ is estimated from the gas kinetic equation
(Eq. 3.13) using the low-temperature lattice specific heat (Cp, = 0.0077 x T3
J/molK*, 6p = 311 K) [258], and taking the smallest dimensions of the sample
(~ 1.5 mm) for the mean-free path (cf. dashed line). &G**™" is much larger
than the total measured x(7"). This indicates that there is an additional scat-
tering mechanism that suppresses the phonon thermal conductivity. Below 1.5
K, kpn(T) is well approximated by a 7' law (cf. solid line). This temperature
dependence can be attributed either to scattering of phonons from charge carriers
or to the scattering of phonons from tunneling states. Neutron-diffraction exper-
iments have shown that the density of tunneling states in BagGai5Gesq is very
low [259], excluding those as possible scatters of the phonons. It appears more
probable that the temperature dependence of the phonon thermal conductivity
is due to phonons scattered from electrons. Usually this process is negligible
if the product of the charge carrier mean free path [, and the wave number of
the dominating phonons ¢ge, is less than 1 (Pippard ineffectiveness condition)
|23]. Combining resistivity results with the charge-carrier concentration n from
Hall-effect measurements and the effective mass m* obtained from thermopower
measurements [258], leG4om of BagGaisGesg has been estimated to be 1. However,
according to a recent theoretical study for systems containing atoms which move
differently from the host lattice, the phonon-electron coupling can be enhanced
even if loqgom < 1 [24]. This leads to an increased phonon-charge-carrier scatter-
ing rate as [, decreases. Numerical calculations using equation 3.20 show that
the phonon thermal conductivity varies as kp, ~ T% with 1 < a < 2. Using
the Ziman model for the electron-phonon scattering [22], and the effective mass
calculated using the one-band model for the thermopower, it is possible to esti-
mate the deformation potential E4.; which is the strength of the phonon-electron
interaction. For BagGaisGesg, Fger is ~ 0.5 eV. This value of Eg4.f is comparable
with values of a normal semiconductor with similar n [260]. Thus, the possibility
that the “glass-like” thermal conductivity of clathrates at the lowest temperature
is due to phonon-electron scattering and not — as generally believed — due to

scattering of phonons from rattling atoms must be considered very seriously, also
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for other clathrates.

7.3 Outlook

e Further thermal-conductivity investigations of other clathrates at very low
temperatures could help to clarify the scattering mechanism of the phonons

in this class of materials.



Chapter 8
Summary

In this thesis thermal-conductivity x and thermopower S measurements have been
performed on: the Kondo insulator UsRusSn, the quasi-one-dimensional spin
system Yby(Asg7Po3)s, the heavy-fermion compound YbRhy(Si; ,Gep)s (z =
0,0.05), the diamagnet ThAsSe, and the clathrate BagGasGesg.

The temperature dependence of the thermopower, S(T'), of the tetragonal
Kondo insulator UsRusSn presents a linear behavior in the whole temperature
range, which is attributed to a diffusion thermopower. The thermopower is po-
sitive along the c¢ axis and negative perpendicular to the ¢ axis. Considering the
Mott relation, this difference in sign could indicate that there is an anisotropy
in the density of states at the Fermi level. Using a one-band model the effective
mass m* is estimated to be 2my and 16mg along and perpendicular to the ¢ axis,
respectively, where my is the free-electron mass. This indicates that UyRusSn
has a highly anisotropic residual density of states within the pseudogap. From
resistivity measurements and using the Wiedemann-Franz law, the electronic con-
tribution to the thermal conductivity was found to be smaller than the measured
thermal conductivity. Thus, the thermal conductivity x of UsRusSn is phonon
dominated. Below 400 mK, the phonon contribution to x(7') shows a T? behavior
for both directions that can be attributed to phonons scattered from electrons.
No magnetic-field dependence was observed for both the thermopower and the
thermal conductivity of UsRusSn in the investigated temperature range. This is
attributed to the fact that the energy equivalent of the applied magnetic field is

much smaller than the energy gap.
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The temperature dependence of the thermal conductivity, x(7), of the quasi-
one-dimensional S = 1/2 Heisenberg antiferromagnet Yby(Asq7Pg3)3 was found
to follow the relation a7 + bT? between 0.4 and 3 K at zero magnetic field which
was attributed to the dominating role of magnons. The magnons act as heat
carriers at the lowest temperatures and as scatterers for the phonons at higher
temperatures. Below 0.4 K, the thermal conductivity drops below the aT" + bT?
law due to spin-glass freezing in agreement with specific-heat measurements. The
electronic contribution to the thermal conductivity is reduced by four orders of
magnitude when doping YbsAs; with 30 % of P due to the reduction of the
number of charge carriers. The fact that the a7" term is virtually unchanged by
the doping rules out an electronic origin of this term. We attribute the ther-
mal conductivity at low temperatures and in zero magnetic field of Yb,As3 and
Yby(Aso7Po3)3 to heat carried by magnons. The thermal conductivity is reduced
upon increasing the magnetic field up to B = 1 T. In higher fields and below 1 K,
the reduction of the phonon-magnon scattering rate reinforces the phonon con-
ductivity and overcompensates this effect. At B = 6 T, the thermal conductivity
at 0 T is recovered. The opening of a gap in the magnon-excitation spectrum is a
possible explanation of this behavior. Above 1 K, the magnetic-field dependence
of the thermal conductivity, x(B,T), is reduced upon increasing magnetic field.

The scattering of the phonons by magnetic solitons could explain this effect.

The thermopower, S(T'), of the heavy-fermion system YbRhy(Si; ,Ge,)s (z =
0, 0.05) presents negative values in the measured temperature range, as expected
for an Yb compound. A logarithmic temperature dependence in S(7") in a cer-
tain range of temperature is observed, as predicted by the model developed by
Paul et al [213]|. The temperature dependence of the thermal conductivity, x(7),
shows striking deviations from the behavior expected for a simple metal, e.g., the
Wiedemann-Franz law does not appear to be fulfilled. The thermal conductivity
is dominated by the electronic part. The electronic contribution to the thermal
conductivity is strongly temperature dependent and was found to have a loga-
rithmic behavior in a certain range of temperature. A plausible explanation for
the deviation from the Wiedemann-Franz law is the influence of spin fluctua-
tions in the systems which can affect the thermal conductivity and the electrical

resistivity in different ways. Further measurements will clarify this point.
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The structurally disordered diamagnetic compound ThAsSe shows a thermal
conductivity with a T'° behavior. The electronic thermal conductivity is ne-
gligible with respect to the total thermal conductivity, as was estimated using
electrical-resistivity measurements and the Wiedemann-Franz law. Thus, the
thermal conductivity is phonon dominated: x = rp, ~ T, From the Pippard
ineffectiveness condition, it is possible to discard the phonon-electron scattering
as the dominant scattering mechanism for the phonons, leaving phonons scattered
by tunneling states as the most probable scattering mechanism.

The p-type clathrate BagGaisGesy shows a 75 behavior below 1.5 K. The
electronic contribution, calculated from the electrical resistivity using the
Wiedemann-Franz law, is three orders of magnitude smaller than the total mea-
sured thermal conductivity over the whole range of temperature. Thus, the
phonon contribution is the dominant contribution and shows a 7% behavior.
Since BagGai6Gesy has a very low density of tunneling states, excluding those
as possible scatterers of the phonons, we attribute the 7 behavior to phonons
scattered from electrons. We use a model developed for systems containing atoms

which move differently from the host lattice, as it is the case for clathrates.
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8. Summary
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List of symbols

Symbol Definition
a,b,c Lattice parameters
A Cross section
B Magnetic field
Ce Heat capacity per electron
C Specific heat
C. Electronic heat capacity per unit volume
Cm Magnetic heat capacity
Con Phonon specific heat
e Electron charge
Eger Deformation potential
Er Fermi energy
fo Fermi Dirac distribution
Ey§ Antisymmetric Landau parameter
h Plank constant divide by 27
H Magnetic field
1 Electrical current
J Magnetic coupling
k Wave vector

ks Boltzmann constant

kr Fermi wave number



lph—Casimir
lphfe
L
L

Electronic mean free path

Magnon mean free path

Phonon mean free path

Phonon mean free path for the boundary scattering
Phonon mean free path for the phonon charge scattering
Distance

Electron mean free path with respect to the quasistatic
potential scattering

Lorentz number

Electron mass

Free electron mass

Effective mass

Charge carrier concentration

Number of atoms per unit cell

Density of states at the Fermi energy

Density of states

Cutoff function

Phonon wave number

Dominant phonon wave number

Heat rate

Position

Resistance

Hall coefficient

Spin

Thermopower

Diffusion thermopower

Time

Temperature



T, Critical temperature of a superconductor

Ty Kondo temperature
Ty Néel temperature
Trrky Characteristic temperature of the RKKY interaction
1/Ty Spin-lattice relaxation time
v(e) Group velocity
Ve Mean velocity of the electrons
VR Fermi velocity
U Magnon velocity
Uph Mean phonon velocity
\%4 Electrical potential
W, Thermal resistivity
v Electronic specific heat coefficient
AT Difference of temperature
AVyy, Thermal voltage
€ Energy
fp Debye temperature
K Thermal conductivity
Ke Electronic thermal conductivity
kWE Electronic thermal conductivity estimated

using the Wiedemann-Franz law

Km Magnon thermal conductivity
Kph Phonon thermal conductivity
/ig,f“m” Phonon thermal conductivity due to boundary scattering
W Chemical potential
B Bohr magneton

I Hall mobility



Ho

Vdom

Induction constant in vacuum
Dominant phonon frecuency
Correlation lenght

Diameter

Electrical resistivity

Mass density

Residual resistivity

Electrical conductivity
Transport distribution fuction
Correlation time

Phonon relaxation time
lifetime

Magnetic susceptibility
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