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Measurements of the lattice parameters, magnetic susceptibility, and specific 

heat between 0.4 and 10 K in magnetic fields up to 14 T have been conducted on 

Ce1_xMxAh alloys, with M = La (0 ::;x::; 1) and Y (0 ::;x ::;0.2). The specific heat 

of CePb3 and Ce0_6Lac>.4Pb3 was also measured up to 14 T. The above experiments 

were performed to study the anomalies in the specific heat of CeA13 and CePb3 , 

and to better understand the interplay between magnetism and Kondo behavior 

in the ground state of Ce heavy-fermion systems. 

Data for x-ray diffraction of Ce1_xMxAh confirmed an anisotropic lattice 

volume expansion for M = La ( decreasing c/ a ratio) and a contraction for M = 

Y. The low-temperature magnetic susceptibility and specific heat of Ce1_xLaxAh 

are consistent with Doniach's Kondo necklace model. The electronic coefficient 

,..., decreases with Y concentration, and has a nonmonotonic dependence for M 

= La with a minimum at x = 0.2. The temperature position of the anomaly 

Tm has a maximum around x = 0.3 for La doping. The lack of a suppression 
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of Tm for Y x < 0.2 suggests a dependence of this maximum on the absolute

value change in c/ a. Magnetic field measurements on La-doped CeA13 alloys 

revealed that the field dependence of Tm is inconsistent with the anisotropic Kondo 

model, with Tm for Ce0_8La0_2Al3 decreasing only by 0.4 K at 14 T. Experiments 

on Ceo.s(La1-x Yx)o.2Ah revealed that C /T ex X ex T-1+>. for x = 0.4, with A 

comparable to that of heavy-fermion alloys with scaling similar to that associated 

with a quantum Griffiths phase. 

Specific heat measurements up to 14 T on polycrystalline CePb3 indicated 

a shift in TN to lower values, disappearing for H > 6 T. The ratio A/,2 is field

dependent below 6 T. Studies on Ce0_6La0_4Pb3 revealed that the electronic specific 

heat /:lC of this alloy can be described by the single-ion Kondo model in magnetic 

fields, with T K ~ 2.3 K. A previously undetected anomaly in C /T was found below 

2 K, shifting toward higher temperatures with increasing field. This maximum 

appears to be a feature of the Kondo model in magnetic fields. 
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CHAPTER 1 
INTRODUCTION 

Over the last century, our current understanding of the metallic state developed 

as a result of substantial experimental and theoretical work based on the discov

ery of the electron by J. J. Thomson in 1897 and the advent of modern quantum 

physics. The behavior of solids has long been described in terms of the dynam

ics of its constituents, electrons and nuclei; with the former being responsible for 

electrical conduction and dominating the thermodynamic properties at very low 

temperatures. This single-electron picture of the solid state has been remarkably 

successful in describing the properties of many body systems that, as a whole, 

are much more than a simple array of atoms. The current picture of a lattice 

of ions embedded in a gas of electrons obeying Fermi-Dirac statistics is justified 

by the theoretical framework set by Landau on his Fermi-liquid theory, for which 

he won the Nobel Prize in 1962. Based on the principle of adiabatic continuity, 

the theory states that the metallic state at low temperatures can be described 

quantum-mechanically in terms of a fluid of weakly-interacting particles (Fermi

liquid, see Chapter 2). The properties of this quantum fluid are similar in form 

to those of a gas of noninteracting electrons. Landau's Fermi-liquid theory has 

been successfully applied to a variety of systems, including liquid 3He and normal 

metals like Au and Ag. It is one of the foundations of modern condensed matter 

physics, rivaled in its scope only by the standard model of particle physics. 

Since the development of Fermi-liquid theory, the synthesis of new materials 

displaying unusual properties presented challenges to this well-established descrip

tion of condensed matter systems. A large number of these materials exhibit strong 
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electron correlations in their normal (paramagnetic) state, stretching the limits of 

applicability of Fermi-liquid theory. In some materials, the effect of these interac

tions is reflected in the deviations of their thermodynamic and transport properties 

from the predictions of this theory. This group includes the normal state of high

temperature superconductors and non-Fermi-liquid systems [1, 2, 3]. In others, 

their normal-state properties remarkably agree with Fermi-liquid theory, despite 

the presence of strong interactions between electrons and even the coexistence with 

a magnetic phase. It is in this group that we find most heavy-fermion compounds. 

Heavy-fermion sytems are alloys where one of their constituents is a member 

of the lanthanide (Ce, Yb) or actinide (U, Np) family. They are so called because 

the effective mass of the particles dominating the thermodynamics, which have 

half-integer spin (fermions), is hundreds of times that of a free electron (heavy). 

Extensive reviews on these systems have been written over the last two decades [4, 

5, 6, 7, 8]. In these systems, the interactions between localized f electrons and the 

conduction band reduce the f magnetic moment and give rise to a Fermi-liquid

like state at low temperatures. The large effective mass m* is a consequence of the 

large density of states at the Fermi energy N(O). 

The most widely used experimental parameter to determine both the density 

of states and the effective mass of these particles is the Sommerfeld coefficient 

of the specific heat ,. In Fermi-liquid theory, , is proportional to both m* and 

N(O). The specific heat of metals in their normal state at low temperatures is 

approximated by the following formula [9, 10]: 

C = ,T + {3T3, (1.1) 

where, is the electronic contribution and {3 is the Debye contribution from lattice 

vibrations. Values of, for heavy-fermion compounds typically range from several 

hundred to several thousand mJ /K2 mol, compared to less than one for normal 

metals like Cu and Au. The presence of additional contributions to the specific 
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heat makes the determination of, more difficult , and , is usually represented as 

the extrapolated value of C /T at zero temperature. 

The heavy-fermion character is also reflected in other properties, like mag

netic susceptibility and electrical resistivity. The magnetic susceptibility at high 

temperatures follows the Curie-Weiss form [9 , 10], 

C 
X = T+0cw' (1.2) 

where C is the Curie constant and 0cw is the Curie-Weiss temperature. At lower 

temperatures, the susceptibility reaches a constant value (rvlO to 100 memu/mol) , 

proportional to the density of states N(O) according to Fermi-liquid theory. The 

electrical resistivity of metals at very low temperatures is given by 

p =Po+ AT2
. (1.3) 

Here, p0 is the temperature-independent term due to scattering off impurities and 

defects, and A is the Fermi-liquid term. Values for A in heavy fermions are in 

the order of tens of µ n cm/K2 , much larger than those corresponding to normal 

metals. 

An intriguing fact of heavy-fermion systems is that the observed Fermi

liquid properties are not exclusive to the normal state of these materials. The 

variety of ground states for these compounds (5, 6] ranges from nonmagnetic, as 

in UPt4Au [11], to antiferromagnetic (UCu5 , U2Zn17 , CeAh) to superconduct

ing (UBe13 , CeCu2Si2), to both magnetic and superconducting (UPt3 , URu2Si2 , 

UPd2 Ah, UNi2Ah). The presence of magnetism and/or superconductivity in these 

compounds indicates that the heavy Fermi-liquid ground state coexists with a dif

ferent phase. 

This unconventional ground state, when tuned as a function of pressure, 

magnetic field, and/or chemical disorder , can completely move away from Fermi

liquid behavior. These non-Fermi-liquid (NFL) alloys have been widely studied 
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during the last decade [3, 12). Their thermodynamic and transport properties are 

characterized by power laws in temperature. Theoretical models for the description 

of these effects are currently under development. Examples of these systems [3, 12) 

include UCus-xPdx, CeCu6-xAux, U1-x YxPd3, Ce1Ni3 (pressure-induced NFL), 

and CeNi2Ge2 [13), U2Pt2ln, and U2Co2Sn [14) (NFL compounds). 

Among the many unresolved issues in heavy-fermion materials is the coex

istence of magnetic and Fermi-liquid degrees of freedom giving rise to the ground 

state. In addition, a recent interpretation of the ground state in terms of an 

anisotropic interaction between f electrons and the conduction band has been 

proposed for these systems [15). Both topics are confronted in this dissertation 

by studying structural and thermodynamic properties of two well-studied canoni

cal heavy-fermion compounds: CeAh and CePb3. Cerium-based compounds were 

chosen because of their simpler electronic configuration. There is only one 4f spin 

per Ce ionic site, as opposed to two or three 5 f spins per U ionic site. The ground 

state properties of the above compounds are not well understood, despite more 

than 20 years of study. The experiments presented here will help clarify these 

issues in order to motivate further discussion of these topics on both theoretical 

and experimental grounds. 

The outline of the dissertation is as follows: The necessary theoretical back

ground behind heavy-fermion physics is presented in Chapter 2. The chapter 

begins with an overview of Landau's Fermi-liquid theory, followed by a discussion 

of the energies involved in the determination of the ionic ground state and mag

netic moments in metals. The Kondo effect, the mechanism responsible for the 

Fermi-liquid state at low temperatures in heavy fermions, is then presented along 

with its anisotropic version. The concept of a Kondo lattice is also introduced, 

and the consequences of extending the Kondo model to a concentrated system 

are discussed. Chapter 3 gives an experimental review of the essential physical 
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properties of both CeA13 and CePb3 . It is then followed by a discussion of the 

motivation behind this study (Chapter 4). Chapter 5 gives a general description of 

the experimental apparatus and methods used in this dissertation. The results of 

structural and thermodynamic measurements on CeAh and CePb3 alloys are then 

explained in Chapters 6 and 7, respectively. Finally, Chapter 8 summarizes the 

main findings of the dissertation and elaborates on its contributions to the field. 

The dissertation ends by pointing out unresolved issues and elaborating on ideas 

for future studies. 



CHAPTER 2 
THEORETICAL BACKGROUND 

This chapter discusses the current theoretical models describing the charac

teristics and behavior of heavy-fermion systems, such as Fermi-liquid theory, ionic 

configurations in solids, and the Kondo effect. 

2.1 Landau Fermi-Liquid Theory 

Landau's theory of interacting fermions at low temperatures [16] stands as 

one of the most remarkable achievements of theoretical condensed matter physics. 

It has often been compared to the standard model of elementary particle physics, 

as far as its scope and prediction of physical properties is concerned. The basis 

of its success is the adaptation of the Fermi gas model of noninteracting electrons 

to a system of interacting fermions at low densities and energies. This mapping 

allows for a single-particle description of thermodyamic and transport properties 

of Fermi systems like liquid 3He and normal metals like copper, silver, and gold. 

Although Landau's Fermi-liquid theory has been successfully applied in a large 

number of condensed-matter systems, its validity relies on a series of assumptions 

that apply mostly to weak interactions and isotropic scattering between fermions. 

Heavy-fermion systems, often described as having a Fermi-liquid ground state, 

exhibit strong many-particle correlations that lead to magnetic order in many cases. 

The relation between magnetism and Fermi-liquid behavior in heavy fermions is 

at present not fully understood. Nevertheless, the theory has been successful 

in predicting the properties of these compounds. In this section, the differences 
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between Fermi-gas and Fermi-liquid models are outlined, followed by a description 

of thermodynamic and transport properties of the Fermi liquid. 

2 .1.1 Theoretical Basis for a Fermi-liquid 

For a system of noninteracting particles obeying Fermi-Dirac statistics, with 

mass m, momentum p and spin a, the probability of finding a particle with energy 

c is given by the Fermi distribution function n( c) [17], 

1 
n(c)------ 1 + e(c-µ)/kaT' 

(2. 1) 

where k8 is Boltzmann's constant and µ = EF, the Fermi energy. The spins are 

assumed to be quantized along the z-axis. 

In the absence of an external field, the energy of a particle becomes c = cp = 

p2 /2m, and the ground state distribution n~a is given by 

a -{ 1 P < PF 
npa - ' 

0 p > PF 

(2.2) 

where PF is the Fermi momentum. The ground state energy of the system Ea is 

equal to 

(2.3) 

The total energy is the sum of the ground state energy and the excitation energies 

of the system. The number of excitations is given by the difference between the 

ground-state and excited-states distribution functions: 

(2.4) 

where 8npa > 0 corresponds to a particle excitation and 8npa < 0 to a hole excita

tion. Since the excitation energies depend on the number of excitations, the total 

energy of the system can be expressed as 

E =Ea+ LEP8npa· 
pa 

(2.5) 
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Despite the strong electrostatic forces between electrons in a solid, the Fermi 

gas model for noninteracting electrons is capable of describing their behavior in 

metals. At metallic electron densities, the kinetic and Coulomb energy terms are 

comparable in magnitude to each other. The justification for the predictions of this 

model come from their close resemblance to those of the interacting case. Through 

adiabatic continuity [16], it is possible to label the states of an interacting Fermi 

system in terms of the states of a Fermi gas. When the interaction potential is 

treated as a perturbation, and is turned on slowly enough to prevent a change in 

the eigenstates of the Hamiltonian, there is a one-to-one correspondence between 

the initial and final states. The excitation energies of the final state are different 

from those of the Fermi gas because of the additional interaction term in the 

Hamiltonian. The final state has also the same entropy and can be described by the 

same distribution function as the noninteracting Fermi gas. The system resulting 

from the adiabatic perturbation is called a Fermi liquid. The excited states of a 

Fermi liquid are no longer associated with independent electrons, but to negatively 

charged, spin-1/2 fermions called quasiparticles, with an effective mass m* different 

from that of a free electron. These quasiparticles have a sufficiently long lifetime 

T between collisions at low temperatures. The condition for the applicability of 

Fermi-liquid theory is that the uncertainty in the energy of a particle, of order 

n/T ex (k8 T)2, is much smaller than the width of the excitation spectrum of the 

Fermi distribution function, of order k8 T [18]: 

(2.6) 

This condition applies to a system with excitation energies much smaller than k8 T. 

Due to the mutual interaction between quasiparticles, the total energy of 

the system is no longer represented by the sum of ground state and individual 

excitation energies. As a consequence, each quasiparticle is under the influence 

of a self-consistent field from other quasiparticles. This self-consistent field affects 
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both potential and kinetic energy terms of each individual quasiparticle. The 

energy E then becomes a functional E { npa} of the distribution function . The 

excitation ( quasi particle) energy, which itself is a functional of the distribution 

function, (c = E{ npa} ), has an additional term corresponding to the interaction 

energy between two quasi particles f pa,p'a', each with momentum and spin p O' and 

p' 0'
1

, respectively. This energy term is also a functional f { npa} of the distribution 

function, so that the quasiparticle energy becomes an expansion in terms of the 

number of excitations 8npa [19]: 

Epa = E~a + L fpa , p'a' 8np'a' + ... , 
p'a' 

(2.7) 

where E~a is the ground-state quasiparticle energy. As a result, the total energy of 

the system is also an expansion in c5npa: 

E = Eo + L E~a 8npa + 1 L fpa ,p'a' 8npa 8np1 a'+... . (2.8) 
pa pa , p'a' 

When considering an ensemble of quasiparticles with spins quantized along 

different axes, the distribution function npa should be treated as a 2 x 2 matrix in 

spin space, that is, as a linear combination of the Pauli matrices. In the absence of 

higher-order scattering processes, like spin-orbit coupling, the interaction energy 

can be expressed as the sum of symmetric and antisymmetric (spin-dependent) 

terms 

(2.9) 

where J;P, and J;P, are the symmetric and antisymmetric terms, respectively, 

and -r, r' are Pauli matrices. Both J;P, and J;P, are dependent on the angle 

between p and p', and can be expressed as an expansion in Legendre polynomials, 

with coefficients N and ft°, in the case of isotropic scattering (spherical Fermi 

surface). In some metals, the presence of crystal-field and spin-orbit coupling 

effects significantly distorts the Fermi surface, changing the angular dependence of 
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f ;P, and f;P,. The Landau parameters F,,S and Ft are defined with respect to the 

coefficients N and ft corresponding to isotropic scattering: 

F,,S = N(O) N, 

Ft= N(O) ft, 

where N(O) is the density of states at the Fermi energy. 

2.1.2 Thermodynamic and Transport Properties 

(2.10) 

Since the total energy of the system of quasi particles is an expansion in terms 

of the variation in the distribution function 8npa, it follows that the thermodynamic 

properties are expansions in powers of the temperature. The first term of the 

expansion corresponds to the result for the noninteracting Fermi gas. Subsequent 

terms are finite temperature corrections due to coupling with spin fluctuations 

within the interacting fermion fluid. 

The specific heat of a Fermi liquid is given by: 

C = , T + a T 3 In T + ... , (2.11) 

where the Sommerfeld coefficient , is 

2 2k2 k2 * = 7r s N(O) = am PF 
' 3 31i

3 (2.12) 

The first term is linear in temperature, and proportional to the effective quasipar

ticle mass m*. The effective mass is related to the free-electron mass m by 

m* 1 
- = 1 +-Fs 
m 3 1 ' 

(2.13) 

where Ft is one of the Fermi-liquid parameters. The second term in the specific 

heat is a smaller correction and originates from quasiparticle coupling to spin 

fluctuations. 

The magnetic susceptibility is independent of the temperature to first order: 

2 1i2 ,2N(O) 
X = 2µetrN ( 0) + ... = 4 1 + F8 + ... ' (2.14) 
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where µeff corresponds to the quasiparticle effective magnetic moment, , 1s the 

linear coefficient of the specific heat, and F0 is a Fermi-liquid parameter. The 

second term in the expansion is of order T 2 ln T. 

The electrical resistivity due to quasiparticle scattering is inversely propor

tional to the time between collisions T, and proportional to the square of the 

temperature [20]: 

= AT2 = 7r2e2m(76.06) (I_) 2 
P 16N(0)h3 T;, ' 

(2.15) 

where e is the electronic charge, m is the mass of a free electron, h is Planck's 

constant, and T; is the effective Fermi temperature of the Fermi liquid. 

2.2 Localized Magnetic Moments in Metals 

Electrons in metals are not entirely free particles. They are constantly under 

the influence of a periodic potential due to a charged lattice. In addition, the 

distances between electrons are close enough for the Pauli exclusion principle to 

play an important role in the formation of energy levels. In general, electrons with 

energies in the vicinity of the Fermi energy tend to be delocalized and form part of 

the conduction band. To a first approximation, the equation of motion of nearly

free electrons is given in the Hartree-Fock form. Orbital states within a single ion 

are formed by electrons with energies below cp, and are more localized. Their wave 

functions retain some ionic character. For the most part, the thermodynamics of 

a metallic system in its normal state can be described by taking into account 

the individual contributions of quasiparticles (Fermi-liquid theory) and localized 

free spins. However, in many systems, the lattice of localized electron near or 

below the Fermi level strongly interacts with conduction el ctrons. Th r sulting 

potential can have a major effect on the thermodynamics not account d for by 

nearly-free electron models. In order to understand th b havior of 4f m gn ti 
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moments in metals, it is important to have a knowledge of the interactions that 

give rise to their formation. 

2.2.1 Electronic States of Magnetic Ions 

The localized states of electrons in metals are similar to those of free magnetic 

ions [21]. For each energy level n, there are (2s+l)(2l+l) degenerate states, where 

n, l, ands are the principal, orbital, and spin quantum numbers, respectively. The 

degeneracy is partially lifted by the electron-electron Coulomb interaction, of order 

l0eV. These energy levels, called multiplets, are filled up according to Hund's rules 

and the Pauli exclusion principle. Once all 2(2l + 1) levels are fully occupied, the 

sum total of spin and orbital angular momenta equals zero, so that a filled shell 

has no magnetic moment. 

In an incompletely filled shell, one of two relevant interactions responsible 

for lifting any additional degeneracies is spin-orbit coupling. The spin of each 

orbiting electron couples with an effective magnetic field due to its motion about 

the nucleus. The effective field is proportional to the orbital angular momentum 

of the electron. The total spin-orbit interaction is then given by 

1-lso = ,\(L·S) = ±gµ;Zeff (:3) 2~(L·S), (2.16) 

where g is the electron g-value, µ 8 is the Bohr magneton, Zeff is the effective 

atomic number, and L and S are the total orbital and spin angular momenta, 

respectively. The coefficient ,\ is positive when the shell is less than half-filled, and 

negative for more than half-filled. The coupling between Land S has an effect on 

the eigenstates of the ionic Hamiltonian. Both operators are no longer constants 

of the motion, and the states are now labeled by the total angular momentum 

J = L + S. As a consequence, the degenerate states of each multiplet split into 

2S + 1 levels for L > Sor 2L+ 1 levels for L < S, each carrying a 21 + 1 degeneracy. 
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The second interaction responsible for the splitting of degenerate energy lev

els of a multiplet is due to the surrounding ions. Crystal-field effects represent the 

influence of Coulomb interactions from neighboring charges on localized st ates. 

The crystal-field contribution is given by the net Coulomb energy due to point 

charges located at the different crystallographic sites, and by the direct Coulomb 

interaction between the outermost localized orbitals of surrounding ions. To a first 

approximation, 

(2.17) 

where Rj and Zej are the position vector and charge of the jth ion, respectively, 

and r i and e indicate the position and charge of the electrons. The potential 

Vc EF can be expressed in polar coordinates and expanded in terms of the spherical 

harmonics Yim ( 0, </>). The result is an expansion in powers of ( r) and of the angular 

momentum operators L2 and Lz ( or J2 , J z)- The crystal-field interaction partially 

lifts the degeneracy of the ionic states. The number of states is determined by 

the symmetry of the crystal structure, and typically increases for structures of low 

point-group symmetry. 

In solids with magnetic ions, the relative strength of spin-orbit and crystal

field energies depends on the localized character of the wave function corresponding 

to the incompletely-filled shell. The spin-orbit interaction increases as the distance 

from the nucleus decreases (Hso ex (1/r3) ). The crystal-field contribution H cEF , on 

the other hand, increases with the radial extent of the wave function. For electrons 

in incomplete d orbitals, HcEF > Hso due to their direct interaction with orbitals 

from neighboring ions. In contrast, electrons in incomplete f orbitals are very 

localized and reside close to the nucleus. Therefore, the spin-orbit interact ion is 

very large(> 0.1 eV), and the crystal-field contribution H c EF comparatively smaller 

(2:: 0.01 eV). As a consequence, the lowest-lying multiplet is first split by the spin-
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orbit interaction, and each of these levels is split further by the crystal field. The 

ground state of the system is the crystal-field ground state. For example, in Ce3+, 

there is only one 4f electron (S = ½) , and the lowest-lying multiplet corresponds 

to L = 3. 1tso splits the multiplet into two 6-fold degenerate levels: IJ = ~) and 

I J = ~). The lowest-energy level ( J = ~) is then split by 7tcEF into a doublet 

and a quartet for cubic crystal symmetry and into three doublets in the case of 

hexagonal symmetry. For a crystal-field doublet ground state, the effective total 

angular momentum of Ce3+ is J = ½. 

2. 2. 2 Anderson Model 

The fundamental problem in magnetic alloys (including heavy-fermion sys

tems) is the coexistence and interaction of the electron liquid with localized atomic 

orbital states. From this point of view, the conduction band is formed primarily 

of electrons in the outermost s and p shells, and the localized states consist of d 

or f orbitals in iron-group and rare-earth ions, respectively. The following discus

sion will focus on localized f states. Electrons in a partially-filled f shell have 

a finite probability of mixing and are free to interact with the conduction band 

if their energy is close to the Fermi level. The interaction with the conduction 

electrons regulates the average occupancy and magnetic moment of the f level. 

This problem was described by Anderson [22] in the following Hamiltonian for a 

single impurity embedded in a free-electron environment: 

(2.18) 

The first term is the unperturbed free-electron Hamiltonian: 

(2.19) 

Here, Eknko- is the energy of a free-electron state with wave number k and spin CJ, 

and nko- is the number operator 
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(2 .20) 

with aL and aka the creation and anihilation operators, respectively, for a free 

electron state with labels k and CJ. The second term is the unperturbed energy of 

the localized f level: 

(2.21 ) 

where EI corresponds to the energy of the f level and 

(2.22) 

The third term represents the on-site Coulomb repulsion between two f elec

trons of opposite spin: 

(2.23) 

with Uthe Coulomb integral between the two f states, and nn and nn the number 

operators for f states with up and down spin, respectively. The last term denotes 

the mixing between conduction electrons and the f orbital: 

1tcf = z:= vkJ(alaafa + a}aaka ). 
ka 

(2.24) 

Here Vkf is the hybridization matrix element between localized and conduction 

electronic states. 

The effect of the Anderson Hamiltonian on the localized f states depends on 

the relative magnitudes of the Coulomb and mixing terms. The Coulomb repulsion 

U determines the separation of the up and down spin f levels with respect to each 

other. The hybridization term Vkf is responsible for a broadening of the f levels, 

which determines the overlap between the lowest f state and the Fermi energy. 

These levels are represented by a Lorentzian of width 2r, where 

(2.25) 
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and N(O) is the density of states at the Fermi energy. Figure 2.1 illustrates the 

density of states of up and down-spin free-electrons and localized levels for different 

relative strenghts of Coulomb repulsion and mixing width. For U >> I Vkf I, the 

localized up and down-spin levels ( d or f) have a small width 2r and are well 

separated by U. The down-spin level resides far above the Fermi energy and is 

therefore unoccupied, favoring the formation of a strong local magnetic moment. If 

the energy of the up-spin state is close to the Fermi energy in the limit U--+ oo, the 

localized moment couples strongly with the conduction band (Kondo effect). This 

scenario corresponds to integer valence, and is conducive to the formation of the 

heavy-fermion state when the impurity concentration is of the order of Avogadro's 

number NA and the magnetic ions achieve the periodicity of the crystal lattice. For 

U ~ I Vkf I, both localized levels are significantly broad and might overlap with the 

Fermi energy due to a reduction in U. An overlap with the conduction band results 

in partial occupancy of both up and down-spin levels, leading to mixed valence and 

the formation of a weak local magnetic moment. In the limit IVkJI >> U ~ 0, both 

levels have the same energy and occupancy and the impurity loses its magnetic 

moment. 

By studying the limit in which r << E f, Schrieffer and Wolff [24] were able to 

perform a canonical transformation on the Anderson Hamiltonian that eliminates 

the hybridization term Vkf. Instead, the transformed Hamiltonian is expressed in 

terms of 1t0 , 1t01 , riff, and an exchange interaction between /-ion and conduction 

electron spins 

rlex = - L Jkk'sk · S1, 
kk' 

(2.26) 

where Sk and Sf are the spin polarization of the conduction electrons and the spin 

of the impurity, respectively, and Jkk' the exchange coupling constant. Close to 

the Fermi level, k, k' '.:::'. kp, and Jkk' becomes 
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Figure 2.1: Spin-up and spin-down electronic density of states distributions for a 
localized d orbital embedded in a sea of conduction electrons. Upper left: U = 
I vk/ I = O; upper right: u >> I vk/ I; lower left: u ~ I vk/ I; lower right: u << I vk/ I; ( u = 
0) (from Mydosh, 1993) [23). 
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(2.27) 

where J is the Kondo coupling constant. In this manner, the Anderson Hamilto

nian effectively transforms into the Kondo Hamiltonian in the limit r << E 1 ( or 

N(O)J << 1). 

2.3 Single-ion Kondo Model 

The Kondo problem is that of a single localized magnetic impurity in a metal

lic host. This scenario corresponds to the above-mentioned U ~ oo limit of the 

single-impurity Anderson model, with E1 close to the Fermi level. The following 

discussion refers to the case of a spin-½ impurity in a sea of conduction electrons, as 

in the crystal-field ground state of Ce3+. As the temperature decreases, the local

ized f orbital hybridizes with the conduction band, spin-flip scattering increases, 

and a scattering resonance appears near the Fermi level, known as the Kondo 

or Abrikosov-Suhl resonance. The Hamiltonian describing these processes is the 

Kondo ( or s-d) Hamiltonian, of the form 

(2.28) 

where J is the effective coupling constant between f and conduction electrons ( as 

in Eq. 2.27), S is the localized spin, and Si and ri represent the ith conduction

electron spin an:d position vector, respectively. In the case where both EI and 

U + E1 are symmetric with respect to the Fermi energy (U /2 = lcF - E1I), 

J IVkp/12 (2.29) 
ex lcF - E1I' 

where c F is the Fermi energy. A perturbation treatment of 1-lKondo beyond the 

Born approximation leads to an expansion of the thermodynamic and transport 

properties in powers of J N(O) ln(k8 T / D). Here, N(O) is the density of states at the 
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Fermi energy and Dis the bandwidth of scattering states. The electrical resistivity 

was calculated by Kondo [25] using third-order perturbation theory: 

The constant term 

3 m1r J 2 

PB= ---S(S + 1), 
2 ne2h 4cp 

(2.30) 

(2.31) 

obtained from the Born approximation, is a residual resistivity term due to the 

presence of the magnetic impurity. The third-order term diverges at low tempera

tures. The specific heat and magnetic susceptibility due to the impurity are given 

by 

C = ( ~J N(0)) 4
ir

2S(S + l)k8 ( 1 + 4J N(O) Ink;+ ... ) (2.32) 

and 

X = g2µ~S(S + 1) [1 + J N(O) (1 - J N(O) In ksT)-1] 
3k8 T D ' 

(2.33) 

respectively. The perturbation treatment for J < 0 breaks down at a temperature 

(2.34) 

The temperature TK is called the Kondo temperature. 

At low temperatures (T << TK ), the impurity spin strongly couples with 

the conduction electron spin polarization, forming a many-body singlet that com

pletely suppresses the localized magnetic moment at T = 0. In this range the 

thermodynamic and transport properties can be described by Fermi-liquid theory 

due to the absence of an impurity spin. The zero-temperature susceptibility of the 

impurity is inversely proportional to the Kondo temperature [26] 

(
1 )

2 
1.29 

Xo = 29µ 8 1rk
8
TK (2.35) 

and the linear coefficient of the specific heat , is given by 



7rks 
, = 1.29-T . 

6 K 
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(2.36) 

The ratio of the magnetic susceptibility to the electronic specific heat coefficient 

,, called the Wilson ratio, is given by 

Xo = ~ (gµs )
2 

, 2 7r ks 
(2.37) 

This value is twice that corresponding to the noninteracting electron gas. 

The exact solution to the Kondo Hamiltonian and its thermodynamic prop

erties in terms of T < T K and T > T K and a range of magnetic fields were 

obtained using the Bethe ansatz [26, 27, 28, 29]. The above equations follow the 

exact solution obtained with this method. Numerical solutions for the specific heat 

and the magnetic susceptibility of a spin-½ impurity in different magnetic fields are 

illustrated in Figs. 2.2 and 2.3. The zero-field specific heat reaches a maximum 

at a temperature just below T K. Both the magnitude and the temperature posi

tion of the maximum increase with field, reaching a shape corresponding to the 

Schottky anomaly of a free uncompensated spin-½ at large fields gµ 8 H >> ksTK, 

where g is the g-factor of the magnetic impurity. The zero-field magnetic suscep

tibility shows a Curie-like increase for T > TK, and then saturates until it reaches 

a temperature-independent value well below TK. A maximum associated with the 

Schottky anomaly of the specific heat appears around TK for gµ 8 H/ksTK = 2 [30]. 

Its temperature position increases, while its magnitude decreases with increasing 

field. 

2.4 Anisotropic Kondo Model 

The anisotropic Kondo model (AKM) [31, 32] refers to the problem of a 

single magnetic impurity coupled to the conduction electrons via an anisotropic 

exchange interaction J ~ 1
11

, J 1., where J 11 >> J 1.. The Hamiltonian is given by 
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Figure 2. 2: Specific heat of a S = ½ Kondo impurity as a function of T /TK for 
different magnetic fields (H ----t gµ8 H/ ksTK) [30] . 
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Figure 2.3: Magnetic suscept ibility of a S = ½ Kondo impurity as a function of 
T/TK for different magnetic fields (H ----t gµ8 H/ksTK) [30]. 
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(2.38) 

where cL. and Cka are the conduction electron creation and anihilation operators, 

s+ ands- are the impurity spin raising and lowering operator eigenvalues, and Sz 

is the impurity spin value in the z direction. The first term in 1-lAKM represents the 

conduction-electron energies, the second and third terms represent the in-plane 

(J1_) and easy-axis (J11) exchange interactions between a localized spin and the 

conduction electrons, respectively, and the last term corresponds to the Zeeman 

energy due to a local magnetic field h applied only to the impurity spin S. The 

Kondo temperature for an anisotropic exchange interaction (J11 < 0) is given in 

terms of J11 and J1_ as [21 , 33] 

k T = D exp - x tanh -i -'-----
[ 

1 ✓Jif - Jll 
s K N(O) JJ1f - Jl -J11 ' 

(2.39) 

where N(O) is the density of states and D is the bandwidth. The exponential 

dependence of the Kondo temperature in the parameter J11 is qualitatively similar 

to the J dependence of T K in the isotropic case. 

The Hamiltonian for an anisotropic Kondo interaction has been used suc

cessfully to evaluate the properties of the spin-boson Hamiltonian (34, 35, 36, 37], 

which describes the dissipation in the dynamics of a two-level system by an Ohmic 

bosonic bath. A mapping of the spin-boson model (38] onto the AKM has been 

exploited to calculate the thermodynamic properties of the former model. Further

more, the parameters of the spin-boson model have recently been used to describe 

the properties of the AKM applied to the heavy-fermion system Ce1-xLaxAh [15] . 

The spin-boson Hamiltonian has the form 
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(2.40) 

Here ax and az are Pauli matrices, ~ is the tunneling energy between the two 

states and E is an external bias applied to the system. The third term corresponds 

to the energy of the bosonic bath and the last term represents the coupling of the 

two-level system to the bath, with coupling constants C0 • In the case of Ohmic 

dissipation, the spectral function of the system is J ( w) = 21r aw for w << we, where 

a is a measure of the strength of the dissipation and We is a cutoff frequency. For 

a =J 0, the tunneling energy ~ (n = 1) is renormalized into 

_ (~)l~o 
~r-~ - , 

We 
(2.41) 

with ~r/k8 equivalent to the Kondo temperature TK in the AKM. 

The low temperature behavior of both spin-boson and AKM systems is that 

of a Fermi liquid. The linear coefficient of the specific heat per total mole is given 

by [35, 36] 

(2.42) 

where NA is Avogadro's number and R k8 N A is the gas constant, and the 

magnetic susceptibility of the spin-boson model per total mole at T = 0 is 

(2.43) 

where g is the g-factor of the impurity spin. The susceptibility of the AKM at 

T = 0 differs from Xs8 by a factor of a: XAKM = DX88 . The Wilson ratios for both 

models are related as follows: 



where RAKM = aRss • 

R _ i 1r
2 

k~ Xss 
ss - 3 (gµs)2 'Y 

2 

a 
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' 
(2.44) 

The thermodynamic properties of the AKM are given in terms of the exchange 

interactions ( 111) and ( 11_), and therefore can also be expressed in terms of the 

parameters a and ~r of the spin-boson model [35 , 36]: 

~r = pl1_, 

a= [1+ ~ tan-1 (- rr:J11 )f (2.45) 

Figure 2.4 illustrates the temperature dependence of the static susceptibility and 

specific heat as C /T for different values of the dissipation a and E = 0. The 

parameter a is a good measure of the Kondo anisotropy of the system, since 

it decreases sharply with increasing 111. Both curves are universal functions of 

(T / ~r) rv (T /TK ). For E = 0, the electronic coefficient of the specific heat is given 

by 1 = a/ ~r , and C /T reaches a maximum at a temperature corresponding to 

~r for a < 0.3. This maximum is reduced in magnitude with increasing a . The 

susceptibility expressed as k8 TXss has a finite value at T = 0, as in the isotropic 

Kondo model, and reaches the free-spin value at high temperatures. The main 

effect of a is to increase the temperature at which this latter value is attained. The 

temperature ~r indicates the crossover between Kondo and free-spin behavior. 

The behavior for a finite bias E > 0 is described in Fig. 2.5 for a = 0.2. The 

quantity E is equivalent to a magnetic energy gµ8 h acting on the impurity spin in 

the AKM. The temperature ~r is renormalized by E, and becomes [37] 

(2.46) 

The effects of a field on the specific heat are a strong reduction of 1 , an attenuation 

of the maximum in C /T, and an increase of its temperature position given by 

Ar. The low-temperature susceptibility strongly decreases as a function of the 
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parameter E. It also shows a maximum for fields of order llr and above, with a 

temperature position that increases with llr. 

2.5 Kondo Lattice 

Certain types of metallic compounds, including heavy-fermion systems, can 

be described as a lattice of Kondo impurities embedded in a metallic host (39, 

40, 41]. This class of materials is commonly referred to as concentrated Kondo 

systems. In these alloys, a giant Abrikosov-Suhl resonance of width T K appears 

in the density of states near the Fermi level for T << T K. In the case of spin

½ Kondo scatterers, the resonance lies right at the Fermi energy. This feature 

indicates the crossover to a strong-coupling regime in the scattering between f 

and conduction electrons, growing in size as the number of impurities approaches 

Avogadro's number NA. Consequently, there is a substantial increase in the density 

of states at cp. Figure 2.6 illustrates the evolution of the Abrikosov-Suhl resonance 

for different temperatures. In heavy-fermion compounds, the 4f level is located 

well below the Fermi energy. As a result, the localized orbital has integer valence. 

The large resonance in the density of states has an effect on the effective mass 

m*, as indicated by Fermi-liquid theory. At high temperatures (T >> TK ), the 

Abrikosov-Suhl resonance disappears, and the system behaves as an ensemble of 

classical free spins. 

Two other characteristics of the Kondo lattice are the appearance of coherence 

effects and interactions between magnetic impurities. Below a temperature Teoh , 

the electronic properties change from those described by scattering off independent 

Kondo impurities to those reflecting the periodicity of the lattice via Bloch's theo

rem. This crossover is usually described in terms of a maximum in the temperature 

dependence of the specific heat as C/T and the electrical resistivity around T~Tcoh· 

A consequence of coherence is an increase of indirect exchange interactions between 

impurity spins. At distances larger than the 4f radius (r41 < 0.5A) but less than 
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g{E) 

Figure 2.6: Density of states of a nonmagnetic Kondo lattice at different temper
atures, showing the evolution of the giant Abrikosov-Suhl resonance [39]. 



29 

the size of the Kondo compensation cloud for a single impurity, the presence of 

closely-spaced uncompensated spins leads to the Ruderman-Kittel-Kasuya-Yosida 

(RKKY) interaction between localized f orbitals 

where 

:J(r) rv J cos(2kpr) 
(2kpr) 3 

(2 .47) 

(2.48) 

is the RKKY coupling at large distances , J is the Kondo coupling, and kp is 

the Fermi wavevector. In most heavy-fermions :J ( r) leads to antiferromagnetic 

coupling between impurity spins. 

The state of a concentrated Kondo system depends on the competition between 

the two energies represented by the Kondo and RKKY temperatures T K and TRKKY . 

This competition has been described in a simple form through the Kondo necklace 

model, developed by Doniach [42, 43]. Both TK and TRKKY depend on the Kondo 

coupling J and the concentration of magnetic impurities. The Doniach model relies 

on the assumption that the ground state of the system depends on the relative 

magnitude of the coupling J only. The phase diagram for this model is shown in 

Fig. 2.7. The Kondo temperature depends exponentially on the parameter J , as 

discussed previously, while TRKKY rv 1 2 N(O). At low values of J, TRKKY > TK , the 

material is a magnetic 4f metal, and the Kondo effect is absent. As J increases, 

TK >TRKKY, the Kondo effect appears before magnetic order, and the material is a 

magnetic Kondo lattice. At even larger values of J (T K >> TRKKY), magnetic order 

disappears altogether and the material is a nonmagnetic Kondo lattice. Heavy

fermion compounds exist in the region around the magnetic-nonmagetic phase 

boundary, and those with a magnetic ground state exhibit mostly antiferromag

netic order. 
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A modified form of the Doniach diagram has been recently proposed [44, 45) 

to account for the effect of intersite magnetic correlations on the Kondo tempera

ture in the nonmagnetic region. Instead of continuing to increase exponentially as 

in the single-impurity case, TK reaches a saturation value, after which it decreases 

slightly with increasing J. Thus, TK in nonmagnetic Kondo lattices may not nece

sarily follow single-impurity behavior. On the other hand, a complete theoretical 

explanation of the effect of magnetic interactions on the Kondo temperature has 

yet to be developed. 

At a value of the Kondo coupling J = le, the magnetic ordering temperature 

TM approaches zero at a critical point. The ground state of some heavy fermions at 

or near Jc is neither magnetically ordered nor Fermi-liquid-like. A large number of 

intermetallics falling in this category are commonly referred to as non-Fermi-liquid 

(NFL) systems. Their thermodynamic and transport properties can in some cases 

be described by either logarithmic divergences or power-law behavior according to 

different theoretical models (3, 12). 

2.6 Non-Fermi-Liquid Effects 

Current models of non-Fermi-liquid phenomena can be divided into two 

groups: theories describing a possible single-ion origin to these effects and those 

attributing them to intersite interactions. A member of the first group is the 

two-channel quadrupolar Kondo effect (46), a particular scenario within the more -

general multichannel Kondo problem (47). The quadrupolar Kondo effect consists 

of the quenching of a nonmagnetic quadrupolar level by two degenerate conduction

electron bands, and has been used to explain the properties of heavy-fermion 

systems like U1_x ThxBe13 (48]. In this model, NFL behavior is associated with 

fluctuations of the quadrupolar degrees of freedom, rather than spin fluctuations. 

Another possible single-ion mechanism towards non-Fermi-liquid behavior 

1s Kondo disorder (49, 50, 51). The material exhibits a random distribution of 
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the quantity pJ, where p is the density of states and J is the Kondo coupling 

constant. Thus variations in either the Kondo couplings or the local density of 

states gives as a result a distribution of Kondo temperatures. The probability 

distribution function P(TK) = P(pJ) d(pJ)/dTK acquires a log-normal form for 

strong disorder: 

1 1 { 1 2 } P(TK) = ( 41rut 2 
1 

( /T ) exp -- ln [p0 Je-u ln(cp/TK )] , 
TK n cp K 41ru 

(2.49) 

where p0 is the average density of states, and u is a dimensionless parameter cor

responding to the amount of disorder in the system. For weak disorder , P(TK) 

takes the form of a Gaussian. At a given temperature T, there are regions where 

the local Kondo temperature TK <<T, and the local spin is uncompensated. If the 

probability of having uncompensated spins at T = 0, P(TK = 0) =/= 0, the thermo

dynamic properties are dominated by the contribution from free spins, leading to 

non-Fermi-liquid behavior. 

The first model involving collective behavior applied to NFL alloys was based 

on a description of the physical properties in terms of their proximity to a quantum 

critical point (QCP). The system exhibits critical fluctuations of the order param

eter in the vicinity of a quantum phase transition at T ~ 0 [52, 53, 54, 55, 56]. 

At finite temperatures, the characteristic frequency w* associated with the critical 

fluctuations of the order parameter is much smaller than the transition temper

ature Tc, so that the system behaves classically at hw* << kaTc [56]. A quantum 

phase transition at T = 0 is not achieved by a change in temperature, but rather 

by a change in a parameter of the Hamiltionian. Under this model, non-Fermi

liquid effects in heavy-fermion systems arise as a consequence of a near-zero anti

ferromagnetic transition temperature, so that a quantum-mechanical treatment is 

necessary. The thermodynamic properties are dominated by the collective modes 

due to critical fluctuations rather than by Fermi-liquid-like elementary excitations 

and are described by various scaling laws [53, 54] depending on the effective dimen-
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sionality and the nature of the magnetic transition. As a result, the system is said 

to have a 'generalized' (non-Landau) Fermi-liquid ground state, with an enhanced 

quasi particle mass m* due to the presence of long-range spin fluctuations [57]. 

A recent explanation for NFL behavior relies on the competition between 

anisotropic Kondo and RKKY interactions in a disordered system [58, 59]. Around 

the QCP corresponding to le, for TK > TRKKY, free spins arrange into clusters, 

which increase in size as TK-+TRKKY· The spin clusters form a granular magnetic 

phase, coexisting with the metallic phase, and the system exhibits a Griffiths 

singularity at zero temperature [60]. Non-Fermi-liquid effects are attributed to the 

dynamics of large spin clusters in the Griffiths phase. A percolation limit for these 

clusters is reached at the QCP, which for Tc i= 0 leads to an antiferromagnetic, 

spin-glass, or ferromagnetic transition [58]. The temperature dependences of the 

thermodynamic properties obey power laws, with exponents determined by the 

crystal symmetry and the values of the local exchange constants. The nonuniversal 

nature of these exponents offers a common description of NFL effects in heavy

fermion alloys within the Griffiths phase model. 
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Figure 2. 7: Phase diagram of the Kondo lattice [39], illustrating the different 
dependences of TK and TRKKY on the parameter J /W, where J represents the 
Kondo coupling and W is the bandwidth. The dependence of the magnetic ordering 
temperature TM on J /W dictates the regions corresponding to magnetic metal, 
magnetic concentrated Kondo system (CKS), and nonmagnetic CKS. 



CHAPTER 3 
PROPERTIES OF CeA13 AND CePb3 

This chapter gives an overview of structural, thermodynamic, transport, and 

magnetic properties of CeAh and CePb3 alloys that are relevant to the problems 

addressed in this dissertation. 

3.1 Properties of CeAh 

3.1.1 Crystal Structure 

The compound CeAh crystallizes in the hexagonal Ni3Sn structure (DO19), 

Pearson symbol hP8, space group P63 /mmc, number 194. This structure con

sists of two alternating hexagonal layers. The most recently published lattice 

parameter measurements give a= 6.547 A and c = 4.608A [61]. The above val

ues correspond to a c/ a ratio of 0. 704, much smaller than the close packed ratio 

(0.816), and a lattice volume V = 171.05 A 3 . A study of the structure of rare

earth trialuminides[62] attributed the formation of a particular structure and its 

c/ a ratio to the rare-earth/ aluminum ratio RRd RAi • This ratio is largest for the 

hexagonal LaAh, PrAh, and CeAh, and smallest for Yb, Tm and Sc trialuminides, 

which crystallize in the cubic Cu3Au structure. As RRd RA1 decreases, the crystal 

structure is modified from hexagonal to cubic, the layer stacking changes, and the 

c/ a ratio increases. 

Figure 3.1 shows the idealized (Ni3Sn) unit cell of CeAh. The cell contains 

two formula units. The atom positions with respect to the origin are given in 

Table 3.1 in terms of the lattice parameters a (x, y axes) and c (z axis). Figure 3.2 

is an extended scheme showing the hexagonal stacking and the periodicity of the 

34 
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Figure 3.1: Hexagonal Ni3Sn structure of CeAh. 

Figure 3.2: Hexagonal NbSn structure of CeAh (extended scheme). 
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Table 3.1: Cell Content of Ni3Sn structure of CeA13 [64). 

Atom Multiplicity Coordinates 
(Wyckoff notation) X y z 

Ce 2c 1/3 2/3 1/4 
2/3 1/3 3/4 

Al 6h 0.833 0.666 1/4 
0.833 0.167 1/4 
0.334 0.167 1/4 
0.167 0.334 3/4 
0.666 0.833 3/4 
0.167 0.833 3/4 

unit cell. Each Ce atom has 6 Al nearest neighbors, at a distance dee-Al = 3.27 A, 

and 6 Ce nearest neighbors at a distance dce-ce = 4.428 A [63). The central Ce 

atom is surrounded by six nearest neighbors (3 Al and 3 Ce atoms) above and six 

below the basal plane. It is important to point out that all nearest neighbors are 

located in the layers above and below the central Ce atoms, and their distances are 

not along the c-axis direction, but rather at an angle. These off-axis neighboring 

distances might have some implications regarding the hybridization between Ce 

and Al atoms, as well as the effects of the RKKY interaction on the magnetic 

properties of CeAh ( see Chapter 7). 

3.1.2 Specific Heat 

Early measureme~ts of the specific heat of CeAh below 10 K proved to be 

unreliable [65, 66) due to anomalies caused by the presence of the secondary phases. 

Later measurements by Brodale et al. [67] demonstrated a significant reduction of 

these anomalies. In their study, the low temperature specific heat showed a maxi

mum around 0.4 K when plotted as C /T vs T. The value of the electronic specific 

heat coefficient, extrapolated from C /T vs T 2 is,= 1250 mJ /K2 mol. This max

imum in C /T has been the subject of intense controversy about the ground state of 

CeAh . It was initially proposed that its origin is due to the formation of a Kondo 
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lattice state in which the conduction electrons undergo coherent scattering [68] . 

Later experiments [69 , 70, 71] suggested that the maximum was due to either 

magnetic correlations or a possible antiferromagnetic order in this compound. 

The anomaly in C /T has also been studied at different pressures and mag

netic fields . Magnetic field measurements up to 4 T [68] showed t hat both t he 

maximum and its temperature position decrease in field , while there is an increase 

of C /T values below 0.2 K (see Fig. 3.3) . Measurements above 1 Kand at 23 T[72] 

indicated a decrease in C /T values below 4-5 K (more than 15% at 1 K) and an 

increase in values above the same temperature (around 20% near 10 K). These 

results seem to indicate an initial increase of the electronic coefficient , with field, 

followed by a marked decrease at higher fields. The pressure dependence of the 

specific heat as C /T vs T is shown in Fig. 3.3 [73] . The specific heat is very sen

sitive to pressure. C /T values at 0.4 K were found to decrease with pressure as 

pl/B. There is no sign of the specific heat anomaly at a pressure of 0.4 kbar. The 

coefficient , is reduced from 1250 mJ /K2 mol at atmospheric pressure to about 

550 mJ /K2 mol at 8.2 kbar. Values of C /T are essentially constant below 1 K for 

pressures around and above 2 kbar. 

An attempt was also made to measure specific heat on very small single crys

tals of CeA13 [7 4]. The results proved to be sample-dependent. Some of the crystals 

showed peaks in the specific heat resembling antiferromagnetic phase transitions. 

It remains to be understood whether there is any relationship between these peaks 

in the specific heat and the maximum observed in C /T for polycrystalline samples. 

3.1.3 Magnetic Susceptibility 

A venel et al. [75] measured the magnetic susceptibility of polycrystalline 

CeAh down to 0.8 mK. The results show a broad maximum around 0.5 K, resem

bling the anomaly in C /T near 0.4 K (see Fig. 3.4). The suscept ibility becomes 

temperature independent below 40 mK (x(T = 0) ~ 29.5 memu/ mol) consistent 
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Figure 3.3: Magnetic field and pressure dependence of the specific heat of CeAiJ. 
Upper part: C /T vs T of CeAh in magnetic fields up to 4 T (0 T: circles, 2 T: 
diamonds, and 4 T: triangles) [68]. Lower part: Pressure dependence of C /T vs T 
for CeAh up to 8.2 kbar [73]. 
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with Fermi-liquid behavior. The inverse susceptibility follows Curie-Weiss law 

above 150 K, with an effective magnetic moment close to that of a free Ce3+ ion, 

µ eff = 2.54µ 8 , and 8cw = -30 ± 6 K. The susceptibility of single crystals above 

4 K was also measured with the field parallel (x11) and perpendicular (x-1) to the 

c-axis [76]. The susceptibility along the c-axis XII is at least three times as large as 

x-1 around 4 K, indicating a large anisotropic magnetic behavior. 

3.1.4 Transport Measurements 

Figure 3.5 shows the electrical resistivity of CeAh below 300 K. It can gener

ally be described by a Kondo-like increase down to 50 K, a maximum around 35 K, 

possibly signaling the crossover from single-impurity to Kondo-lattice behavior, 

and a sharp decrease below 10 K. At temperatures below 100 mK, the resistivity 

has the form of a Fermi-liquid, with a coefficient A= 35 µ n cm/K2 (see Fig. 3.5) . 

No sign of a magnetic phase transition (i.e. kink in the resistivity curve) has been 

detected in electrical resistivity measurements around 0.4-0.5 K. When pressure is 

applied, there is an increase in both the temperature and magnitude of the maxi

mum [77]. In addition, the A coefficient decreases, and resistivity values above the 

temperature of the maximum are enhanced as pressure increases. 

The low temperature magnetoresistance of polycrystalline samples was found 

to change sign at a field of 2 T, becoming positive at lower fields [79, 80]. The 

results are shown in Fig. 3.6 . . The resistivity values are dependent on the field 

direction with respect to the current. This anisotropic behavior increases with 

applied field and at low temperatures. The magnetoresistance at 4.2 K and field 

perpendicular to the current becomes less negative with increasing pressure for 

fields larger than 2 T [77]. In single-crystal measurements, the electrical resistivity 

in zero field along the basal plane is more than twice that along the c-axis [76, 81]. 

The field dependence of the A coefficient parallel to the c-axis shows a peak around 
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Figure 3.5: Transport measurements on CeAla. Upper part : Electrical resistivity 
below 300 K [78]. Lower part: p vs T 2 below 100 mK [20] . 
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2 T. The authors found this result to be in qualitative agreement with theoretical 

models describing weakly-antiferromagnetic metals. 

3.1.5 Nuclear Magnetic Resonance 

Measurements on 27 Al nuclear magnetic resonance (NMR) on CeAh down 

to 0.3 K by Nakamura et al.[82] are part of a series of microscopic measurements 

arguing against the coherence interpretation of the anomalies in C /T and the mag

netic susceptibility. The temperature dependence of the spin-lattice relaxation rate 

at 0.98 MHz ipcreases by one order of magnitude at the lowest temperatures in a 

nonlinear fashion. The relaxation rate reaches a maximum at 1.2 K. The authors 

attributed this maximum to the onset of antiferromagnetic order at this tempera

ture. Later measurements by Wong and Clark [83] and Gavilano et al. [70] revealed 

not only the absence of a maximum in the relaxation rate at low temperature, but 

a Korringa-like (T1 T = const.) behavior below 0.6 K as well. The reason for these 

discrepancies might be related to a large sensitivity of the ground state to lattice 

strains and sample preparation for NMR measurements. Powdered samples have 

grains with typical linear dimensions around 50 µm. The nonuniform strains cre

ated by preparing the powder can have a dramatic effect on the physical properties 

of CeAh below 1 K. The presence of secondary phases can also have an effect on the 

results, since it is more probable to find entire grains of either CeAh or Ce3Al11 , as 

proposed by Wong and Clark [83]. Gavilano et al. also measured the NMR spec

tra of partially oriented powder ( c-axis along the direction of the applied field) at 

6.968MHz, and observed two distinct components (Fig. 3.7). They concluded that 

these components correspond to two different regions of the sample being stud

ied: the spectral lines seen in Fig. 3. 7 were attributed to a normal paramagnetic 

phase, while the broad structure was ascribed to a phase where static magnetic 

correlations take place. The Ce moments of this latter phase were estimated to be 
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Figure 3.7: NMR spectra of partially oriented powder at 6.968 MHz for different 

temperatures [70]. 
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less than 0.05µ 8 • The presence of magnetic correlations in CeAh argues against a 

simple interpretation of its ground state in terms of a non-magnetic Fermi-liquid. 

3.1.6 Muon Spin Rotation 

The only muon spin rotation (µSR) experiments on pure CeAh available to 

date are those of Barth et al. [69, 84]. The authors measured the time-dependent 

muon polarization on two polycrystalline samples, as seen in Fig. 3.8. The muon 

polarization signal was described as the sum of several time-dependent components, 

two of which correspond to the response of muons from different magnetic envi

ronments. The most significant finding was the detection of a spontaneous_ muon 

spin precession frequency in zero field below 0. 7 K from one of these components. 

This Larmor frequency, proportional to the local magnetic field , has a very small 

temperature dependence below 0. 7 K. Its extrapolated value at T = 0 is just above 

3 MHz, which corresponds to an average local field of 220 G. In agreement with this 

estimate, the muon precession signal could not be observed at an external applied 

field of 750 G. Both the oscillating component and the fast relaxation of the muon 

polarization are commonly associated with spin-density-wave behavior [85]. The 

presence of the local field at the muon sites was interpreted as the development 

of short-range, quasistatic magnetic correlations in CeAh below 0. 7 K. As the 

temperature decreases, these correlated moments, estimated to be around 0.5µ 8 , 

develop some coherence in a spatially inhomogeneous manner. The appearance 

of this almost percolative effect was attributed to magnetic frustration. Electron 

paramagnetic resonance (EPR) measurements by Coles et al. on GdAh (Ni3Sn 

structure) [86], also contributed to the development of this idea, arguing that the 

magnetic behavior in CeAh might be mediated by frustrated antiferromagnetism 

in the triangular sublattice of the hexagonal a-b planes. 
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Figure 3.8: Muon polarization as a function of time in zero external field for 
T = 0.05, 0.5, and 1 K [69]. 
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3.1. 7 Neutron Scattering 

Inelastic neutron scattering is one of the most direct methods of determining 

electronic energies and crystal fields in metallic compounds. In CeAh , the cerium 

ions occupy positions of low point symmetry. In hexagonal structures, the Ce3+ 

I J = ~) multiplet splits into three doublets under the influence of a crystalline 

electric field (CEF): f1 : I± ½) , r 8 : I± ~) , and f 9 : I± ~). In cerium heavy

fermion compounds, the neutron scattering spectrum can be described in terms 

of two components: a quasielastic peak around zero energy transfer and a width 

of order TK at T ';::j 0, and an inelastic peak at an energy that coincides with the 

characteristic energy of crystal-field excitations. 

In addition to the quasielastic peak, the most recent measurements [87) dis

played a single inelastic peak at an energy Erv 6.4 me V for T = 20 K (Fig. 3. 9). With 

the help of previous single-crystal magnetic susceptibility data [76), the authors cal

culated the crystal-field parameters for CeAh and determined the ground state to 

be f 9 : I ± ~) , followed by f 8 : I ± ~) at 6.1 meV (T = 71 K) , and f1 : I± ½) 

at 6.4 me V (T = 7 4 K) . By comparing the parameters to those of other rare-earth 

trialuminides with Ni3Sn structure, they concluded that the hybridization of Ce 

4f electrons with the conduction band is the dominant contribution to the CEF 

potential, as proposed by some theories of the Kondo effect in crystal fields [88). 

Thus, the hybridization is responsible for both Kondo and CEF energy scales. 

3.1.8 Chemical Substitution Studies 

By far the most interesting doping studies on CeAh to date are those of La 

impurities on the Ce sites. Recent specific heat studies of Ce1_xLaxAh, performed 

after evidence for magnetic correlations was found for the pure compound [69, 84), 

added to the already existing controversy about the nature of the anomalies in 

CeAb. An enhancement of the anomaly in C /Twas found for 0 ::; x ::; 0.2 [71), 

and a corresponding peak appears in the specific heat, as seen in Fig. 3.10. The 
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magnetic susceptibility also shows an enhancement in its corresponding maximum, 

with a temperature around 2.5 K for x = 0.2. A T 3 dependence of the specific 

heat below this maximum for the La-doped alloys led to the conclusion that the 

anomalies represented the development of an antiferromagnetic transition. Two 

reasons for this development were proposed. The first one is the application of a 

negative chemical pressure by the larger La atoms and a subsequent decrease in 

hybridization between f ions and conduction electrons. This effect is in accordance 

with the Kondo necklace model (see Chapter 2). The second possibility is the 

reduction of magnetic frustration in the basal-plane triangular lattice of Ce ions [86, 

89]. As the Ce ions are substituted by non-magnetic La atoms in the triangular 

sites, a number of the Ce moments are relieved from the frustration constraint and 

are free to interact with others. This explanation relies on the assumption that the 

in-plane interactions are much stronger than the interactions between two adjacent 

planes. 

More recent neutron scattering and µSR studies on Ce1_xLaxAh [15, 90] have 

shown that the temperature at which the maximum in the specific heat for x = 0.2 

develops coincides with both the appearance of an inelastic peak in the neutron 

scattering function and the divergence of the µSR relaxation rate. The divergence 

of the muon relaxation rate was interpreted as evidence for either short-range mag

netic correlations, as found for pure CeAh [69, 84], or long-range magnetic order 

of small moments. Bragg scattering on powdered samples did not show evidence 

of long range order within the resolution of the measurement. The magnitude of 

the Ce moments was estimated as < 0.05µ 8 • The position of the inelastic peak for 

x = 0.2 is weakly temperature-dependent, with an estimated energy of 0.54 me V 

at T = 0. It was argued that the magnetic correlations in this sample were too 

small to be responsible for the behavior of both the inelastic peak and the thermo

dynamics below 2 K. In the search for an alternate explanation, the specific heat 
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and the inelastic peak were described in terms of the anisotropic Kondo model 

( discussed in Chapter 2) , which shows a similar response function and a maximum 

in C /T for specific parameter values. This interpretation was not able to account 

for the magnetic behavior inferred from the µSR results. Instead, the AKM proved 

to be useful in providing an explanation for the anomalies in terms of a single-ion 

mechanism, rather than cooperative behavior. Numerical results for the specific 

heat of the AKM will be compared to specific heat measurements in magnetic field 

of La-doped CeA13 alloys in Chapter 6. 

Only one study reports doping of CeAh-based alloys on the Al ligand sites [61]. 

Corsepius et al. found that the alloys were single-phased for doping levels less than 

x = 0.1 , and that substitution of Ga, Si, and Ge contracts the lattice, while Sn 

expands it. All of the above elements have the same effect on the specific heat 

and the magnetic susceptibility. The anomaly in C /T for the pure compound is 

shifted to higher temperatures, as much as 4.2 K for Ce(Al0.9Sn0_1)3 . A maximum 

at a slightly higher temperature is also seen in the susceptibility between 0.1 and 

70 kG. The maxima were attributed to the development of an antiferromagnetic 

phase transiton. All samples except those with Ga impurities exhibit discrepan

cies between zero-field-cooled and field-cooled susceptibilities, and only those above 

x = 0.1 show a time-dependent maximum (spin-glass-like). The development of an 

apparent phase transition in the thermodynamic properties does not seem to be 

exclusively related to an isotropic volume change of the hexagonal lattice, since 

these features were seen in alloys with both smaller and larger lattice parameters 

than those of CeAh. Instead, the authors argued that the change in the tem

perature position of the anomaly in C /T is related to the absolute-value change 

(increase or decrease) in the c/a ratio. 



Table 3.2: Cell Content of Cu3Au structure of CePb3 [64] . 

Atom Multiplicity Coordinates 
(Wyckoff notation) X y 

Ce la 0 0 
Pb 3c 1/2 1/2 

1/2 0 
0 1/2 

3.2 Properties of CePb3 

3.2.1 Crystal Structure 

z 

0 
0 

1/2 
1/2 
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The compound CePb3 crystallizes in the face-centered cubic Cu3Au struc

ture, Pearson symbol cP4, space group Pm3m, number 221. The Ce sites cor

respond to the corners of the cube, while the Pb atoms occupy the face-centered 

positions. The structure forms directly from the melt at 1170°C on the Ce-Pb 

phase diagram [91]. Unlike CeAb, there are no secondary phases that might af

fect the physical properties and the formation of single crystals of this compound. 

The lattice constant is a = 4.876±0.002 A [92], corresponding to a lattice volume 

V = 115.93A3
. 

Figure 3.11 shows the Cu3Au unit cell of CePb3 . The cell contains one 

formula unit. The atomic coordinates with respect to the origin are given in units 

of a in Table 3.2. In an fee structure, the Ce atoms have 6 Ce nearest neighbors at 

a distance equal to the lattice constant, and 12 Pb nearest neighbors at a distance 

dee-Pb = a/ ../2 = 3.448 A. 

3.2.2 Specific Heat 

The low-temperature specific heat, plotted as C /T vs T 2
, is shown in Fig. 3.12. 

It has a peak around 1.1 K due to an antiferromagnetic transition. The magnitude 

of the peak is close to 3.5 J /K2 mol, and the extrapolated electronic coefficient , 

reaches a value around 1000 mJ /K2 mol. The effect of high magnetic fields was 



52 

I j I • 
~ • 

4000 
Ce La Al 

...... 1-x X 3 

0 
e • I) 3000 " A e K-0. OS u 

y £x•O. t ·, - • • ., ·f • • ~ 
... 

e • A ... • • x-0. 2 ..., 
2000 • • ~ ~-,. \ ,. ,. • 

u •• • •"" # 
... 

1000 
0 3 4 5 6 7 

T (K) 

Figure 3.10: Specific heat of Ce1_xLaxAh alloys (x = 0.05, 0.1, and 0.2) [71]. 

Figure 3.11: Cubic Cu3Au structure of CePb3 . 
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Figure 3.12: Specific heat plotted as C /T vs T 2 of CePb3 between 0.6 and 4 K. 
The inset shows C /T vs T 2 from 1.5 to 10 K [93). 
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first studied by Fortune et al. [94]. Magnetic fields between 10 and 20T were found 

to suppress the antiferromagnetic state and reduce the electronic coefficient. 

Specific heat studies under pressure [95] revealed the existence of a pressure

induced magnetic phase above 0. 7 GPa. Below the critical pressure, the antiferro

magnetic temperature TN is suppressed down to 0.6 K; above 0. 7 GPa, the temper

ature of this pressure-induced type-II antiferromagnetic phase increases from 0.6 K 

to 1 Kat 1.3 GPa. Figure 3.13 illustrates the temperature-pressure phase diagram, 

with TN decreasing up to 0.7 GPa and increasing at higher pressures. This behav

ior is rather unusual since a continuous decrease of TN with pressure is expected for 

Kondo lattices, especially when the Kondo temperature T K is about three times 

as large as the transition temperature, as in CePb3 [96]. In addition, contrary to 

other Ce Kondo lattices like CeCu6_xAUx (x > 0.1) [97], and CeRu2Ge2 [45], no 

pressure-induced suppression of TN to zero was observed for this compound. 

3.2.3 Sound Velocity Measurements 

The temperature dependence of elastic constants was determined from mea

surements on a CePb3 single crystal along the (10 0) and (110) directions [98]. Fig

ure 3.14 illustrates the magnetic field dependence of the relative change in velocity 

of an elastic mode in the (110) direction at 10 MHz. Two phase boundaries (indi

cated by arrows) can be distinguished at 0.38 K. The lower one signals the antifer

romagnetic phase transition. The high~field boundary corresponds to an unknown 

phase, possibly a spin-flop state (98]. The exact nature of this field-induced phase 

remains to be determined by neutron diffraction experiments. Nevertheless, the 

discovery of this field-induced transition in the (110) direction motivated further 

investigation of the properties of CePb3 single crystals in magnetic fields. 
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Figure 3.14: Magnetic field dependence of the relative change in sound velocity for 
the (c11 - c12)/2 elastic mode at 10 MHz [98]. 
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3.2.4 Transport Measurements 

In order to measure the electrical resistivity of CePb3 , it is important to 

measure in magnetic fields of order 1 T in order to suppress the superconducting 

transition due to the presence of Pb on the surface of the sample [93]. The reaction 

of CePb3 with oxygen from air causes the separation of the two elements, eventually 

followed by oxidation of Ce and Pb. Figure 3.15 displays the magnetic resistivity 

between 0.2 and 4 K. It shows a logarithmic, Kondo-like increase from room tem

perature down to 40 K, followed by two maxima, and finally by a drop below 2 K. 

The maximum around 20 K has been attributed to the decrease in Kondo scatter

ing due to a depopulation of the excited crystal-field levels [99]. The maximum 

at 3.3 K is thought to be due to a coherence effect of the Kondo lattice. There is 

also a rapid change in slope around 1 K, indicative of the antiferromagnetic phase 

transition, as shown in the inset to the figure . 

The pressure dependence of the magnetic resistivity was measured on a single 

crystal [99]. There is a shift of the maximum at 3.3 K toward higher temperatures. 

Only one broad maximum was detected for pressures above 11.5 kbar. This result 

is consistent with an increase of the Kondo temperature TK. The magnetore

sistance was recently measured along the (110) crystallographic direction [100] . 

Two field-induced anomalies were found for the magnetoresistance curves below 

400 mK at 5 and 9.5 T, respectively (see Fig. 3.16). The resistivity increases up 

to 5 T , decreasing sharply above the first transition, and becoming almost field

independent after the second. A magnetic field-temperature phase diagram was 

constructed, in good agreement with previous sound velocity measurements. The 

angle dependence near the ( 11 0) direction was also measured in order to verify the 

orientational dependence of the field-induced phase above 5 T, detected by sound 

velocity measurements. A large increase in the magnetoresistance was observed as 

the field direction was rotated toward the ( 1 0 0) direction, at which point the sharp 
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Figure 3.16: Magnetoresistance curves between 1 and 16 T for temperatures in the 
range 20 mK to 8 K. The magnetic field is along the (110) direction [100]. 
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drop at 5 T could not be detected. The low-temperature resistivity was found to be 

proportional to T 2 with a field-dependent A coefficient. At 5 T, A reaches a max

imum, the range of T 2 dependence becomes smaller, and the resistivity acquires 

a linear term, all coinciding with the field-induced transition. This enhancement 

of A with field points to a corresponding enhancement of the specific heat coeffi

cient,, as the ratio A/,2 is expected to remain constant for heavy fermions [101]. 

At 10 T, there is a small bump in the A coefficient, indicating a transition to a 

ferromagnetically-polarized paramagnetic state [100]. 

3.2.5 Magnetic Susceptibility 

Measurements of the magnetic susceptibility on a CePb3 polycrystal below 

4 K [102] revealed a maximum at 1.25 K, similar to that found for the specific 

heat at l.lK. Figure 3.17 shows the data measured at 2.6kG. This maximum 

is reminiscent of an antiferromagnetic phase transition, and coincides with the 

appearance of a maximum in the specific heat at 1.1 K. The estimated value of 

x(T = 0) is somewhere between 32 and 33 memu/mol. The inverse susceptibility 

follows a Curie-Weiss behavior, and gives a high temperature effective moment 

µeff = 2.5µ 8 , and a Curie-Weiss temperature 8cw = -25K. An investigation of 

the pressure dependence of the inverse susceptibility [99] found an increase of 8cw 

from Oto 15kbar, a trend consistent with an increase of TK. 

Recently, the ac susceptibility of a CePb3 single crystal was measured as 

a function of crystallographic direction to verify the phase diagram and the field

induced (presumably spin-flop) phase transition [ 103]. Their phase diagrams along 

the (10 0) and (110) directions indicated that the range of the field-induced phase 

depends on the crystallographic direction. Between 20 and 600 mK, with H 11 

(10 0), the range is about 1 T, while for H II (110), it is close to 5 T. The phase 

diagram determined from ac susceptibility data along (110) is in agreement with 

previous studies, as shown in Fig. 3.18. 
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Figure 3.18: Phase diagram (H - T) for CePb3 , with the field along the (110) 
direction (Solid circles: ac susceptibility [103], open circles: sound velocity [98], 
and open triangles: magnetoresistance [100]). 
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3.2.6 Neutron Scattering 

Neutron scattering studies are essential in t he determination of the ordered 

moment at low temperatures and the cryst al-field parameters of heavy-fermion 

systems. The Cu3Au cubic structure of CePb3 provides a high degree of crystal 

symmetry. In the cubic environment of Ce3+ ions in CePb3 , the crystal-field (CEF) 

potential splits the IJ = ~) multiplet into a f 7 doublet and a r 8 quartet [104]: 

lf1) =al±~) - bl =F ~) 

I±½) 

Ifs)= 

bl±~)+aJ=F~) 

where a= (¼) 112 and b = (i) 112
. 

(3.1) 

The magnetic scattering function of polycrystalline CePb3 is shown in Fig. 3.19, 

which shows the inelastic, quasielastic, and elastic peaks. A fit to the scattering 

function [105] determined that the ground state is the f 7 doublet. The CEF 

splitting between the doublet and the first excited state is around 72 K [106]. 

Bragg scattering studies on a single crystal led to the conclusion that the magnetic 

structure of CePb3 is antiferromagnetic, and that the moments are aligned along 

the (10 0) direction [106]. The magnetism is incommensurate, with a modula

tion amplitude of 0.55µ 8 at 30 mK. A similar incommensurate structure has also 

been detected for CeAh [107], another cubic heavy-fermion compound. Vettier et 

al. [106] concluded from a comparative study of Ce Kondo lattices that cubic com

pounds are more magnetic than those with a large crystal anisotropy, like CeAh , 

CeCu6 , and CeCu2Si2 • This statement has important implications regarding a 

possible role of crystalline anisotropy in regulating the competit ion between the 

Kondo and RKKY energy scales. 
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Figure 3.19: Magnetic neutron scattering function o_f a CePb3 polycrystal [105). 
The solid line is a fit to the data. The dashed line represents the determined 
quasielastic component, and the dash-dotted line corresponds to the inelastic com
ponent. 



65 

3.2. 7 Chemical Substitution Studies 

Alloying studies on the Ce sites of CePb3 were first reported using La [96]. 

These studies are particularly important and have fundamental significance, because 

they constitute evidence of single-impurity effects in a concentrated heavy-fermion 

system. The specific heat, magnetic susceptibility, and electrical resistivity all 

scale with Ce concentration. Electrical resistivity measurements revealed that the 

crystal-field splitting is also unaffected by La doping. The electronic specific heat 

data for alloys with Lax = 0.4, 0.6, and 0.96 are shown in Fig. 3.20, along with the 

theoretical prediction for S = ½. The Kondo temperature is constant throughout 

the series, implying a constant value of J. The transition temperature TN goes to 

zero near a La concentration x = 0.2. The suppression of magnetism as a result 

of a lattice expansion upon La substitution seems to indicate that the decrease 

in TRKKY with respect to TK is due to an increase in the average Ce-Ce distance, 

rather than to an overall change in J. Indeed, Ce1_xLaxPb3 is a unique system in 

the sense that TK and the coupling J seem to remain unaffected by La doping. 

While thermodynamic and transport properties of Ce1_xLaxPb3 seem to be 

unaffected by the electronic environment surrounding the Ce3+ ions, experiments 

on Ce1_xMxPb3 (M = Y, Th) [109] confirmed that the single-impurity scaling 

observed by La doping on the Ce sites is the exception rather than the rule. Instead, 

a rather unusual behavior is observed upon either Y or Th doping. The magnetic 

susceptibility at 1.8 K increases with Y concentration. The Kondo susceptibility 

is inversely proportional to T K, so this result implies an unusual decrease of the 

Kondo temperature as the lattice contracts (increasing J). Substitution of Th on 

the Ce sites also contracts the lattice, and at the same time leads to magnetic-like 

anomalies in both specific heat and susceptibility for x = 0.3, 0.5. The differences 

in the outer electronic structure between Ce, Y, and Th seem to play an important 

role in the evolution of the ground state properties of Ce1_xMxPb3 . 
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Figure 3.20: Electronic specific heat vs T /TK for Ce1_xLaxPb3 alloys, x = 0.4, 0.6, 
and 0.96 [96]. The data are in good agreement with the ·prediction from the spin-½ 
Kondo specific heat [108]. The only adjustable parameter is TK = 3.3 K. 
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Chemical substitution studies were also performed on both f-ion and ligand 

sites of the CePb3 structure. In Ce(Pb1-xMxh studies with M = Tl, In, and 

Sn [110, 111], the antiferromagnetic transition temperature decreased toward zero 

for a Sn concentration x = 0.4, and increased for both Tl and In. For the latter 

two dopants, there is a maximum towards the center of the TN - x phase diagram. 

Substitution of Sn for Pb on the ligand sites suppresses TN and greatly increases 

the Kondo temperature [112, 113]. 



CHAPTER 4 
MOTIVATION 

This chapter begins with a discussion on the importance of the study of CeAla 

and CePb3 , followed by a presentation of the objectives of the current study. 

4.1 Importance of CeAh and CePb3 

Both CeAla and CePb3 are canonical, well-documented heavy-fermion sys

tems, with values of the , coefficient surpassing 1 J /K2 mol, crystal-field doublet 

ground states, and a low temperature resistivity characteristic of Kondo lattices. 

Studies on these compounds over the last 25 years made a substantial contribution 

to the standard interpretation of heavy-fermion systems, based on the Kondo effect 

and Fermi-liquid theory. However, deviations from this standard model have 

been observed in these and other compounds through the coexistence of mag

netic order and heavy electrons, the presence of unaccountable anomalies in the 

thermodynamic properties, and non-Fermi-liquid effects. These are all topics of 

current interest , yet they are among the least understood aspects of heavy-fermion 

physics. Any information obtained from the study of the above two compounds 

might be utilized in the development of new interpretations for the heavy-fermion 

state. The current work will concentrate on the coexistence of heavy fermions 

and magnetic order in CePb3 , the nature of the anomaly seen in the specific heat 

(plotted as C /T) of CeAla, and the heavy-fermion behavior of both compounds in 

magnetic fields. 

In 1975, specific heat and electrical resistivity measurements below 100 mK 

by Andres , Graebner, and Ott led to the discovery of CeAla as the first heavy-

68 



69 

fermion compound [20]. Despite its significance in the field of strongly-correlated 

electron systems, CeA13 is probably one of the least understood among these com

pounds. Ever since its discovery, it has been considered a canonical, nonmagnetic 

heavy-fermion system. Yet later experimental results (see Chapter 3) challenged 

its nonmagnetic status, and pointed to a possible magnetically-ordered ground 

state for CeAh. Whether the ground state in this compound is magnetic or not 

has been a long-standing debate, and remains an important topic in the study of 

heavy-fermion systems. 

The compound CePb3 ranks among the most extensively studied magnetic 

Kondo lattices. The magnetic transition has little effect in reducing the large value 

of the electronic specific heat coefficient, , ~ 1000 mJ /K2 mol. The electrical re

sistivity has a large T 2 coefficient, A = 45 µO cm/K2
, and the ratio A/,2 is around 

4 x 10-5 n cm K2 mol2 
/ J 2

. When taking into account the relatively large value of 

, for this compound, the above suggests that the ground state is some superposi

tion of ordered local moments and heavy electrons. Very little is known about the 

nature of the magnetic ground state of heavy-fermion materials. Measurements of 

thermodynamic properties of paramagnetic and magnetic states in this compound 

may be useful to understand the coexistence of magnetic order and heavy electrons. 

Another important characteristic of CePb3 is the observation of single-ion 

scaling of thermodynamic and transport properties in a concentrated 4f system. 

The study of Ce1_xLaxPb3 by Lin et al. [96] revealed that the normal state of 

alloys over the range (0 :S x < 1) can be described in terms of a single-ion picture 

(see Chapter 3). It is the only Ce heavy-fermion system to date exhibiting such 

behavior. The reason why such a concentrated system can exist with apparently 

noninteracting 4f sites remains unclear. 
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4.2 Objectives 

4.2.1 Magnetism and Heavy-Fermion Behavior in Ce Kondo Lattices 

The studies on CeAh and CePb3 alloys presented in this dissertation are 

motivated by a fundamentally important topic in heavy-fermion research: the 

need for a full understanding of the interdependence between magnetic correlations 

and/ or magnetic order and the heavy-fermion state. The ground state of rare-earth 

intermetallics is generally described in terms of the competition between two energy 

scales, TK and TRKKv, discussed in Chapter 2. The former represents a single-ion 

effect due to the local Kondo interaction between conduction electrons and the f 

orbital. The latter portrays a collective effect due to indirect exchange interactions 

between ionic spins. The schematics of this delicate balance were shown in Fig. 2. 7. 

For TRKKv > TK, magnetic order occurs and the moments are unquenched at zero 

temperature. The size of the moments is close to that corresponding to the crystal

field ground state. Concentrated Kondo systems falling into this category have 

relatively low values of ,, of order 100 mJ /K2 mol ( e.g., CeCu2 and CeAb [6]). 

Whenever TK >> TRKKY, the Kondo effect develops without magnetic order. This 

regime corresponds to most nonmagnetic Kondo lattices, with Kondo temperatures 

larger than 10 K. For TK 2: TRKKv, the formation of heavy electrons occurs, with, 

values in excess of several hundred mJ /K2 mol. This is the least understood area 

of the Doniach phase diagram. The applicability_ of this model to heavy-fermion 

Kondo lattices, in particular to CeAh alloys, will be discussed as part of a study 

on the anomaly present in this system. 

Two empirical correlations have been postulated in order to distinguish between 

magnetic and nonmagnetic heavy-fermion ground states: the Wilson ratio R and 

the Kadowaki-Woods ratio. The experimental Wilson ratio R [5] is defined as 

1r
2k~xo/ µ;ff, , where Xo is the zero-temperature susceptibility and µeff is the effective 

moment at room temperature. Values of Rare usually much larger for magnetically-
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ordered than for nonmagnetic Kondo lattices [5]. evertheless, the experimental 

ratios for CeAh and CePb3 are both around 0.7, a value within the range corre

sponding to nonmagnetic heavy fermions. Thus, this ratio does not seem to account 

for the magnetic order observed in CePb3 , as well as for a possible magnetic order 

in CeAh. 

In most heavy-fermion compounds, the empirical relation A/,2 lies somewhat 

close to the Kadowaki-Woods ratio A/,2 = 1 x 10-5 DcmK2 mo12/J2 [101]. This 

ratio is about an order of magnitude larger than that corresponding to transition

metal alloys. The magnetic field dependence of this relation has not been exten

sively studied. The ratio A/,2 has been observed to remain constant with field in 

nonmagnetic CeCu5_9Au0_1 [114], the only published study of the field dependence 

of this ratio. In order to verify whether A/,2 remains the same for both param

agnetic and ordered states, it would be of interest to explore the field dependence 

of this ratio in a magnetically-ordered heavy-fermion system. 

Previous thermodynamic and transport measurements on Ce0_6Lao.4Pb3 [96] 

suggested a single-ion mechanism for the heavy-fermion behavior in this system. A 

study of the specific heat in magnetic field of Ce0_6Lao.4Pb3 , a nonmagnetic coun

terpart of CePb3 , was conducted in this dissertation to search for further evidence 

of a single-ion Kondo origin for the heavy-fermion state in Ce-based systems. 

4.2.2 Ground State of CeAh 

The experiments on CeAh alloys presented in this dissertation are motivated 

by the existing controversy about the ground state of CeA13 . The nature of the 

anomalies in the thermodynamic properties of CeAh systems below 1 K is not well 

understood. It is a major topic of interest in the field of strongly-correlated electron 

systems. There are at least three competing interpretations for the origin of these 

anomalies. One explanation is that the weak maxima seen in C /T and in the 

magnetic susceptibility between 0.3 and 0.5 K is due to a reduction in the density 



72 

of states caused by the formation of coherent states in the Kondo lattice (68). 

Another interpretation argues for an unconventional ground state in which heavy 

electrons coexist with either magnetic correlations or magnetic order. There is 

now enough evidence (61, 70, 69, 71) for the existence of magentic correlations 

below 1 K in CeAh through NMR and µSR studies, casting serious doubt on the 

so-called coherence interpretation (68). However, it is not clear at the present time 

whether the magnetic correlations are short-ranged, frustrated , or whether they 

lead to long range order. The third and most recent interpretation suggests that the 

anisotropic Kondo model provides an alternative explanation to the ground state 

properties, as driven by single-ion dynamics, and dependent on the anisotropy of 

the Kondo interaction (15, 90). Under this point of view, the question remains of 

how to reconcile the presence of magnetic correlations in CeA13 with a single-ion 

Kondo description of its thermodynamic features. 



5.1.1 Synthesis 

CHAPTER 5 
EXPERIMENTAL METHODS 

5.1 Sample Preparation 

Alloys used in this dissertation were synthesized by melting its respective 

constituents in an Edmund-Buhler arc furnace under a high-purity argon atmo

sphere. The arc-melting apparatus consisted of a stainless-steel vacuum chamber 

with a water-cooled copper crucible at the bottom and a hydraulic mechanism sup

porting an electrode at the top. The tip of the electrode is made out of a tungsten 

alloy, and it is capable of carrying well over 100 A of current. 

Prior to melting, each of the consituent elements was carefully cleaned to 

eliminate any oxide layer on the surface, and later weighed to an accuracy of 

± 0.03 mg. Their molecular weights and stoichiometric ratios were used to calcu

late the appropriate relative masses. The total mass of an average sample was 

about 500 mg, and the diameter of a sample bead ranged between 0.5 and 1 cm. 

The Cu hearth on the arc-melter was thoroughly cleaned to avoid the presence 

of unwanted impurities during sample preparation. The element with the high

est vapor pressure was placed on the Cu crucible below those with lower vapor 

pressures. This procedure minimizes direct contact between the Ar arc and the 

material with highest vapor pressure, therefore reducing its mass loss , and mini

mizing the discrepancy between predicted and actual stoichiometries for the alloy 

being synthesized. The chamber was then pumped and subsequently flushed with 

high-purity Ar. After this procedure was repeated three to four times, the cham-

73 
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Figure 5.1: Phase diagram of Ce-Al [91]. 
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ber was filled to 0.5 atm of Ar gas. In order to avoid the unwanted presence of 

oxygen and water vapor, two measures were taken. First , the high-purity Ar goes 

through a purifier before entering the arc-furnace. Second, a zirconium bead is 

placed inside the furnace and melted before sample synthesis. Zirconium is known 

for its high absorbing capacity for oxygen. 

At the start of the melting process, a relatively low current was sent through 

the tungsten electrode. The arc was moved slowly towards the elements to avoid 

any thermal stresses and motion or splashing of material due to the arc pressure. 

During melting, enough time was allowed for the liquid components to mix via arc 

pressure. To ensure homogeneity, the above process was repeated several times and 

the sample bead was turned over after each melt. The mass loss during melting 

was obtained as a percentage difference (typically < 0.1 - 0.3%) between the total 

masses before and after sample synthesis. 

Alloys of CeAh 

Alloys of Ce1_xMxAh (M = La, Y) were synthesized using the purest avail

able materials: cerium and lanthanum from Ames Laboratory, and Johnson Matthey 

(AESAR) aluminum (99.999% purity). The weighing of constituents required spe

cial attention due to the sensitivity of the crystal structure of CeAh to small 

changes in the relative concentration of Ce and Al atoms. The synthesis of CeA13 

alloys is always accompanied by the formation of a large amount of the secondary 

phases CeAh and Ce3Al11 . The presence of these unwanted phases is substantially 

reduced by proper annealing conditions. 

The cerium-aluminum phase diagram has been studied by several groups [91], 

its latest addition being CeAh [62]. It contains four other compounds: Ce3Al11 

CeAh, CeAl, and Ce3Al (see Fig. 5.1). Both CeAh and Ce3Al form directly 

from the liquid solution, CeAl and Ce3Al11 form peritectically, and CeA13 forms 

peritectoidally at 1135°C. A peritectic reaction is one in which the compound 
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melts incongruently [115), that is, the composition of the liquid just above the 

melting point has a different composition than the solid before melting. Only part 

of the solid forms a liquid solution, with the remaining part forming crystallites 

floating around in the liquid. As the temperature reaches the melting point, the 

mixture solidifies into a single phase. The peritectoid reaction in CeAh is similar 

to a peritectic reaction, except that the compound does not melt into a liquid

crystallite mixture. Rather, it separates into a solid phase mixture of CeAh and 

,B-Ce3Al11 , which in turn melts into CeA12 crystallites embedded in a liquid solution 

matrix. 

The transformation of a mixture of Ce-Al neighboring phases into the CeAh 

phase upon cooling has a marked effect on the way samples crystallize. The pres

ence of secondary phases is the cause of many sample dependences of thermo

dynamic and transport measurements. Polycrystals synthesized by arc melting 

consist of a mixture of CeAh with large amounts of CeA12 and Ce3Al11 . Anneal

ing has been found to reduce the proportion of secondary phases to the point of 

becoming undetectable by conventional x-ray diffraction methods. Magnetic sus

ceptibility measurements on annealed samples are an efficient way of detecting the 

above second phases, since CeAh is antiferromagnetic below 3.8 K, and Ce3Al11 is 

ferromagnetic with transitions at 3.2 and 6.2 K [116]. Specific heat data has also 

been used successfully by some groups to detect irregularities at these tempera

tures. 

Alloys of CePb3 

Lanthanum-doped CePb3 alloys were made using Ames Laboratory Ce and 

La, and Johnson Matthey Pb with 99.9999% purity. Special care was also taken 

in the making of both CePb3 and Ce0_6 La0.4Pb3 due to the large vapor pressure of 

lead. Therefore, Ce should be melted first, then Pb. Unfortunately, this procedure 

was not enough to significantly reduce Pb mass loss due to vapor pressure at 
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0.5 atm of Ar gas. In order to compensate for this mass loss, an additional 3% 

of the calculated mass for Pb was added to the constituents before the first melt. 

The mass loss for each bead after melting was mostly due to lead, usually around 

3%. The sample was remelted in case the mass loss was less than the extra amount 

of Pb. Correspondingly, more Pb was added in the event that the mass loss was 

greater than expected. After melting the sample, the stoichiometry was verified 

by recalculating the atomic percentages based on the final mass of the sample. 

CePb3-based alloys are generally free of any secondary phases except pure Pb, 

which can precipitate in the surface as the alloys react with air. As a result , the 

samples were kept in a vacuum container along with Drierite acting as a moisture 

absorber. 

5 .1. 2 Annealing 

Annealing helps relieve stresses inside the samples not removed during crys

tallization. It also reduces the amount of unwanted secondary phases in the final 

melt . Typical annealing temperatures range between 2/3 and 3/4 of the melting 

point of the alloy. 

The final beads were broken into smaller pieces using a ceramic mortar instead 

of a metal crusher to avoid the presence of iron impurities in the samples. Part of 

each original bead was wrapped in a clean tantalum foil and placed inside a quartz 

tube. The tubes were pumped and flushed with Ar gas several times. Right before 

sealing, the Ar pressure inside was reduced to 100 mtorr. The quartz tubes were 

then placed inside a Lindberg furnace and annealed according to a previously 

tested prescription. Alloys of Ce1_xLaxAh were annealed at 830°C for two weeks, 

while those of Ce1_x YxAh were annealed at 800°C for two weeks, then 850°C for 

five days. Both CePb3 and Ce0.6La0.4Pb3 were annealed at 800°C for one week. In 

all cases, annealing started with the furnace already at annealing temperature. At 
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the end of the prescribed annealing period, the samples were immediately removed 

from the furnace and left to cool down at ambient temperature. 

5.2 Diffraction of X-Rays 

Measurements of x-ray diffraction were used as a means to verify whether 

the arc melting and annealing processes led to the formation of the desired crystal 

structure. From the diffraction pattern, it was also possible to determine the lattice 

parameters and the presence of secondary phases in the sample. The principle 

behind the diffraction of x-rays in crystals is based on Bragg's Law: 

.X = 2dsin0, (5.1) 

which for a first order (n = 1) spectrum relates the known Cu Ka wavelength to the 

diffraction angle 0 and the distance between lattice planes d. The lattice constants 

are then calculated from d and the intersection points of the lattice planes for the 

desired space group number, given in terms of the Miller indices (h kl). 

The experimental setup consisted of a Phillips APD 3720 diffractometer, an 

x-ray source with a water-cooled power supply, and a computer for data acquisition. 

The APD 3720 consists primarily of x-ray beam slits, the sample holder, and 

an electronic counter. Both the counter and the sample holder rotate about a 

horizontal axis so that the angle of rotation of the counter is always twice that of 

the holder. This latter angle corresponds to the angle of incidence/reflection from 

the sample plane 0. The x-ray beam is of known wavelength: a Cu Ka line with 

.X = 1.540562 A. 

Powder samples were ground out of annealed pieces from the original beads 

using a ceramic mortar. About 1 cm2 of powder was then glued to a glass slide using 

a 7:1 amyl acetate - collodion mixture. With the slide in place, the diffractometer 

power supply was set to 40 kV and 20 mA. The detector angular speed was set 
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to 6° /min, and its range to 5° :s; 20 :s; 120°. The counting rate was set to 1000 

counts/sec. All measurements were performed at room temperature. 

The angular positions of the resulting intensities were compared to the the

oretical positions and reflection indices obtained from a structure-generating soft-

ware. This procedure allows for identification of secondary-phase intensity lines 

larger than the background intensity ('"'-' 5% of maximum intensity line). For a 

cubic system (i.e. CePb3 alloys), the indices for primary-phase lines are obtained 

from the following equation [117]: 

).2 
sin2 0 = -(h2 + k2 + l2). 

4a2 

Similarly, for a hexagonal system ( CeA13 alloys), 

sin2 0 = ).2 [i . (h2 + k2 + z2) + !:._] · 
4 3 a2 c2 

(5.2) 

(5.3) 

The indices (h kl) and the angles 20 for the highest and narrowest intensity lines 

were entered as data points into a least-squares fitting program, along with the 

wavelength and structure type. The room-temperature lattice parameters and 

their uncertainties were then obtained from a least-squares fit using one of the 

above two equations, depending on the structure type of the sample. 

5.3 Magnetic Measurements 

All magnetization and magnetic susceptibility measurements were conducted 

using a Quantum Design Magnetic Property Measurement System (MPMS) SQUID 

magnetometer. The apparatus consisted of a liquid He dewar, the sample probe 

assembly, the electronic console with temperature and gas controllers , the He gas 

handling system, and a Hewlett Packard computer. The probe assembly is inserted 

inside the dewar; it contains the sample space, thermometers, the sample heater , 

an impedance controlling He flow, a superconducting magnet producing fields up 

to 5.5 T, and the sample transport mechanism. The temperature is regulated by 

the flow of He gas through the sample space and by the sample heater. Below 
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approximately 4.2 K, the liquid-helium vapor inside a pot is pumped in order to 

reach temperatures down to 2 K. 

The technique used for magnetization measurements on the MPMS detects 

the change in flux induced by the sample under an applied field using a super

conducting quantum interference device (SQUID) amplifier. The sample is first 

enclosed in a 0.5 cm-long plastic straw segment, which is slid into a drinking straw 

at the end of the support tube, serving as the sample holder. During each mea

surement, the sample is moved upward along the axis of a series of pick-up coils 

connected to the SQUID. The SQUID voltage is read at different position intervals 

accross the scan length. This voltage is proportional to the change in flux detected 

by the coils, which in turn is proportional to the magnetization of the sample. 

The accuracy of magnetization measurements is generally around 3%, while the 

precision at a fixed temperature can be as low as 0.01 %. 

Magnetization curves as a function of magnetic field can also be obtained by 

measuring at the lowest temperature (2 K) and measuring at each field, sweeping 

the field from Oto 5 T. The magnetization (in emu/mol) is obtained by multiplying 

the signal by the molecular weight of the sample and dividing by its mass. The 

magnetic susceptibility x = M / H (in memu/mol) is calculated from the signal 

measured at a fixed field ( typically 1 kG), multiplied by the molecular weight of the 

alloy, and divided by its mass and the applied field. Each measurement sequence is 

fully automated, and uses a version of the MPMS software from Quantum Design. 

The convention used for units of magnetization and magnetic susceptibility in this 

dissertation follows from the literature on heavy-fermion systems (e.g., Refs. [5] 

and [6]). 
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Figure 5.2: View of the cryostat used for zero-field specific heat measurements 
betwen 1 and 10 K. 
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5.4 Specific Heat Measurements 

This section will discuss the necessary cryogenic and electrical equipment to 

measure specific heat of small samples ( < 100 mg) with large heat capacity, and 

the thermal relaxation method [118, 119, 120] used for this purpose. 

5.4.1 Equipment 

Electronic 

The experimental setup for the measurement of specific heat in both zero 

and magnetic fields by the thermal relaxation method consisted of three cryostats, 

a liquid-He dewar, two Keithley 220 and a Keithley 224 programmable current 

sources, a Keithley 195A, 196 digital multimeter for thermometer voltage measure

ments, an EG&G Model 124A lock-in amplifier for platform thermometer current 

detection, a variable decade resistor and a resistance box with three internal resis

tances. The resistance box is connected to the decade resistor in a Wheatstone 

bridge configuration. A more detailed explanation of the equipment is provided 

elsewhere [118, 119, 120, 121]. A Dell PC was used for data acquisition and anal

ysis. The computer was interfaced to the digital equipment using an AT-TNT 

Plug and Play GPIB board from National Instruments. A 12-bit resolution Keith

ley Metrabyte DAS-1402 A/D converter board interfaced the PC to the lock-in 

amplifier. The data acquisition was monitored using two PC-based programs for 

thermal conductance and specific heat measurements, respectively. The software 

was designed by the author using Lab VIEW™ version 5.1 for Windows 95 /98. 

Cryogenic 

The cryostats used for zero-field measurements are illustrated in Figs. 5.2 

and 5.3. Figure 5.2 shows the probe used in the temperature range 1-10 K. The 

electrical connections are enclosed by a brass can attached to a taper joint by 

pumping on the enclosure. The cooldown procedure consisted of precooling in 
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liquid nitrogen for about 15 to 60 minutes, insertion into a dewar , and subsequent 

transfer of liquid He into the dewar, which reduces the temperature to 4.2 K. A 

temperature of 1 K was achieved by pumping the He vapor out of the dewar/probe 

assembly for about an hour. 

Measurements in the range 0.4-2 K were conducted using the cryostat described 

in Fig. 5.3. After reaching a temperature of 4.2 K following the procedure above, 

the 4He pot was filled with liquid He from the bath by opening the needle valve, 

and 3He gas was transferred into the 3He pot. The needle valve was then closed, 

and the 4He pot was pumped out to reach a temperature between 1 and 2 K. Al

though this temperature can be sustained for many hours, the 4He pot can be 

easily refilled if necessary. In order to reach a temperature of 0.4 K, the following 

method was used. A Cu container full of activated charcoal resides at the lower 

end of a rod inside the 3He-gas enclosure. At 1 K, the 3He gas condenses inside. 

As the charcoal container is lowered towards the 3He pot, the condensed 3 He is 

attracted to the charcoal, which acts as an adsorption pump. Temperatures below 

1 K could be achieved in 20 minutes and sustained up to several hours with this 

technique. Once the charcoal saturates with 3He, it was warmed up to release the 

gas and the above process was repeated. 

Specific heat measurements in magnetic field were conducted in a specially

designed dewar from Cryogenic Consultants Limited (CCL). The additional elec

tronic equipment consisted of a GenRad 1689M RLC DigiBridge used to measure 

the capacitance of a thermometer used above 1 K, a CCL superconducting magnet 

and a magnet power supply. The magnet is made of two inner coil sections of 

niobium-tin wire and two outer coil sections of niobium-titanium wire. The cryo

stat used below 1 K is the same as in Fig. 5.3, and the one used between 1-10 K 

is illustrated in Fig. 5.4. The main difference between them is the lack of a 3He 

enclosure for the higher-temperature probe. 
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Figure 5.3: View of the 3He inner pot cryostat used m both zero and magnetic 
field specific heat measurements between 0.4 and 2 K. 
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Figure 5.4: View of the 4 He inner pot cryostat used for specific heat measurements 
in magnetic fields at temperatures between 2 and 10 K. 
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All cryostats have a similar electronic design. They are equipped with radiation 

shields from top to bottom, and the wires are coupled to the He bath by a heat 

sink, as shown in Figs. 5.3, and 5.4. Additional wires are soldered from the heat 

sink to the Cu block, and wrapped around the 4 He pot to ensure thermal equi

librium. The temperature of the block is regulated by a heater made of wrapped 

manganin wire. It is monitored by a Lake Shore calibrated Ge thermometer in 

the range 1-10 K, and by a Speer carbon resistor between 0.4 and 2 K. In mag

netic fields, a Lake Shore capacitance thermometer was used above 1 K due to its 

negligible field dependence, and the Speer resistor was used from 0.4-2 K for its 

known magnetoresistance [122). All thermometers are linked to the block using 

thermally-conductive Wakefield grease. 

Sample Platform 

The sample resides at the bottom of the cryostat, attached to a sapphire 

platform by Wakefield grease. A flat surface at the bottom of the sample is impor

tant in order to establish optimum thermal contact between platform and sample. 

The platform is thermally linked to a copper ring, as shown in Fig. 5.5. Two types 

of platforms were used in this study. Each platform has four wires soldered to 

silver pads attached to the ring by thermally-conductive Stycast. The two pairs of 

wires are connected to the platform heater and thermometer, respectively, using 

EpoTek H31LV silver epoxy. The platform heater is an evaporated. layer of 7%Ti

Cr alloy. For measurements between 1-10 K, the platform thermometer used was 

an elongated piece of doped Ge, and the platform wires were made of a Au-7%Cu 

alloy. A thin piece of Speer carbon resistor and Pt-10%Rh platform wires were 

used for measurements between 0.4 and 2 K. 
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~ Solder: 
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Pb-Sn (Pt-10%Rh wires) 

Figure 5.5: Top view of the sample-platform/Cu-ring assembly at the bottom of 
the cryostat. 
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5.4.2 Thermal Relaxation Method 

A thermal relaxation technique consists of calculating the time constant of 

the temperature decay of the sample linked to a heat bath by a small thermal 

resistance [118, 119, 120]. The electrical analog of the system is that of an RC 

circuit, where the time constant is proportional to the capacitance. When heat is 

applied to the platform-sample system by means of a small current (in µA), the 

temperature increases from a base value T0 by an amount !:J.T. When the current 

is turned off, the system temperature T(t) decays exponentially to T0 : 

(5.4) 

The time constant T1 is proportional to the total heat capacity (sample plus plat

form) ctotal: 

ctotal 
T1 = --, 

K, 
(5.5) 

where K, is the thermal conductance of the wires linking both platform and sample 

at T = T0 + !:J. T, and the Cu ring at T = T0 . The time constant was obtained 

by measuring the time decay of the off-null voltage signal from a Wheatstone 

bridge using a lock-in amplifier. Two arms of the Wheatstone bridge consisted 

of a resistance box and the platform thermometer. By adjusting the resistance of 

the box it is possible to balance the bridge and obtain the platform thermometer 

resistance. The platform temperature is extracted from a previous calibration of 

the platform thermometer. The accuracy of the time constant measurement in the 

temperature range 0.4-10 K is 1-3%. The thermal conductance is given by 

p 
K, = ~T· (5.6) 

Here, P = IV is the power applied to the platform heater. The above equations 

are valid under the assumption of an ideal thermal contact ( K,sample r-v oo) between 

sample and platform. In the event of a poor thermal contact between the sample 
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and the sapphire ( K sample rv K) the temperature decay can generally be described as 

the sum of two exponentials 

(5.7) 

where A and B are measurement parameters and T 2 is the time constant between 

sample and platform temperatures. The total heat capacity can be calculated 

from T1, T2 , and K. The thermal conductance is measured separately by applying a 

current to the platform heater , calculating the power P = IV , and calculating Do T 

as a result of the power applied to the heater. The accuracy of this measurement 

between 0.4-10 K is ± 5%. The sample heat capacity is calculated by subtracting 

the heat capacity of the addenda (sapphire platform, wires , silver epoxy, platform 

thermometer , and thermal grease) from the total heat capacity. Finally, the specific 

heat is obtained by multiplying by the molecular weight and dividing by the sample 

mass. 

5.5 Experimental Probes 

In order to accomplish the objectives discussed in the previous chapter, two 

mechanisms for the study of thermodynamic properties were used in this disser

tation: alloying and magnetic fields. Alloying is a powerful tool that allows for 

changes in the electronic structure, the lattice constants, and the properties of a 

system. Magnetic fields allow to probe the energy scales relevant to heavy-fermion 

systems at low temperatures and test their thermodynamic properties against the

oretical predictions. 

The two main types of doping on heavy-fermion compounds are Kondo-hole 

and ligand-site doping. The first one consists of replacing the magnetic ion by a 

nonmagnetic counterpart (e.g. , La or Y instead of Ce) . In this method, there is a 

reduction of the number of magnetic moments in the sample and some disorder in 

their electronic environment. In addition, the lattice structure changes significant ly 



90 

due to an atomic size difference between the f ion and the dopant ion. Doping with 

La usually leads to a lattice volume expansion, while Y substitution corresponds 

to the application of a positive chemical pressure. Ligand-site doping consists of 

substituting the ligand atoms of one species by another. The main effect here is 

a dramatic change in the electronic environment of the magnetic ions, changing 

the value of the local exchange constants. Maximum atomic disorder is introduced 

using this method, which could complicate the analysis of properties. It is of 

current interest to investigate the extent to which each method of doping affects 

the electronic properties. 

The measurement of thermodynamic properties as a function of applied mag

netic field is an important, though not often implemented tool in the study of heavy 

fermions. The relevant energy scales, both single-site and cooperative, are small 

enough that magnetic fields easily accessible in a laboratory can help determine 

their overall magnitude and their role in determining physical properties. The mag

netic behavior of heavy-fermion compounds ranges from short-range correlations to 

non-Fermi-liquid behavior to long-range antiferromagnetic order. Magnetic fields 

are useful in understanding the different types of magnetic behavior through a 

comparative study of changes in the density of states, the entropy, the specific 

heat, and the magnetic characteristic temperature. Various theoretical models, 

including the single-impurity Kondo description, have different predictions for the 

magnetic field response of thermodynamic properties. Therefore, the use of mag

netic fields as an external parameter is a convenient way of testing the applicability 

of these models. Specific heat measurements in magnetic field on CePb3 and CeAb 

alloys will be presented in this dissertation in order to study the trends followed 

by parameters relevant to both Kondo and magnetic degrees of freedom in these 

systems. 
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5.5.1 Experiments on CeAh 

A doping study of the lattice parameters, specific heat , and magnetic sus

ceptibility of Ce1_xMxAh alloys has been conducted, with M = La concentrations 

0 ::; x ::; 1, and M = Y concentrations 0 ::; x ::; 0.2. The evolution of the lat

tice parameters and their ratio c/ a with La/Y concentration x was investigated 

to determine how the relative variation of a with respect to c and changes in the 

lattice volume are related to trends in the thermodynamic properties. In addition, 

the specific heat, the anomaly in C /T, the magnetic susceptibility, and the Wilson 

ratio expressed as x/, of Ce1_xLaxAh were studied over the whole concentration 

range to search for evidence for a magnetic origin of the anomaly in this system 

by comparing the concentration dependence of T K and the temperature Tm of the 

anomaly in C /T, with their dependence on the parameter J based on Doniach's 

Kondo necklace model. The coupling J is proportional to the hybridization, which 

is expected to decrease with La concentration ( expansion of the lattice). 

The specific heat of Ce0_8 La0_2Ab and Ce0_3 La0_7Ab was measured in magnetic 

fields up to 14 T to compare to the predictions of the anisotropic Kondo model [15, 

36, 37) and to search for clues regarding the magnetic character of the ground 

state in these alloys. The measured field dependence will allow to determine a 

connection between the maxima in C /T and those of the AKM. The specific heat 

data of Y-doped samples will be compared to data as a function of pressure for 

CeAb to distinguish between the effects of chemical and hydrostatic pressure on 

the anomaly in C /T. 

Additional Ceo.s(La1-x Yx)o.2Ab samples with x = 0.09, 0.4 were also pre

pared for specific heat and magnetic susceptibility studies. In this system, yttrium 

doping of Ceo.8Lao.2Ab was conducted to create a similar hybridization environ

ment to that of CeAb by reducing the lattice volume to that of the undoped 

compound. Thermodynamic measurements will allow to test the magnetic inter-
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pretation of the anomaly in C /T by assuming a constant coupling J , yet reducing 

TRKKv by increasing the Ce-Ce distance with respect to CeA13 . 

5.5.2 Experiments on CePb3 

In CePb3 , the increase in the A coefficient of the electrical resistivity along 

(110) points to a possible enhancement of the heavy-fermion state in magnetic 

fields based on the proportionality between A and , . A study of the specific heat 

of a CePb3 polycrystal in magnetic fields will be presented in order to describe 

the changes of the Fermi-liquid parameters , and A/,2 as a function of mag

netic field. The phase diagram obtained from these measurements will be com

pared to previous magnetoresistance results along (110) to search for evidence of 

the field-induced transition detected by previous sound velocity and magnetoresis

tance measurements, and for possible non-Fermi-liquid effects. The data should 

be helpful in understanding the effects of a magnetic transition on the nature of 

the heavy-fermion state. 

Results from measurements of the heat capacity of Ce0_6La0.4Pb3 in magnetic 

fields up to 14 T will also be discussed in order to investigate further the single

impurity nature of the paramagnetic heavy-fermion state of CePb3 • The electronic 

contribution to the specific heat below 10 K will be compared to predictions for the 

S = ½ single-impurity Kondo model in magnetic fields. The above measurements 

on CePb3 and Ce0_6La,o.4Pb3 allow for an analysis of the electronic coefficient, and 

the Kondo state in both nonmagnetic and magnetic heavy-fermion systems. 



CHAPTER 6 
STRUCTURAL A D THERMODYNAMIC PROPERTIES OF CeA13 ALLOYS 

6.1 Lattice Parameter Study of CeAh Alloys 

Samples for x-ray diffraction were prepared according to the procedure described 

in the previous chapter. All data were taken at room temperature. The diffrac

tion pattern for a CeAh sample is shown in the upper half of Fig. 6.1. The data 

shown are normalized to the intensity of the largest peak (2 0 1) and compared to 

the calculated intensities for CeA13 . The residuals are shown in the lower half of 

Fig. 6.1. The average background intensity per degree is about 5% of the maxi

mum intensity, corresponding to the (201) peak. Both positive and negative values 

larger than 5% correspond to the subtraction of theoretical peaks from experimen

tal data. A comparison between the residual plot and calculated intensities for 

the secondary phases CeAh and Ce3Al11 was conducted in order to detect peaks 

associated with these phases. After a careful analysis, no diffraction lines from 

any of these two phases could be distinguished from the background data. As 

mentioned in section 5.2, this does not rule out the presence of a smaller ( <5% 

of maximum intensity) amount of secondary phases, which could have an effect 

on other sample properties. The lattice parameters obtained from the diffraction 

pattern were a = 6.543 ± 0.003 A and c = 4.611 ± 0.004 A, with a lattice volume 

V = 170.97 ± 0.16A3 and a c/a ratio of 0.7047 ± 0.0007. All of these values are 

within one uncertainty of the original values published by Buschow et al. [62], and 

those of Corse pi us et al. [ 61]. 
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Figure 6.1: Diffraction pattern of an annealed CeAh polycrystal (data taken at 
room temperature). Top: Experimental intensities of CeAh, along with the calcu
lated intensities for a Ni3Sn structure using the lattice parameters of Ref. [61]. The 
two largest intensities, around 20 = 25° and 37°, correspond to (101) and (201) 
reflections, respectively. Bottom: Difference between calculated and experimental 
normalized intensities ( see text). 
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Figure 6.2: Room-temperature x-ray diffraction patterns for annealed Ce1_xLaxAh 
alloys (x = 0, 0.5, and 1). 
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6.1.1 Lanthanum Doping: Ce1-xLaxAh 

The chemical substitution of Ce by La atoms in the hexagonal Ni3Sn struc

ture is possible because of their similar electronic structure and atomic radii. Sub

stitution of La for the smaller Ce atoms leads to a lattice expansion. Furthermore, 

the present study revealed that properly annealed Ce1_xLaxAh alloys crystallize 

in the Ni3Sn strucure across the entire concentration range (0 ~ x ~ l). This 

result indicates that the Ce and La atoms are present in solid solution, and that no 

ternary phases were found. The x-ray diffraction patterns for Ce1_xLaxAh (x = 0, 

0.5, and 1) are shown in Fig. 6.2. All three data sets exhibit the same pattern 

(hexagonal Ni3Sn). The diffraction peaks shift to lower 20 values with increasing 

La concentration. According to Bragg's Law, a shift to lower angles implies an 

increase of the interplane distance d, and also suggests an expansion of the lattice. 

The lattice parameters for Ce1_xLaxAh are shown as a function of La con

centration x in Fig. 6.3. The error bars for these and all other lattice parameter 

data were extracted from the least-squares fits to crystallographic reflections for 

each sample. The volume increase as a function of La doping is anisotropic. The a 

parameter increases with x, while c remains essentially constant. The a parameter 

experiences a larger increase ( almost 10 times larger) than the c parameter. The 

increase in lattice volume V is therefore mostly due to the increase in a vs x. Fig

ure 6.4 illustrates the linear dependence of V with La doping. Due to the larger 

rate of expansion of a, the c/a ratio decreases (by about 1.6%) between x = 0 

and x = 1. This linear decrease as a function of x can be seen in Fig. 6.5. Thus, 

the effects of La doping on the Ce sites of the hexagonal structure of CeAh are 

an expansion of the basal plane and a decrease in the c/ a ratio. This ratio moves 

further away from the ideal close-packed ratio (0.816) due to a rapid increase in 

a with respect to c for c/ a < 1. This anisotropic volume change could have a 

significant effect on the electronic environment of the Ce f ions and the exchange 
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Figure 6.4: Lattice volume Vas a function of La concentration x for Ce1_xLaxAh 
(0 ~ x ~ 1). The solid line is a least-squares fit to the data. 
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constants in the c axis and the hexagonal plane. In fact, it has been argued that 

in Ce1_xLaxA13 alloys, the magnetic anisotropy due to a c/ a ratio with c < a leads 

to an anisotropic Kondo scenario [15, 36, 37]. This aspect will be discussed later 

in the chapter. 

The above room-temperature lattice parameter data, especially the values 

of c/ a, can be interpreted along with results for the low temperature properties 

of doped CeAh alloys if both a(x) and c(x) show a small-enough temperature 

dependence. At the present time there are no published results on the temperature 

dependence of the lattice parameters for CeAh. Nevertheless, the temperature 

dependence of the thermal expansion coefficient was measured by Kagayama and 

Oomi [123] on a polycrystalline sample down to 6 K. These values represent an 

average over all crystallographic directions. A rough estimate of the strain ~l / l 

between 6 and 300 K, extracted by integrating the thermal expansion coefficient 

a.(T) of Ref. [123], corresponds to a decrease of the order of 0.1 % in the lattice 

parameters. This value is 3-4 times smaller than the average increase in volume 

caused by a change in La concentration equal to 0.1 (see Fig. 6.4). The increase 

in V is mostly due to the increase in a upon La doping (Fig. 6.3). Since the 

increase of a between x = 0 and x = l ( ~ 2%) is larger than the average decrease 

with temperature suggested by ~l/l between 300 and 6 K, a change in the trends 

observed in Figs. 6.3, 6.4, and 6.5 is not expected at low temperatures. 

6.1.2 Yttrium Doping: Ce1-x YxAl3 

The substitution of Y for Ce atoms in the hexagonal Ni3Sn structure of CeAh 

induces a positive chemical lattice pressure due to the smaller atomic radius of Y. 

Doping studies with Y can be used along with pressure studies on pure CeAh [124] 

to compare the effects of both methods on the lattice parameters a and c. Samples 

of YAh have been reported to crystallize in the Ni3Sn structure [125], which allows 
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Figure 6.8: The ratio c/ a as a function of Y concentration x for Ce1_x Y xA13 alloys 
(x = 0, 0.02, 0.05, 0.1, 0.2, and 0.5). The· x = 0.5 value was obtained from C. S. 
Jee and G. R. Stewart (unpublished). 
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for the possibility of obtaining solid-solution Ce1_x Y xAh alloys between x = 0 and 

X = 1. 

However, YAh undergoes a phase transformation to a rhombohedral, BaPb3 

type structure around 644° C [91]. Studies by D. M. Bailey [125] and R. L. 

Snyder [126] confirmed that the low-temperature hexagonal structure ocurrs in 

furnace-cooled needle-shaped crystals, and that attempts to obtain the Ni3Sn struc

ture from a bulk sample were unsuccessful, even after some annealing below the 

transformation temperature. Moreover, there have been reports of a third, cubic 

structure associated with this compound [62]. Due to the shortcomings in prepar

ing pure YAh, the annealing procedures for Y-rich Ce1_x YxA13 alloys might prove 

to be fairly complex. 

Diffraction patterns for Y concentrations up to x = 0.1 did not reveal the 

presence of secondary phases. On the other hand, patterns corresponding to x = 

0.2 and particularly x = 0.5 (C. S. Jee and G. R. Stewart, unpublished) showed 

some broadening of Bragg peaks when compared to data from La doped samples 

for the same concentrations. In addition, these two concentrations revealed the 

presence of extra reflections of low intensity that could not be identified with 

either the hexagonal or rhombohedral variation of YAh. These results point toward 

difficulties in obtaining single-phase hexagonal Ce1_x Y xAh alloys for x > 0.2. 

As Fig. 6.6 illustrates, a large decrease in both a and c was observed up to 

x = 0.5. A plot of lattice volume V vs x indicates the expected compression of 

the lattice with Y doping (see Fig. 6.7). There is a significant increase in the c/a 

ratio for the Y-doped samples, as a consequence of a larger compression rate in 

the basal plane (Fig. 6.8). This increase inc/a is much larger than the decrease 

observed with La doping. As a result, both Y and La studies have confirmed that 

the a parameter is the most sensitive to alloying on the Ce sites. 
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A comparison of the change in lattice parameters as a function of Y con

centration with previous pressure studies on CeAh lattice constants [124] seemed 

appropriate since doping with Y atoms contracts the lattice, therefore applying 

an effective chemical pressure on the alloy. It is also important because of a 

suggestion that the thermodynamic properties of these alloys, in particular the 

anomaly in C /T, are dependent on values of c/ a, and therefore on the anisotropy 

of the exchange constants along the c axis and in the a-b plane of the Ni3Sn struc

ture [61]. The difference between alloying and the application of hydrostatic pres

sure is influenced by the degree of disorder, the changes in the electronic structure, 

and the reduction in the number of Ce f ions introduced by alloying. Kagayama 

and Oomi [124] found an anisotropic change in a and c in their high-pressure lattice 

constant measurements of CeAh. At 17 GPa, the lattice volume change V /Vo with 

respect to the pure compound corresponded to a 20% decrease, and the ratios a/ a0 

and c/ c0 were 9% and 4 %, respectively. The c/ a ratio increased with applied pres

sure by as much as 5% at 17 GPa. No pressure-induced transitions were observed. 

Kagayama and Oomi established a relation between pressure and lattice vol

ume change from a least-squares fit of their data to a first-order Murnaghan's 

equation of state [124]: 

(6.1) 

where B0 is· the bulk modulus at ambient pressure, and B~ its rate of change with 

pressure, 

8P 
Bo = - a In V P=O ' 

, 8B 
Bo= - 8P - l. 

P=O 

(6.2) 
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Table 6.1 : Fractional changes (in%) in the lattice parameters, the change inc/a, 
and their corresponding chemical pressures (in GPa) Pv, Pa, Pc, and Pc/a for Y 
concentrations x = 0.02, 0.05, 0.1, 0.2, and 1 (see text for details). The x = 0.5 
and x = l values were obtained from C. S. Jee and G. R. Stewart (unpublished) 
and Van Vucht et al. [62], respectively. The pressure data correspond to lattice
parameter changes at room temperature. 

Y x I V/Vo a/ao c/co c/a I Pv Pa Pc Pc/a 
0.02 0.0016 0.015 0.01 0.705(0) 8.58 X 10-4 0.02 0.03 0.32 
0.05 0.16 0.085 0.026 0.705(4) 0.09 0.11 0.08 0.45 
0.1 0.44 0.208 0.052 0.706 0.24 0.27 0.16 0.69 
0.2 1.06 0.482 0.108 0.708 0.58 0.64 0.34 1.22 
0.5 3.5 1.55 0.3 0.714 2.01 2.14 0.97 3.46 
1.0 8.9 4.0 0.7 0.730 5.58 6.08 2.35 10.13 

This treatment was extended heuristically to find similar relations between pressure 

and the lattice constants a and c. The data for a/ a0 and c/ c0 as a function of 

pressure are in good agreement with the following equations [124]: 

where 

P. = (!::) [ (:~t• -1], 
Pc=(!:) [(j(0 -1], 

8P 
BiO = - a ln i P=O ' 

B' __ 8Bi l 
iO - 8P 3' 

P=O 

(6.3) 

(6.4) 

the index i corresponding to either a or c. The c/ a ratio was fitted to the following 

equation, in fair agreement with the data: 

(6.5) 

where , = 0.24. 
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A relation between pressure and Y concentration ( corresponding to chemical 

pressure) was obtained in this dissertation combining the above results with the 

concentration dependence of the lattice parameters. First, the fractional changes 

V/V0 , a/a0 , c/eo with respect to published values for CeA13 [61], and the c/a ratio 

were plotted for Y concentrations between x = 0 and pure YA13 (Van Vucht et 

al. [62]). The data were fitted to a square polynomial to determine an approximate 

concentration dependence over the range 0 ~ x ~ l. The following equations were 

obtained: 

V/Vo = l.00 - 0.05x - 0.04x2
, 

a/ao = 1.00 - 0.02x - 0.02x2
, 

c/ c0 = 1.000 - 0.005x - 0.002x2
, 

c/ a = 0. 705 + 0.012x + 0.013x2
. 

(6.6) 

A square polynomial, rather than a linear fit , was used because the increase in 

c/ a as a function of doping does not imply an isotropic lattice volume change, 

described by Vegard's Law, and characteristic of cubic alloys. When compared to 

data for YAb (x = 1), the results for x < 0.2 follow a different slope with respect 

to values for CeAb (x = 0). 

The above equations allow for a consistent determination of the fractional 

changes in V, a, and c and the change in c/a with x. Values from the fit were 

substituted into their respective Murnaghan equations above to determine a chem

ical pressure associated with the fractional change for a given Y concentration. In 

this manner, each concentration is associated with a change in volume V /V0 , and 

a corresponding chemical pressure Pv. The same argument applies to all other 

parameters. The fractional changes in the lattice parameters for all concentrations 

investigated, along with their associated chemical pressures are given in Table 6.1. 

The most striking fact is that Y doping induces a much smaller chemical pressure 

along the c-axis than along the hexagonal plane, compared to the application of 
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hydrostatic pressure. Therefore, the anisotropic character of the change in lattice 

parameters is stronger as a function of Y concentration than as a function of pres

sure. A pressure - concentration diagram is illustrated in Fig 6.9. It can be seen 

from the graph that the parameter most strongly affected by doping is the c/ a 

ratio. This result might have strong implications as far as the role of anisotropy in 

determining the ground state properties of this system, as mentioned later in the 

chapter along with specific heat studies of Y-doped samples. 

6.1.3 Mixed Doping: Ceo.s(La1-x Yx)o.2Ah 

The two main effects associated with alloying on the Ce sites are a reduction 

in the number of magnetic ions, resulting in an increase of the effective distance 

between them, and a change in the average /-ion to ligand-atom hybridization. 

The former has a direct influence on the strength of RKKY interactions, while 

the latter affects the local Kondo coupling constants. The present alloying study 

on Ce0_8La0_2Al3 combines both Y and La on the Ce sites to keep the average 

hybridization constant with respect to CeAh, while reducing the Ce concentration. 

Assuming that the hybridization is dependent only on the value of the lattice 

constants, this study may help distinguish between the effects of changes in the 

concentration of magnetic impurities and changes in their electronic environment. 

In Ce0_8 (La1_x Yx)o.2Ah, it was found that yttrium doping on the Ce/La 

sites induces a compression of the lattice . . As shown in Fig. 6.11, the change in 

volume is linear in Y concentration, and is mainly due to a decrease in the a 

parameter (Fig. 6.10). Therefore, there is an overall increase of the c/a ratio with 

x (Fig. 6.12). The lattice parameters for x = 0.4 are within the error bars of those 

of CeA13 . Thus, this experiment demonstrates that by chemically substituting a 

certain proportion of Y and La atoms on the Ce sites it is possible to obtain the 

same lattice parameters as in the undoped compound. 
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Figure 6.9: Chemical pressures Pv, Pa, Pc, and Pc/a as a function of Y concentra
tion x for Ce1_x YxAh alloys (x = 0, 0.02, 0.05, 0.1, 0.2, 0.5, and 1; see text for 
details). The lattice parameters for x = 0.5 and x = · l were obtained from C. S. 
Jee and G. R. Stewart (unpublished) and Van Vucht et al. [62], respectively. The 
lines are guides to the eye. 
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Figure 6.11: Lattice volume V as a function of Y concentration x for 
Ce0_8 (La1_x Yx)o.2Ah. (x = 0, 0.09, and 0.4). The open circle indicates ·the cor
responding y-axis value for CeAh. The solid line is a least-squares fit to the data. 
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Figure 6.12: Ratio c/a as a function of Y concentration x for Ce0_8 (La1_x Yx)o.2Ah . 
(x = 0, 0.09, and 0.4). The open circle indicates the corresponding y-axis value 
for CeAh. The solid line is a least-squares fit to the data. 
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6.1.4 Summary 

Chemical substitution of La in CeAh causes an expansion of the lattice and 

a decrease in c/a, while Y doping on both Ceo.s(La1-x Yx)o.2Al3 and Ce1-x YxAl3 

alloys results in a contraction of the lattice and an increase in c/ a. The overall 

changes in the structure are more drastic for Y than for La substitut ion. For 

example, the change in V between Ce0_8 Y 0_2Ah and pure CeAh is more than twice 

as large as that using the same amount of La. In addition, the corresponding 

decrease in c/ a caused by La is less than half the increase in c/ a from Y doping. 

A comparison of Ce1_x YxAh data to the pressure dependence of V , a , and 

c for CeAh revealed that both alloying and pressure affect the a parameter more 

than c, yet the difference in the rates of reduction for a and c is largest in the 

case of alloying. Therefore, c is more affected by hydrostatic pressure than by 

chemical substitution. The presence of Y in the Ce sites induces an anisotropic 

lattice contraction that could have a significant effect in the electronic environment 

surrounding the Ce f ions. 

Another comparison can be made between f-ion and ligand-doping lattice 

parameter results. A previous study by Corsepius et al. [61] determined that 

substitution of Ga, Si and Ge on the Al sites causes a net contraction of the 

lattice, while doping with Sn expands the lattice. In this case, the relative changes 

between a and c were found to depend on the choice of dopant. For example, both 

Si and Ge affect a more than c, while Ga and Sn affect c more than a. Therefore, 

ligand-site doping seems to affect both a and c more than Kondo-hole (La, Y) 

doping of the Ce sites, which mainly affects the a parameter. 
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Figure 6.13: Low temperature magnetic susceptibility X vs T for Ce1-xLaxAh 
alloys, 0 ::S x < 0.4 (H = 1 kG). 
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Figure 6.14: Low temperature magnetic susceptibility x vs T for Ce1_xLaxAh 
alloys, 0.5 < x ~ 0.9 (H = 1 kG) . 



6.2 Thermodynamic Measurements of Ce1_xLaxAh Alloys 

6.2.1 Magnetic Susceptibility 
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The magnetic susceptibility of Ce1-xLaxAh alloys was measured between 2 

and 300 K, and was normalized per Ce mole by first subtracting the susceptibility 

of LaAh, then dividing by the Ce concentration. Figure 6.13 shows the low temper

ature susceptibility of samples with La concentrations 0 :S x :S 0.4. The anomaly 

in the susceptibility, which occurs around 0.5 K in CeAh, is visible at 2.5 K for 

x = 0.2 and 0.3, while a shoulder can be detected at the same temperature for 

x = 0.4. Measurements performed on x = 0.2 found no discrepancy between zero

field-cooled and field-cooled measurements at temperatures around the anomaly. 

Values for the susceptibility at 2 K increase from about 29 memu/Ce mol for x = 0 

to almost 37 memu/Cemol for x = 0.4. The susceptibility for higher La concen

trations (0.5 :S x :S 0.9) is shown in Fig. 6.14. The rate of increase of x values 

at 2 K is larger than for x :S 0.4, from 40 memu/Ce mol for x = 0.5 to about 

66 memu/Cemol for x = 0.9, as illustrated in Fig. 6.14. This enhancement of 

low-temperature susceptibility values might be an indication of an enhancement of 

the zero-temperature susceptibility Xo between x = 0 and x = 0.9, consistent with 

a decrease of the Kondo temperature TK (see Chapter 2). It is not certain from 

these measurements that similar anomalies are present for other concentrations 

at temperatures below 2 K. An upturn in the susceptibility does not always lead 

to a phase transition; it could also indicate an increase in magnetic correlations 

without leading to a maximum in x vs T. Nevertheless, despite the apparent non

monotonic dependence of the temperature of this anomaly with La concentration, 

the continuous increase of susceptibility values at 2 K with x suggests a decrease 

of TK, as seen in Fig. 6.15. .. 

The inverse susceptibility data of various Ce1_xLaxAh alloys are shown in 

Fig. 6.16. The temperature dependence of x followed a Curie-Weiss form above 
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Figure 6.15: Low temperature susceptibility x (T = 2 K) vs La concentration x for 
Ce1-xLaxAh, 0 < X < 0.9 (H = l kG). 



118 

Table 6.2: Magnetic susceptibility parameters for Ce1_xLaxA13 alloys , 0 ~ X < 
0.9. 

Lax Xo (2 K) (memu/Ce mol) µeff (µs) 8cw (K) 
0 28.9 2.53 29 
0.1 31.7 2.57 33 
0.2 30.9 2.52 29 
0.3 33.5 2.54 25 
0.4 36.8 2.59 25 
0.5 40.3 2.53 23 
0.6 43.8 2.58 24 
0.7 51.5 2.44 11 
0.8 57.9 2.53 18 
0.9 65.6 

150 K, with the exception of x = 0.9. The calculated effective moments were 

around the Hund's rule value µeff = 2.54 µ 8 for the 4f1 configuration of Ce3+. 

Table 6.2 shows the variation in the susceptibility at 2 K, the high-temperature 

effective moment, and the magnitude of the Curie-Weiss temperature 8cw with 

La concentration. Values of the effective moment range between 2.44 µ 8 and 2.59 µ 8 

per Ce ion, with most of them around 2.54 µ 8 • 

The random errors in µeff might be due to its extraction over a short tem

perature range (100 K ~ T < 300 K) for this system, in particular the narrow 

range between 300 K and the excited crystal-field levels ("' 70 K). Nonetheless 

these measurements point to a stable trivalent configuration of the Ce ions at 

higher temperatures. The extracted values of 8cw are negative, consistent with 

both antiferromagnetic RKKY interactions between the Ce ions and the Kondo 

effect. The calculated 8cw shows a trend towards decreasing values with x. This 

decrease is usually associated with the decrease of T K in Kondo alloys, where 

8cwCXTK [32, 127]. 
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6.2.2 Specific Heat 

The specific heat curves of Ce1_xLaxA13 alloys are shown in Figs. 6.17 and 

6.18. The specific heat of LaAh was subtracted from the data to account for the 

phonon contribution. It is represented by the following formula between 0.35 and 

20 K [128]: 

C(T) = 4.95T + o.1213T3 + 4.13 x 10-4T 5 
- 3.88 x 10-1T 1

. (6.7) 

Substitution by La induces the development of a maximum in C vs Tat a temper

ature TM, as was previously seen for low concentration levels (x < 0.2) [71]. This 

temperature reaches a maximum around 2.3-2.4 K for x = 0.3, and it is reduced to 

2 K for x = 0.4. The magnitude of this anomaly initially increases with increasing 

La concentration. It achieves a value around 4750mJ/K Cemol for x = 0.2, before 

decreasing to 3600 mJ /K Ce mol for x = 0.4. The increases in both TM and the 

magnitude of the maximum in C support the idea of Andraka et al. [71] that this 

anomaly evolves smoothly as a function of doping from the weak maximum seen 

in C /T of CeAh at 0.4 K. Both TM and the magnitude of the maximum continue 

decreasing at higher La concentrations. The lowest temperature TM detected 

within the range of measurement was about 0. 7 K for x = 0.8. The anomaly 

for this concentration has a magnitude of 2250 mJ /K Ce mol. Values of the specific 

heat for the more dilute x = 0.9 seem to saturate below 0.4 K, suggesting the 

presence of a broad maximum at lower temperatures for this concentration. 

Figure 6.19 shows the specific heat as C /T vs T per mole of Ce for 0 :::; x :::; 

0.4. The temperature of the anomaly in C /T, Tm, shifts continuously towards 

higher values with La doping for x < 0.3. The maximum increases in magnitude 

("-'2200mJ/K2 Cemol for x = 0.2), and Tm reaches a maximum value of 2.3K 

at x = 0.3, similar to that of TM from the specific heat data. Values of C /T 

at 0.4 K decrease significantly compared to that of CeA13 , while those above 4 K 
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appear to be less dependent on La concentration. It is possible that the merging of 

the curves points to a characteristic temperature for the development of magnetic 

correlations. At higher concentrations, the temperature Tm decreases, following 

the trend of TM. The magnitude of the anomaly in C /T momentarily decreases 

between x = 0.3 and x = 0.4, but increases dramatically for larger values of x, as 

shown in Fig. 6.20. The entropy is redistributed to lower temperatures , with values 

of C /T at 0.4 K increasing to more than six times that of x = 0.2 for x = 0.9. 

The largest maximum detected above 0.4 K has a value of 3900 mJ /K2 Ce mol and 

corresponds to x = 0.8. If x = 0.9 has a similar maximum in C /T , its magnitude 

could easily surpass 4 J /K2 Ce mol, due to a very large slope in C /T vs T below 1 K. 

In fact, recent µSR studies on Ce1_xLaxAh alloys [15] found that the divergence 

of the muon damping rate, signaling the presence of magnetic correlations, occurs 

around the same temperature as the anomaly in C /T for at least x = 0.2. The 

damping rate for x = 0.9 diverges around 0.1 K, so it is likely that this sample 

exhibits an anomaly in C /T near this temperature. 

The electronic specific heat coefficient, was extracted for Ce1_xLaxAh alloys 

from a linear fit of the data below Tm in C /T vs T 2 form, where I corresponds to 

the intercept. The main sources of error are the relatively large values of C /Tat the 

lowest temperature (0.4 K) and the uncertainty in the true form of the temperature 

dependence of this quantity down to T = 0. Brodale et al. determined that C / T 

is linear in temperature between 0.06 Kand 0.25 K for CeA13 [67]. The calculated 

values of, in this section assume C /Tex T 2 down to T = 0. Other sources of 

error include experimental and regression uncertainties. Figure 6.21 displays the 

evolution of , as a function of La concentration. The value of 1250 mJ / K2 mol for 

pure CeAb decreases to a minimum of 520 mJ /K2 Ce mol for x = 0.2. A very large 

increase in the electronic coefficient is then observed for x ~ 0.3, with , reaching 

3400 mJ /K2 Ce mol for x = 0.8. This minimum in the , vs x curve might indicate 
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the competition of two effects in the determination of the ground state properties 

of the system. 

Another result possibly indicating the competition between two contributions 

to the ground state properties is the change of the temperature of the anomaly in 

C /T with x, shown in Fig. 6.22. Data for x = 0.01 and x = 0.05 was obtained 

from the previous low-level doping study of Andraka et al. [71]. A rapid increase 

in Tm can be seen for x:::; 0.2. What was previously unknown is that a maximum 

in Tm around 2.3 K is reached at x = 0.3, followed by an almost linear decrease all 

the way to x = 0.8. This behavior is similar to that observed for the antiferromag

netic anomalies in the specific heat of Ce1_x ThxCu2Si2 [129], where the associated 

temperature position reaches a maximum value also at x = 0.3. An extrapolation 

of the Ce1_xLaxAh data to higher concentrations gives a value of Tm near 0.1 K 

for x = 0.9. The maximum in the data is asymmetric, due to a sudden increase 

in Tm values at lower La concentrations. Clearly, this is a sign of two competing 

interactions taking place in Ce1_xLaxAb. 

Finally, the Wilson ratio R = 218.7x/(,µ;ff) [5] was calculated for La concen

trations up to x = 0.8 using the susceptibility values at 2 K (Fig. 6.15), the extrap

olated , values from the C /T data, and the high-temperature effective moment 

µeff = 2.54 µ 8 • Figure 6.23 illustrates the trend of R vs x, which is very similar to 

that of Tm vs x. The ratio rises sharply from x = 0 to x = 0.2. The maximum at 

x = 0.2 is then followed by a slower decrease up to x = 0.8. The highest values of 

both R and Tm are in the range 0. 2 :::; x :::; 0 .4. When com pared to the Wilson ratio 

of other magnetic heavy-fermion systems (e.g., R(U2 Zn17 )=0.79, R(UCd11 )=1.55-

l.82 [5]), the large values of R (1.8-2.2) for Ce1_xLaxAh within this doping range 

suggest an increase in the magnetic character of this system. 
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6.2.3 Discussion 

The behavior of lattice parameters and thermodynamic properties of the 

Ce1_xLaxA13 system are very similar to those found by La substitution of another 

heavy-fermion Kondo lattice, CeCu2Si2. The properties of Ce1_xLaxCu2Si2 alloys 

seem to be consistent with Doniach's Kondo necklace model [130, 40]. Ce1_xLaxAh 

alloys have a hexagonal structure with c < a, while La-doped CeCu2Si2 alloys have 

a tetragonal structure with c > a. When comparing the change in lattice parame

ters between the two systems, it was found in both cases that the a parameter is 

the most affected by La substitution. The change in lattice volume is mostly due 

to the change in a, and the c/ a ratio decreases linearly by a similar amount across 

the whole series: 1.2% for Ce1-xLaxCu2Si2 '[130] and 1.5% for Ce1-xLaxAh. 

The electronic specific heat coefficient of Ce1_xLaxAh alloys has a minimum 

around x = 0.2. A similar nonmonotonic dependence of the electronic coefficient 

, with La doping was also found in CeCu2_2Si2 [130]. Studies in which Ce is 

substituted by La revealed that , has a minimum at a La concentration x = 

0.5, and achieves a value close to that of pure CeCu2_2Si2 at x = 0.9. Magnetic 

susceptibility values around 2 K for this system also have a minimum for x = 0.5. 

The observed similar trends for the changes in, and low-temperature susceptibility 

values point to a common origin of their behavior as a function of La concentration. 

The non-single-ion-like changes in , upon dilution with La in the above 

systems are of general interest in the study of strongly-correlated electron sys

tems. The increase in, with La concentration observed in dilute samples can be 

explained by a decrease in the Kondo temperature T K and in the hybridization 

between 4f and conduction electrons. On the other hand, the observed increase 

of this coefficient with decreasing La concentration could be interpreted in two 

different ways. The first interpretation attributes the change to the development 
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of a paramagnetic heavy-fermion state. The second explanation is based on the 

suppression of magnetic order with increasing Ce concent ration. 

The development of the heavy-fermion state from a collection of noninter

acting Kondo scatterers is one of the major unresolved issues in heavy-fermion 

physics. This problem is linked to the "Kondo exhaustion" paradox [131]. In 

such a concentrated system at low temperatures , there are not enough conduction 

electrons within a narrow band around the Fermi level ( rv kaTK) to individually 

compensate all of the impurity spins at the lowest temperatures. Yet each electron 

is involved in the simultaneous screening of many local moments. This state devel

ops at a characteristic lattice temperature lower than the single-impurity Kondo 

temperature TK. The decrease in TK with the development of the heavy-fermion 

state has been experimentally observed in U l-xMxBe13 [132] (M = nonmagnetic 

dopant) and Ce1_xLaxCu2_2Si2 [130] . From these observations, it is possible that 

the behavior of"( in Ce-rich Ce1_xLaxAh alloys can also be explained in terms of 

the formation of a coherent Kondo lattice state. 

However, assuming that the maximum in C /T is indicative of a magnetic 

phase transition, the electronic coefficient in Ce1_xLaxA13 , extracted from C /T at 

the lowest temperatures, does not correspond to the heavy-fermion paramagnetic 

state, but to an antiferromagnetic ( or spin-glass) state. The phase transition leads 

to a decrease in the value of the electronic specific heat coefficient. Therefore, it 

is quite unreliable to extract a measure of the lattice Kondo temperature from the 

inverse of the electronic coefficient of magnetic heavy-fermion alloys. In order to 

estimate the concentration dependence of a characteristic lattice Kondo tempera

ture for the Ce1-xLaxAh alloys studied, values of TK were extracted instead using 

the magnetic entropy Sm(T0 ), defined as 

S (T,) = {To Cm(T) dT 
m O lo T ' (6.8) 
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where Cm (T) /T is the specific heat contribution per Ce mole after subtracting 

the phonon contribution (LaAh) , and T0 > Tm, the characteristic magnetic tran

sition temperature. In Ce heavy-fermion compounds, the magnetic entropy at 

low temperatures includes contributions from the Kondo effect as well as mag

netic interactions, while at T ~ oo it reaches the value R ln 2 for a mole of S = ½ 

magnetic moments. At a temperature T0 sufficiently larger than the magnetic 

ordering temperature, magnetic interactions represent only a minor contribution 

to the specific heat [133, 134], and the entropy Sm(T0 ) is essentially the differ

ence between Rln 2 and that removed by the Kondo effect at T0 . In the range 

T0 :=; T < oo , the entropy removed is a function of TK only, so that Sm(T 2: T0 ) 

provides a good measure of T K. 

All C /T vs T curves between x = 0 and x = 0.8 were numerically integrated 

up to T0 = 3 K. This temperature is above all Tm values between x = 0 and 

x = 0.8. Values of TK were extracted by comparing the results for Sm(3 K) with 

the Bethe Ansatz solution for the S = ½ Kondo entropy curve [30]. Calculating 

the entropies at values of T0 < 5v K was found to have little effect on the values of 

TK determined from the curves. In addition, the contributions and concentration 

dependences of higher crystal-field levels at this temperature were assumed to be 

negligible. The calculated entropies at 3 K and values of the Kondo temperature 

are shown in Table 6.3. As the La content increases in Ce1_xLaxAh , Sm(3 K) 

increases, which implies a decrease in TK . 

A characteristic temperature - Ce concentration phase diagram, shown in 

Fig. 6.24, was constructed using the calculated values of TK for (0::; x ::; 0.8) and 

assuming that the maxima in C /T at Tm are indicative of a magnetic transition. 

The resulting diagram is similar to that of the Kondo-necklace model shown in 

Fig. 2.7 [42, 43]. Yet, it is important to keep in mind that changes in both TK and 

Tm with Ce concentration might not only reflect the effect of reducing J, but also 
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Table 6.3: Values of the magnetic entropy Sm (in units of Rln 2) , (T = 3 K)/TK , 
the Kondo temperature TK , and TK normalized to that of CeAh (TK ,..__,4 K [6]) for 
Ce1-xLaxAh alloys. 

Lax Sm(3 K) (Rln 2) (T = 3K)/TK TK(K) TK/TfeAl3 

0 0.586 0.749 4.0 1.00 
0.1 0.624 0.884 3.4 0.85 
0.2 0.652 1.008 3.0 0.74 
0.3 0.636 0.933 3.2 0.80 
0.4 0.660 1.071 2.8 0.70 
0.5 0.704 1.319 2.3 0.57 
0.6 0.735 1.541 2.0 0.49 
0.7 0.813 2.650 1.1 0.28 
0.8 0.826 2.901 1.0 0.26 

the effect due to an increase in the average distance between Ce 4f moments. This 

Doniach-like diagram positions CeAh at the end of the magnetic temperature 

curve in the region corresponding to TK > TRKKY· The description of CeA13 in 

terms of the Doniach model places it in the proximity of a critical point at Tm = 0, 

consistent with current views on heavy-fermion systems [135, 136, 137, 138] . 

6.3 Thermodynamic Measurements on Ce1_x Y xAh Alloys 

6.3.1 Magnetic Susceptibility 

The magnetic susceptibility of Ce1_x Y xAh alloys was measured between 1.8 

and 400 K at a field H = 5 kG. Figure 6.25 shows data for x = 0, 0.02, 0.05, 

0:1, and 0.2 per Ce mole below 20 K. The main consequence of Y doping is a 

decrease in the magnitude of the susceptibility at this temperature range. The 

magnetic susceptibility at 1.8 K, x(T = 1.8 K), is reduced by about 40% for x = 

0.2 from the value of pure CeAh. A decrease in low-temperature susceptibility 

values with compression of the lattice is usually associated with an increase of 

the Kondo temperature T K , since the zero temperature susceptibility is inversely 

proportional to T K . The inverse susceptibility as a function of temperature is 
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Table 6.4: Magnetic susceptibility parameters for Ce1_x Y xAb alloys, 0 ::; x::; 0. 2. 

Y x Xo (2 K) (memu/Ce mol) µeff (µa) Gcw (K) 
0 28.89 2.53 29 
0.02 28.56 2.58 41 
0.05 25.19 2.60 41 
0.1 23.61 2.57 40 
0.2 17.49 2.60 55 

illustrated in Fig. 6.26. Data for x = 0.2 are noticeably higher than the rest , 

especially below 150 K. All concentrations show linear behavior, following a Curie

Weiss law, above 100 K. The Curie-Weiss parameters were extracted from a least

squares fit of the data above 100 K (see Table 6.4). The calculated values for 

the high temperature effective moment µeff are in the vicinity of the Ce3+ free-ion 

value, µeff = 2.54 µ 8 • The negative Curie-Weiss temperature Gcw increases with x, 

which is also consistent with an increase of the Kondo temperature TK. 

6.3.2 Specific Heat 

The specific heat of Ce1_x Y xAb alloys (0 ::; x < 0.2) , plotted as C /T vs 

T per mole of Ce, is shown in Fig. 6.27. The temperature of the anomaly Tm 

is slightly larger for x = 0.02 than for CeAb. It remains around 0.6 K between 

x = 0.02 and x = 0.1, and increases toward 1 K for x = 0.2. At the same time, 

the magnitude of the anomaly decreases gradually, from about 1650 mJ /K2 Ce mol 

for x = 0 to 540 mJ /K2 Ce mol °for x = 0.2. Values of C /T around 0.4 K, just 

below Tm, decrease monotonically within this range of concentration, from above 

1600 mJ /K2 Ce mol to 420 mJ /K2 Ce mol. This trend in C / T values indicates a 

decrease in values of the electronic coefficient , at T = 0. Values of , could 

not be extracted from the C /T curves with reasonable accuracy due to the small 

difference between 0.4 K, the lowest temperature of the measurement, and Tm. A 

larger temperature range and number of data points is needed to determine, from 
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a linear fit of C /T vs T 2 below Tm· In addition, the area under the C /T curves up 

to 7 K, equal to the entropy Sm (To rv 7 K) , clearly decreases with Y concentration. 

Both the apparent decrease in I and the decrease in Sm (To rv 7 K) with x point to an 

increase of the Kondo temperature. A decrease in the Kondo entropy, which is the 

dominant contribution to Sm, is consistent with a decrease of (To= 7 K)/TK [30], 

as previously discussed in the context of Ce1_xLaxAh alloys. 

6.3.3 Discussion 

Both specific heat and magnetic susceptibility results for O :::; x :::; 0.2 point 

towards an increase in the hybridization between Ce and Al atoms, and therefore to 

an enhancement of the Kondo effect, with increasing Y concentration. The increase 

of TK is manifested in the increase of 8cw, in the reduction of the magnetic entropy 

Sm around 7 K, and in the decrease in x and C /T values at the lowest measured 

temperatures. The specific heat data can be compared in this regard with previous 

results for the heat capacity as a function of pressure of CeA13 (see Fig. 3.3) [67]. 

According to the comparison between Y doping and pressure dependence of the 

lattice parameters of Ce1_x YxA13 and CeAh, respectively, presented earlier, an Y 

doping level of x = O. l induces a change in the lattice volume corresponding to 

a chemical pressure Pv of 2.4 kbar (0.24 GPa). This sample shows an anomaly 

at 0.46K, with C(0.4K)/T=860±40mJ/K2 Cemol. A similar pressure (2.2kbar) 

.was applied on CeAh by Brodale et al. [67], suppressing the anomaly in C /T and 

reducing both C ( 0.4 K) /T and the extrapolated I to 838 mJ /K2 Ce mol. It is inter

esting that the values of C(0.4 K)/T are the same within uncertainty in both cases, 

while the anomaly only appears in the Y doped sample. Also interesting is that 

values of C /T above the temperature of the anomaly Tm are more strongly reduced 

by Y substitution. The main differences between the application of chemical and 

hydrostatic pressures are a reduction in the number of Ce moments and a much 

slower decrease of the c lattice parameter with Y doping. Since the anomaly is still 
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present despite a reduction in Ce concentration, its rapid suppression in the case 

of CeAh may be related to a stronger reduction of the c parameter with pressure. 

The almost constant value of Tm for Y concentrations between x = 0 and 

x = 0.2, when compared to its rapid suppression between ambient pressure and 

2.2 kbar in CeAh , cannot be reconciled in terms of Doniach's Kondo necklace 

model, and lacks a complete explanation. However, these results seem to indicate 

that interactions between the hexagonal planes strongly affect the magnetism in 

this system. In fact, magnetic susceptibility measurements in single crystals [76] 

revealed a large magnetic anisotropy, with x below 40 K being larger along the c 

direction. The decrease in c is larger with pressure than as a function of Y con

centration, significantly reducing the distance between hexagonal planes, increas

ing the hybridization between Ce and Al atoms in adjacent planes, and therefore 

suppressing magnetic order. A similar argument has been proposed for the hexag

onal heavy-fermion compounds CePd2Ah [139, 140] and CeCu5 [141, 142] based 

on annealing, pressure, and doping studies on the Ce sites. In these two com

pounds, the intra plane hybridization is larger than that between planes ( J J_ >> J11), 

while the opposite is true of CeAh, according to previous susceptibility and neu

tron scattering studies [76, 87]. Despite this difference, the strength of magnetic 

interactions in both cases seems to be dependent on the hybridization between 

hexagonal planes. 

On the other hand, the lack of a suppression of Tm with Y doping appears to 

be consistent with recent ligand-site doping measurements on CeAh by Corsepius 

et al. [61], where both an expansion and contraction of the lattice were found to 

enhance the anomaly in C /T. The authors argued that the absolute-value change 

in c/ a was responsible for the development of this maximum. This ratio is related 

to the hybridization angles between Ce and Al atoms. Assuming that c/ a in 

CeAh roughly corresponds to the angle with optimum screening of f moments, 
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any variation in c/ a will disturb the screening and will give rise to larger moments. 

The interactions between these moments then increases, allowing the development 

of magnetic anomalies in the specific heat. 

6.4 Thermodynamic Measurements on Ce0_8 (La1_x Yx)o.2Al3 Alloys 

6.4.1 Magnetic Susceptibility 

In order to explore further the magnetic nature of the C /T anomaly in 

Ce1_xLaxAh alloys, an yttrium doping study was conducted on Ce0_8 Lao.2Ah. The 

motivation was to determine the effect of keeping the lattice volume at a value 

close to that of CeA13 , while keeping the number of Ce moments at a constant , 

but reduced value, and to search for changes in properties due to intersite interac

tions. The lattice parameters for an Y concentration x = 0.4 are a= 6.542±0.002 A 

and c = 4.616 ± 0.004 A, both within error bars of those of pure CeAh. Figure 6.28 

shows the magnetic susceptibility per Ce mole of Ce0_8 (La1_x Yx)o.2Ah alloys for Y 

concentrations x = 0, 0.09, and 0.4, along with data for CeAh , up to 20 K. The 

maximum seen for x = 0 appears to shift towards lower temperatures (below 2 K) , 

and the susceptibility values above the anomaly (> 3 K) decrease with increasing 

Y concentration. There is also a small increase of x (2 K) between x = 0 and 

x = 0.09 (see Table 6.5). This increase might be due to the observed decrease in 

the temperature position of the maximum, which will be discussed in the following 

section. Values of x (2 K) for x = 0.4 and for CeAh are very similar· ( differ by 

2%). It seems that the similarity between the two values is coincidental, since 

data for x = 0.4 show a larger decrease between 2 and 10 K than that of the pure 

compound. 

The inverse susceptibility of Ce0_8 (La1_x Yx)o.2Ah (x = 0, 0.09, and 0.4) 

is illustrated in Fig. 6.29. The data follow a Curie-Weiss law above 150 K, and 

the calculated high-temperature effective moments are close to the Ce3+ value 
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Table 6.5: Magnetic susceptibility parameters for Ce0_8 (La1_x Yx)o.2Al3 alloys , x = 
0, 0.09, and 0.4. Data for CeAla are shown for comparison. 

Lax X (2 K) (memu/Ce mol) µeff (µ 8 ) 0cw (K) 

0 30.9 2.52 29 
0.09 
0.4 
CeAla 

32.5 
28.4 
28.9 

2.57 
2.60 
2.53 

32 
40 
29 

µeff = 2.54 µ 8 • The parameters obtained from a linear fit of 1/x vs T above 150 K 

are shown in Table 6.5. The negative Curie-Weiss temperature 0cw increases with 

Y concentration. Yttrium doping contracts the crystalline lattice, increasing the 

coupling between conduction and f electrons in the Kondo necklace model, and 

therefore increasing T K. It should be noted that CeAla has the same lattice volume 

as x = 0.4, and consequently a similar average hybridization. Yet , the larger value 

of 0cw obtained for x = 0.4 seems to indicate a higher TK for this sample. 

6.4.2 Specific Heat 

Figure 6.30 shows the specific heat as C/T vs T for Ceo.s(La1_xYx)o.2Ala 

(x = 0, 0.09, 0.4). Data for CeAla is also shown for comparison. The behavior of 

C /T with Y concentration is somewhat analogous to that of Ce1_xLaxAla alloys 

between x = 0 and x = 0.2 with decreasing La content. The anomaly at 2.1 K is 

attenuated in magnitude and its temperature reduced with Y concentration. Yet, 

"the C /T curve for x = 0.4 does not have a maximum down to the lowest temper

ature measured (0.4 K). Values of C /T at this temperature increase dramatically, 

approaching that of CeAla at x = 0.4. The inset to the figure indicates that the 

specific heat at x = 0.4 shows no sign of the anomaly, as in pure CeAla. The 

entropy between 0.4 and 4 K ( area under the C /T vs T curves) clearly decreases 

from x = 0 to x = 0.4. A crossing of the C /T curves for the Y-doped samples can 

be observed around 4 K upon closer inspection of the data. Values of this quantity 



145 

above 4 K are highest for x = 0.4, which seems to indicate that the lost entropy is 

recovered at temperatures much larger than 10 K. 

Based on the similarities between their lattice parameters, it is assumed 

that both CeA13 and Ce0_8 (La0_6 Y0.4 ) 0.2Ah also have a similar Kondo temperature. 

An estimate of TK for the alloy with x = 0.4 can be obtained using the proce

dure described earlier for La-doped alloys, then compared to TK = 4 K for CeA13 . 

The entropy Sm(3 K) was obtained by fitting the data below 3 K to a power law 

and analytically integrating this function using the fit coefficients. A power-law 

behavior assumes a divergent value for ,. Therefore, the area calculated would 

correspond to an upper-limit value of Sm(3 K) , and a lower-limit value of TK . The 

value obtained was TK = 4.4 K, slightly larger than TK for CeAh. This result is 

consistent with the larger value of 8cw obtained from the inverse susceptibility of 

Ce0_8 (Lao.6 Y0.4)0.2Al3 , and suggests that this alloy has a larger Kondo temperature 

than the undoped compound. A larger Kondo temperature for x = 0.4, despite 

having the same values of a and c as CeAh , indicates that the average coupling J 

may not be exclusively dependent upon changes in the lattice constants. 

Alloying of Ce0.8 La0.2Ah with Y introduces random microstresses m the 

lattice which could change the average hybridization and suppress the specific 

heat anomaly. In order to investigate whether the suppression of this anomaly 

is indeed due to lattice stress, the specific heat of a pressed pellet made out of 

Ce0.8Lao.2Ah powder was measured down to 1 K. Grinding of a sample into powder 

causes microscopic tensile and compressive stresses that can simulate effects asso

ciated with alloying and can also contribute to changes in the physical properties 

of a system with a pressure-sensitive ground state. Data for C /T on Ce0_8 Lao.2Al3 

bulk and pellet samples are shown in Fig. 6.31. The effects of grinding the sam

ple are a broadening and an attenuation of the magnitude of the anomaly. The 

broadening of the anomaly indicates that simultaneous tension and compression 
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Figure 6.30: Specific heat plotted as C /T vs T for Ceo.8(La1-x Yx)o.2Ah (x = 0, 
0.09 and 0.4) . The specific heat of CeAh in C /T form is also shown for comparison 
( data below 1 K for CeAh by Andraka et al. [71]). The inset shows C vs T for 
x = 0, 0.09 and 0.4. 
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of the lattice can be found at the microscopic level, leading to a possible distribu

tion of temperatures Tm· The temperature of the maximum is slightly increased 

by about 0.2-0.3 K. Subsequent annealing of the pellet at 600°C for 24 hours 

partially restores the shape of the anomaly for the bulk sample. Therefore, the 

anomaly does not seem to be related to random stresses due to alloying. Rather, 

the reduction of such stresses by annealing was found to enhance the size of the 

anomaly. 

Previous specific heat measurements have also been conducted on pellets 

of isostructural UPt3 [143), CeAh (B. Andraka and R. Pietri, unpublished), and 

Ce(Al0_97 Ga0 _03 )J [61]. An increase in temperature of the related anomaly in C 

was found in the latter two cases. In particular, when comparing the pellet data 

on Fig. 6.31 with measurements on a pressed pellet of CeA13 , it is found that 

C /T values at 0.4 K for the pellet are significantly lower than those of bulk CeAh, 

while the corresponding values for Ce0.8 La0.2Ah for both bulk and pellet samples 

remain essentially the same. This comparison suggests that values of , for the 

more magnetic state of Lax = 0.2 are less sensitive to random lattice stresses than 

those of CeAh, which has both a lower Tm and a higher TK. 

6.4.3 Discussion 

Doping of Yon the Ce/La sites of Ce0.8La0.2Ah was found to be successful 

in restoring the lattice parameters corresponding to CeAh, as reported at the 

beginning of the chapter. The effect of reducing the number of Ce impurities while 

keeping the same lattice parameters as in the pure compound has been observed 

in both specific heat and susceptibility. The anomaly was suppressed towards 

lower temperatures by attempting to keep the hybridization constant ( assuming J 

depends on a, c only) while increasing the distance between Ce atoms, therefore 

decreasing the RKKY interaction ( see end of section). There seems to be an overall 

increase in both C /T and x values at the lowest temperatures (T ~ 0) . The C / T 
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anomaly visible in CeAh at 0.4 K either completely disappears or shifts towards 

lower temperatures for an Y concentration x = 0.4. It seems that the intersite 

magnetic correlations, which depend on the overall number of Ce moments, play 

a crucial role in determining the strength of the energy scale giving rise to the 

anomaly in CeAh. 

A uniform rise in C /T at the lowest measured temperatures is a signature 

commonly associated with non-Fermi-liquid behavior [12], where C /T is either a 

logarithmic function of the temperature, as in the Kondo disorder model [50, 49], 

or obeys a power law Tv as in quantum critical (v = 0.5) [53, 55] and Griffiths 

phase (0 2 v 2-1) [58, 59] models. Specific heat results for x = 0.4 show no sign 

of a maximum in C /T down to 0.4 K, suggesting the presence of non-Fermi-liquid 

effects. In order to verify whether the temperature dependence of C /T for this 

alloy is consistent with any of the predictions from the above models, the data 

were plotted in semilog and log-log forms , and as C /T vs T 112 . The data for C /T 

did not follow linear behavior on both semilog and T 112 forms. It rather roughly 

followed a power-law dependence in the limited temperature range of 0.4-1. 7 K, 

with an exponent close to -0.5 (see Fig. 6.32). The magnetic susceptibility was 

also plotted in log-log form, with the data following linear behavior up to 30 K, 

as shown in Fig. 6.33. A fit of the data to a power-law dependence yielded an 

exponent of -0.33. 

In the Griffiths phase model [58] , the specific heat is related to the magnetic 

susceptibility by a power law: 

er) ex x(T) ex r-1+>., (6.9) 

where the parameter .\ < 1 can be determined by a best fit through the data. A 

value of .\ = 1 indicates Fermi-liquid behavior. The corresponding parameters 
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obtained from fits to C/T (0.4-l.7K) and X data, shown in Figs. 6.32 and 6.33 , 

respectively, are Ac = 0.54 and Ax = 0.67. 

The above values for ).. are fairly close to each other, indicating a possible rela

tion between C /T and X· A similar analysis has been performed for two canonical 

non-Fermi-liquid systems: UCu4Pd (Ac = 0.71; Ax = 0.72) and U0.6Th0.4Pd2Ah 

(Ac = 0.84; Ax = 0.63) [59]. The former is a disordered ligand system with a cubic 

structure [144]; the latter a Kondo hole system with a hexagonal structure [145]. 

It is worth noting that the difference !Ac - Ax! is larger in the hexagonal alloy, 

and may be due to anisotropy in its magnetic properties. The authors attributed 

this larger discrepancy to the polycrystalline nature of the sample, so that the 

measured susceptibility represents the average over different crystalline directions , 

and expected better agreement on single crystalline measurements. The differ

ence of 0.21 observed for U0.6Th0.4Pd2Ah is larger than that of polycrystalline 

Ce0.8 (La0.6Y0.4) 0.2Ah (!Ac - Axl = 0.13) , indicating that a Griffiths phase model 

may describe the observed dependence in C /T and x down to 0.4 K, provided that 

C /T follows a power law down to temperatures much lower than 0.38 K. 

The validity of this description also depends on whether the alloy in question 

reproduces the physical scenario required for the formation of a Griffiths phase [58, 

59]: magnetic anisotropy, disorder due to alloying, and the competition between 

Kondo and RKKY energy scales. The alloy Ce0.8 (Lao.6 Y o.4) 0.2Ah seems to fulfill 

all of these requirements, since a strong magnetic anisotropy has been deduced 

from neutron scattering data [87] and magnetic susceptibility studies on single 

crystals [76]. Yet, measurements at lower temperatures ( especially for C /T) are 

necessary in order to verify this interpretation. 

The alloying procedure described in this section potentially demonstrates 

a novel method of inducing non-Fermi-liquid effects in antiferromagnetic Kondo 

lattices. The standard method consists of using alloying, pressure, or magnetic 
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fields as external parameters to significantly change the coupling J in order to 

drive Tm to zero. This novel method uses alloying on the impurity site, but with 

a combination of dopants that keeps the lattice parameters fairly constant with 

respect to the pure compound. Assuming J depends only on the value of a and c, 

changes in this quantity are minimized by using atoms with both smaller/larger 

atomic radii than that off ions. At the same time, the reduction in the number off 

ions increases the average distance R between them. The latter causes a decrease 

in the RKKY temperature (TRKKv ex J 2 
/ R3

, see Chapter 2) with respect to the 

Kondo temperature, thus driving the system through a quantum critical point. 

In this manner, non-Fermi-liquid effects might be observed by only changing the 

distance between impurities without significantly affecting the value of J . 

6.5 Heat Capacity of Ce0.8Lao.2Ah and Ce0.3Lao.7Ah in Magnetic 
Fields 

As mentioned previously, recent neutron scattering and µSR studies by Gore

mychkin et al. [15] on Ce0.8Lao. 2Ah revealed the absence of magnetic Bragg peaks, 

and estimated the upper limit of any possible ordered moment to be 0.05µ 8 • The 

response function deduced from time-of-flight measurements changes from a quasi

elastic form to an inelastic form around 3 K, below which features develop in the 

specific heat and the magnetic susceptibility. This result [15] was attributed to 

weakly dissipative dynamics consistent with the anisotropic Kondo model (AKM) [35]. 
. . 

Data from µSR experiments showed Lorentzian damping, with a temperature

dependent damping rate. The temperature at which the damping rate starts to 

diverge coincides with the temperature Tm of the maxima in C /T for x = 0.2 

0. 7, and 0.9 samples, as previously described. The divergence was attributed to 

the development of static magnetic correlations, indicating the possibility of mag

netic order of small moments, as seen in URu2Si2 [146]. In order to investigate 

further the applicability of the AKM to both CeAh and Ce0.8Lao.2Al3 the effect of 
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magnetic fields up to 14 Ton the linear coefficient 'Y and on the temperatures TM 

and Tm of the maxima in C and C /T, respectively, was studied by specific heat 

measurements. Magnetic field measurements were also performed on Ce0_3La0_7Ah 

to study the effects on a more dilute 4f system. 

6.5.1 Results 

Figure 6.34 shows the specific heat of Ce0_8La0_2Ah in fields of 0, 5, 10, 

and 14 T. The phonon contribution was subtracted using the specific heat of 

LaAh [128], and the remainder has been normalized to a mole of Ce. Data plot

ted as C /T vs T can be seen in Fig. 6.35. The main effect of the field is a 

strong reduction in the magnitude of the anomalies in C and C /T, but probably 

the most striking fact is the very weak field dependence of the temperature posi

tion of the anomalies. A pronounced peak in C located at TM ~ 2.3 K for H = 0 is 

replaced by a shoulder near 2.1 K for H = 14 T. The peak in C /T also shifts slowly 

with field, with Tm decreasing from 2.1 Kat OT to 1.7K at 14 T (see Fig. 6.36). 

The difference between TM and Tm grows with applied field. A difference of the 

same order has been observed in zero field for Ce1_xLaxAh alloys with x < 0.2, 

where TM-Tm grows with decreasing La concentration x [71]. In this respect, an 

increase in the magnetic field has a similar effect to a decrease in x. 

Another important result is an increase with field of C /T values at tem

peratures below .1 K, suggesting a partial restoration of the heavy-fermion state 

present in pure CeAh. The large nuclear moments of 27 Al and 1391a (µn = 3.64 

and 2. 76 µN, respectively) contribute in part to the enhancement of C /T at the 

lowest temperatures and the largest fields. In fact, the 14-tesla C /T data display 

a low-temperature tail which is due in part to a nuclear hyperfine contribution 

Cn/T = NAµnH 2 /3kBT3 (e.g., see Ref. [147]). The combined hyperfine contribu

tion from 27 Al and 139 La at 0.4 K and H = 14 T is around 25 mJ /K2 mol (per total 

mole). None of the curves at lower fields show a similar upturn. The linear specific 
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and 14 T. 
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heat coefficient , was extracted from a linear fit to C /T vs T 2 below 1 K exc pt 

for the data at 14 T, where, was determined from the slope of CT2 vs T 3 below 

1 K. As illustrated in Fig. 6.36, , seems to saturate above H ~ 10 T. The error 

bars for , were calculated by taking into account the effect of both experimental 

and linear regression uncertainties. y 

The specific heat of Ce0 _3La0_7Ah, plotted as C /T vs T , is shown in Fig. 6.37. 

In this sample, the magnitude of the peak is strongly attenuated at H = 6 T and 

it completely disappears at larger fields. The temperature of the maximum Tm is 

reduced by about 0.2 K in a 6 T field, a relatively larger rate than for x = 0.2. A 

similar trend has been observed in the field dependence of the anomaly of pure 

CeA13 [68] , where , was found to increase slightly and the anomaly was found 

to disappear at fields of order 5 T. In contrast to the data for x = 0.2 C /T 

values at 0.4 K for this sample with a lower Tm are significantly reduced from 

about 2400 mJ /K2 Ce mol at H = 0 to almost 1000 mJ /K2 Ce mol at 14 T. The 

small rise in C /T values below 0.6 K for the 10 and 14 T data may be described in 

terms of a Schottky contribution from the 27 Al nuclei. The observed reduction of 

C(0.4K)/T with field points to a possible decrease of, in magnetic field. All C/T 

curves seem to cross above 1.5 K, suggesting that the entropy associated with the 

maximum shifts toward higher temperatures. Finally, a shallow maximum appears 

around 1 K for H = 10 T, and at 1.3 K for H = 14 T. A possible explanation for 

this feature will be provided in Chapter 7. 

6.5.2 Discussion 

The magnetic-field specific heat for x = 0.2 was analyzed in terms of the 

anisotropic Kondo model (AKM) for a single magnetic impurity. The data was 

compared to numerical results for the specific heat of the AKM. The model, 

previously introduced in Chapter 2, assumes an anisotropic exchange interaction 

JzSzSz + JJ_(Sxsx + Sysy) between the impurity spin S and the net conduction-
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electron spin s at the impurity site. The AKM has been proposed as a description 

for the thermodynamic properties of both Ce0_8 La0_2Al3 and CeAh. A strong de

pendence on field orientation in the magnetic susceptibility of some CeAh single 

crystals [76) suggests anisotropic behavior corresponding to lz >> J 1- > 0, with the 

magnetic z direction along the crystallographic c axis. Assuming that the cou

plings Jz and J 1- are dependent only on the values of a and c, the above scenario 

corresponds to c < a (c/a < 1; recall c/a = 0.705 for CeAh). 

The AKM is known to be equivalent to a number of other models in the 

limit of low energies. For more than a decade, a mapping [148) of the spin-boson 

model with Ohmic dissipation onto the AKM has been used [35, 36, 37) to deduce 

physical properties of dissipative two-level systems [34) from numerical calcula

tions originally performed for the AKM. These studies have shown that under 

certain conditions, the impurity contribution to the zero-field heat capacity of the 

AKM exhibits a peak in both C and C /T, resembling the anomalies described in 

Figs. 6.34 and 6.35. The temperature of the peak in C /Tis given by Tm = a* R/,, 

where R is the gas constant and a* is a function of (}olz (see Chapter 2). 

The value a* = ,T ml R = 0.13 for Ce0.8La0.2Ah in zero field is in agreement 

with the estimate of Ref. [15). It was calculated from the observed peak position 

Tm = 2.1 K and the linearly extrapolated , = 520 J /K2Ce mol. Both a* and Tm 

were used as inputs for a numerical renormalization-group calculation [149) of the 

specific heat of the AKM. Figure 6.38 shows the predicted behavior of C /T with 

applied magnetic field along the z axis, under the assumption that the impurity 

and the conduction electrons have g factors gi = 9e = 2 [149). 

The numerical data show three main trends with increasing field. First, the 

anomaly in C /T becomes broader and lower. Second, there is a marked shift of 

the maximum toward higher temperatures. Third, C /T decreases significantly at 

temperatures below the zero-field value of Tm. The effect in, is greater than that 
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Figure 6.38: Numerical solutions of C /T vs T for the anisotropic Kondo model in 
various magnetic fields H [149], with model parameters chosen so that a* = 0.130 
for H = 0 ( see text for details). 
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Table 6.6: Values of the specific heat coefficient , , the peak temperature Tm , and 
a* = ,Tm/ R (where R is the gas constant) for Ce0_8La0_2Ah in different magnetic 
fields H. 

H(T) , (mJ/K2 Cemol) Tm(K) a* 

0 520 ± 30 2.13 ± 0.05 0.133 ± 0.008 
5 640 ± 30 1.86 ± 0.05 0.143 ± 0.008 
10 690 ± 40 1.75 ± 0.05 0.145 ± 0.009 
14 700 ± 40 1.70 ± 0.05 0.143 ± 0.009 

in the peak position, so that a* ( H) = 1( H)T m ( H) / R decreases monotonically with 

increasing magnetic field, as shown in the legend of Fig. 6.38. 

It is important to keep in mind that these numerical results are applicable 

only to single-crystal Ce0_8 La0_2Ah, with a magnetic field along the c axis. The 

justification for comparing to the polycrystalline data assumes a basal-plane g 

factor 9i = 0 for the Ising-like, crystal-field ground state of Ce3+ in CeA13 [87]. 

The specific heat data for the polycrystal then constitutes a weighted average of 

single-crystal results over fields H ~ 0 [149]. 

Both the shift of Tm to higher temperatures and the decrease in low temper

ature C /T values are in stark contrast with experiment. The temperature Tm is 

weakly depressed in Ce0_8 Lao.2Ah, while C /T increase slightly below 1 K. Moreover, 

these two trends keep a* relatively constant up to a field of 14 T (see Table 6.6), 

which goes against the prediction of the AKM. 

The specific heat data of Ce0_3 Lao.7Ah also do not seem to follow the pre

dicted field dependence of C /T for the AKM. The suppression of the maximum in 

this sample towards lower temperatures from H = 0 to H = 6 Tis in disagreement 

with Fig. 6.38, and tends to rule out a description solely in terms of the AKM. On 

the other hand, there is a significant decrease in the electronic coefficient, a trend 

which is at least in qualitative agreement with the model. This behavior is quite 

different from that observed in Ce0.8 La0.2Ab. 
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The preceding comparisons question the reliability of the AKM as a 

sole description of Ce1_xLaxAh alloys in magnetic fields. The lack of a descrip

tion exclusively in terms of this model may be due to the neglect of magnetic 

correlations around the temperature of the maximum, as identified in recent µSR 

studies [15] . The presence of magnetic correlations could point towards long-range 

order of small moments, as seen in URu2Si2 [146] . This latter compound has an 

ordered moment µeff = 0.04 ± 0.01 µ 8 • In addition, the peak associated with its TN 

does not broaden in magnetic fields , and the Neel temperature TN follows a power

law field dependence, ITN(0) - TN(H)I ex Hv , where v = 2. Another explanat ion 

might be that the magnetic correlations are short-ranged, and therefore not easily 

detected by neutron diffraction. Nevertheless , the above results support a theoret

ical scenario based on small-moment magnetism instead of on the AKM. 

The extremely low rate of reduction of the temperature position of t he 

anomaly in the specific heat of Ce0_8 La0 _2Ah with field remains to be understood. 

The temperature Tm follows a field dependence with an exponent v < 1 (see 

Fig. 6.36), and the anomaly broadens significantly between 0 and 14 T , indicating 

a different behavior than the one expected for long range order of small moments 

in heavy fermions, according to studies on URu2Si2 . In addition, both TM and 

Tm are depressed in an applied field at a much lower rate than is the Neel tem

perature in antiferromagnetic, Ce-based heavy-fermion systems. For example, in 

CeCu5.2Ag0_8 , TN is reduced from 0.7 K to OK in a field of about 2.5 T [150]. On 

the other hand, magnetic fields have a stronger effect on both the magnitude and 

the temperature of the anomaly in Ce0_3 La0_7Ah than for x = 0.2. An estimate 

of the exact rate of change of Tm with field in this sample proved to be rather 

difficult, since its maximum broadens significantly between H = 0 and 6 T , and its 

temperature position is very close to the low temperature limit of the data. 
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Finally, values of C /T at the lowest measured temperatures (0.4 K) showed 

different behavior in Ce0_8La0_2Ah and Ce0_3La0_7Ah for the range of fields studied. 

These results suggest that the electronic coefficient I for x = 0.2 has a different field 

dependence than that for x = 0. 7. The magnetic field dependence of I in heavy

fermion antiferromagnets has not been thoroughly studied in the past. Both an 

increase and a decrease in field have been reported in different compounds. Of 

particular interest are systems which show an initial increase in I followed by a 

decrease at high fields ( e.g. CePb3 , see Chapter 7). Non-Fermi-liquid behavior 

has been observed in some alloys at fields corresponding to a maximum in this 

coefficient. 

The variation of I with applied field depends on the relative strength of the 

energy scales TK and TRKKY with respect to the Zeeman energy µH. Small values 

of I in antiferromagnetic heavy fermions are due to changes in the excitation 

spectrum with respect to the nonmagnetic Fermi liquid. The application of a 

magnetic field leads to both a suppression of antiferromagnetic order, which favors 

an increase in 1 , and a Zeeman splitting of the Kondo resonance, which favors a 

reduction of 1 . The relative magnitude of these two effects with respect to µH 

determines the observed trend in I vs H. In particular, if TK << TRKKY, as in 

Ce0_3La0_7Ah, the smaller Kondo temperature leads to a large decrease in field, 

enough to overwhelm the expected increase due to suppression of magnetic order. 

On the other hand, if TK,...., TN, as in Ce0_8La0_2Ah, the increase in I due to the 

suppression of magnetic order is larger than the decrease from the suppression of 

the Kondo effect at low fields, so that an initial increase, followed by a decrease of 

the electronic coefficient at high fields ( of order 20 T), is expected. 



CHAPTER 7 
MAGNETIC FIELD STUDY OF CePb3 ALLOYS 

The goal of this chapter is to address the subjects discussed in Chapter 4 

through the study of CePb3 alloys in magnetic fields. An investigation of the mag

netic state of CePb3 would help describe the role of magnetic order in the formation 

of the heavy-fermion state through the evolution of the Fermi-liquid parameters A 

and,. Also, specific heat measurements of nonmagnetic Ce0_6La0.4Pb3 would pro

vide insight into the single-ion properties in magnetic fields. The chapter starts 

with results on the specific heat of CePb3 in magnetic fields. The magnetic field 

dependence of the specific heat of Ce0_6La0.4Pb3 will then be compared to the pre

dictions of existing single-impurity models to further explore the feasibility of such 

a description on a concentrated system. 

7 .1 Specific Heat of CePb3 in Magnetic Fields 

The CePb3 polycrystal used for specific heat measurements was synthezised 

by arc-melting following the procedure described in Chapter 5. No additional sec

ondary phases were found by x-ray diffraction. Special care was taken to minimize 

exposure of the sample to air before x-ray diffraction measurements. Contact with 

oxygen in air causes Pb tends to segregate on the surface. This segregation has been 

detected from the formation of time-dependent diffraction peaks corresponding to 

the structure of Pb [151]. The calculated lattice parameter was a= 4.868±0.001 A, 

in agreement with previously published values [92]. Magnetic susceptibility and 

specific heat data in zero field were also consistent with previous results. 
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The specific heat data below 2 K in magnetic fields from 0 to 14 T are shown 

as C /T vs T in Fig. 7.1. The specific heat of LaPb3 , mostly due to the lattice, 

was not subtracted from the CePb3 data since its contribution is negligible over 

this temperature range. The antiferromagnetic peak is suppressed up to a field of 

6 T, with TN reduced from 1.1 K to around 0. 7 K. There is no clear sign of the 

transition for fields above 7 T. The rate of suppression of TN decreases significantly 

between 5 and 6 T, so the absence of a maximum for 7 T implies that it is strongly 

attenuated at these fields, rather than shifted towards lower temperatures. The 

field-induced transition, which is strongest in the (110) direction, [98, 100, 103] 

could not be detected on this polycrystal measurement. A broad shoulder above 

1 K was found on the 10 and 14 T data. It is apparently unrelated to the field

induced transition and shifts to higher temperatures with applied field. A similar 

structure was detected at 16.1 T by Fortune et al. [94]. A possible origin of this 

feature will be discussed at the end of the chapter. 

An H - T phase diagram can be constructed using the temperature of the 

maximum in C /T, as illustrated in Fig. 7.2. The corresponding temperature of 

the maximum in C vs T is slightly larger for H =I- 0, the difference between 

them increasing with field. Figure 7.2 also compares the phase diagram from spe

cific heat measurements with that obtained from the magnetoresistance along the 

(110) direction on a single crystal [100]. The dashed line represents the first-order 

transition between an incommensurate antiferromagnetic (AF) phase and the field

induced so-called 'spin-flop' (SF) phase. At higher fields, the field-induced phase 

gives way to a ferromagnetically-polarized paramagnetic (PM) phase at low tem

peratures. The error bars on the data points represent the estimated uncertainty in 

the determination of the temperature of the maxima at different fields, increasing 

with the width of the peak. As the figure illustrates, measurements on a poly

crystal differ from those taken along (110) since the former constitute an average 
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. Figure 7.1: Specific heat plotted as C /T vs T for CePb3 below 2 K in magnetic 
fields H = 0, 4, 5, 6, 7, 8, 10, and 14 T. 
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over all crystallographic directions. Since the field-induced transition is strongly 

detected only along (110) , its transition temperature could not be found on these 

measurements. 

The field dependence of the electronic specific heat coefficient , is shown in 

Fig. 7.3. Values of, were determined from a linear fit to C /T vs T 2 data below the 

maximum for H ~ 6T, and from the values of C/T at 0.4K for H > 7T. Above 

this field , C /T values do not vary appreciably below 0.8 K. The error bars were 

extracted from the propagation of both regression and experimental uncertainties. 

Data for 10 and 14 T both exhibit a small tail below 0.5 K. The temperature depen

dence of this feature can be described by the nuclear Schottky contribution from 

Pb, Cn/T ex y-3 . This contribution is still smaller than the uncertainty in the 

measurement at high fields ( rv 10%). The electronic coefficient initially increases 

with field , reaching a maximum of 1770 mJ /K2 mol at 6 T. The small decrease 

obtained for , at 1 T is within the uncertainty of the results. The maximum in , 

vs H coincides with the attenuation of the antiferromagnetic transition, as seen in 

Fig. 7.1. The coefficient then decreases for higher fields, with a value around 600 

mJ/K2 mol at 14 T. 

The trend followed by the field dependence of , is very similar to that of 

the square coefficient of the resistivity A in magnetic fields obtained from mag

netoresistance measurements along (110) [100]. As seen in Fig. 7.4, A follows an 

initial increase with applied field, reaching a maximum at 5 T instead of 6 T as 

in , vs H. This discrepancy might be due to differences between single-crystal 

and polycrystalline measurements. The obtained specific heat coefficients repre

sent averages over all crystallographic directions. As the field is rotated 10° away 

from (110), the maximum in A becomes less pronounced and its field position 

slightly increases, consistent with an attenuation of the AF-SF transition. There 

is also a small maximum in A vs H observed at 10 T. A similar maximum could 
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not be deduced from the determination of I at different fields. The two maxima in 

the field dependence of the A coefficient coincide with the AF-SF (5 T) and SF-PM 

(10 T) phase transitions detected in the magnetoresistance curves below 150 mK. 

The preceding discussion assumes that the increase in A with field is due to 

the proximity to a spin-flop transition. In fact, the sharpness of the maximum in A 

vs H along (110) is consistent with the appearance of a phase transition. However, 

a field-induced spin-flop phase has not yet been confirmed by neutron scattering 

experiments. The maximum in I vs H can also be related to the competition 

between relevant energy scales in heavy-fermion antiferromagnets (see Chapter 6, 

section 6.5.2). At small fields compared to TK , the antiferromagnetic and Kondo 

entropies redistribute in such a way to enhance the values of 1 . At higher fields, 

the antiferromagnetic state is suppressed, and the electronic coefficient decreases 

due to Zeeman splitting of the Kondo resonance. 

The A coefficients obtained from magnetoresistance data along (110) were 

used to obtain the field dependence of the ratio A/1
2

. A plot of A/1
2 vs His shown 

in Fig. 7.5. The dotted line corresponds to the average value for heavy-fermion 

systems obtained by Kadowaki and Woods [101], A/1
2 =1 x10-5 f2cmK2 mo12/J2

. 

This value has been postulated as a universal value for nonmagnetic heavy-fermion 

materials. The figure reveals that A/1
2 is nearly constant for fields H > 6 T , 

and that these values are only slightly higher than the Kadowaki-Woods ratio. 

A similar result was obtained for CeCu5_9Au0_1 [114] . This alloy exhibits non

Fermi-liquid behavior in zero field, but for H =/= 0 the ratio A/1
2 is constant 

and close to the postulated universal value. Figure 7.5 also shows a significant 

increase of A/ 1 2 in the antiferromagnetic state ( H < 6 T) , with a value around 

4.6 X 10-5 n cm K2 mol2 / J2 at 1 T. 

The enhancement of A/ 1
2 in CePb3 for H < 6 T is comparable to values 

reported for systems in which heavy electrons coexist with magnetic order (see 
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Figure 7.5: Magnetic field dependence of A/,2
. Values of A were extracted from 

previous magnetoresistance studies [100]. 
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Table 7.1: Values of Aj,-y2 for several magnetically ordered 4f heavy-fermion com
pounds (TN of order 1 K). 

Compound 

CeA12 
CeAuAh 
CePd2In 
YbPdBi 

5 X 10-5 [153] 
10 X 10-5 [154] 
3 X 10-5 [155] 

30 X 10-5 [156] 

Table 7.1). A model based on antiferromagnetic spin fluctuations [152] predicts 

a constant A/,2 ratio except in the vicinity of a magnetic instability (TN = 0) , 

where it diverges. Magnetic correlations clearly have a strong effect on this ratio. 

It is important to point out that if the zero-field , were to be calculated from the 

Kondo temperature T K = 3.3 K [96] (, = 1700 mJ /K2 mol) , as proposed by current 

models [108], the corresponding A/,2 ratio for H = 0 would not be consistent with 

experiment (A/,2 = 1.6 x 10-5 n cm K2 mol2 / J2), but would be close to the postu

lated value by Kadowaki and Woods. From this comparison, it can be concluded 

that the electronic specific heat coefficient exhibits a larger field dependence in the 

antiferromagnetic phase ( H :::; 6 T) than the A coefficient of the resistivity. As a 

consequence, the proportionality relations between , and T K and between A and 

, 2 fail to apply in this region. 

Finally, no field-induced non-Fermi liquid properties were observed in the 

specific heat of polycrystalline CePb3 . N on-F~rmi-liquid effects triggered by the 

suppression of TN towards zero have been reported, for example, in CeCu4_8Ag1.2 

at 3 T [157]. Theoretical models based on quantum phase transitions attribute 

non-Fermi liquid behavior to critical fluctuations corresponding to TN ~ 0 [12]. 

Thermodynamic signatures of magnetic order in the specific heat disappear long 

before TN reaches zero under the influence of an external field , so that the system 

may not reach the quantum critical point. 
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7.2 Single-Ion Kondo Behavior of Ce0.6La0.4 Pb3 in Magnetic Fields 

A previous study on Ce1_xLaxPb3 (96] demonstrated that the thermodynamic 

and transport properties of this system show single-impurity scaling in zero applied 

magnetic field , with a Kondo temperature TK = 3.3 K. This is a unique behavior 

among concentrated Kondo systems. In the search for understanding the Kondo 

effect in Ce-based heavy-fermion systems, it would be useful to study the specific 

heat of a nonmagnetic analog to CePb3 , Ce0.6 La0.4Pb3 , in order to compare to the 

numerical solutions for the S = ½ Kondo model in magnetic field, as well as to 

describe the behavior of the electronic specific heat coefficient with applied field. 

Data for the field dependence of the electronic specific heat and the coefficient 1 

for this alloy will be presented in this section. 

7.2.1 Results 

The specific heat was measured between 0.4 and 10 K in magnetic fields 

up to 14 T. The electronic contribution was obtained using the following proce

dure: A cubic (lattice) term was obtained by using the zero-field specific heat 

data of Ce0_6La0.4Pb3 from Lin et al. [96], and subtracting their electronic contri

bution from the total specific heat. The resulting coefficient is equal to 5.24 ± 

0.03 mJ /K4 mol. This cubic function was then subtracted from the measured spe

cific heat, and the difference was divided by the Ce concentration. 

· The electronic specific heat ~ C of Ce0.6La0.4Pb3 at fields between 0 and 

14 T is illustrated in Fig. 7.6. Numerical renormalization group (NRG) solutions 

for different ratios of giµsH/ksTK (provided by K. Ingersent, to be published) are 

also shown for comparison. The parameter 9i corresponds to the g-factor of the 

impurity, and was chosen to be equal to one. The error bars take into account 

the uncertainty in the measurement , as well as a temperature-dependent term due 

to the subtraction of the large lattice contribution. Around 10 K, the electronic 

specific heat is "' 10% of the sample specific heat , hence the large error at this 
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Figure 7.6: Single-ion specific heat ~C vs T of Ce0_6 La0.4Pb3 for H = 0, 5, 8, 
10, and 14 T. The lines correspond to NRG solutions of the S = ½ Kondo model 
for various ratios giµ8 H/k8 TK (R. Pietri , K. Ingersent, and B. Andraka, to be 
published). The estimated Kondo temperature at all fields is TK = 2.3 K. The 
error bars represent the propagated uncertainties including experimental errors 
and the error from the subtraction of the lattice term (see text for details). 
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temperature. The zero-field data are somewhat different from those of Lin et al. 

The maximum in 6-C is about 6% lower than in the previous study. Also, the zero

field data are described by the S = ½ Kondo specific heat curve wit h TK = 2.3 K, 

instead of the previously obtained value of 3.3 K [96] . 

The low-temperature specific heat is suppressed in a magnetic field, as seen in 

Fig. 7.6. The maximum becomes larger and narrower , and its position shifts t oward 

higher temperatures. Assuming that the Kondo temperature TK = 2.3 K, and the 

impurity g-factor 9i = 1, the numerical solutions for giµaH/kaTK = 1.7, 2.7, 3.4, 

and 4.4 correspond to magnetic fields H = 5.8, 9.3, 11 .7, and 15.1 T , respectively. 

These curves resemble the temperature dependence of the experimental data at 

H = 5, 8, 10, and 14T. 

The specific heat was also plotted as 6-C/T between 0.4 and l0K (Fig. 7.7) 

in order to extract a value of the electronic coefficient 1 at each field. This quantity 

shows a significant discrepancy between the data and the available NRG solutions 

at the lowest temperatures. The adjustment of parameters like giµaH and T K 

could lead to a better agreement between theory and experiment. The closest 

matches found between the NRG solution and the data were for H = 0 and at 

14T using the curve for giµaH/kaTK = 4.4. 

The experimental results show a significant decrease of low-temperature val

ues of 6-C /T, pointing to an expected decrease of 1 with field. But the most 

striking result is the appearance of broad maxima for fields larger than 5 T . These 

anomalies become more distinct with increasing magnetic field . The temperature 

position of each maximum Tm shifts toward higher temperatures between 5 and 

14 T . Also within the same field range, the decrease in 6-C /T values below Tm at 

each field is accompanied by an increase in such values above this t emperature up 

to 10 K. 
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Figure 7.7: Single-ion specific heat , plotted as ~C/T vs T , of Ce0_6Lac>.4Pb3 for 
H = 0, 5, 8, 10, and 14 T. The lines correspond to NRG solutions of the-S = 
½ Kondo model for various ratios giµsH / k8 T K (R. Pietri, K. Ingersent , and B. 
Andraka, to be published). The estimated Kondo temperature is TK = 2.3 K. 
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In order to rule out the possibility that the maxima in ~ C /T might be due to 

extraneous phases, the specific heat was also measured on a second Ce0 _6 La0 _4Pb3 

sample from a different batch, as well as on a Ce0_55La0.45Pb3 sample. Plots of 

~C /T vs T at all of the above fields confirmed the presence of anomalies for both 

La x = 0.4 and x = 0.45. Both the magnitude and the temperature position of 

these maxima at each field did not vary appreciably between the three samples 

studied. 

A more likely explanation is that the maxima are an intrinsic feature of 

the electronic specific heat. A comparison of the data with NRG solutions for 

~C/T at various ratios giµaH/kaTK led to the conclusion that the maxima seem 

to be a previously unidentified characteristic of the S = ½ Kondo specific heat in 

magnetic fields. As revealed in Fig. 7. 7, the data are in qualitative agreement with 

the numerical solutions, which show maxima at similar temperatures. The NRG 

solutions also show a similar decrease in low-temperature values of ~C /T. 

7.2.2 Discussion 

In a Kondo-impurity system, the zero-field ~C /T increases monotonically 

with decreasing temperature. However, at significantly larger fields , the appear

ance of a maximum in this quantity is expected based on the following argument. 

It is well known that in the limit µH >> k8 T K, where µ is the magnetic moment in 

the direction of H, the Kondo effect is suppressed and the single-ion specific heat 

takes the shape of the free-spin Schottky anomaly due to the Zeeman splitting 

of the lowest-lying crystal-field level. The Schottky specific heat for a two-level 

system has the following form [158]: 

C -R(j__) 2

go exp(5/T) 
Sch - T 91 [1 + (go/ 91) exp( 5 /T) ]2 ' 

(7.1) 

where R is the gas constant, 5 is the energy separation between the two levels in 

degrees Kelvin (5 = 2µH/k 0 ) , and g0 and g1 are the degeneracies of the lowest and 
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Table 7.2: Values of the specific heat coefficient , = i:l.C(T ~ 0.4 K)/T, and the 
temperatures of the maxima in i:l.C and i:l.C/T (TM and Tm , respectively) for 
Ce0.6La0.4Pb3 in different magnetic fields H; also shown are TM and Tm values 
for NRG solutions at different ratios giµsH/ksTK (R. Pietri, K. Ingersent , and B. 
Andraka, to be published). 

H(T) ,(mJ/K2 Cemol) TM(K) 
0 
5 
8 

10 
14 

2290 ± 180 
1740 ± 120 
1150 ± 70 
850 ± 50 
560 ± 50 

1.6 ± 0.1 
1.9 ± 0.1 0.50 ± 0.03 
2.5 ± 0.2 0.84 ± 0.03 
3.0 ± 0.2 1.06 ± 0.10 
4.2 ± 0.2 1.65 ± 0.10 

0 
1.7 
2.7 
3.4 
4.4 

1.56 
1.98 
2.55 
2.99 
3.68 

0.30 ± 0.05 
0.80 ± 0.03 
1.18 ± 0.03 
1.76 ± 0.04 

highest levels, respectively. For the r 7 doublet in Ce3+, g0 / g1 = l. The Schottky 

specific heat Csch has a peak at a temperature TM proportional to the splitting 8. 

The quantity Csch/T also has a peak at a temperature Tm <TM. Therefore, for a 

Kondo impurity, a maximum in i:l.C /T should develop at sufficiently large fields. 

The temperatures of the maxima in i:l.C and i:l.C /T vs T (TM and Tm, 

respectively) for Ce0.6La0.4Pb3 were compared to the corresponding temperatures 

for the NRG solutions. Values for these temperatures at different fields H and 

ratios giµ 8 H/ksTK are shown in Table 7.2. The temperatures Tm were found to 

be lower than TM in both numerical and experimental results. Also, the NRG 

calculations suggest that the maxima in i:l.C /T appear above a certain field value, 

as in the experimental data. 

The electronic specific heat coefficient , was defined as the value of i:l.C /T at 

the lowest temperature measured ("' 0.4 K). The coefficients ,( H) of Ceo.6Lao.4Pb3 

are shown in Fig. 7.8 and Table 7.2. A continuous decrease (75%) is observed 

between H = 0 and H = 14 T. The error bars include contributions from mea

surement uncertainties. The observed decrease of ,(H) in heavy-fermion systems 

has been previously described in terms of a broadening of the Kondo resonance 

in magnetic fields [159]. In this phenomenological model, the width of the Kondo 

resonance f(O) is affected by magnetic fields as follows: 
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Figure 7.8: Electronic specific heat coefficient, vs H for Ce0.6L3.o.4Pb3 . Error bars 
account for experimental uncertaint ies. The fit to t he data corresponds to Eq. 7.4 
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r(H) 2 = r(o) 2 + µ 2 H 2
, (7.2) 

where f(O) ex TK ex 1/,(0) , and the magnetic moment of the impurity µ = µz = 

giµ 8 s , with s = 1/2. Therefore, 

,(H) = ,(0) ' 
J1 + (µH/ksTK) 2 

(7.3) 

with 1(0) being the electronic coefficient in zero field. This description is based on 

the field dependence of the electronic specific heat of the resonant level model by 

Schotte and Schotte [160). Even though this model agrees with the exact solutions 

of the S = ½ Kondo model in zero field (Bethe Ansatz , NRG) [161], there are 

significant discrepancies between the magnetic field solutions of the resonant level 

model and the S = ½ Kondo model. 

The extrapolated values of, from NRG solutions follow a somewhat different 

magnetic field dependence ( courtesy of K. Ingersent , to be published): 

(H) = ,(O) 
' 1 + (µH/ksTK) 2

. 
(7.4) 

A fit to the data is shown in Fig. 7.8. 

The ordered moment for the crystal-field r 7 doublet ground state of CePb3 

is equal to 0.71 µ 8 [106). This moment corresponds to a g-factor gi = 1
; [162). 

Remarkably, the field dependence of the maximum in the specific heat and its 

temperature position seem to be described fairly well by the NRG solutions with 

ratios giµ 8 H/ksTK using an impurity g-factor gi = l. The NRG curves in Figs. 7.6 

and 7.7 correspond to a momentµ= giµ 8 s = 0.5 µ 8 , somewhat smaller than the 

expected value of 0. 71 µ 8 • The generation of numerical solutions using gi = 1
; 

and values of H closer to the experimental values may lead to better agreement 

between the model and the specific heat data. 

Another estimate for µ can be extracted from a fit of Eq. 7.4 to the data 

on Fig. 7.8. Using a value of TK = 2.3 K and the electronic coefficient ,(0) = 

2460 mJ /K2 Ce mol, extrapolated from the zero-field NRG solution, the best fit 
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gives µ = 0.46 ± 0.02 µ 8 , a smaller , but comparable value to that obtained from 

the NRG solutions. The discrepancy between the expected moment and the value 

obtained from the fit might be due to two factors. First , the uncertainty in t he 

measurement of , = ~C(0.4 K)/T. Second, the smaller value of µ indicates a 

weaker field dependence of,, especially at high fields , which may be due to the 

neglect of the contribution to the specific heat from the lowest Zeeman-split level 

of the excited r 8 crystal-field state. 

The present study confirmed that the specific heat of Ce0_6 La0.4Pb3 follows 

the field dependence predicted by the S = ½ Kondo model [26, 30] , with its maxi

mum shifting toward higher temperatures and its magnitude approaching that of a 

free-spin Schottky anomaly at high fields. This is the first direct evidence of Kondo 

behavior in the specific heat of a concentrated system in magnetic fields. Similar 

studies have been conducted in dilute systems, like CexLa1_xAh [163] (S = ½) and 

CexLa1_xB6 [162] (S = ~). The agreement of the present data with the theory is 

comparable to that of previous studies. 

This study also revealed that the weak maxima observed in ~C /T for H 2 5 T 

may be due to single impurity effects rather than to some exotic cooperative phe

nomena. The maxima can also be observed in the low-temperature C /T data of 

CePb3 at 10 and 14 T (see Fig. 7.1), and in previous measurements at 16 and 

20 T [94]. These features are also evident in C /T data of Ce0_3 La0_7Ah at 10 and 

14 T (Fig. 6.37, Chapter 6). The appearance of a maximum in ~C /Tat large fields 

suggests a careful reevaluation of field-induced transitions reported in other heavy

fermion systems, in particular the so-called B-phase of CeCu2 Si2 [164, 165, 166]. 

This compound exhibits a line of transitions above 7 T between the paramag

netic region and the unidentified B-phase [165]. The transitions are character

ized by weak maxima in C /T [164, 166] that shift toward higher temperatures 

with increasing magnetic field. 



CHAPTER 8 
CONCLUSION 

This chapter summarizes the results of thermodynamic measurements on 

CeAh-based and CePb3-based alloys as a function of doping concentration, tem

perature, and magnetic field, and discusses possible interpretations of the data. 

New ideas for experiments on each compound are then addressed in order to stim

ulate further the ongoing interest in both CeAh and CePb3 . 

8.1 Summary 

The determination of the lattice parameters a, c, V, and c/a from x-ray 

diffraction studies of Ce1_xMxAh alloys (M=La, Y) helped establish the nature 

of the chemical pressure effect induced by Y doping (x :S 0.5) and La doping 

(0 :S x < 1), in agreement with previous studies [71, 89]. Substitution of La on 

the Ce sites expands, while Y contracts the _hexagonal lattice. For both Y and La 

substitutions, the c parameter is less affected than a, especially with La, so that 

most of the volume change occurs in the a-b plane. 

A temperature-concentration phase diagram, depicting TK and Tm, was con

structed for Ce1_xLaxAh. Specific heat and magnetic susceptibility measurements 

as a function of La doping are consistent with a Kondo necklace picture [42, 43], 

assuming that the maxima in the specific heat and in C /T are associated with 

a magnetic phase transition. The temperature location of the transition, whose 

precursor exists in the pure compound, has a nonmonotonic concentration depen

dence. A maximum in the concentration dependence of the temperature Tm is 

observed at x ~ 0.3. This maximum is not only suppressed by changes in the cou-
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pling J , but also by a reduction in the overall concentration of magnetic impurities 

( dilution effect). The Kondo temperature, extracted from the magnetic entropy 

above Tm , decreases with La concentration. These changes are consistent with a 

continuous decrease of the coupling J between the 4f moment and the conduction 

electrons. A decrease in J is in turn related to an expansion of the unit-cell volume 

and therefore of the average distance between Ce and Al atoms. 

The specific heat and lattice parameters of Ce1_x YxA13 were compared to 

those of CeAh as a function of pressure. Substitution of Y led to more anisotropic 

changes in a and c, while hydrostatic pressure caused a stronger reduction in both 

c and the size of the anomaly in C /T. These results imply that the character

istic energy of magnetic interactions TRKKY is more sensitive to the hybridizat ion 

between hexagonal planes than that in the a-b plane. A similar interpretation 

was also suggested by alloying and pressure studies on hexagonal Kondo lattices 

CePd2Ah and CeCu5 . In addition, the lack of a reduction of Tm with Y doping 

up to x = 0.2 is consistent with a previous study [61] attributing the develop

ment of the anomaly at this temperature to an angular dependence of the !-ligand 

hybridization, related to the absolute-value change in c/ a. 

The lattice parameters of the alloy Ce0.8 (Lao.6 Y o.4) 0.2Ah are identical to those 

of CeAh within uncertainty. This similarity allowed for a study of thermodynamic 

properties on a CeAh-like system with a net reduction in the overall number of Ce 

moments (increase in Rce-ce) , yet assuming an average hybridization equivalent to 

that of the undoped compound. Specific heat measurements on the above alloy did 

not show an anomaly in C /T down to 0.4 K. Alloying on the Ce sites using bot h 

Y and La dopants was found to drive the transition temperature to below 0.4 K by 

increasing the distance between Ce atoms, therefore reducing T RKKY · This result is 

an indication that the concentration of impurities and their intersite interactions 

are also important for the development of this maximum. 
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Both C /T (between at least 0.38 and 1.7 K) and x vs T for Ce0.8 (La0_6 Y0.4)0.2Ah 

follow a power law at low temperatures , with an exponent that can be related to a 

model based on a Griffiths phase [58, 59). This model provides a common physical 

description for the non-Fermi-liquid effects seen in many heavy-fermion systems, 

like UCu4Pd [144] and Th1_x UxPd2Ah [145). In this respect, the alloying proce

dure described above represents a novel method of tuning antiferromagnetic Kondo 

lattices through their quantum critical point. Measurements of x vs T and C /T 

vs T in Ce0.8 (La0.6 Y 0.4) 0.2Ah and similar alloys at lower temperatures are needed 

in order to verify the above temperature dependence over more than one decade. 

Results for the specific heat of La-doped alloys in magnetic fields revealed 

considerable discrepancies between trends of the data and the predictions of the 

anisotropic Kondo model [36, 37). The temperature Tm of the anomaly in the alloy 

Ce0.8La0.2Ah decreased slowly, and the electronic coefficient I increased slightly 

with applied field, while the model predicts a large decrease in I and a shift of 

Tm toward higher temperatures [37, 149). The increase in I with field in this 

alloy is consistent with the suppression of magnetic order. Thus, a single-impurity 

anisotropic Kondo description cannot be applied to Ce1_xLaxAh alloys. 

The specific heat measurements on polycrystalline CePb3 in magnetic fields 

up to 14 T were motivated by the unusual behavior of the field dependence of 

the A coefficient in the resistivity found for a single crystal [100]. The electronic 

coefficient I has a maximum around 6 T, and its field dependence is similar to 

that of A. The ratio A/1
2

, postulated as a universal value for heavy-fermion 

sytems, is approximately constant in the paramagnetic state ( H > 6 T), while it is 

enhanced and field-dependent in the magnetic regime ( H < 6 T). This is the first 

comprehensive study of this ratio on a heavy-fermion system as a function of a wide 

range of magnetic fields. The behavior of A/ 1 2 in the paramagnetic and magnetic 
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regions seem to be in agreement with previous data on magnetic Ce-based heavy 

fermions . 

Specific heat data of the heavy-fermion alloy Ce0.6 La0.4Pb3 in magnetic fields 

up to 14 T showed that the electronic specific heat can be described in t erms of the 

S = ½ Kondo model in magnetic fields [30], with a Kondo temperature TK = 2.3 K. 

This result complements previous zero-field studies [96] which support a single

ion description for Ce1_xLaxPb3 alloys. In fact , the current specific heat study 

in magnetic fields provides further evidence that the mechanism responsible for 

heavy-fermion behavior is particularly of a single-impurity Kondo nature. 

This study also led to the discovery of previously unknown magnetic-field 

induced anomalies in C /T below 2 K for Ce0.6La0.4Pb3 . A direct comparison of 

~C /T results with NRG solutions indicate that the anomalies appear to be an 

intrinsic feature of the theoretical solutions for the S = ½ Kondo model. Moreover , 

a comparison of the data to C/T data for CePb3 and Ce0.3La0.7Ah (Figs. 7.1 and 

6.37, respectively) at H = 10 T and 14 T revealed that the anomalies are also 

present in other Ce heavy-fermion compounds. 

8.1.1 Ideas for Future Work 

Without a doubt, there is still a great deal of experimental work to be done 

on CeAh and its related alloys. Although the nature of the anomaly in CeAh could 

be attributed to magnetic correlations, the physical circumstances that lead to its 

formation are still elusive. In order to investigate further the magnetic character 

of the anomaly in CeAh, an extensive µSR study of Ce1_xLaxAh alloys would be 

desirable. Muon spin relaxation measurements probe the local magnetic structure 

and are able to detect local magnetic fields at different interstitial sites, which 

would better help determine the effective moment of Ce atoms in these alloys. 

Future measurements in the millikelvin range would aid in the determinat ion of 

Ce local moments at low temperatures. 
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It is of utmost importance to develop proper techniques to synthesize high

quality single crystals of CeAb that are large enough for measurements to be 

performed with reasonable accuracy. The orientational dependence of thermo

dynamic and transport properties is currently a topic of interest in the study of 

Ce-based Kondo lattices (e.g., CeCu5 [141] and CePd2Ab [139]). In addition, uni

axial pressure studies on single crystals of CeAb are essential to understand its 

magnetic behavior. At the present time, the synthesis of single crystals of CeAb 

is an arduous task, but a necessary one for a compound that appears to have a 

strong anisotropy in its physical properties. 

Single crystals are also essential to understand the directional dependence 

of physical properties in CePb3 . A field-induced spin flop transition along (110) 

has been inferred in CePb3 from features in the magnetoresistance, magnetic sus

ceptibility, and the elastic constants, but its nature has not yet been determined. 

Neutron diffraction measurements on single crystals in magnetic field could help 

determine the magnetic structure and the effective moment of this field-induced 

phase. Specific heat measurements along (10 0) and (110) at millikelvin tempera

tures and magnetic fields up to 15 T would be useful in understanding the orienta

tional and temperature dependences of this phase. These experiments would also 

help search for signatures of field-induced non-Fermi-liquid behavior, suggested 

by magnetoresistance measurements along (110). Finally, an analysis of the field 

dependence of the magnetization in Ce0_6Lao.4Pb3 may be used to verify the agree

ment of the data with the predictions of the S = ½ Kondo model. 
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