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ABSTRACT OF DISSERTATION 

HEAVY FERM ION BEHAVIOR IN SELECTED CE-BASED COMPOUNDS: 

MAGNETISM AND SUPERCONDUCTIVITY

CeRhIri5 is a member of the recently discovered series of heavy fermion super­

conductors CeMIns (M =  Co, Rh, Ir). Initial investigations showed th a t CeRhlns 

undergoes an antiferromagnetic transition at 3.8 K, but th a t application of pres­

sure induces a superconducting state with the unusually high T c of 2.1 K. W ith the 

discovery th a t the other members of the CeMIn5 family were ambient pressure super­

conductors it became apparent th a t this series offered an exceptional opportunity to 

explore systemically the unconventional magnetic and superconducting heavy fermion 

ground states.

The objective of this dissertation is to explore in further detail the nature and 

relation of the heavy fermion magnetic and superconducting ground states in CeMIn5 

with particular emphasis on the properties of antiferromagnetic CeRhIn5. Information 

about these systems will be extracted using two techniques: (1 ) measurements of the 

electrical resistivity of single crystals in applied magnetic fields to  18 T; and (2) 

measurements of inelastic neutron scattering response of powdered single crystals.

M agnetotransport studies reveal a high tem perature regime characteristic of single 

impurity Kondo interactions and a low tem perature regime characteristic of a Kondo 

lattice. Moreover, the anisotropic behavior of the resistivity of CeRhlns as well as 

experimental and theoretical investigations of other workers indicate th a t crystalline 

electric fields strongly influence the properties of the CeMIn5 family. To further 

elucidate the role of crystalline electric field effects in the CeMIn5 series we have 

determined the energy level splittings and wave functions of CeRhIn5 w ith inelastic 

neutron scattering. Using these results, along w ith estimations of the contribution 

due to the Kondo effect and magnetic interactions, reasonable fits are obtained to 

the measured magnetic susceptibility and specific heat. Moreover, we show th a t our 

proposal of the crystal field level splitting in CeRhIn5 can account for the magnitude 

of the ordered moment observed by neutron diffraction, while those of previous work
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cannot. Taken together these studies indicate th a t any detailed understanding of the 

properties of these materials must account for interactions due to  the Kondo effect 

and magnetic interactions, as well as crystalline electric field effects.

Andrew D. Christianson 

Physics Departm ent 

Colorado State University 

Fort Collins, CO 80523 

Spring 2003
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Chapter 1 

Introduction

The purpose of this dissertation is to  contribute to  the understanding of the properties 

of heavy fermion systems. We have chosen to focus on understanding aspects of the 

properties of a new series of heavy fermion superconductors, namely CeMIn5 (M 

=  Co, Rh, Ir). This series is subset of a larger series of heavy fermion materials 

based upon Celn3. The similarities and peculiarities of each member within the 

CeMIn5 series and the close relationship to  a number of other heavy fermion systems 

offer the opportunity for systematic comparisons th a t were previously possible in 

only limited cases. We have elected to take advantage of this unique opportunity 

through experimental investigations employing two probes: m agnetotransport and 

inelastic neutron scattering. A central theme in both types of experiments will be the 

influence of the Kondo effect, the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange 

interaction, and crystal field effects upon the physical properties of CeMIn5. In the 

following introductory section, we briefly review relevant aspects of the field of heavy 

fermion physics and outline the contributions of this dissertation; following that, 

we introduce im portant theoretical concepts. The final section contains information 

relating to the specific properties of the CeMIns family.

1
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2

1.1 G eneral O verview

The unique physics occurring in strongly correlated electron systems has sparked 

intense interest within the condensed m atter physics community. S tated simply, a 

strongly correlated electron system is one in which the interactions between electrons 

may not be neglected. Like many of the problems at the frontiers of modern physics, 

the properties of strongly correlated electron systems are intim ately related to the 

many body physics present. Strongly correlated electron behavior is found to  lead 

to a large number of diverse physical phenomena: from the superconductivity found 

in molecular conductors and the high T c cuprates, to the colossal magnetoresistance 

found in the manganites, to the Kondo physics and the exotic magnetic and super­

conducting ground states in the mixed valence and heavy fermion materials, etc. This 

dissertation will address aspects of the strongly correlated electron behavior present 

in heavy fermion materials. W hat follows, is a brief summary of the status of the 

field of heavy fermion physics as well as a description of the problems and discussions 

to which this dissertation seeks to contribute.

In 1975 experimental investigations of the specific heat and resistivity in CeAl3 

revealed interesting behavior at low tem perature. As anticipated for a metal at low 

tem perature, the specific heat displayed a region linear in tem perature while the 

electrical resistivity followed a T 2 behavior [7]. Remarkably, the coefficients of the 

linear term  in the specific heat and of the T 2 in the resistivity were enormous when 

compared to  those observed in other metallic systems. At th a t time, the large en­

hancement of the low tem perature coefficients was considered unusual, but did not 

stimulate great interest within the condensed m atter physics community. However, 

in 1979, the discovery th a t CeCu2Si2 is superconducting at 0.5 K [8 ] launched the
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3

field of heavy fermion physics. The importance of this discovery lies in the identi­

fication of the charge carriers participating in the superconductivity as the same as 

those responsible for the huge linear term  in the specific heat. This follows from 

the interpretation of the large linear term  in the specific heat being due to  heavy 

fermions (large effective mass charge carrier quasiparticles)and the jum p in the in the 

specific heat a t the superconducting transition being proportional to the linear term  

in the specific heat and the superconducting transition tem perature. Notably, the 

conventional wisdom was th a t in a m aterial such as CeCu2Si2 the strong magnetic 

interactions thought to  be present would preclude the formation of a superconducting 

state. This was an early indication th a t the mechanism responsible for heavy fermion 

superconductivity was magnetic in origin rather than  being due to  electron phonon 

coupling.

Subsequently, an intense search began for other materials which displayed super­

conductivity coupled with a large enhancement of the specific heat (the so called 

heavy fermion superconductors). The next examples of heavy fermion superconduc­

tivity were UBei3 [9] and U P t3 [10]. Both materials were found to  be superconducting 

at tem peratures similar to  th a t of CeCu2Si2 w ith transition tem peratures of 0.85 K 

and 0.54 respectively. One im portant similarity among these three materials is th a t all 

appeared to  have localized f-electrons which were expected to  exhibit strong magnetic 

interactions.

While magnetic interactions were thought to be strong in both  CeCu2Si2 and 

UBei3 , U P t3 not only exhibits strong magnetic interactions [10], bu t antiferromag­

netic order at 5 K [11] as well. Neutron scattering investigations of U P t3 [11] found 

th a t the magnetic state  ceases to evolve at the onset of superconductivity. This result
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4

establishes a close relationship between magnetism and superconductivity in U P t3. 

Another heavy fermion system which exhibits both magnetism and superconductivity 

is URu2Si2 [12]. URu2Si2 bears some similarity to  U P t3 in th a t the magnetic tran ­

sition occurs a t higher tem perature than  the superconducting transition. However, 

the situation appears to  be somewhat more complex in URu2Si2 as the magnetism 

appears to  be coupled to  some other undiscovered hidden order [13].

Further evidence for the need to consider the magnetic interactions in heavy 

fermion systems is given by examining heavy fermion behavior under the influence 

of applied magnetic fields. A prime example of this is the metam agnetic transi­

tions found in a number of heavy fermion systems including: CeRu2Si2 [14, 15], 

URu2Si2 [16], and U P t3 [17]. In particular, the observation of a metamagnetic tran ­

sition in U P t3 reinforces the notion th a t magnetic interactions play a crucial role. 

While not all heavy fermion materials appear to  exhibit a metam agnetic transition 

(e.g., UBei3 [18]), the field-induced evolution of the properties of heavy fermion sys­

tems provide im portant information on the type of ground states present.

Another im portant class of superconductors where magnetic interactions are thought 

to be im portant are the so-called high T c superconductors. These m aterials are par­

ticularly interesting because of the high superconducting transition tem peratures ob­

served (e.g., YBa2Cu30 7  w ith a T c =  90 K [19, 20]). As in heavy fermion materials, 

magnetic interactions are im portant to the properties of high T c materials [21]. This 

fact has lead to a number of theoretical attem pts to describe the pairing mecha­

nism as being m ediated by magnetic fluctuations in both heavy fermion and high 

T c materials. [22, 23, 24] Another similarity between the high T c and heavy fermion 

systems is the linear tem perature dependence of the electrical resistivity above the
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5

superconducting transition(e.g., [25] and [2]). The high transition tem peratures ob­

served in the high T c materials as opposed to the much lower transition tem peratures 

observed in the heavy fermion systems may be due, in part, to  the higher degree 

of anisotropy/lower dimensionality observed in the high T c materials [26]. In fact, 

theoretical predictions indicate the superiority of 2-dimensional over 3-dimensional 

fluctuations in enhancement of T c [27]. The effect of anisotropy/dim ensionality has 

not yet been fully explored in heavy fermion systems.

The unique physics present in heavy fermion superconductors, coupled with pos­

sible carryover toward understanding the high T c materials, is motivation to  examine 

additional examples of heavy fermion superconductivity. The im portance of magnetic 

interactions in heavy fermion superconductors suggests examining the relationship of 

magnetism with heavy fermion superconductors. Further im petus arises from the 

fact th a t sample quality is an im portant issue [8 , 28, 29] for many heavy fermion 

superconducting materials. However, finding new examples of heavy fermion super­

conductivity has proven extremely difficult. Until recently, the only Ce-based heavy 

fermion superconductor at ambient pressure was CeCu2Si2- Even among U-based 

compounds where there are several more examples, the choices are limited.

One avenue for pursuing heavy fermion superconductivity in Ce-based systems has 

been to induce superconductivity with the application of pressure. Several examples 

have been found, including CeCu2Ge2 [30], CeRh2Si2 [31], CePd2Si2 [2], and Celn3 [2]. 

In these materials an antiferromagnetic transition is suppressed w ith increasing pres­

sure and a t some critical pressure superconductivity appears. It is interesting to  note 

th a t not all heavy fermion antiferromagnets are amenable to  inducing superconduc­

tivity by suppressing a magnetic transition. In some materials, such as Ce3P t4ln i3,
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the Neel tem perature increases with application of experimentally accessible pres­

sures [32]. In some cases, another means of applying pressure is available, namely 

chemical pressure. The pressure in this instance is provided by substituting either 

larger or smaller ions into a material. A larger ion will expand the lattice, correspond­

ing to a negative pressure, while a smaller ion will compress the lattice, corresponding 

to  a positive pressure. However, complications may arise from disorder and other ef­

fects causing difficulty in interpreting data  obtained in this way. As an example of 

the usefulness of chemical pressure consider CeRu2Si2. W ith  a small amount of La 

substitution the magnetic fluctuations present in the parent compound lock in and 

long range antiferromagnetic order is established [33]. The dram atic difference in the 

behavior of Ce-based heavy fermion antiferromagnets under pressure underscores the 

need for further understanding of the complex interactions present in heavy fermion 

materials.

Celn3 provides an interesting example of a m aterial in which superconductivity 

exists on the border of antiferromagnetic order. At ambient pressure at 10 K Celn3 

undergoes an antiferromagnetic transition. Upon application of pressure the antifer­

romagnetic transition is smoothly suppressed toward zero[2 , 34] (Fig 1.1a). After 

the magnetic order apparently disappears at the critical pressure, superconductivity 

is observed. This leads to  the following argument due to  ref. [2]: since the super­

conducting state  borders a magnetic state, strong magnetic fluctuations must occur 

within the superconducting state  and th a t these are the fluctuations responsible for 

creating the superconducting state. These arguments have lead to  the proposal of 

a phase diagram where magnetic fluctuations are responsible for the formation of 

a superconducting state  (Fig. 1.1b). Unfortunately, the experimental limitations
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Figure 1.1: Figures from ref. [2] (a) Displays the phase diagram of high-purity single­
crystal Celn3 as determined by resistivity (p) measurements for various applied pres­
sures. Notice the smooth depression of Tjv w ith increasing pressure. The upper 
inset displays the resistivity (p) versus tem perature a t a pressure of 24 kbar. The 
superconducting transition is the sharp drop in p. (b) Proposed phase diagram for a 
magnetic m aterial in which superconductivity may be induced by the strong magnetic 
fluctuations present on the border of the magnetic transition.

imposed by the presence of a pressure cell make extensive system atic study of the 

general relevance of this phase diagram difficult.

A new family of Ce-based heavy fermions related to Celn3 was recently discov­

ered th a t exhibits a complex phase diagram which challenges our understanding of 

correlated electron physics and provides new opportunities for exploration of the in­

terplay of magnetism and superconductivity in heavy fermion systems. [3, 35, 36] 

This family has a generalized chemical formula, CeTOMnIn3m+2n , where M is Rh, Ir, 

or Co. All compounds investigated to date (m =  1, 2 and n =  1), except cubic Celn3, 

crystallize in a tetragonal structure (space group P4/mmm)[37]. The most notable 

properties in this series of compounds include ambient-pressure magnetic order (T/y
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=  3.8 K) and pressure-induced superconductivity (Tc =  2.1 K at 16 kbar pressure) 

in CeRhIn5 [3, 38, 39] and unconventional [40] ambient-pressure superconductivity in 

both  C elrln5 (Tc =  0.4 K) and CeCoIn5 (Tc =  2.3 K); the transition tem perature 

for CeCoIns is the highest ambient-pressure T c reported to date for a heavy fermion 

superconductor. The sample dependencies in the CemMnIn3rn+2n family seem to  be 

less im portant than  in CeCu2Si2 , and this coupled w ith the fact th a t large (as big as 

1 cm3) single crystals are available lends these materials to a systematic investigation 

of the interplay of superconductivity and magnetism in heavy fermion materials.

The objective of this dissertation is to  explore in further detail the nature and re­

lation of the heavy fermion magnetic and superconducting ground states in CeMIn5 

(M =  Rh, Ir, Co) with particular emphasis on the properties of CeRhlns. The re­

mainder of chapter 1 will be devoted to additional background m aterial including 

basic theoretical notions in the field of heavy fermion physics and general properties 

of the CemMnIn3m+2„ family.

1.2 T heoretica l O verview

1.2.1 General Properties of a H eavy Fermion

The term  heavy fermion arises from the identification of the large low tem perature 

specific heat w ith massive (heavy) charge carriers (Fermions). This may be seen from 

simple arguments based on the Sommerfeld theory of metals [41]. The essence of 

the Sommerfeld model is to treat the conduction electrons in a solid as a degenerate 

Fermi gas. This yields the electronic (EL) term  in the specific heat as:

C e l  =  k2BTg(eF) (1 .2 .1)
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where k s  is Boltzm ann’s constant, T  is the tem perature, and g(ep)  is the density of 

states a t the Fermi energy, and is given by

. . m k p
=  t f ~ 2 -  ( L 2 -2 )

where kj? is the Fermi wave vector and m  is the charge carrier effective mass. By 

combining equations 1 .2.1  and 1 .2 .2  we obtain

CEL =  a f f i x .  (1.2.3)

In addition to  an electronic term  in the low tem perature specific, there is a term  due

to phonons which varies as T 3. The low tem perature specific heat of a m etal is then

w ritten as

C — yT  +  aT 3, (1.2.4)

where 7  is the coefficient of T  in eq. 1.2.3 and a is a constant which depends on the 

phonon modes present in the material.

W ithin the framework of the Sommerfeld model an experimental observation of 

a large linear term  in the specific heat implies a large density of states at the Fermi 

surface, which in tu rn  implies a large effective mass for the charge carriers. The charge 

carriers are not single electrons or holes, but are collective excitations often referred to 

as quasiparticles 1. However, the issue of assigning a m aterial the name heavy fermion 

is more complex than  just observing a large specific heat a t low tem perature. An 

enhancement to  the specific heat can be due to several factors including the presence 

of a phase transition. The presence of a phase transition in the same tem perature 

region as the appearance of a band of heavy quasiparticles a t the Fermi surface leads 

to difficulty in interpreting the real enhancement due to  heavy fermion behavior and

1for a definition of a quasiparticle see section 1.2.2 and references therein
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not just the cooperative phenomena of a phase transition. In addition, closely spaced 

crystal field levels can lead to enhancement of the specific heat and has produced the 

erroneous designation of heavy fermion in some materials [42]. Even among heavy 

fermion materials there are deviations from eq. 1.2.4. In U P t3 , eq. 1.2.4 must be 

modified to  fully account for the behavior of the low tem perature specific heat. The 

specific heat [10] for U P t3 is given by

C  =  7 ^  +  a T 3 +  CSF (1-2.5)

where

CSF = 7 3T  +  ST3 In
T

( 1.2 .6 )
T s f _

The extra contribution (eq. 1.2.6) to the specific heat is due to  spin fluctuations. 

The spin fluctuation contribution was originally calculated to  explain the properties 

of 3He [43]. In fact, certain properties of heavy fermion materials bear a remarkable 

similarity to  those of 3He. This will be explained in more detail in the following 

section.

1.2.2 Fermi Liquid Theory

In 1957, Landau formulated Fermi liquid theory[44, 45] to  explain the properties of 

liquid 3He. Fermi liquid theory was later extended to  the case of electrons in solid 

m aterials .2 The essence of the theory is to trea t a strongly interacting system as a 

system of heavy quasiparticles with weak residual interactions, where by quasiparticle 

we mean a real particle plus the disturbed particles due to the interaction .3 A question

2for more detail see references [41], [46], or The Theory of Quantum Liquids I, D. Pines and P. 
Nozieres, W.A. Benjamin, Menlo Park, CA, 1966.

3for a whimsical, but useful introduction to the concept of a quasiparticle see A guide to Feynmann 
Diagrams in the Many Body Problem , Richard D. Mattuck, New York, McGraw-Hill, 1976 2ed.
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immediately arises from the above definition: How strong can the interactions be for 

Fermi Liquid theory to still apply? A qualitative, but dram atic answer is yielded 

from comparison of the magnitude of the Sommerfeld param eters of normal metals 

such as sodium or copper (both ~1  m J/m ole K2) to those of heavy fermion materials 

(e.g., 8000 m J /K 2 for YbBiPt[47] and 1620 m J /K 2 CeAl3 [7]). Clearly, the strength 

of the interactions can be quite large.

Several experimental quantities which are characteristic of materials which exhibit 

Fermi liquid behavior are given below.

C =  yT  (1.2.7)

X =  Xo (1.2.8)

p = A T 2 (1.2.9)

The electronic specific heat depends only on the Sommerfeld param eter 7 , the mag­

netic susceptibility, %, is tem perature independent; and the resistivity varies as T 2. 

These results are quite striking, for this behavior is observed in materials w ith weakly 

interacting electrons as well as in the heavy fermion materials where strong interac­

tions are present among the electrons. The source of this agreement is th a t the 

properties for both are governed by low lying excitations of the electron fluid. Evi­

dently, in the strongly interacting case it is sufficient for the quasiparticles to behave

as Fermions. In which case, the Pauli exclusion principle applies so th a t the num­

ber of low lying excitations is severely restricted in a similar m anner to th a t of the 

weakly interacting electron fluid. Yet, not all their properties are the same. While 

the tem perature dependence of the quantities from equations 1.2.7,1.2.8 , and 1.2.9 is 

the same for the interacting case and the noninteracting case, the coefficients 7 , Xo, 

and A  are greatly enhanced in the interacting case.
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A better understanding of the limits of validity of Fermi liquid theory may be 

gained by carefully considering the nature of the interactions and the quasiparticles 

th a t are created. Consider the weakly interacting case and slowly turning on the 

interactions: Initially in the noninteracting case the Pauli exclusion principle limits 

the number of low lying excitations near the Fermi surface. As the interactions are 

turned on, the single electron states are modified such th a t it becomes natural to 

think of the resulting electronic states as consisting of an electron plus the disturbed 

electronic distribution associated with it due to the interactions (quasiparticles). If 

the quasiparticles behave as Fermions, then the Pauli principle limits the number 

of low lying excitations. In this sense, a one-to-one correspondence exists between 

the low lying excitations of the noninteracting case with the interacting case. If the 

interactions are such th a t a one to  one correspondence between the electronic states 

of the noninteracting case and the interacting case is no longer valid Fermi liquid 

theory does not apply. Any interaction which changes the sym m etry of the problem 

necessarily violates this condition. Thus, in cases where the electron fluid is near 

a phase transition one would not expect Fermi liquid theory to  apply. In fact, an 

area of great interest among the condensed m atter physics community is the study 

of nonFermi liquid behavior. However, rather than  being due to  the proximity of 

a classical phase transition, it appears th a t in this instance the breakdown of Fermi 

liquid theory is due to the presence of a quantum  critical po in t .4 The fluctuations due 

to the presence of a quantum  phase transition persist much farther from the location 

of the transition than  in a classical phase transition, which has led to  speculation of

4for an introduction to this expanding topic see Quantum Phase Transitions, Subir Sachdev, New 
York, Cambridge University Press, 1999 and G.R. Stewart, ”Non-Fermi-liquid Behavior in d- and 
f-electron metals” , Rev. Mod. Phys., vol 73, p. 797, 2001
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the importance of the presence of a quantum  critical point in explaining the behavior 

of both the high T c and the heavy fermion superconductors. Continuing with our 

discussion of the limits of validity of Fermi liquid theory; as mentioned above, a 

simple way to  visualize a quasiparticle is to imagine it as the real particle plus the 

cloud of disturbed particles th a t the interaction has generated. T hat the lifetime of 

the quasiparticles be long enough such th a t they exist for the lifetime of the excited 

states in the system is crucial-if this is not the case a quasiparticle in an excited 

state  may decay leaving only a bare electron. Then the concept of the quasiparticle 

is no longer valid and the one to  one correspondence ceases to  exist for the low 

lying excitations of the interacting and noninteracting cases. Having now identified 

the means by which the low tem perature specific and other physical quantities are 

enhanced, we are now left with the question: W hat are the interactions responsible 

for quasiparticle formation?

1.2.3 Local M om ent Conduction Electron Interactions

The electronic interactions which lead to the exotic behavior observed in heavy 

fermion systems are the interactions between local moments and conduction elec­

trons. These interactions are due to  the localized nature of the f-electrons in the rare 

earth  elements, as opposed to the more delocalized nature of the d-electrons in the 

transition metals. This explains the lack of examples of heavy fermion materials in 

d-electron systems 5. In heavy fermion materials, the most im portant interactions 

are the Kondo effect [49] and the Ruderman-Kittel-Kasuya-Yosida (RKKY) [50] ex­

change interaction. These two interactions have significantly different character and

5a notable exception is LtVTCb [48]
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each favors a different type of ground state.

The Kondo Effect

The Kondo effect is thought to contain the essential physics necessary to  describe the 

large effective masses in heavy fermion materials. The Kondo effect was first explored 

in the context of dilute magnetic impurities in a host m etal (the single impurity 

Kondo effect). The hallmark of the single im purity Kondo effect is a minimum in 

the resistivity of a m etal at low tem perature. The first observation of a minimum 

in the resistivity of a metal was seen in gold [51]. Subsequently, it was found th a t 

the tem perature of the minimum could be affected greatly by the am ount and type 

of im purity present in a metal. It wasn’t  until 1963 th a t a significant theoretical 

formulation was achieved by J. Kondo.

Kondo treated  the case of magnetic impurities in a host metallic lattice perturba- 

tively [52]. However, rather than  stopping a t leading order as previous investigations 

had done, he found th a t all higher orders diverged, yielding an infinite resistance. 

This is in sharp contrast to  the tem perature independent effect of nonmagnetic im­

purities 6. The origin of the minimum in the resistivity a t low tem perature is the 

shrinking of the contribution due to  phonons while the contribution due to scattering 

of the conduction electrons by a local magnetic moment of the magnetic impurity 

ions increases. The key ingredients in the Kondo ham iltonian7 are a background 

conduction band of w idth D; a magnetic impurity which supplies the local moment, 

which can be either transition metal, a rare earth, or an actinide element; and the 

local moment conduction electron exchange, J,  which determines the strength of the

6see section 2.1.1 and references therein.
7for more details see ref. [49]
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interaction between the local moments and the conduction electrons.

The result of the interaction between the conduction electrons and the local mo­

ment is th a t the conduction electrons screen the local moment on the energy scale 

Tk , the Kondo tem perature. The screening occurs as follows: For T  Tk  the an­

tiferromagnetic coupling between the conduction electrons and the dilute magnetic 

impurities is largely disrupted due to  therm al randomization; as T  —> Tk  the interac­

tions lock in and a virtual bound state forms where the local moment is completely 

screened by the conduction electrons. It is this screening of the local moment th a t 

produces the large number of low lying scattering states th a t leads to the divergence 

of the resistivity. Crudely speaking, it is as if the screening of the magnetic impurity 

has resulted in a larger scattering center and is thus more effective a t scattering the 

conduction electrons. In order to calculate the properties below T # , appeals must 

be made to  renormalization group methods. The solution of the Kondo problem in 

this regime is one of the trium phs of many body physics. The Kondo tem perature 

depends on the strength of the exchange interaction and this dependence for small 

Jg(ep) [46] is given by

Tk  = _ l - e ( _ ^ T ) )  (1.2.10)
g^F)

W hen contemplating the possibility th a t the Kondo effect may be im portant to the 

physical behavior of heavy fermion materials, it is immediately apparent th a t heavy 

fermion materials don’t simply contain a small number of dilute magnetic impurities 

but a lattice of localized magnetic moments. This situation calls for consideration of 

the Kondo lattice model. An im portant difference between the single im purity Kondo 

effect and the Kondo lattice is th a t the density of the local moments in the Kondo 

lattice allow for interaction among the local moments m ediated by the conduction
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electrons. This gives rise to such effects as coherence, where the interactions among 

the impurities yield a periodic condition for the scattering of conduction electrons th a t 

results in a decrease in the resistivity. In addition, in the case of the Kondo lattice 

more careful consideration must be given to  the concept of screening as the number 

of conduction electrons may not be sufficient to  fully screen the local moments.

R K K Y  Interaction

Up to this point we have only considered the onsite conduction electron local mo­

ment interaction (Kondo effect), however the prospect of a Kondo lattice suggests the 

need to  consider intersite interactions among the local moments which, in contrast to 

the Kondo effect, favors a magnetically ordered ground state. One such interaction 

is the Ruderman-Kittel-Kasuya-Yosida (RKKY) magnetic exchange interaction[50]. 

The essence of the RKKY interaction is th a t a local moment polarizes the conduction 

electrons, which in tu rn  interact with another local moment. The resulting indirect 

coupling between magnetic moments may be antiferromagnetic or ferromagnetic de­

pending on the distance between the the magnetic moments (Fig. 1.2 and eq. 1.2.11). 

The conduction electron polorazation is given by

F(x)  =  XCOs(x) t  Sin(x) (1.2.11)
oc

where x =  2kpr  and kp  is the Fermi wave vector and r  is the distance between local 

moments.

As mentioned above the polarization of the conduction electrons has a periodicity 

depending on the Fermi wave vector and the distance between magnetic impurities. 

Thus the nature of the RKKY exchange interaction can lead to a situation where the 

local moments are pointing in many different directions. As w ith the Kondo effect,
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Figure 1.2: 
given by eq.
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Conduction electron polarization for the RKKY exchange interaction 
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the RKKY interaction depends on the strength of J. However, this dependence takes 

a different form

T r k k y  =  J 2g { e F ) (1.2 .12)

The significance of the different functional dependence on the conduction electron- 

local moment exchange interaction (J)  is discussed within the framework of the Do- 

niach model in the next section.

The Doniach M odel

The Doniach model [53, 54] proposes th a t the ground state of a heavy fermion material 

is ultim ately determined by the competition between the RKKY magnetic exchange 

interaction and the Kondo effect. The basic idea is th a t the same conduction electrons 

responsible for the Kondo effect and thus the ground state Kondo singlet are also the 

mediators of the RKKY exchange interaction, which favors a magnetically ordered 

ground state. The realization of a particular ground state  is governed by the different 

functional dependencies of the Kondo effect (eq. 1.2.10) and the RKKY exchange 

interaction (eq. 1.2.12) on the density of states a t the Fermi level and the conduction 

electron local moment interaction strength.

Doniach proposed a simple model based in 1-dimension w ith periodic boundary 

conditions (a Kondo necklace). Fig. 1.3 displays the functional dependence of the 

RKKY interaction and the Kondo effect on the exchange interaction. By tuning J, 

for example by applying pressure or through chemical substitution, there are regions 

of the Doniach phase diagram where a magnetic ground state is favored (low J  values) 

and regions where a nonmagnetic ground state is favored (high J  values).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

M  
1

imjgf

I J  I N <er )
Pressure — 
A lloying =s

Figure 1.3: The Doniach phase diagram.
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The A nderson H am iltonian

While the single im purity Kondo model and the Kondo lattice provide general insight 

into the problem of the Kondo effect, they are special cases of the Anderson impurity 

model and the periodic Anderson model.8 Additionally, the Anderson lattice model 

should contain the essential physics to explain the properties of the heavy fermions. 

However, the complications of the model have thus far prevented detailed theoretical 

understanding. In light of this fact we discuss the Anderson im purity model in more 

detail, due to  its possible relevance to explaining the crystal field level schemes in 

CeMIn5.9

The Hamiltonian for the Anderson im purity model is given by 

H — 'y ' E fa ‘j aafa +  Ua^af ia^df i  +  Cfco-aj-Wfccr +  ^  ]0/kfaLaafa +
cr ku k<J

(1.2.13)

The first two terms represent the energy cost of placing electrons upon the im purity 

site. E f  is the energy of the level of local moment, U is the Coulomb repulsion for 

a doubly occupied level, and a ’s are the Fermi operators w ith subscripts k and a 

which denote wave vector and the spin state  (T and | )  respectively. The th ird  term  

represents conduction band states w ith energies The final term  captures the 

hybridization, Vkd, between the conduction electrons and the impurity. In particular, 

it is interesting to consider certain limits. The first when U V,  is the case where 

the Coulomb repulsion dominates the hybridization which is known as the Kondo 

limit, in this limit the f-electron occupation is one. The second is for U V,  when 

the hybridization dominates the Coulomb repulsion. This situation results in an

8see refs. [55, 49, 50].
9More details will be given in chapter 5.
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f occupation of less than  one which is the behavior observed for the intermediate 

valence compounds.

The Kondo limit is an appropriate limit to consider for heavy fermion systems. 

It is possible to  simplify the situation even further by applying an approximation 

scheme known as the non-crossing approxim ation[56, 57]. Here one takes advantage 

of degeneracy (N)  in the problem and expands in 1/Ah In the case of a heavy fermion 

system the degeneracy is the orbital degeneracy of the localized spin.

1.2.4 Crystal Field Effects

In addition to the conduction electron local moment interactions discussed above, 

one must consider the perturbation of the local electronic states by the electrostatic 

potential of the surrounding ions (crystalline electric field (CEF)). As an example of 

the importance of the crystal fields to  the properties of rare earth  materials consider 

the relation between the intermediate valence materials and the heavy fermions. A 

rough way to  make the distinction is th a t in the interm ediate valence materials the 

Kondo coupling is so large th a t it smears out each crystal field split level in a multiplet 

so much th a t the separate energy levels are no longer distinguishable, giving only a 

very broad response to probes such as inelastic neutron scattering. In the case of 

the heavy fermions, the Kondo effect acts on each energy level, but does not cause 

much smearing between energy levels, giving rise to broadened peaks in the inelastic 

neutron scattering spectra. It is the la tter case th a t we expect to  observe for the 

CeMIn5 family. Further impetus to consider the effect of crystal fields on the ground 

state  properties of CeMIn5 comes from both  experiment [58] and theory[59].
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In rare earth  materials, the most im portant splitting of the free ion states is spin- 

orbit coupling (fig. 1.4). In Ce this splitting is typically of order 300 meV, so for 

the low tem perature properties only the ground state  manifold need be considered. 

In heavy fermion materials, as mentioned above, the effect of the crystal electric 

field (CEF) must be considered for the ground state  manifold. In the case of an 

insulating materials it is sometimes possible to employ a point charge model [60, 61] 

th a t will yield approximate crystal field parameters. However, in metals the situation 

is much more difficult owing to  such effects as screening by the conduction electrons. 

Nevertheless, a point charge model will still capture the essential sym m etry of the 

problem and allow the selection of the proper terms in the crystal field Hamiltonian.

A concise and useful way to write the CEF Hamilton is in term s of the Stevens op­

erator equivalents [62]. The Stevens operator equivalent m ethod simplifies calculating 

the m atrix elements for the crystal field Hamiltonian by combining the appropriate 

angular momentum operators into a single operator whose m atrix  elements are tab ­

ulated. Using this notation the CEF Hamiltonian in cubic sym m etry can be w ritten 

as [60]

H c e f  = B l  [Ol +  50 44\ + [Ol -  21  O*} (1.2.14)

where the B\n may be determined experimentally or calculated from physical con­

siderations and the 0 \ n are the Stevens operator equivalents. The B]n account for 

the strength of the CF interaction as expressed through the sym m etry imposed by 

the operators, Oj71, where I is limited to, i)to be even and ii) no larger than  6  for 

f-electrons. More generally for a 4f-electron the Hamiltonian may be w ritten

H CEF =  B T ° T  (1-2.15)
l,m

Now let us return  to eq. 1.2.14 for the case of Ce3+. We have stated  th a t we need
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Ce3+
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The J=5/2 multiplet!
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Figure 1.4: Schematic diagram of the effect of the spin orbit and crystal field splitting 
for Ce3+. J is used here to  denote the to ta l angular momentum. Note: For the case 
of crystal field splitting the symmetry of the environment determines only whether 
splitting does or does not occur and not the relative energies of the levels to one 
another.
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only consider the J  — |  multiplet (J  is used here to  denote the to ta l angular momen­

tum ) of the 4f1 configuration. The sixth order Stevens operators may be neglected 

because the m atrix elements are zero for J  =  |  s ta tes[60]. The perturbatively split 

eigenfunctions for all J ’s have been tabulated in ref. [61]. The wave functions for 

J  =  |  in a cubic environment are

FT K \  /IT 9 \
(1.2.16) 

(1.2.17)

where the kets are labelled by the z component of the to ta l angular momentum, Jz .

For Ce3+ there is only 1 f-electron and due to the theory of Kramers [63] for 

odd-order electron systems the electronic levels must be at least doubly degenerate. 

However, in the case of cubic symmetry, the T8 contains an accidental degeneracy so 

its degeneracy is four rather than  two as in the case of the Ty (see fig. 1.4). When 

the symmetry of the problem is changed to tetragonal this degeneracy is lowered with 

the result th a t the tetragonal crystal field scheme for J  — |  consists of 3 doublets. 

The Hamiltonian in this case becomes[64]

H cef = B°20°2 + B l O l  +  B \ 0 \  (1.2.18)

Diagonalizing this Hamiltonian results in the following tetragonal-sym m etry wave 

functions.

p > =  a
4 > - ‘

CO 
1 CM

H- (1.2.19)

r 7 > = b
4 ) + a 4 )

(1 .2 .2 0 )

i n ) II H-
to 

I 
I—*

(1 .2 .2 1 )
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The effect of the tetragonal symmetry is to  lift the degeneracy of the T8. The T8 

splits into a T7 and a T6 in tetragonal symmetry (see fig. 1.4). In addition, the lower 

symmetry allows for different admixtures of the |± f )  into the | t § )  states and will 

depend on the relative magnitudes of B®, B (,{ and Bf .

There are a number of techniques available for the determ ination of the the CEF 

splittings and wave functions in a given system. There are several considerations 

which eliminate the possibility of calculating the CEF splittings and wave functions 

through simple means such as the point charge model for the CeMIn5 family. Two 

of the most noteworthy are: the screening due to  conduction electrons and the per­

turbation  of the crystal field levels due to the Kondo effect[65, 6 6 ]. Calculations 

applying density functional theory have been partially successful a t calculating the 

crystal field splitting in simple metallic systems[67j. Such calculations would be par­

ticularly interesting in th a t they may be of use to  separate out the effect of Kondo 

spin fluctuations in CeMIn5; however, including the Kondo effect in these calculations 

would be a difficult task. We therefore must determine the CEF splittings and wave 

functions experimentally10.

1.3 P rop erties o f th e  C emM nIri3m+2n Series

1.3.1 General Properties

The discovery th a t CeRhIn5 is superconducting under pressure [3] and th a t the phase 

diagram apparently did not follow th a t expected from the Doniach model (compare 

fig. 1.5 to  fig. 1.3) indicated the need for further investigations of CeRhIn5 and

10see section 2.2.2 for details
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related materials. Subsequent efforts to  synthesize related materials revealed a sur­

prising array of possibilities [6 8 , 35, 36, 69]. Despite the great diversity of materials 

discovered, the different members of the family are related through a simple relation, 

namely, the number of rare ea rth /In 3 layers separated by a transition m eta l/In 2 layer.

Fig. 1.6  depicts the structures for the different members of the CemMnIn3m+2n 

family. An instructive way to understand the relationship between the various mem­

bers of the family is as follows: Cubic Celn3 may be considered to  be made of an 

infinite number of Celn3 layers. The next group, CeMIn5, is made of alternating 

layers of Celn3 and M In2. The so called 218 materials, Ce2M In8, can be thought of 

as being made up of 2 layers of Celn3 alternating with a layer of M In2. Thus, the 

218 members should be viewed as an interm ediary step between Celn3 and CeMIn5. 

The remainder of this thesis will restrict discussion to  the single layer 115 materials, 

w ith occasional comparisons to  the other variants where useful. One of the attractive 

properties of these materials is the fact th a t large high quality single crystals can be 

grown. The m ethod of growth is the self flux growth technique [70, 71, 37].

In the case of CeRhIn5, the single crystal growth procedure is as follows [37]: 

Ce,Rh, and In with purity better than  99.95 % are combined in the ratio 1:1:20 and 

placed within an quartz tube. The contents of the quartz tube are then heated to 

~1400 K and maintained at th a t tem perature until they reach therm al equilibrium. 

They are then slowly cooled until ~1000 K, where a centrifuge is used to remove excess 

In flux. The resulting single crystals can be as large as one cm3. The crystal structure 

is tetragonal. The quality of the single crystals can be inferred from a number of 

different measurements. The residual resistivity ratio is large (~100 [72, 73]), which 

indicates th a t a only small amount of tem perature independent disorder scattering
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Figure 1.5: From ref. [3]. Temperature-pressure phase diagram for CeRhIn.5 deter­
mined from resistivity measurements under pressure. Squares represent the antifer­
romagnetic transition, circles represent the superconducting transition, and triangles 
represent features in the resistivity of unknown origin. At the tim e of these measure­
ments the superconducting transition appeared to  be first order.
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Figure 1 .6 : The CemMnIn3m+2n series of heavy fermion superconductors.
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is present. X-ray and neutron scattering indicate sharp well formed peaks and no 

im purity peaks[37]. Electron diffraction studies observe no superlattice peaks[37].

An open question in the realm of heavy fermion physics is the relevance of di­

mensionality and /o r anisotropy to the heavy fermion ground state. As mentioned 

previously, the lower dimensionality present in the high T c materials may be relevant 

to the high transition tem peratures. The term s dimensionality and anisotropy can 

have several different meanings relative to a particular material. We will classify the 

different types of dimensionality and anisotropy in three, not necessarily independent, 

ways as follows: electronic, magnetic, and crystallographic. Electronic anisotropy is 

th a t anisotropy th a t pertains to  electronic properties of a material; experimental 

probes are Fermi surface studies and electron transport. Magnetic anisotropy can ei­

ther be related to  anisotropy in magnetic structure or fluctuations or w ith respect to 

applied magnetic fields. Crystallographic anisotropy is th a t anisotropy related to the 

crystal structure of a material. In CeMIn5, in contrast to Celn3, it is apparent th a t 

the Celn3 layers are now separated by a layer containing no f-electrons ions which 

may enhance the 2-dimensionality or anisotropy in CeMIn5.

Though the crystallographic anisotropy is apparent in CeMIn5 relative to  Celn3 

it is im portant to  consider the electronic dimensionality as shown by the Fermi sur­

face. The Fermi surface of all members of the CeMIn5 bear some similarity. The 

basic picture is th a t there are three bands which cross the Fermi energy yielding 3 

distinct Fermi surfaces (see fig. 1.7. One of these surfaces is ellipsoidal and the other 

two are undulating cylinders [74, 4, 75, 76]. A purely cylindrical Fermi surface is 

expected for a 2-dimensional material, while a spherical Fermi surface is expected in 

3-dimensions. The cylindrical Fermi surfaces in CeMIn5 are not perfect cylinders but

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

tiam i 1 ib i K:n.: I I hm& \i~xUzbim

Figure 1.7: From Ref. [4]-. Calculated Fermi surfaces for C elrln5.

are warped, indicating some degree of 3-dimensional behavior. Furthermore, there 

are hole pockets which are more spherical in nature than  the undulating cylinders. 

The most 2-dimensional member of CeMIn5, as viewed from Fermi surface studies, 

is CeCoIn5. The magnetic anisotropy will be discussed in the next section. An im­

portant question which arises from the above considerations is: To what degree are 

the CeMIn5 materials influenced by the anisotropic nature of the fermi surface? Or 

more importantly, if anisotropy strongly influences the formation of the exotic heavy 

fermion ground states observed in CeMIns what is the origin of this anisotropy?

1.3.2 M agnetism

The magnetic structure of CeRhIn5 was determined by nuclear quadrupolar resonance 

and neutron diffraction [1, 77]. In comparison to  Celn3 the magnetic structure of 

CeRhlns is more complex. In Celn3, antiferromagnetic order sets in at 10 K [78] 

w ith a simple 3-d magnetic structure [79, 80]. In the case of CeRhlns (see fig. 1.8), 

antiferromagnetic order sets in at 3.8 K with a spiral structure w ith ordered moments 

of 0.75 hb only upon the Ce atoms. The spiral structure has the magnetic moments 

on the Ce atoms antiferromagnetically aligned in the basal plane of the tetragonal
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Figure 1.8: The magnetic structure of CeRhIn5. The magnetic moments on the Ce 
atoms lie in the basal plane and are antiferromagnetically ordered.

structure w ith the angle between the moments in the next Celn3 plane of 107° [1].

To clarify the nature of the magnetic to superconducting transition in CeRhIn5 

there have been several studies of the resistivity and specific heat under applied pres­

sures [3, 81, 82]. O ther studies such nuclear quadrupolar resonance and neutron 

diffraction under pressure have been performed as well. Nuclear quadrupolar reso­

nance studies [39] under pressure indicate th a t there is either a moment reduction as 

a function of pressure or th a t the moments are tilting out of the basal plane toward 

the c-axis. However, neutron scattering measurements under pressure seem to be in 

conflict w ith th is [83], indicating th a t at 3.8 kbar the structure and magnetic moment 

remain essentially unchanged. More studies are needed to clarify the details of the
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evolution of the magnetic structure of CeRhIn5. Another means of probing the nature 

of the interactions in CeMIn5 is through doping studies. There have been several sin­

gle crystal neutron scattering studies of the the evolution of the magnetic structure of 

CeRhlns [84, 85] w ith chemical substitution. In addition, there have been studies of 

CeRhlns w ith application of magnetic fields. [6 , 8 6 , 87] These studies provide further 

motivation to examine the complex behavior of CeMIn5 in greater detail.

1.3.3 Superconductivity

All three members of the CeMIn5 series become superconducting a t low tem perature. 

CeRhIn5, undergoes a superconducting transition at 2.1 K near 16 kbar [3]. In addi­

tion the C elrln5 and CeCoIn5 undergo superconducting transitions a t 0.4 and 2.3 K 

respectively at ambient pressure. Several studies of the nature of the superconductiv­

ity in C elrln5 and CeCoIn5 show strong evidence for the unconventional nature of the 

superconductivity including the observation of lines of nodes in the superconducting 

gap function [40, 8 8 , 38]. Further indication of the uniqueness of the superconductiv­

ity found in CeMIn .5 is the robustness of the superconducting transition as a function 

of chemical doping when compared to  other heavy fermion materials [89, 90]. For 

example, in CeRhi-a,Irvins superconductivity is found for 0.3 <  x < 1 [89], which 

in this sense makes CeRhi_a.Ira.In5 more similar to the high T c materials than  many 

heavy fermion superconductors where very small amounts of impurities are sufficient 

to destroy superconductivity. Ultimately the question arises: W hat is the mechanism 

which determines th a t one member of the CeMIns family is an ambient pressure an­

tiferromagnetic and the others ambient pressure superconductors w ith T cs which are 

more than  a factor of 5 different?
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1.3.4 D issertation Organization

The objective of this dissertation is to explore in further detail the nature and rela­

tion of the heavy fermion magnetic and superconducting ground states in CeMIn5 (M 

=  Rh, Ir, Co) w ith particular emphasis on the properties of CeRhIn5. Information 

about these systems will be extracted using two techniques: (1) measurements of the 

electrical resistivity of single crystals in applied magnetic fields to  18 T; and (2) mea­

surements of inelastic neutron scattering response of powdered single crystals. The 

organization of this dissertation is as follows: Chapter 1 has been devoted to a descrip­

tion of background m aterial including basic theoretical notions in the field of heavy 

fermion physics and general properties of the CemMnIn3m+2n family. Chapter 2 will 

explain the apparatus and techniques employed when performing magnetoresistance 

and inelastic neutron scattering measurements, as well as the theoretical response 

expected for these probes. In Chapter 3, we will discuss the details of m agnetotrans- 

port in the CeRhIn5. The results of these studies indicate only a modest degree of 

anisotropy present, as well as three distinct regimes in the m agnetotransport; a high 

tem perature regime where single im purity Kondo behavior is observed, an interme­

diate tem perature regime where a crossover to  Kondo lattice behavior is observed, 

and finally a low tem perature region within the antiferromagnetically ordered state 

where a positive magnetoresistance is observed. Additionally, evidence is presented 

suggesting the importance of crystal field effects in explaining the m agnetotransport 

properties of CeRhIn5. The m agnetotransport response of the superconducting mem­

bers of CeMIn5 will be described in chapter 4. The results of these studies will be 

contrasted and compared to the properties of CeRhlns. The results, show similar be­

havior in th a t once again two Kondo regimes are observed: one at high tem perature
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where the single im purity Kondo effect dominates; and the other a t low tem perature 

where Kondo lattice effects dominate. The inelastic neutron scattering response of 

CeRhlns and C elrln5 specifically aimed at determining the crystal field level splitting 

will be described in Chapter 5. We discuss a crystal field level scheme which ex­

plains the inelastic neutron scattering spectra of CeRhIn5, as well as show fits to  the 

magnetic susceptibility and specific heat. In addition, non-crossing approximation 

calculations to  the Anderson im purity model have been performed which further em­

phasizes the role of Kondo physics in CeRhlns. A discussion will be given concerning 

plausible crystal field schemes for C elrln5 and suggestions for further experim entation 

th a t will likely yield results which would allow for a accurate determ ination of the 

crystal field level scheme in this material. Finally, the summary of the results of this 

thesis will be given in Chapter 6 , as well as proposals for the direction for future work. 

The conclusions will stress th a t the Kondo effect, the RKKY exchange interaction, 

and crystal field effects must be considered for any detailed understanding of both the 

m agnetotransport properties and inelastic neutron scattering response of CeMIn5.
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Chapter 2 

Experim ental Techniques

In this chapter we describe the experimental techniques of m agnetotransport and 

inelastic neutron scattering. The chapter starts w ith description of electron scattering 

mechanisms in a normal metal as well as the contributions due to  crystal field effects 

and the Kondo effect. The discussion will be expanded to  include the behavior of 

heavy fermion systems when large magnetic fields are applied. Following this, a 

description is given of m agnetotransport techniques w ith specific details relating to 

the experimental apparatus utilized in the studies presented in the following chapters. 

The final section will explain basic aspects of neutron scattering before entering into 

a discussion of inelastic neutron scattering as it pertains to  specifically elucidating 

crystal field levels. The discussion will be augmented by a description of the relation of 

the results of neutron scattering to those of specific heat and magnetic susceptibility. 

Finally, details are given of the experimental apparatus employed in acquiring the 

results presented in chapter 5.

35
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2.1 M agnetotransport

2.1.1 Scattering M echanisms

M agnetotransport techniques are im portant tools within the suite of those available 

to the condensed m atter physicist. Unlike specific heat and magnetic susceptibility, 

the electrical resistivity is not a thermodynamic quantity. It is a percolative measure­

ment, which means th a t a resistivity measurement does not always probe the whole 

sample. The virtue of a resistivity measurement is th a t it probes the conduction 

electron scattering rate in solids and thus provides information about abrupt changes 

in scattering rate (a phase transition) as well as more gradual changes in scattering 

such as in the Kondo effect. In many cases, where complex sample environments 

are required, measuring the resistivity provides the simplest (in some cases resistivity 

is one of the few options available) means for probing the behavior of a particular 

system. However, owing to  the numerous complex scattering mechanisms present in 

materials, quantitative calculations are often impossible.

While the scattering mechanisms are often complex, there are some general ideas 

which allow information to be extracted [46, 41]. The resistivity of a simple metal 

is dominated by three scattering mechanisms. The first is scattering due to  lattice 

vibrations or phonons. Since the population of the various phonon modes in a material 

follows Bose-Einstein statistics it is natural to expect a tem perature dependence of the 

electron phonon scattering. This is in fact the case, and below the Debye tem perature1 

the tem perature dependence of the resistivity for a simple 3-dimensional metal is given

1The Debye temperature is simply related to the maximum allowed phonon frequency for a 
particular material
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by

p ~ T 5 (2 .1 .1)

The second scattering m ethod arises from the scattering of im purities in the ma­

terial. A simple model which displays the characteristic tem perature dependence of 

impurities may be constructed by assuming th a t the impurities behave as hard sphere 

scatters w ith concentration n* with each im purity possessing a cross section of cq. The 

mean free path  is then given by

I = (rqcq)-1 (2.1.2)

and placing this in the expression for the resistivity derived for the free electron 

gas [46] yields
m v mvaiUi . „

P ~  Y i ---------- T 1  (2.1.3)n eezl n ee2

where v is the average electronic speed, n e is the density of conduction electrons, 

and e is the charge of an electron. Thus the scattering due to  im purities is found 

to  be tem perature independent. The tem perature independence of im purity scatter­

ing provides a convenient way to  characterize the quality of samples. The simplest 

comparison is simply to measure the low tem perature resistivity, which is known as 

the residual resistivity. Small values2 may indicate th a t a sample has high purity. 

Another means to estim ate the purity of the samples is to  compute the ratio of the 

resistivity at 300 K to a value at lower tem perature; in most cases 4 K is chosen. This 

ratio is known as the residual resistivity ratio (RRR). Larger values indicate higher 

quality samples3.

2In heavy fermion materials a residual resistivity of ~  1/iQcrn is a good value
3For heavy fermion materials values of 100 or more are generally good however, for materials 

such as Potassium values as high as 10000[91]have been observed.
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The th ird  scattering mechanism is electron-electron scattering. Here the tem per­

ature dependence of the scattering rate can be estim ated by examining the process 

where a single electron excited above the fermi energy interacts w ith an electron below 

the fermi level. The probability of this interaction or scattering event depends upon 

the tem perature as the phase space for the interaction increases w ith the therm al 

rounding of the Fermi-Dirac distribution. Roughly, we have a factor of T  from the 

conduction electrons and another factor of T  from the Fermi distribution [46]. The 

resistivity is then given by

p ~ T 2 (2.1.4)

Here it is interesting to note th a t the proportionality constant in front of the T 2 term  

depends upon the effective mass of the charge carriers and is thus more im portant in 

the heavy fermion materials.

If we now consider all of the above scattering mechanisms together it is not com­

pletely clear th a t the the scattering processes should proceed completely independent 

of one another. However, in the simplest approximation, the scattering probabilities 

may be considered to  be independent and the resistivities of the various contributions 

should be additive (M atthiessen’s rule). The resistivity of a simple m etal should then 

be of the form

p = a + bT2 + cT 5 (2.1.5)

To complicate m atters further, there are several other scattering mechanisms 

which are observed in metals. We restrict discussion of these mechanisms to two

of magnetic origin, namely scattering due to  the therm al population of crystal field

levels and th a t due to  the Kondo effect.
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From section 1.2.4 it is evident th a t the degeneracy of a local moment in a crys­

talline environment will be lessened due to  electrostatic considerations. This lifting 

of the degeneracy results in different therm al occupations of the split energy levels. 

To understand the contribution to the resistivity due to CEF effects we start by 

considering the scattering due to static randomly orientated local moments4. The 

Hamiltonian for the nth  local moment at position R n is [92]

H n =  - 2 Jex5 { f -  R n)(g -  1 )Se ■ Jn (2.1.6)

where the spin of a conduction electron, S e, a t position r is coupled to  the spin of 

a local moment, Jn , at position R n. To avoid confusion between the to ta l angular 

momentum and the conduction electron local moment exchange the la tte r has been 

denoted by Jex. To calculate the resistivity, we note th a t the relaxation time is given 

by[92]
t _ ,  =  fiM V

m

where N  is the density of local moments participating in the scattering process and 

A t is the transport cross-section per scattering center. The resistivity can then be 

w ritten as [46].
m  h k p N  . /n _

P =  —  = — ~ A t 2 -1 '8ne2r  nel

where n  is the density of conduction electrons. A t can then  be calculated under 

the Born approximation using eq. 2.1.6. Physically, the situation is as follows: a 

conduction electron w ith spin S e (m e =  ± ^ ) scatters from state  k  to k' by a local 

moment w ith angular momentum J. This yields m atrix elements of the form

2Jex{g -  1) (m'e, mlj f  exp i (jc -  k' ĵ ■ r 6 ( f )  dr ( S e ■ m e, m j ) (2.1.9)

4For complete details of this derivation see [92]
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The im portant point is th a t each value of nij is equally occupied and thus A t reduces 

to

J 2ex{ g - l ) j { j  + l)  (2 .1 .10 )

The spin disorder (sd) resistivity is then given by eqs. 2.1.8 and 2.1.10 as

p‘d = (ISS)Ji(9 ”i m +4  (2-u l )

Equation 2.1.11 is only valid for equal occupation of all of the angular momentum

states of the local moment of a given multiplet. W hen crystal field effects are included 

the m atrix elements of eq. 2.1.9 must be modified to  be between the appropriate 

eigenstates and to  include the therm al occupation of the local moment states[93]. 

The therm al occupation is given by Boltzman statistics as

Ni e ( ks T)
Pi = -jy = pE~T (2.1.12)

where W is the occupation of the ith  level. The spin disorder resistivity in the presence 

of CEF effects is then given by[93]

(  2u ;N m \
Psd =  ( J JeX(g -  l f  (rn'e,i' s  ■ J  m s, i )2Pifii> (2.1.13)

where i references a particular crystal field eigenstate and the factor fat is given by

fa> = -----------------------------------------------------(2.1.14)
1 +  e v kBT

Eq.2.1.13 gives the contribution to the resistivity in the absence of magnetic corre­

lations or the Kondo effect. To further understand the m agnetotransport behavior 

of heavy fermion systems we now examine the influence of the Kondo effect on the 

resistivity.
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We consider the Kondo effect in two forms, the single im purity and the Kondo 

lattice. Let us first consider the single im purity case. Here there is a magnetic 

im purity immersed in a host metallic lattice. The screening of the magnetic impurity 

by the conduction electrons5 causes additional term s to appear in the resistivity which 

are given by the following expression[49].

where rq is the concentration of magnetic impurities and po and pi are term  propor-

effect, which is exactly what is observed for nonmagnetic impurities. If we now make 

the assumption th a t the only impurities are magnetic and th a t the electron-electron

ing mechanism, the resistivity may be w ritten as the sum of the Kondo term s (eq. 

2.1.15) and the phonon scattering term  (eq. 2.1.1) as.

which is in agreement with experiment [52],

The Kondo lattice presents a much more complicated situation. Instead of isolated 

magnetic impurities there is now a periodic array of local magnetic moments. An

5see section 1.2.3 and reference therein for details

(2.1.15)

tional to the conduction electron local moment exchange and the spin of the impurity. 

If the im purity carried no magnetic moment (zero spin) then there would be no Kondo

scattering term  proportional to T 2 is negligible when compared to  the other scatter-

(2.1.16)

Not only does this form reproduce the logarithmic divergence of the resistivity, but 

the minimum in the resistivity is also predicted to occur at

(2.1.17)
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T/T,

Figure 2.1: From ref. [5]. Calculations based upon the Anderson lattice. Notice 
above the coherence tem perature (T0) both the im purity and lattice behave in a 
similar manner, while below T 0 the lattice exhibits a sharp drop in the resistivity 
characteristic of a Kondo coherent state.

additional feature here is th a t the impurities are now close enough to  begin to  interact 

w ith one another. The interaction among the impurities is term ed coherence. Above 

a certain tem perature, often term ed the onset of coherence, the Kondo lattice often 

behaves as a single im purity material. Below the coherence tem perature behavior 

associated w ith coherence effects is observed in the physical properties of Kondo 

lattice materials. A consequence of the interaction among the local moments is a 

sharp drop in the resistivity observed below the coherence tem perature. No exact 

calculation has been performed; however, approximate calculations based upon the 

Anderson la ttice[5] (see fig 2.1.1) display behavior due to coherence. The sharp drop 

in the resistivity below the coherence tem perature is due to  the interactions among 

the magnetic impurities establishing a periodic condition for the conduction electrons
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and the scattering rate goes to zero.

2.1.2 M agnetoresistance

Studies of the behavior of materials under the influence of applied magnetic fields 

provide a wealth of information. They can differentiate between different ground 

states, provide information about field induced magnetic states, allow the normal 

state  of superconductors to be examined at low tem peratures, explore anisotropy, 

etc. In this section we will concentrate upon the influence of applied magnetic fields 

as observed in the resistivity of materials. We will first discuss the behavior expected

for a normal metal followed by th a t expected for the Kondo effect.

The topic of magnetoresistance will appear repeatedly. The magnetoresistance is 

defined as follows:
Ap =  p (T ,g ) p<T, 0)
Po p{T, 0)

Therefore a m aterial which has a positive value of ^  is said to  have a positive 

magnetoresistance while a negative value indicates a negative magnetoresistance. As 

a first step in understanding magnetoresistance phenomena in real materials let us 

consider the simple case of a free electron gas. The following arguments are found in 

greater detail in ref. [94]. Consider a magnetic field (B ) applied perpendicular to the 

current density (J). Under steady state conditions, collisions and the effect of the 

magnetic field yield the following expression

_» 777 *  J  -*■ —*
n eE  = ----------- J  x B  (2.1.19)

er

The salient feature here is th a t the component of the current parallel to electric field 

(jE) is unchanged by the magnetic field. Thus the resistivity is unchanged as well.
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Evidently deeper considerations are necessary to explain the widespread observation 

of magnetoresistance in materials.

widespread observation of magnetoresistance found in metals, a model which includes

estim ate the effect of an applied magnetic field on the resistivity by simpler means.

where H is the magnetic field and m is the effective mass of the charge carriers. The 

relaxation time (r) multiplied by ujc determines the relative im portance of the applied 

magnetic field and scattering processes upon electronic motion. In these terms, a low 

magnetic field is one for which coct  -C 1 and a high magnetic field is one for which 

ojct  1. We now consider the low field case. The effect of the magnetic field is to 

cause curvature of electron motion, which in tu rn  decreases the mean free path. The 

correction to  the resistivity may then be estim ated by[46]

In the high field case, the topology of the Fermi surface becomes im portant. The 

electrons now travel through significant portions of orbits around the Fermi surface

Contrary to the free electron case above the magnetoresistance for a normal metal 

is expected to be positive and at low fields to vary as H 2. In order to  explain the

the periodic potential of a crystal lattice must be used[41]. However, it is possible to

Before we begin it is im portant to define the cyclotron frequency which is given by

eH
(2 .1 .20 )

cm

(2 .1 .21 )

where I is the mean free path  and the radius of the electron orbit (r^) as determined 

by u>c is given by rL The correction to  the resistivity is then

(2 .1 .22)
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before being scattered. Thus the details of the magnetoresistance depend on the Fermi 

surface of the material, and in some cases, where sample purity  is high enough and 

tem peratures low enough, the magnetoresistance will show oscillations (Shubnikov - 

de Haas oscillations) which are periodic in and from which the shape of the Fermi 

surface may be extracted.

There are other mechanisms which result in an observable magnetoresistance in 

solids. For example, as detailed above, local magnetic moments can give rise to 

resistivity. An application of a magnetic field can align the magnetic moments (a 

Zeeman term  is introduced to  change the population of the local moment eigenstates) 

which results in the observation of a negative magnetoresistance. Another mechanism 

in heavy fermion materials which leads to  an observable magnetoresistance is the 

Kondo effect.

In the case of the single im purity Kondo effect there is numerous experimental 

evidence and theoretical calculations for the magnetoresistance to  be negative [95, 96, 

97, 98, 99, 100, 101]. This may be envisioned by considering th a t the local moments 

are screened by the conduction electrons leading to  a larger resistivity than  were the 

screening not taking place. The application of a magnetic field disrupts the screening 

leading, to  a lower resistivity and hence a negative magnetoresistance. From this 

point of view it is natural th a t the destruction of the Kondo screening process should 

be related to the magnetization. This fact is observed experimentally [99] as well as 

theoretically [1 0 0 , 101 ] where it is found th a t

p oc M 2 (2.1.23)

In the case of the Kondo Lattice, there is less experimental evidence and the
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theoretical calculations are somewhat meager. Experim entally a low-T positive mag­

netoresistance has been reported in both CeAl3 [102, 103] and CeRu2Si2 [104] at low 

tem peratures, and in UBe13 under pressure. [105]. The interpretation of the posi­

tive magnetoresistance is hampered by the close proximity of field induced states in 

many heavy fermion materials. However, in the mixed valence Kondo lattice materials 

(which have much higher Kondo tem peratures than  heavy fermion materials) positive 

magnetoresistance is also observed at tem peratures below the coherence tem perature 

in such canonical examples as CePd3[106] and YbAl3 [107]. Despite a number of 

attem pts, there is no satisfactory theoretical description of the positive magnetore­

sistance in observed in the coherence regime, although a number of studies predict 

positive magnetoresistance for certain cases [108, 109, 110].

2.1.3 Resistance M easurement

The most common method of measuring electrical resistance in the laboratory is to 

employ a four-probe AC technique. This m ethod has several advantages. The first is 

th a t a four probe m ethod avoids measuring the resistance of the leads and contacts. 

A second is th a t the AC technique allows the use of phase sensitive detection. Phase 

sensitive detection methods are well known for their capability of extracting small 

signals from relatively large amounts of noise.

A typical sample geometry is shown in fig. 2.2. Leads are attached to the sample 

w ith silver epoxy which gives contact resistances of 1-2 fl. A current (J) is supplied 

and the resulting voltage (V)  drop is measured. The resistance (R) is then given by 

Ohm ’s law.

V  = I R  (2.1.24)
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I

I
1 '

Figure 2.2: A typical sample geometry. The Current leads are labelled I  and the 
voltage leads are labelled V. I, uqand h are the relevant physical dimensions for 
calculation of p from the measured R

To obtain p, a purely geometrical quantity must be applied, p is given by

where A  is the cross section the current flows through and I is the length between the 

voltage electrodes.

The resistance measurement can be accomplished in a number of ways. The 

m ethod used to obtain the results in chapters 3 and 4 is to  use a LR-700 resistance 

bridge w ith a frequency of 18 Hz. The resulting resistance is read by computer with 

local Labview software as a function of another param eter, such as tem perature or 

magnetic field. The magnetic field is supplied by an 18 T superconducting magnet at 

the National High Magnetic Field Laboratory - Los Alamos campus. The tem perature 

range of 1.4 to  300 K is supplied by a variable flow cryostat and measured by a cernox 

resistance thermometer.

(2.1.25)
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mass 1.675xl0~27 kg
charge 0
spin 1

2
magnetic dipole moment -1.913 /ijv
nuclear magneton (/qv) 5 .051x l0 -277p

Table 2.1: Properties of the neutron

2.2 N eu tron  Scattering

The unique properties of the neutron make it an excellent probe of the properties of 

condensed m atte r .6 Consider a therm al neutron =  293 K), which corresponds to 

an energy of 25.3 meV, a velocity of 2 .2  kms-1 , and a wavelength of 1 .8  A as seen in 

eq. 2 .2 .1 .

1 ^ h2 h2k2
E  = ± m v 2 = % T  = (2.2.1)

2 2 2mA2 2m v '

Other properties of the neutron are summarized in table 2.1 The wavelength of a 

therm al neutron is of the same scale as the lattice spacings in solids, making therm al 

neutrons ideal for probing the crystal structure of solids. In addition, the energy of 

a therm al neutron is of the same order as many of the excitations in solids, so th a t 

experiments can be conducted which determine the excitations present. In the case 

of x-rays the energy of the photons is so high (keV) th a t an exchange of energy with 

an excitation constitutes only a small fraction of the x-rays’ energy, making these 

types of experiments difficult. A neutron also possesses an intrinsic spin so th a t it 

may interact w ith magnetic moments in solids, so th a t both magnetic structures and 

excitations may be studied.

Tor a more complete introduction see refs. [I ll]  and [112].
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Neutrons are produced at two different types of facilities. The traditional method 

is the use of a nuclear reactor. In this case, high fluxes of neutrons may be generated 

th a t are constant in tim e7. The other common m ethod used to  produce neutrons is 

called spallation. In contrast to the nuclear reactions used to produce neutrons in the 

case of a nuclear reactor, a spallation source consists of an accelerator which directs a 

beam of protons into a heavy target, such as tungsten or depleted uranium, yielding 

approximately 10 neutrons for each incident proton. A spallation, or pulsed source, 

has higher peak fluxes but generally lower time averaged fluxes than  a reactor. Most 

pulsed source neutron scattering experiments take advantage of the tim ing introduced 

by the particle accelerator and use the time of flight method, whereby essentially 

all neutron wavelengths can be collected for each pulse during an elastic scattering 

experiment and a wide range of energy transfers can be collected for each pulse during 

an inelastic scattering experiment. An additional advantage of a spallation source is 

th a t much greater number of epithermal neutrons are available than  at a reactor 

source.

For the following discussion of neutron scattering to be understandable it is neces­

sary to introduce some of the terminology and concepts germane to  neutron scattering. 

Fundamentally, every neutron scattering experiments sets out to measure the neutron 

scattering cross-section, cr, for some property of the m aterial under study. In neutron 

scattering experiments there are two quantities of particular importance. The first is 

the momentum transfer which is given by

Q = kf  — h  (2 .2 .2 )

where ki (kf)  is the incident (final) neutron wavevector given by eq. 2.2.1. The

7An exception to this is the pulsed reactor at Dubna in Russia
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second, energy transfer is given by

hu) = E f  — Ei (2.2.3)

where hu  is the energy transferred to  the sample and E x (E f)  is the incident (final) 

neutron energy.

2.2.1 Elastic Scattering

Elastic neutron scattering provides a means of determining crystalline structures of 

materials. W hen performing a structural determ ination the preferred m ethod is to use 

x-ray diffraction. This is due to the the higher intensities available from x-ray sources 

(greater than  an order of m agnitude)and the lower cost of producing x-rays relative 

to  th a t of neutrons. However, there are some instances where neutron diffraction 

provides a superior means of structural determination. Three of the most im portant 

advantages are: (1) the scattering lengths of the elements differ depending on the iso­

tope and not on the number of electrons as for x-rays (this makes possible diffraction 

experiments w ith elements such as hydrogen); (2 ) the significant neutron scattering 

cross section due to magnetically ordered materials. (3) and bulk penetration of heavy 

elements such as rare earths and actinides where photons are essentially limited to 

being surface probes.

For elastic scattering the the energy transfer is zero. In a crystalline solid this 

constrains Q to  be equal to  a reciprocal lattice vector, This condition can be

restated in term s of the well know Bragg law

A =  2 dsin(Q) (2.2.4)
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where d, the d-spacing, is given by \K\ =  and 0 may be found by finding the 

magnitude of Q via eq. 2 .2 .2 .

The coherent elastic scattering cross-section is given by [112]

K

(2.2.5)

where

Fn (K) = b j e ^ e - ^  (2.2.6)(2 .2 .6 )
j

N is the number of unit cells, v0 is the volume of the unit cell, and the quantity F ^ ( K )  

is known as the nuclear structure factor, where bj is the average value of the scattering 

length for a element j  (the scattering length depends on the specific isotope), dj is the 

position of the j t h  atom, and e~Wj represents the decreased intensity in the Bragg

peaks due to  atomic displacement and is known as the Debye-Waller factor. An 

im portant difference is evident between x-ray and neutron diffraction in th a t in the 

case of neutrons the scattering center is the nucleus and is a point source so th a t 

the structure factor only contains a scattering length and does not require an atomic 

form factor which depends on momentum transfer.

The case of magnetic neutron diffraction illustrates the need to consider an atomic 

form factor in neutron scattering experiments where the scattering is from unpaired 

electrons and not from the nucleus. In the case of a magnetically ordered solid the 

coherent elastic cross-section is given by [112 ]

K m

(2.2.7)

where

(2 .2 .8 )
j
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Figure 2.3: Ce3+ magnetic form factor.

where the M  subscript denotes the analogous magnetic quantity to  the elastic quantity 

in eq. 2.2.5 and f j ( \Q\ )J±j  takes the place of the nuclear scattering length. Jj_j 

denotes the portion of the atomic magnetic moment which is perpendicular to  the 

momentum transfer and f j ( \Q\)  is the magnetic form factor which is the Fourier 

transform  of the m agnetization density. The magnetic form factor for Ce3+ is shown 

in fig. 2.3[113].

While elastic scattering provides interesting information, to  obtain the crystal 

field excitation spectrum, another technique is needed.

2.2.2 Inelastic N eutron Scattering

Inelastic neutron scattering is a useful tool for probing excitations in solids. There 

are a number of different methods for measuring the inelastic response of a material. 

Traditionally, the most widely used at reactor sources is the triple axis method; it 

is especially useful for measurements of excitations as a function of both  energy and
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momentum transfer for single crystals. However, because crystal field excitations are 

local, the dependence of the scattering intensity is only dependent on the magnitude 

of the momentum transfer through the magnetic form factor. Thus there is a distinct 

advantage of studying polycrystalline materials with the tim e of flight m ethod where 

many different momentum transfers and energy transfers can be collected simulta­

neously in a bank of detectors and summed appropriately to  augment the signal. 

Fig. 2.4 displays a schematic diagram of the low resolution medium energy chopper 

spectrom eter (LRMECS) at the Intense Pulse Neutron Source at Argonne National 

Laboratory. The instrum ent operates as follows: Neutrons produced by spallation are 

moderated and travel down the beam tube. They first encounter the frame definition 

chopper, or To chopper. This chopper suppresses unwanted high energy neutrons 

and gamma-rays. Further down the beam tube, the neutrons encounter an energy 

selecting chopper, or Fermi chopper. The Fermi chopper only allows neutrons with a 

specified energy to  pass. The remaining neutrons are then collimated before passing 

into the sample chamber. The neutrons are then either scattered, absorbed, or sim­

ply pass through the sample. The neutrons which are scattered are counted by 3He  

detectors from angles of -1 0  to  1 2 0 °.

From fig. 2.3 it is evident th a t the magnetic scattering will be strongest at low 

momentum transfers or low scattering angles. In addition the contributions of non­

magnetic scattering such as phonons will be largest a t high ang les[lll]. This allows 

us to differentiate the contributions of these two sources of information by follow­

ing their change in intensity as a function of Q, or scattering angle. The scattering
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Figure 2.4: The low resolution medium energy chopper spectrom eter (LRMECS) at 
Argonne National Laboratory
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cross-section for crystal field excitations is given by[114]

(IS®) l/<®l’X>l<ri£|r'>la« -')
(2.2.9)

where pr is the therm al population (eq. 2 .1 .12 ) of the crystal field level denoted by

T and the rest of the symbols have their previously defined meanings.

2.2.3 Bulk M easurement of Crystal Field Excitations

While neutron scattering provides one of the most detailed means of probing crystal 

field excitations, crystal field splittings affect a number of other physical quantities 

including specific heat, magnetic susceptibility, and therm al expansion. The following 

will restrict discussion to  specific heat and magnetic susceptibility. In contrast to  neu­

tron  scattering, specific heat and magnetic susceptibility do not measure the crystal 

field excitations directly, making crystal field effects somewhat difficult to separate 

from other effects such as the Kondo effect and magnetic exchange.

Specific Heat

For Ce3+ compounds the splitting of the degeneracy of the J  =  |  multiplet gives 

rise to a contribution to the specific heat know as the Schottky effect for a two level 

system. The contribution to the specific heat may be derived by considering the free 

energy[115]

F  = —kBTLog(Z) (2 .2 .10)

where Z  is the partition function and is given by

(2 .2 .11)
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where E n is the energy of the n th  CEF level. The specific heat can then be calculated 

from

Cp = - T (2 .2 .12)

For a two level system with a levels at E q = 0 and E\  =  e, w ith no degeneracy the 

expression for the specific heat becomes,

For the three doublet crystal field levels found in CeMIns (with energy levels E q = 0, 

Ei  =  ei, and E 2 =  e2) the specific heat becomes

In contrast to neutron scattering, and as we show in the next section for the magnetic 

susceptibility, the specific heat is only sensitive to the energy splitting and not the 

wave functions.

M agnetic Susceptibility

The magnetic susceptibility reflects CEF splitting by anisotropy and Curie behavior. 

To calculate the magnetic susceptibility we first assume th a t the energy in an applied 

magnetic field can be expanded as follows8.

(2.2.13)

E  = E q +  E XH  +  E 2H 2 + ... (2 .2 .1 5 )

The magnetic moment per atom  can then be calculated by

/i -  -  - E i  -  2E 2H  -  ... (2.2.16)

8For full details of this derivation see ref. [116]
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The magnetic susceptibility is then given by

X - H
(2.2.17)

W here the summation is taken over all states. Now substituting in eqs. 2.2.15 and 

2.2.16 into eq. 2.2.17 and making the additional assumptions th a t H is small and

th a t <  1 we obtain

X = N -
E Ef

kBT 2E2 eV kB
Eo 

‘kBT
(2.2.18)

W here E 0 is the bare crystal field level and from perturbation theory we know tha t

E i  = ( i

Eo —

L + 2S  

L + 2S

Ei — Ej

(2.2.19)

(2 .2 .20)

where the states denoted by i  and j  are the now eigenstates referenced by the z  

component of the to ta l angular momentum, and as in the case of the rare earths, 

for strong spin-orbit coupling L  +  2S  may be replaced by g jJ .  Thus, the magnetic 

susceptibility may be w ritten as

E
X  =  N -

(i\9jj\i)2 __ 0 ]^|7+25|i)|'
fcsT Ei-Ej = (

(2 .2 .21 )
E  kBT)

Thus the susceptibility may be calculated by inserting the appropriate energies and 

eigenfunctions for the problem at hand. Note th a t the tem perature dependence en­

ters only through the therm al population and the ^  term. The term  th a t is inde­

pendent of tem perature (aside from the therm al population factor) is known as the 

van Vleck term  and the term  proportional to  ^  is known as the Curie term . For the
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CeMIn5 family the appropriate eigenfunctions are those of tetragonal symmetry (eq. 

1.2.19). Moreover, for tetragonal symmetry the magnetic susceptibility is found to 

be anisotropic. Thus the expression for the magnetic susceptibility for the magnetic 

field applied parallel (||) or perpendicular (_L) to  the c-axis is given by eq. 2.2.21 with 

the operator g j J  replaced by

II 9j Jz

JL f ( / + + / -

(2 .2 .22 )

(2.2.23)

where Jz is given by the standard definition and acts as follows

( J , m \ g j J z \ J, m) =  g j m (2.2.24)

and the combination ( J+ + J -  ) is given by the standard definition and acts as

J, m 9 j  2 [J+ +  J- J , m ±  l \  =  ^  [(J ±  m  +  1 )(J  =p m)] (2.2.25)

The m atrix elements for the crystal field split wave functions of Ce3+ can be con­

structed by considering the m atrix elements for the pure angular momentum states 

below. The nonzero m atrix elements of J ,  are

'5  ± 5  
k2 ’ 2

'* ± 3-  
k2 ’ 2

" ± i  
2 ’ 2

Jz

Jz

Jz

-  ± - \  =  ± -  
2 ’ 2 /  2

i  ± r  
2 ’ 2 ,5±i\ = ±!
2 ’ 2 /  2

(2.2.26)
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The nonzero m atrix elements of J+ +  J -  for Ce3+ can be constructed as follows from 

the m atrix elements of J+ and J_

-  2V2

=  2V2

=  2V2

=  2 \/2

(2.2.27)
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Chapter 3 

M agnetotransport studies of 
Cei_xLaj;RhIn5

In section 3.1 we report measurements of the tem perature-dependent anisotropic re­

sistivity and in-plane magnetoresistance on single crystals of the tetragonal heavy- 

fermion antiferromagnet (TV =  3.8 K) CeRhIn5. The measurements are reported 

in the tem perature range 1.4 K to  300 K and in magnetic fields to  18 tesla. The 

resistivity is moderately anisotropic, with a room -tem perature c-axis to in-plane re­

sistivity ratio pc/ Pa{300 K) =  1.7. p(T)  measurements on the non-magnetic analog 

LaRhlns indicate th a t the anisotropy in the CeRhIn5 resistivity stems predominantly 

from anisotropy in Kondo-derived magnetic scattering. In the magnetically ordered 

regime, an applied field H reduces T,y only slightly due to the small ordered moment 

(0.75Pb) and the effects of magnetic anisotropy. The magnetoresistance (MR) below 

T^v is positive and shows little sign of saturating in fields to  18 T. In the paramagnetic 

state, a positive MR is present below 7.5 K, while a high-field negative contribution 

is evident at higher tem peratures. The positive contribution decreases in magnitude 

with increasing tem perature. Above 40 K the positive contribution is no longer ob­

servable, and the MR is negative. The low-T positive MR results from interactions

60
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with the Kondo-coherent state, while the high-T negative MR stems from single- 

im purity effects. In general, these results indicate th a t CeRhlns exhibits a modest 

degree of transport anisotropy not atypical among heavy fermion compounds.

In section 3.2 we report on m agnetotransport measurements between 1.4 and 300 

K and in applied magnetic fields to  18 T on the Cc]_xLaxRhIn5 series of compounds. 

The results are discussed in terms of a positive contribution in the magnetoresistance 

due to the coherent Kondo regime and a negative contribution due to  a more localized 

single im purity regime and serve to  put the conclusions from the m agnetotransport 

of CeRhIn5 on firmer ground.

3.1 C eR hIn5

3.1.1 Introduction

Transport measurements in high applied magnetic fields provide an exceptionally 

useful means of probing the electronic and thermodynamic properties of heavy fermion 

compounds. This stems from the magnetic origin of the interactions responsible for 

the mass-enhanced ground state  [117, 118]. As such, the resistivity of a heavy fermion 

system is altered by an applied magnetic field in fundamentally different ways when 

the compound is in a magnetically ordered, Kondo-coherent or single-impurity regime. 

Field-dependent measurements can also provide information regarding the importance 

of magnetic fluctuations and the proximity to  low-temperature magnetic instabilities 

in the coherent regime. Although no complete microscopic theory is available to 

model the transport and thermodynamic properties of a heavy fermion system, a 

number of theoretical treatm ents are available th a t qualitatively describe the key
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features of a system ’s field-dependent behavior [108, 109]. From the experimental 

point of view, a wide range of phenomena can be observed when applying a magnetic 

field at low tem perature [119]. Among archetype heavy fermion compounds, U P t3 

and CeRu2Si2 exhibit highly anisotropic m agnetotransport behavior and remarkable 

field-induced metamagnetic transitions at 20 T [17], and 8 T  [14, 15], respectively, 

while UBei3 exhibits negative magnetoresistance above its superconducting transition 

tem perature [120]. Ultimately, a heavy fermion system ’s field-dependent properties 

are determined by RKKY and Kondo interactions [53], with the relative importance 

of these two interactions influenced by magnetic and structural anisotropies as well 

as the anisotropies and level splittings due to  crystal field effects.

CeRhIn5 has a ttracted  considerable attention due to  its unusual pressure-tem perature 

phase diagram [3]. Ce heavy fermion systems th a t order antiferromagnetically typi­

cally exhibit a P-T  phase diagram wherein applied pressure acts to smoothly reduce 

the Neel tem perature, Tjv, to zero at a critical pressure P c, w ith superconductivity 

occurring over a range of pressure centered at P c. The P -T  phase diagram of the 

cubic member of the CemMnIn3m+2n series (Celn3) displays this behavior, w ith an 

ambient-pressure ordering tem perature T ^  =  10 K, a slightly enhanced Sommerfeld 

coefficient of 100 m J/m ole-K 2, and a critical pressure P c =  23 kbar [2, 34]. The 

CeRhIn5 P -T  phase diagram is quite different. At ambient pressure, CeRhIn5 orders 

antiferromagnetically at 3.8 K. Applied hydrostatic pressure acts to very slightly in­

crease1 T jV until magnetic order becomes unobservable near 16 kbar, a t which point 

superconductivity appears at 2.1 K [3]. Specific heat measurements indicate an en­

hanced Sommerfeld coefficient of roughly 420 m J/m ole-K 2 below 10 K; [3] for a single

1 Recent unpublished results appear to show that applied pressure causes TV to decrease with 
increasing pressure [82]
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im purity system [121], this corresponds to a Kondo tem perature of roughly 10 K (see 

eq. 3.1.1).

7 = ^  (3.1.1)1 QTk  v ;

where 7  is the Sommerfeld param eter and J  is the to ta l angular momentum. The 

crystal structure of CeRhIn5 is composed of alternating layers of the cubic heavy 

fermion antiferromagnet Celn3 and a transition-m etal layer composed of R hln2. As 

such, dimensionality or anisotropy may play a role in the interactions th a t produce 

the unusual P-T  phase diagram exhibited by CeRhIn5. This is borne out by nuclear 

quadrupolar resonance [77] and neutron scatting measurements [1] which indicate tha t 

the magnetic moments he in the basal plane of the tetragonal structure w ith a spiral 

along the c-axis, w ith a reduced magnetic moment of 0.75 Bohr magnetons (p b )- 

However, recent inelastic neutron scattering experiments indicate the the inter- and 

intra-plane exchange are not very different indicating some degree of 3-dimensional 

behavior for CeRhIn5 [122]. Further measurements are needed to  fully elucidate the 

influence of dimensionality on the physical properties of CeRhlns.

In order to  enhance our understanding of the ground state  properties of CeRhlns, 

we have measured the anisotropic resistivity of this compound as a function of mag­

netic field and tem perature. The resistivity is moderately anisotropic, w ith a room- 

tem perature c-axis to  in-plane resistivity ratio pc/ p a(300 K) =  1.7. This ratio changes 

markedly w ith decreasing tem perature, and at 4 K the in-plane resistivity is larger 

than  the out-of-plane resistivity by a factor of 80 %. The antiferromagnetic transition 

at 3.8 K produces an inflection point in p. W ith application of magnetic field, the 

transition moves to slightly lower tem peratures, w ith a different field-dependence for 

each direction of the applied field. The magnetoresistance (MR) also depends upon
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the direction of the applied field, and it appears to  be only m oderately influenced 

by structural anisotropy. The MR is positive in the magnetically ordered state and 

shows little sign of saturating, except possibly a t the lowest tem perature for H||c. At 

moderate tem peratures, we observe a positive contribution to  the MR th a t is char­

acteristic of a Kondo system in the coherent regime. At higher tem perature, this 

positive MR gives way to a negative contribution characteristic of a single impurity 

Kondo system.

3.1.2 Experim ental Details

Single crystals of CeRhIn5 were grown from an In flux m ethod [71] as described 

previously [37]. The deleterious influence of residual In flux on low-T transport mea­

surements (the superconducting transition for In occurs at 3.4 K) necessitates careful 

sample surface polishing to remove any possible In contam ination. The polished sin­

gle crystal samples were orientated by using Laue x-ray diffraction to  determine the 

crystallographic in-plane (a-axis) and out-of-plane (c-axis) directions. Finally, the 

resistance of each sample th a t was slated for use in MR measurements was measured 

down to 2 K to ensure th a t no extrinsic superconductivity contam ination was ev­

ident a t 3.4 K due to surface In. The samples th a t passed this screening process 

had residual resistivity ratios [RRR =  p(300K) /  p(2K)  ~  100] th a t were similar to 

those reported previously [72], All in field resistivity measurements reported here 

were made with a conventional four-probe sample configuration in which silver con­

ductive paint or epoxy was used to make sample contacts. Sample resistances were 

measured w ith a low-frequency ac bridge. The in-plane and out-of-plane resistivities 

were determined on oriented samples via the Montgomery[123] and anisotropic van
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der Pauw methods[124, 125] by M.F. Hundley. The transverse magnetoresistance 

was measured w ith current applied along an a-axis, and the applied field oriented 

perpendicular to the measurement current (i.e., either in the other a-axis or along 

the c-axis). The transport measurements were carried out in a variable flow cryostat 

capable of producing tem peratures from 1.4 K to  325 K. To avoid magnetoresistance 

effects in the Cernox therm om eter used to determine and control sample tem perature, 

tem peratures below 3 K were stabilized by controlling the 4He vapor pressure.

3.1.3 Results

The tem perature-dependent resistivities of CeRhIn5 and LaRhIn5 in, and perpendic­

ular to, the basal plane, are shown in Fig. 3.1a. The d a ta  for CeRhIn5 indicate 

th a t this compound is moderately anisotropic; pc is roughly 70 % larger than  pa at 

room tem perature. Below 325 K the resistivity falls with decreasing tem perature in 

both  directions, and both  pa and pc exhibit shoulder-like features between 50 and 100 

K. Both resistivities fall-off more rapidly at lower tem peratures. pa and pc cross at 

30 K, and the a-axis resistivity is larger than  the c-axis resistivity down to 1 K. In 

comparison, the resistivity of LaRhIn5 (the non-magnetic analog of CeRhIn5) varies 

linearly with tem perature below 300 K, and saturates to a value near 1 pQcm  below 

20 K. The LaRhIn5 c-axis resistivity is greater than  the in-plane resistivity at all 

tem peratures, and the anisotropy ratio pc/p a is nearly T-independent. The 300 K 

anisotropy ratio pcj p a =  1.2 for LaRhIn5 suggests th a t the non-magnetic electronic 

anisotropy inherent to  the RMIn5 structure is relatively small.

The tem perature-dependent magnetic scattering component (p mag =  Pee — Plo) 

of the CeRhlns in-plane and c-axis resistivities are presented in Fig. 3.1b. After
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Figure 3.1: (a) In-plane (solid lines) and c-axis (dashed lines) tem perature-dependent 
resistivities of CeRhIn5 and the non-magnetic analog LaRhIn5. (b) The in-plane (solid 
line) and c-axis (dashed line) magnetic resistivity {pm„g = Pce~ Plo) of CeRhIn5. The 
da ta  near Tjv are highlighted in the inset, w ith the arrow positioned at T
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Figure 3.2: Tem perature-dependent magnetic resistivity anisotropy ratio {p™ag/ p™a9) 
of CeRhIn5.

removing the electron-phonon scattering contribution to  pce, the magnetic resistivity 

in both crystallographic directions varies as p oc — ln(T) a t high tem peratures and 

drops sharply below 50 K; this T-dependence is characteristic of Kondo lattice com­

pounds [118]. The resistivity in the vicinity of the 3.8 K antiferromagnetic (AFM) 

transition is shown in the inset to Fig. 3.1b. A clear change in magnetic scattering 

is evident in both pa and pc near T jV ■ The transport anisotropy ratio is plotted as a 

function of tem perature in Fig. 3.2. Near room tem perature the magnetic resistivity 

is moderately anisotropic (p™a9/ p™ag at 300 K is 0.6), and the ratio exhibits a grad­

ual evolution from a high-T regime where p™a9 / p™a9 < 1 to  a low-T regime where 

P™agIP™ag > 1- The magnetic resistivities cross a t 30 K. p f ag is smaller than  p™ag
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down to  the lowest measurement tem perature (1.4 K), and there is no evidence for 

any change in p™ag/ p™ag at or below Thy.

We now tu rn  to  an examination of the influence of applied magnetic fields on the 

T-dependent in-plane resistivity. The resistivity as a function of tem perature in a 

field of 18 tesla is displayed in Fig. 3.3, and compared to  the zero-field pa data. In 

Fig. 3.3(a) the magnetic field is applied parallel to  the basal plane and perpendicular 

to the current. A positive MR is evident at low tem peratures, w ith the m agnitude of 

the effect diminishing w ith increasing tem perature. Above roughly 50 K, no difference 

is discernable between p (H =  0) and p(18 T). The inset to  Fig. 3.3(a) shows p(T) in 

fields of 0, 10, and 18 T  in the vicinity of T y; in this tem perature regime the applied 

fields appear to  uniformly increase the resistivity below 4 K. The H-dependent AFM 

ordering tem perature can be determined by finding the location of the inflection point 

in p th a t marks Ty. The arrows in the inset denote Ty(H). The transition moves 

downward monotonically with tem perature; in 18 T  the inflection point occurs at 

3.35 K, corresponding to the rate dTy/dHy =  -25 m K /T . The a-axis resistivity for 

a field applied parallel to the c-axis is shown in Fig. 3.3(b). In this field orientation, 

the low-T magnetoresistance is also positive, but the 18 T  MR crosses zero at 16 

K, and becomes large and negative at higher tem peratures. This negative MR effect 

reaches a maximum value at nearly 30 K. At higher tem peratures the negative MR 

diminishes in magnitude, approaching zero a t 100 K. The inset to  Fig. 3.3(b) depicts 

p(T) in fields of 0, 5, 10, 15, and 18 T  in the vicinity of Tat; as w ith the in-plane 

field orientation, the applied field uniformly increases pa below 5 K. The field also 

decreases the AFM transition tem perature, but a t a faster rate than  for fields oriented 

in the basal plane. In 18 T  the applied field drops Ty to  3.0 K; this corresponding
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Figure 3.3: In-plane tem perature-dependent resistivity in an applied magnetic field. 
In (a) the magnetic field is applied in the basal plane (perpendicular to the current). 
The inset displays an expanded view near the AFM transition (the curves correspond 
to /i0H =  0, 10, and 18 T). The arrows mark the inflection point in r (located at 3.70, 
3.45, and 3.35 K). In (b) the field is applied along the c-axis. The curves in the inset 
correspond to  ju0H =  0, 5, 10, 15, and 18 T, where the inflection points are located 
at 3.80, 3.70, 3.60, 3.30, and 3.10 K, respectively. For both  field directions a small 
amount of scatter in the p(T) da ta  leads to an uncertainty in determining T N of ±  
50 mK.
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to a rate dTjv/dHj_ =  -35 m K /T , a value th a t is in good agreement w ith previous 

Cp(H,T) measurements. [8 6 , 6 ]

The field-dependent in-plane magnetoresistance Apa(H) =  pa(H) - pa(H=0) at 

constant tem perature is depicted in Figures 3.4 (H || a) and 3.5 (H || c) for CeRhIn5. 

W ith the field applied in the basal plane the MR below 10 K (Fig. 3.4a) exhibits 

two distinct regimes. At 1.4 K the Ap„(H) varies linearly w ith H throughout the 

measured field range (H <  18 T), while for T  >  T/y the MR grows in magnitude 

and exhibits some curvature below 5 T. At 7.5 K the MR varies as above 1 

T, and it saturates above 15 T. At still higher tem peratures (Fig. 3.4b) Apa(H) 

displays a broad maximum th a t occurs near Hmax =  12 T. The rise in the MR at low 

fields is suppressed as the tem perature is increased, and the overall magnitude of the 

magnetoresistance diminishes as well. The relative magnetoresistance in 18 T, defined 

as [pa(H) - pa(H =0)]/ pa(H=0), is plotted as a function of tem perature in the inset 

to Fig. 3.4a. The relative MR is nearly zero above 20 K, and grows markedly below 

10 K in large measure due to  the sharp drop in p0 (T, H =  0) th a t stems from the 

onset of coherence. In contrast, the magnetoresistance of the non-magnetic analog 

LaRhlns displays a standard metal-like positive MR th a t varies as H2 and diminishes 

in magnitude w ith increasing tem perature.

The in-plane magnetoresistance of CeRhIn5 w ith H applied along the c axis is 

depicted in Fig. 3.5. For T <  7.5 K (Fig. 3.5a) the results are qualitatively similar 

to  those for H || a. Below T lV Apa(H) is positive, w ith a small change in slope evident 

near 2.5 T. There is little sign of saturation, except possibly the appearance of a 

feature of unknown origin at 17 T at 1.4 K. Above T/v the high-field MR grows as Ha 

with a  <  1. At 7.5 K Apa(H) varies as H 1/ 2 throughout the measured field range and it
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Figure 3.4: In-plane field-induced change in resistivity Ap =  (p (H ) — p(0))(H  || 
a). The low-T behavior is featured in (a). The inset shows the magnetoresistance 
A p/p(0) a t 18 T  for T  <  30 K. The value for the 1.4 K magnetoresistance a t 18 T 
(Ap/p(0) =  8.7) is not displayed due to its large magnitude. The high tem perature 
behavior of Ap is displayed in (b).
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is approaching saturation at 18 T. For T  >  7.5 K (Fig. 3.5b) the MR is quite different 

from the low-T behavior. The H1/ 2 behavior present a t 7.5 K evolves into a peak in 

Apa(H) at 10 K th a t occurs between 5 and 10 T, and the MR decreases markedly at 

still higher fields. Above 20 K, the low-H positive MR is no longer in evidence and the 

negative MR contribution predominates. The MR is negative above 30 K a t all fields, 

and the overall magnitude of the negative MR decreases with increasing tem perature. 

Taken as a whole, the tem perature and magnetic-field dependent pa d a ta  presented in 

Figs. 3-5 suggest th a t there are three field-dependent transport regimes in CeRhIn5. 

The first, in the magnetically ordered state, exhibits a large positive MR th a t shows 

little sign of saturation at 18 T  (we note th a t at least 40 T is required to  field-polarize 

the AFM state) [126]. The second regime resides in the param agnetic state  just above 

Tjv- In this regime the MR is positive and exhibits a tendency to saturate  near 20 

T. The th ird  regime occurs at tem peratures above 10 K and at high fields where 

a negative MR contribution comes into play th a t initially produces a maximum in 

Ap0 (H). At still higher tem peratures, the positive MR disappears and the negative 

contribution dominates the field-dependent transport. Magnetic anisotropy influences 

the detailed nature of the field-dependent transport. The influence of the high-T 

negative MR contribution is largest with the field applied perpendicular to the basal 

plane. As such, the peak field Hmax is largest w ith the field applied in the basal plane, 

and the MR is more negative for H || c.

3.1.4 Discussion

The anisotropy in the zero-field resistivity data, and the complex H-field and T- 

dependence of the a-axis magnetoresistance are the most prominent features of these
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CeRhIn5 m agnetotransport data. How do these features reflect the tetragonal crystal 

structure, the Kondo and crystal-field interactions, and the RKKY-mediated anti­

ferromagnetic order? Before answering these questions, we first must examine the 

influence th a t lattice anisotropy has on the electronic and magnetic structure in the 

CeRhIn5. The CeRhIn5 unit cell is composed of cubic Celn3 building blocks th a t are 

separated by R hln2 layers. Full-potential band structure calculations [74] indicate 

th a t the electronic structure of CeRhIn5 and LaRhIn5 reflects the quasi-2D nature of 

the tetragonal unit cell. The band structure exhibits a number of bands th a t cross 

the fermi energy Ep, producing three fermi surfaces. Only the first, containing hole­

like orbits, is relatively isotropic. Reflecting CeRhIn5’s planar structure, the second 

and third surfaces are composed of corrugated cylindrical electron- and hole-like or­

bits th a t extend along the c-axis. de Haas-van Alphen (dHvA) measurements detect 

extremal orbits th a t are consistent with the band-structure calculations. [72, 74] In 

addition, the Hall effect in both CeRhIn5 and LaRhIn5 is anisotropic and strongly 

tem perature dependent [127], providing clear evidence for competing electron and 

hole carriers. The fact th a t the Hall effect in CeRhIn5 and LaRhIn5 are quite similar 

indicates th a t they share the same anisotropic electronic structure, and th a t the f- 

electrons in CeRhlns are localized, de Haas-van Alphen (dHvA) measurements [128], 

which observe similar frequencies throughout the entire Cei^3,LaxRhIns series, are 

consistent w ith this last conclusion. Hence, from both  measurement and calculation, 

the layered structure of CeRhlns is reflected in the com pound’s complex electronic 

structure.

The magnetic structure of the antiferromagnetic ground state  also reflects CeRhIn5’s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

Figure 3.6: H-T phase diagram for CeRhlns for H[[a. There are three magnetically 
ordered portions of the phase diagram. I is the incommensurate structure at zero 
field; II is a commensurate structure; and III is a second incommensurate structure. 
[Source ref. [6 ]]

layered nature. The magnetic moments th a t order at T ^  =  10 K in Celn3 are com­

m ensurate w ith the cubic lattice. [2] In contrast, the magnetic moments in CeRhlns 

are found to  lie completely within the basal plane, and they form an incommensurate 

spiral along the c-axis. [77, 1] Field-dependent specific-heat [6 ] and dHvA [72] mea­

surements indicate th a t fields oriented along the c-axis gradually reduce the ordering 

tem perature w ithout altering this incommensurate structure. Fields applied within 

the basal plane strongly influence the magnetic structure, producing a complex H-T 

phase diagram (see figure 3.6) [126, 6 , 87]. Below 3 K a field of 2 T  transforms the 

magnetic structure to  one th a t is commensurate w ith the lattice, while a third state is 

also present near 3.5 K. The onset ordering tem perature is much less field-dependent
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than  for H || c. In the paramagnetic regime the magnetic susceptibility x  exhibits 

a factor-of-two anisotropy between Xa and Xc- [3] This anisotropy stems from the 

splitting of the J =  5/2 manifold under the influence of tetragonal crystalline electric 

fields. The crystal field level scheme th a t describes %a(T) and x c(T) in the param ­

agnetic state  [129]2 includes a Fy doublet groundstate (composed predominately of 

the | | )  spin state), a first-excited T7 doublet (predominately | | ) )  at 7 meV, and the 

2nd excitted state, a spin-1 T6 doublet, located 24 meV above the T7 groundstate. 

Taking into consideration CeRhIn5’s electronic and magnetic structures, as well as 

the crystal-level scheme, we can now examine the underlying mechanisms responsible 

for the m agnetotransport features exhibited by CeRhIn5.

The modest transport anisotropy exhibited by LaRhlns (pc/ p a ~  1-2) indicates 

th a t the quasi-2D electronic structure does not translate into transport anisotropy. 

Conventional electron-phonon scattering also appears to be weakly influenced by the 

planar 115 structure as well. The absence of significant anisotropy in the resistiv­

ity of LaRhlns indicates th a t the anisotropy in the CeRhIn5 resistivity stems from 

magnetic scattering. Both the a-axis and c-axis magnetic resistivities of CeRhIn5 

display tem perature-dependencies th a t are characteristic of a Kondo-lattice com­

pound. The complex T-dependent anisotropy between the a and c-axis magnetic 

resistivities is reminiscent of th a t seen in many other heavy-electron systems. For 

example, The a-axis and c-axis resistivities in the tetragonal compounds CeRu2Si2 

and CeNi2Ge2 also cross in a manner reminiscent of CeRhlns. [130, 131] There are 

also a number of other f-electron compounds th a t exhibit an anisotropic pmag but 

w ithout any crossing of the pa and pc resistivities. Systems th a t fall into this second

2The crystal field level scheme will be described in more detail in chapter 5
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class include orthorhombic CeCu6 [132] and the tetragonal compounds C eP t2Si2 [133], 

CePd2Si2 [134], and CeCu2Si2. [135] As w ith CeRhIn5, pa and pc never differ by more 

than  a factor of 2 in these systems. These resistivity anisotropies can be explained 

by considering the nature of the scattering relaxation rates th a t are produced when 

Kondo scattering is influenced by anisotropic crystal-field levels. [136, 137, 138, 139] 

This modelling successfully describes the anisotropy evidenced by a wide variety of 

Ce compounds. [133, 136, 137, 138, 139, 140, 141] As such, it seems reasonable to con­

clude th a t the magnetic resistivity anisotropy in CeRhIn5 is a reflection of anisotropic 

carrier scattering due to  the influence of the crystal fields.

The influence of an applied magnetic field on the resistivity near the antiferromag­

netic transition is depicted in the insets to  Figs. 3.3a and 3.3b. The zero-field AFM 

order at T a t  = 3.8 K gives rise to  an inflection point in the resistivity, indicating tha t 

magnetic order alters the transport in at most a modest way. The absence of any 

abrupt change in the ratio pa/ p c at T,y indicates th a t the onset of magnetic order 

influences spin-wave scattering isotropically; this is consistent w ith inelastic neutron 

scattering measurements [122] which indicate th a t there is no 3-D to  2-D crossover 

prior the onset of long-range order and th a t the magnetic system is predominantly 

three-dimensional. Specific-heat [6] measurements show th a t a magnetic field ap­

plied in the basal plane will split the antiferromagnetic transitions into three separate 

transitions. Preliminary neutron-diffraction measurements [87] indicate th a t these 

transitions are associated with an evolution in the zero-field magnetic structure. No 

such splitting of the antiferromagnetic transition signature is evident in the resistivity 

da ta  shown in the Fig. 3.3a inset. This may be due to  the relatively small change in 

carrier scattering th a t will occur when the system is transform ed from one magnetic
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structure to  the next; as such, the resistivity inflection points pertaining to the reori­

entation transitions may be unobservable. However, the inflection point (determined 

by finding the maximum of d p(H ,T ) /dT ) ,  as indicated by the arrows in the inset, 

decreases very gradually (dTjv/dH|| =  -25 m K /T ) w ith magnetic field. Specific-heat 

measurements [8 6 , 6] w ith the magnetic field applied along the c-axis indicate th a t 

while the field does not alter the magnetic structure it does have a stronger influence 

on TV; this is consistent w ith the more rapid field-induced decrease in the inflection- 

point tem perature (dT/v/dHj_= -35 m K /T ) evident in the da ta  displayed in the Fig. 

3.3b inset. We note th a t the inflection point at zero applied field occurs at 3.7 ±  0.05 

K in one case (Fig. 3.3a inset) and at 3.8 ±  0.05 K (Fig. 3.3b inset). This difference 

is merely an indication of the error in determining the maximum in dp/dT.  Despite 

this m oderate error, the trend of Tjv to lower tem perature w ith increasing applied 

field emerges and is in agreement w ith previous thermodynamic measurements. [8 6 , 6] 

We now consider the magnetoresistance in the param agnetic state. The da ta  ex­

hibit two field/tem perature regimes: at low H and T  the MR is positive, while at 

high H and T  the MR exhibits a negative contribution. A similar low-T positive MR 

has been reported in both CeAl3 [1 0 2 , 103] and CeRu2Si2 [104] a t low tem peratures, 

and in UBei3 under pressure. [105] The similarity between CeRhlns and these other 

compounds suggests th a t a low-temperature positive MR appears to  be a common 

feature of Kondo systems th a t are in, or are approaching, a coherent fermi-liquid 

state. [109, 142] Despite many attem pts [108, 109, 110] no satisfactory detailed the­

oretical explanation for the positive MR in the low-T param agnetic state  has been 

put forward. For now we can only say th a t this effect must reflect the influence of an
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Figure 3.7: In-plane magnetoresistance A p a/po at 40 and 80 K plotted as a function 
of the magnetization squared. H is applied along the c-axis, and the M2 units are 
Bohr magnetons per Ce atom.
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applied H-field on the Kondo-coherent state. In the single-impurity regime our under­

standing of MR effects rests on firmer ground. In this regime an applied field reduces 

incoherent Kondo scattering, producing a negative MR. [95, 96, 97, 98, 99, 100, 101] 

In this situation the MR is known to  scale w ith the induced magnetization M as 

A p/p0 oc —M 2. [99, 100, 101] Hence, a plot of A p /p0(M)  for all H and T  should fall 

onto a single, universal curve. A careful analysis of the magnetoresistance da ta  for 

all tem peratures th a t exhibit a hint of a negative MR is made problematic by the 

interaction between the low-H positive effect and the high-H negative contribution. 

Nonetheless, this single-impurity analysis is possible with H || c for T  >  40 K, as the 

MR shows no positive contribution in this tem perature range. These da ta  are plotted 

as a function of M2 in Fig. 3.7. The data  scale as expected, falling on a common line 

and varying as M2. Hence, the negative high-tem perature MR contribution appears 

to be a simple-impurity effect. At these tem perature the applied field reduces incoher­

ent Kondo scattering, giving rise to a negative MR. The detailed nature of the MR, 

and in particular the stronger negative contribution for H || c are an indication th a t 

the magnetic anisotropy evident in pmag also influences the detailed balance between 

coherent and incoherent MR effects in CeRhIn5. As such, the tem perature-dependent 

CeRhIn5 m agnetotransport reflects the prevalent Kondo regime (coherent at low T, 

single-impurity at high-T) as well as the magnetic anisotropy stemming from the 

nature of the crystal-field levels.

3.1.5 Conclusions

Structural anisotropy influences the physical properties of CeRhlns hi a subtle but 

significant way. Tetragonal crystalline electric fields split the J  — |  manifold into
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three doublets whose anisotropy influences both  the magnetic susceptibility [3] and 

the zero-field resistivity. The R hln2 spacer layer alters the c-axis magnetic exchange 

sufficiently to produce antiferromagnetism with an incommensurate spiral spin struc­

ture. [77, 1] Dimensionality effects are also evident in the way an applied H-field alters 

this spin arrangement. [6 , 87] Both dHvA [72, 74] and Hall effect [127] measurements 

indicate th a t CeRhhW s electronic structure has two-dimensional character. And, 

finally, while the overall field and tem perature-dependent MR in the paramagnetic 

regime is predominantly determined by Kondo-lattice and single-impurity Kondo in­

teractions, the detailed interplay between these positive and negative MR contribu­

tions indicate the im pact of anisotropy on the m agnetotransport. M agnetotransport 

measurements are presented in chapter 4 for the ambient-pressure superconducting 

members of the 115 series (C elrln5 and CeCoIn5) to  determine the relative importance 

of structural and magnetic (CEF) anisotropy in these systems.

3.2 Cei-^La^Rhlns

In this section, we will further examine the high field m agnetotransport behavior 

of CeRhIn5 by tuning the interactions by chemical substitution of La onto the Ce 

site. Doping studies of the CeMIns series have already proven to  present interest­

ing behavior, including possible coexistence of superconductivity and magnetism in 

CeRhx-^Ir^Ins [89] and CeRh1_xCoa;In5 [143] and doping induced disordered short- 

range magnetism and non-fermi liquid behavior for Cei_xLaxR hIn5[144].

To gain a better understanding of the unusual heavy fermion ground state in 

CeRhIn5 we have measured the m agnetotransport of the Cei_xLaxRhIn5 series. We 

have performed our measurements from 1.4 to 300 K in applied magnetic fields to
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18 T  for samples x =  0.25 and x =  0.75. Substituting 25 % La increases the region 

in which the magnetoresistance is negative, and by 75 % La the magnetoresistance 

is positive at 18 T over the entire measured tem perature range. At 1.4 K a positive 

magnetoresistance is observed for x =  0, 0.25, 0.75. The magnitude of the mag­

netoresistance is nearly the same for x =  0.25 and 0.75 and slightly reduced from 

th a t of the pure compound. The samples were grown using a  flux growth technique 

as detailed in Moshopoulou, et al.[37] The samples have Residual Resistivity Ratios 

(RRR) (300 to 2 K) of 4 for x =  0.25 and 22 for x =  0.75. For comparison, samples 

of CeRhIn5 have RRR values in the range 50 - 100, while LaRhIn5 has a RRR of 22. 

The measurements were performed in similar experiential conditions as those in the 

previous section and as described in Chapter 2. In all cases the current was placed 

in the basal plane and the field applied along the c-axis.

An overview of the m agnetotransport is displayed in fig. 3.8: (a) displays the 

resistivity a t 0 and 18 T  for CeRhIn5. A rapid decrease occurs w ith decreasing tem ­

perature in the resistivity at 40 K signaling the onset of coherence. The resistivity at 

18 T  crosses below the zero field da ta  at 20 K. The inset displays the low tem perature 

behavior in which the resistive signature of the antiferromagnetic transition may be 

observed as slight downturn in the resistivity. In (b) the resistivity is displayed for 

x =  0.25. The negative magnetoresistance (at 18 T) persists over a broad range of 

tem perature down to 10 K. The inset displays the magnetoresistance a t 1.4 K for x =  

0.25 and x =  0.75. Both are positive; the x =  0.25 is close to linear except a t low and 

high fields. For applied fields above 15 T the magnetoresistance behaves as if it is ap­

proaching a maximum suggesting the magnetic field is starting to  significantly affect 

the coherent regime. A rapid increase in the magnetoresistance of the x =  0.75 da ta  is
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Figure 3.8: Resistivity (p) versus Tem perature at 0 and 18 T  for CeRhIn5 (a), 
Ce.75La.25Rh.In5 (b), and Ce.25La.75RhIn5 (c). The inset in (a) shows the resistive 
signature of the antiferromagnetic transition. The inset in (b) shows the magnetore­
sistance, ^  =  (p(T, H) - p(T, 0 ))/ p(T, 0) at 1.4 K for x =  0.25 and 0.75. The inset 
in (c) shows the development of a broad maximum at low tem perature for x =  0.75 
for applied fields of 0, 10, 18 T.
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seen at low field. This may be a signature of the broad feature in the resistivity, which 

will be discussed in conjunction w ith (c). Power law fits above 2 T  yield poor fits to 

the data. It is possible the slight upturn  in the magnetoresistance may indicate th a t 

part of the magnetoresistance is due to  normal metal positive magnetoresistance. (c) 

displays the resistivity at 0 and 18 T for x =  0.75. The magnetoresistance is positive 

(at 18 T) from 1.5 to  200 K. F itting the zero field da ta  w ith a power law between 

1.5 and 30 K and yields a power of slightly greater than  1. At low tem perature a 

broad feature appears in the resistivity in applied fields. The origin of this feature 

is unknown, but may be related to a doping induced short-range magnetism which 

persists to higher La-concentration[4],

The da ta  presented lead to a general picture in which there are two contribu­

tions to  the magnetoresistance. One is due to  the positive magnetoresistance of the 

coherent regime of a Kondo Lattice and the other a negative contribution due to a 

single impurity-like regime. The la tter contribution dominates for sufficiently large 

La concentrations where the Ce ions are well separated. For the x =  0.75 compound 

a positive contribution is observed over the whole tem perature and field range in 

this study. Another mechanism is needed to describe this positive magnetoresistance; 

some possibilities include a positive normal metal magnetoresistance, interactions 

among single im purity like Ce atoms, and disorder effects.

3.2.1 Conclusions

In conclusion, we have given an overview of the m agnetotransport for a variety of 

La substitutions for Ce in CeRhIn5. In particular there is a sign change in the 

magnetoresistance at high tem perature which is reached by La concentration of 75.
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Future work should include a more detailed study of the concentration range as well 

as an a ttem pt to  understand the broad bump which appears in the resistivity for the x 

=  0.75. The overall picture from m agnetotransport studies of Cei_xLaxIn5 is th a t the 

anisotropy of CeRhIn5 is typical of other heavy fermion compounds indicating tha t, 

at least from the standpoint of transport measurements, CeRhIn5 is not unusually 

anisotropic. Additionally, we find a high tem perature single im purity regime, while 

a t lower tem peratures we find behavior characteristic of a Kondo lattice. The single 

impurity regime extends to lower tem peratures w ith the substitution of La for Ce.
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Chapter 4

M agnetotransport studies o f  

C elrlns and CeCoIns

In this chapter we report m agnetotransport measurements on CeCoIns and Celrlns. 

In contrast to CeRhIn5, these materials exhibit superconductivity a t ambient pres­

sure. The measurements are reported in the tem perature range 1.4 K to 300 K and in 

magnetic fields to 18 T. The high tem perature m agnetotransport behavior is similar 

to th a t of CeRhIn5 in several ways. (1) A drop in the resistance as a function of tem ­

perature is observed which is indicative of the formation of a coherent Kondo lattice. 

(2 ) At high tem peratures a negative magnetoresistance is observed which conforms to 

the expectation of a high tem perature single im purity regime. In contrast to  CeRhlns, 

a peak in the resistivity is observed at the onset of coherence in both  CeCoIn5 and 

C elrln5. This is likely related to the different crystal field splitting exhibited by the 

different members of the CeMIrij family. At interm ediate tem perature we observe a 

positive peak in the magnetoresistance of all three compounds, w ith the magnitude 

of the magnetoresistance being largest in CeRhIn5 and least in C elrln5. Below the

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

superconducting transition tem perature in CeCoIn5 a negative magnetoresistance is 

observed above the critical field required to  destroy superconductivity.

4.1 C elrlns and CeCoIns

4.1.1 Introduction

There are a number of strategies th a t may be employed to investigate the nature of 

the unconventional ground states found in heavy fermion materials. The most preva­

lent tactic is to  investigate the normal state out of which the superconductivity grows. 

The procedure used is to explore the behavior of the normal state  at tem peratures 

above the superconducting transition tem perature. However, even more information 

can be gleaned concerning the normal state  by looking in regions only accessible by 

driving the system normal by tuning an intensive variable other than  tem perature. 

An example of this is application of magnetic fields. Furthermore, examining the 

interactions in non-superconducting materials which are closely related to the super­

conducting m aterial can provide insight into the nature of the superconductivity. In 

the studies presented in this chapter, the aim is not only to  understand similarities 

and differences between two closely related heavy fermion superconductors, but more 

im portantly to understand any systemic difference or similarities to antiferromagnetic 

CeRhIn5.

This chapter is organized as follows. First an overview of the the behavior of 

C elrln5 and CeCoIn5 will be given. Following this, the magnetoresistance will be 

discussed for three tem perature regimes. The discussion for the high tem perature 

regime will concentrate on further strengthening the case for a single im purity regime
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at high tem perature in both Celrlns and CeCoIns. Next, the magnetoresistance at 

interm ediate tem peratures will be examined in the context of the formation of a 

coherent regime. The low tem perature behavior will be discussed in the context of 

the formation of a coherent regime as well as speculation regarding the promotion of 

a fermi liquid regime by applied magnetic fields. Finally, a general discussion will be 

given which compares the m agnetotransport behavior of CeRhIn5 to th a t of C elrln5 

and CeCoIn5.

4.1.2 R esults and Discussion

Overview

We start w ith an overview of the m agnetotransport properties of C elrln5 and CeCoIn5. 

The resistivity measurements reported in this chapter were performed a t the National 

High Magnetic Field Laboratory Los Alamos facility. The experim ental conditions 

were similar to  those described in chapters 2 and 3. All of the magnetoresistance 

measurements are transverse magnetoresistance where the magnetic field is applied 

parallel or perpendicular to  the c-axis and always perpendicular to  the current.

Fig. 4.1 displays p at zero and 18 T for the tem perature range 2 - 300 K for 

C elrln5. The resistivity increases from 100 K until a broad maximum is reached at 

about 40 K. This broad maximum is interpreted to represent the onset of coherence. 

As expected, for T  >  T* (the coherence tem perature) the resistivity displays a loga­

rithmic increase, which is characteristic of the the single im purity Kondo effect. Fits 

utilizing a logarithmic term  (for at tem perature range on order of 60 K) yield x 2s at 

least an order of magnetic smaller than  simple linear fits. Notice th a t for the mag­

netic field applied in the basal plane the magnetoresistance is unobservable on the
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Figure 4.1: p for current in the basal plane with applied magnetic fields of 0 and 18 T 
for fields applied perpendicular to the current in the basal plane and along the c-axis. 
Note th a t for magnetic fields applied in the basal plane the magnetoresistance a t 18 
T is too small to be observed in (a). The insets display the low tem perature behavior.
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(a) CeCoIn5 HI la
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Figure 4.2: p for current in the basal plane with applied magnetic fields of 0 and 18 T 
for fields applied perpendicular to  the current in the basal plane and along the c-axis. 
The insets display the low tem perature behavior.
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scale show in fig. 4.1(a). In both of the insets of fig. 4.1 the magnetoresistance at 18 

T  is negative and appears to be more characteristic of a fermi liquid than  the zero 

field data. The m agnetotransport da ta  for CeCoIn5 shown in fig. 4.2 bear many sim­

ilarities to  th a t of C elrln5 including: a logarithmic divergence of the resistivity above 

the onset of coherence, In both, the onset of coherence appears at approximately 40 

K. However in contrast to  C elrln5, he magnetoresistance appears to  be stronger for 

field applied in the plane in CeCoIn5. However, in both  materials the promotion of 

a fermi liquid regime appears to be stronger for field applied along the c-axis. This 

point will be discussed in more detail in the low tem perature section.

High Tem perature Regim e

The magnetoresistance of C elrln5 is shown in fig. 4.3. For magnetic fields applied 

along the c-axis the most prominent feature is the negative magnetoresistance present 

a t tem peratures from 15 to 60 K. Similar behavior is manifested for magnetic fields 

applied perpendicular to the c-axis. However, a positive contribution to  the magne­

toresistance is evident a t much higher tem peratures than  for magnetic fields applied 

along the c-axis. The observation of negative magnetoresistance is consistent with 

the notion th a t a single im purity regime exists at high tem perature in C elrln5. To 

further examine the conclusion th a t the high tem perature resistivity behaves as a 

single im purity in figure 4.4 we show th a t the magnetoresistance scales as the mag­

netization squared (M?)[99, 100, 101]. The scaling is reasonable, but in comparison 

to  the high tem perature scaling observed in CeRhIn5 the collapse of the magnetore­

sistance a t different tem peratures is not as good at high magnetic fields, suggesting 

th a t nonlinear effects are slightly more im portant in C elrln5. Curiously, the scaling
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Figure 4.3: Magnetoresistance (in units of percent) versus applied magnetic fields for 
Celrlns at high tem perature, (a) displays the magnetoresistance for applied fields 
perpendicular to the c-axis and (b) displays the magnetoresistance for fields parallel 
to the c-axis.
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Figure 4.4: The magnetoresistance of C elrln5 plotted versus m agnetization squared 
(M2). The field is applied along the c-axis.
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produces a slightly more linear result at low fields for C elrln5 than  for CeRhIn5. 

Interm ediate Tem perature R egim e

Up to this point the discussion of the magnetoresistance in CeCoIn5 and particularly 

in the case of Celrlns has concentrated on the establishing th a t a single impurity 

regime exists at high tem peratures. However, it is im portant to  consider the formation 

of the coherent regime as tem perature is lowered. As is the case in CeRhIn5, a 

positive contribution begins to emerge as coherence sets in for both  Celrlns (fig. 

4.5) and CeCoIn5 (fig. 4.6). The positive contribution is due to the destruction of 

the coherent state  by the applied magnetic field(see section 3.1.4). There appears 

to be no simple scaling between the magnetoresistance for field applied parallel and 

perpendicular to  the c-axis in Celrlns. For example, within the simplest picture it 

would be reasonable for the magnetoresistance to  scale as the magnetization for the 

two different field directions. However, in C elrln5 this type of scaling fails, suggesting 

th a t the scattering mechanisms are influenced more profoundly by the direction of an 

applied magnetic field than  simply the response characterized by the magnetization. 

The fact th a t the scaling fails at even low magnetic fields suggests th a t more than  

simply high field nonlinearity of the magnetic susceptibility is to  blame. In CeCoIn5, 

this type of scaling is successful for magnetic fields where the scattering due to  the 

destruction of the Kondo coherent state  is dominant(fig. 4.7). Above this field, the 

scaling breaks down, perhaps reflecting the complicated interplay of the scattering 

caused by bo th  single im purity type scattering and Kondo coherent type scattering. 

This is a distinction between Celrlns and CeCoIn5. Evidently, the anisotropy as 

reflected in the magnetoresistance of C elrln5 is not represented well by the anisotropy
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Figure 4.5: M agnetoresistance (in units of percent) versus applied magnetic fields for 
Celrlns at interm ediate tem peratures, (a) displays the magnetoresistance for applied 
fields perpendicular to  the c-axis and (b) displays the magnetoresistance for fields 
parallel to the c-axis.
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Figure 4.6: Magnetoresistance (in units of percent) versus applied magnetic fields 
for CeCoIn5 at interm ediate tem peratures, (a) displays the magnetoresistance for 
applied fields perpendicular to the c-axis and (b) displays the magnetoresistance for 
fields parallel to  the c-axis.
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reflected in the magnetic susceptibility. In contrast, this appears to  be the case for 

fields to 5 or 10 T  depending on the tem perature range for CeCoIn5.

Low Tem perature Regim e

The low tem perature magnetoresistance for Celrlns with applied magnetic field par­

allel and perpendicular to the c-axis is shown in fig. 4.8. The most prominent change 

from the interm ediate tem perature regime is th a t the magnetoresistance at the lowest 

tem peratures (1.4 and 2 K) displays an upturn  starting at around 15 T. This upturn  

may be related to the low magnitude of the magnetoresistance due to Kondo scatter­

ing, coupled with the increasing effect of a positive normal m etal magnetoresistance. 

This speculation is consistent with the idea the magnetic fields tend to  promote the 

formation of a fermi liquid regime in this material. To quantify the statem ent in the 

previous sentence further, power law fits to  the resistivity of the form p = x T y +  z  

have been performed and are summarized in table 4.1. It is im portant to  note th a t 

while the power appears to be approaching 2 at 18 T, measurements at lower tem per­

ature are required to further understand this detail and will be the subject of future 

work.

The magnetoresistance of CeCoIn5 at low tem peratures is displayed in fig. 4.9. For 

magnetic field applied both  parallel and perpendicular to  the c-axis it appears th a t the 

superconducting transition appears at fields where the coherent Kondo scattering is 

no longer dominant, suggesting a relation between the formation of a Kondo coherent 

state and heavy fermion superconductivity in CeCoIn5. In fact, magnetoresistance 

measurements for fields applied along the c-axis appear to support this hypothesis as 

identification of a crossover to a fermi liquid regime [145]. We have performed similar
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Figure 4.7: Magnetoresistance versus M agnetization for CeCoIn5. (a) displays the 
scaled da ta  a t 4 K for magnetic field applied parallel (squares) and perpendicular 
(circles) to  the c-axis. (b) displays the scaled da ta  at 25 K for magnetic field applied 
parallel (squares) and perpendicular (circles) to the c-axis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

1.4 K10
3 K

5 K

0
2 K

(a) Celrln5 H lc

5 150 10

H0H (T)

10
2.5 K

3 K

5

0
1.4 K

■5 2 K

0 5 10 15
li0H (T)

Figure 4.8: Magnetoresistance (in units of percent) versus applied magnetic fields for 
C elrln5 at low tem peratures, (a) displays the magnetoresistance for applied fields 
perpendicular to the c-axis and (b) displays the magnetoresistance for fields parallel 
to  the c-axis.
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Figure 4.9: Resistivity (p) versus applied magnetic fields for CeCoIn5 at low tem per­
atures. (a) displays p for applied fields perpendicular to  the c-axis and (b) displays p 
for fields parallel to  the c-axis.
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p = x T y ±  z C elrln5 CeCoIn5

H||c 0 18 T 0 18 T
x ((p £ lcm ) /K y) 1.83 ± 0 .0 5 0.35 ±0 .01 1.44 ± 0 .01 1.32 ± 0 .0 3

y 1.01  ± 0 .01 1.61 ± 0 .0 2 0.975 ±  0.003 1.17 ± 0 .01
z (pflcm) 0 .1 0  ±  0.08 2.51 ± 0 .03 3.63 ± 0 .0 2 0 .1 2  ± 0 .0 6

H_Lc
x ((pQcm) / K y) 1.83 ± 0 .0 5 0.46 ±  0.02 1.44 ± 0 .01 8.82 ±  0.09

y 1.01  ± 0 .0 1 1.55 ± 0 .0 2 0.975 ±  0.003 0.476 ±  0.003
z (//f2 cm) 0 .1 0  ± 0 .0 8 1.86 ± 0 .0 5 3.63 ± 0 .0 2 -3 .6  ± 0 .1

Table 4.1: Param eters for power law fits (p — x T y ±  z ) to  the resistivity for the 
tem perature range 2.5 - 6 K for CeCoIn5 and for 2 to  6  K for C elrln5. This fits are 
found to  be dependent on the tem perature range selected.

power law fits for CeCoIn5 and for fields along the c-axis support the conclusions of 

ref. [145]. It appears th a t fermi liquid behavior is prom oted by a magnetic field, 

though the present measurements suffer from lack of low tem perature data. For fields 

applied perpendicular to the c-axis the situation appears to  be somewhat different, 

indicating th a t future work should concentrate on low tem perature measurements to 

determine if a fermi liquid regime is promoted by applied fields in the basal plane.

4.1.3 Conclusions

The are a number of properties common to all of the members of CeMIn5 as revealed 

by m agnetotransport studies. First, all of the materials exhibit a single impurity 

regime at high tem perature and show signs of developing Kondo lattice behavior at 

lower tem peratures. As in CeRhlns, the anisotropy observed in the magnetoresis­

tance is not large and is typical of other heavy fermion materials. The magnitude 

of the magnetoresistance is largest in CeRhlns, probably due to the the presence of
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magnetic fluctuations in addition to the Kondo fluctuations present in all members 

of the CeMIns series. The magnitude of the magnetoresistance of CeCoIns is inter­

mediate between th a t of CeRhIn5 and C elrln5. This indicates th a t in addition to the 

scattering due to  Kondo fluctuations, the scattering caused by magnetic fluctuations 

are crucial for explaining the m agnetotransport properties of CeMIn5. Furthermore, 

the interm ediate amount of magnetic fluctuations present in CeCoIn5 may be further 

evidence th a t CeCoIn5 is near a quantum  critical point while CeRhIn5 and C elrln5 

are farther from a quantum  critical point on the magnetic and nonmagnetic side re­

spectively. This is consistent with studies which argue th a t CeCoIn5 is very near to a 

quantum  critical point [146, 147]. In CeCoIns, it appears th a t the anisotropy in the 

magnetoresistance is reflected in the anisotropy in the magnetization. This feature is 

not present in CeRhIn5 and C elrln5- Although in CeRhIn .5 the scaling appears to  fail 

less drastically than  in C elrln5. Ultimately, a description of the m agnetotransport in 

the CeMIn5 series requires the inclusion of the Kondo effect, crystal field effects and 

magnetic interactions.
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Chapter 5 

Crystal field studies of CeRhlns 
and C elrlns

In this chapter we report the determ ination of the crystal field levels and param eters 

which generate them  in CeRhIn5 as well as suggestions for the crystal field level 

splitting in Celrlns. In section 5.2, we describe the measurement of the crystal field 

level scheme in CeRhIn5 with inelastic neutron scattering. Subsequently, we calculate 

the magnetic susceptibility and specific heat w ith the results of our studies. In an 

a ttem pt to further understand the influence of Kondo spin fluctuations upon the 

behavior of CeRhlris calculations have been performed employing the non-crossing 

approximation (NCA) to  the Anderson im purity model. Finally, we show th a t our 

investigations produce a crystal field level scheme th a t is superior to  previous attem pts 

th a t used thermodynamic measurements alone. In section 5.3 we describe attem pts 

to determine the crystal fields levels of C elrln5. To date, these attem pts have been 

only partially successful, but do provide guidance as to  the appropriate experimental 

conditions for a successful determ ination of the crystal level scheme.

103
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5.1 In troduction

Almost all of the thermodynamic properties of materials, especially those at low 

tem peratures, are determined by the characteristics of the lowest-lying electronic 

states of the system. In 4f systems the spin-orbit interaction generally acts to separate 

the J-m ultiplets of the free ion by hundreds, even thousands, of Kelvin. Therefore it 

is the ground state  multiplet th a t is of greatest interest. W hen a 4f ion is placed in a 

crystal, its surroundings both interact directly w ith the unpaired electrons and impose 

a lower symmetry than  th a t of the perfectly spherical one of free space. Crystal field 

theory is the usual m ethod of addressing the description of the splitting of the states 

of the lowest lying multiplet and allows us to  calculate the energies and eigenvectors 

of the resulting crystal field states.

5.2 C eR hlns

Recently, it has become apparent th a t crystal field (CF) effects strongly influence the 

properties of the CeMIn5 family of heavy fermion superconductors[58, 148, 149] (see 

also chapters 3 and 4), underscoring the fact th a t the ultim ate ground state  achieved 

by a particular member of the family must grow out of a ground state  crystal field 

doublet. Thus a careful determ ination of both  the CF splitting and wave functions 

of the ground state  multiplet is im portant. To th a t end we have begun to directly 

probe the CF energy level splitting in the CeMIn5 family using inelastic (IE) neutron 

scattering. The first step in our investigations has been determining the crystal field 

levels in CeRhIn5.
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Figure 5.1: Neutron energy spectra of (a) CeRhlns and (b) LaRhlns at an initial 
energy E* =  35 meV, at 8 K and for two mean scattering angles, 20° and 100°. 
The data  have been corrected for neutron absorption and the scattering from the 
sample holder has been subtracted from the data, (c) The <5=0 magnetic scattering, 
determined as described in the text, in CeRhlns at 8 K and for three incident energies 
Ei.
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In CeRhIn5, as in the other members of CeMIn5 family, the crystal field Hamilto­

nian in tetragonal symmetry can be w ritten

H cf = B°20°2 + B°AO l +  B \ 0 \  (5.2.1)

where O f1 and B \a are the Stevens operators, which represent the Ce3+ ion sym­

metry, and CF param eters, which determine the strength of the crystal field, re­

spectively. The Ce3+ J  =  5/2 wave function splits into three doublets, =  

{<*[±5/2) +  (5[t 3/2)}, =  {(3[±5/2) -  a [T 3/2)} and Tm =  [±1/2)[58]. An

analysis of susceptibility and therm al expansion results[126] suggested crystal field 

levels Ty2\  and T6 at E=0, 5.86 meV (6 8  K) and 28.43 meV (300 K) respectively, 

w ith (3 =  0.969 (yielding a nearly pure [±5/2) ground state). A subsequent study[58] 

based on an analysis of the susceptibility and specific heat suggested a similar scheme, 

but with splittings 6 and 12 meV (70 and 140 K). In this paper we report the re­

sults of an analysis of neutron scattering da ta  for CeRhlns which indicate th a t these 

initial estimates are incorrect; our results have different values for the splittings and 

a smaller value for the mixing param eter (3, i.e., a greater adm ixture of [ t3 /2 )  into 

the [±5/2) ground state. To assist in comparison of our results to those of previous 

work [126, 58], we report calculations of the specific heat and magnetic susceptibility 

based on our CF param eters which include the Kondo effect in an ad hoc manner 

similar to  those of refs. [58] and [126]. We also present more sophisticated calcula­

tions th a t employ the non-crossing approximation (NCA)[56, 150] to  the Anderson 

model in order to estim ate the effect of Kondo spin fluctuations on the susceptibility, 

specific heat and IE neutron spectra.

Large high quality single crystals of CeRhIn5 and LaRhIn5 were obtained using
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Figure 5.2: Tem perature dependence of the magnetic part of the IE neutron scatter­
ing response of CeRhlns for Ei =  35 meV. The scattering dependence due to  the Ce3+ 
form factor has been removed as in the previous figure. The d a ta  a t all three tem per­
atures ((a) 8 K, (b) 70 K, and (c) 140 K) have been fit simultaneously (solid lines) 
w ith a least squares fitting routine to determine the crystal field parameters. The 
results of the fitting param eters including the crystal field param eters are displayed 
in table 5.1. We have included in (a) the results of the NCA calculation (dashed line).
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methods described previously. For the magnetic susceptibility and specific heat mea­

surements, single crystals were carefully prepared which were free of residual In flux; 

in the case of the neutron scattering measurements, ~50 g of single crystals for both 

CeRhlns and LaRhlns were powdered. The neutron scattering experiments were 

performed in time-of-flight mode using LRMECS at IPNS (Argonne National Labo­

ratory) w ith experimental conditions th a t were similar to th a t of an earlier report[151] 

(see also section 2.2.2). A key problem in our investigations was the high neutron 

absorption of both In and Rh. In initial experiments the standard LRMECS sample 

holder was used; however, in subsequent experiments a new sample holder was de­

signed to m aintain a more uniform sample thickness than  the standard holder, thus 

allowing for a more accurate absorption correction. The results for bo th  the standard 

LRMECS holder and the newer holder were similar, indicating th a t the absorption 

correction was appropriate. Neutron scattering spectra were collected for several dif­

ferent incident energies (£*) and tem peratures between 8 and 140 K with counting 

times ranging from 24 to 48 hours. To improve statistics, we were able to take advan­

tage of the nondispersive nature of the CF scattering and group detectors into three 

bins with mean scattering angle 20° (low Q), 60° and 100° (high Q). A vanadium 

standard was utilized to put the scattering on an absolute scale.

D ata for CeRhIn5 and LaRhIn5 (measured to  help identify the nonmagnetic scat­

tering in CeRhlns) at 8 K and Ei =  35 meV for low and high Q are shown in Fig. 

5.1. The da ta  were corrected for absorption assuming a uniformly thick flat-plate 

sample as well as the scattering due to the em pty sample holder. Direct compar­

ison of low angle scattering (where magnetic scattering is strongest) for CeRhlns 

(Fig. 5.1a) and LaRhIn5 (Fig. 5.1b) shows two additional peaks near 7 and 23
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meV. In order to interpret the IE neutron scattering spectra it is im portant to  de­

termine the part of the scattering th a t is magnetic and is thus related to the crystal 

field excitations. The standard technique is to  subtract out the nonmagnetic part 

of the scattering. The nonmagnetic scattering can be determined in a number of 

ways, the best m ethod being to compare the scattering of a nonmagnetic analog to 

the scattering of the material in question. There are a number of methods to do 

this. All of the methods suffer from the ambiguity introduced by difference of the 

scattering cross section (a) of the magnetic and nonmagnetic analog. In particular, 

we determine the nonmagnetic scattering in CeRhlns in two ways: 1) By using the 

expression S mag(20°) =  S(C e, 20°) — fS (L a ,  20°) where we choose the factor /  as 

the ratio (0.75) of the to ta l scattering cross-sections <r(CeRhIn5)/cr(LaRhIn5). 2) By 

determining the ratio R  = S(La, 100°)/S (L a ,  20°) from scaling the high angle non­

magnetic scattering to  th a t of low angle[152]. Excellent agreement w ith 1) is obtained 

using Smag(20°) =  S(C e, 20°) — F S(C e, 100° ) /R  w ith inclusion of an additional fac­

tor F =  0.75 to  account for the difference in Q-scaling of the La and Ce compounds. 

The value of F is similar to  the one used in a recent study of YbXCu4[150]; it can be 

justified on the basis th a t for high angle scattering the data  are predominantly single- 

phonon, and proportional to a, while the low angle scattering contains a significant 

contribution from multiple scattering (one elastic and one phonon) proportional to 

a 2, so th a t the cross section does not cancel in the ratio. Results of this analysis for 

three different Ei are shown in Fig. lc. The dependence of the scattering on the Ce3+ 

form factor has been removed in this plot, so the da ta  represent the Q =  0 scattering. 

The assumption is made th a t the crystal fields are purely local and uncoupled enti­

ties. The da ta  have been truncated below 0.15£’i (where the elastic line dominates
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to to o to B t
-1.03T0.02 0.044T0.001 0.122T0.003

E{Y\) E (T 6) P
6.9i0.3 23.6i0.5 0.80i0.02

T(8K ) r(70RT) T (U 0 K )
2.3i0.1 2.9T0.2 4.2T0.4

Table 5.1: Crystal field param eters B™, splittings and Lorentzian halfwidths T of 
the IE excitations at four tem peratures for CeRhIn5 and the wave function mixing 
param eter f3. The units of all quantities (except for fi, which is unitless) are meV. 
The reduced Chi-square for the fit was %2 =  0.69

the scattering) and above 0 .8 Ei, where statistics are small due to  the k f/k i  factor 

present in the scattering cross section (eq. 2.2.9). Good agreement is evident for data  

taken at three different Ei, w ith all of the da ta  sets displaying magnetic excitations 

a t approximately 7 and 24 meV.

In Fig. 5.2 we plot the Q = 0 (form factor removed) magnetic scattering (method

1), determined at Ei =  35 meV, for three different tem peratures. We have performed 

a simultaneous least squares fit to  four da ta  sets (8  K, 70 K and 140 K a t Ei = 35 meV 

and 8 K at Ei =  80 meV) to  determine the CF parameters. The fit includes the effects 

of instrum ental resolution. Variables of the fit include B ^B ® , B \  and an overall scale 

factor (which four param eters were constrained to the same values for all da ta  sets) 

and the Lorentzian halfwidth T of the IE excitations which was allowed to vary with 

tem perature. The changes in the Lorentzian halfwidth account for changes in the 

effective f-conduction electron hybridization as a function of tem perature. Due to the 

lim itations imposed by the resolution of LRMECS we were are unable to  resolve the
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quasi-elastic (QE) contribution to IE spectrum. Therefore, to prevent proliferation of 

fitting param eters we constrained the quasi-elastic (QE) halfwidth to  1/2 T. Results 

of the fit are shown in Table 5.1 and plotted in Fig. 5.2.

To compare our results to  those of Refs. [58] and [126], we have calculated 

the susceptibility and specific heat (Fig. 5.3). The susceptibility includes a positive 

molecular field contribution A =  35 mol/emu, where A represents contributions to 1 /x  

from AF and Kondo fluctuations. At high T  these contribute to  1/% as (Tk + T n ) /C j ; 

w ith C j  =  0.807 emu-K/mol for J  =  5/2 and Tn  =  3.8 K. This gives TK ~  25 K. 

We note th a t this value of k s T x  is similar to the w idth of the 7 meV IE excitation at 

8 K. The calculation for the specific heat contains both  a Schottky term  due to the 

excited levels and a Kondo doublet term[121] w ith Tk  =  25 K for the ground state 

level, which puts the calculated specific heat in the range 20-50 K in better agreement 

w ith measured value -  w ithout this, the calculated value due only to  the Schottky 

contribution is smaller by a factor of 0.8. The Kondo doublet term  characterizes 

the Kondo broadening of the ground state  doublet. However, the effect of Kondo 

spin fluctuations upon the higher crystal field doublets is not included. We have not 

attem pted to fit for the effects on Cmag and x  of the AF transition a t 3.8 K.

A more sophisticated way to  calculate the influence of Kondo spin fluctuations is 

through the Anderson model (see section 1.2.3. We present results obtained using the 

non-crossing approximation (NCA) [56, 150]. We have used a Gaussian background 

band w ith density of states N (e) = e~(Elw 2̂ /  yJirW  w ith W  =  3 eV, and set the 4 /  

level position a t E f =  — 2 eV and the spin-orbit splitting a t E so = 0.273 eV, which are 

standard values for Ce. Since the Kondo physics renormalizes the CF levels upward 

in energy by an amount approximately equal to the Kondo tem perature the bare level
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Figure 5.3: (a) Measured anisotropic susceptibilities x *2 (triangles) and x xx (circles) 
for CeRhIn5 compared to the value calculated for the CF param eters of Table 5.1 
w ith a molecular field contribution A =  35 m ol/em u (solid lines) and compared to the 
results of the NCA calculation (dashed lines), (b) Magnetic specific heat compared to 
the value calculated for a Schottky contribution from the excited levels and a Kondo 
contribution from the ground state doublet (solid line) and to  the results of the NCA 
calculation (dashed line).
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energies were chosen to be Eb =  5.3 meV and E c = 23 meV which are smaller than  

the measured level energies. The mixing param eter (3 =  0.80 was chosen to be similar 

to th a t obtained in Table 5.1. The hybridization, V, was then varied until a good 

fit to  the anisotropic susceptibility was obtained for V  =  0.4665 eV. The results for 

Smag, X and Cmag are given in Figs. 5.2a and 5.3.

We now tu rn  to  the discussion of the effect of systematic errors on our conclu­

sions. As mentioned previously, the neutron absorption of In and Rh is an im portant 

consideration. Comparison of the data  for two different sample holders (which exhib­

ited small differences in sample thickness and distribution) indicated similar results, 

augmenting our belief th a t the absorbtion correction employed is correct. If the non­

magnetic background subtraction is varied by varying /  (method 1) or F /R  (method

2), the scattering a t 7 meV is relatively unaffected, bu t the strength  of the 24 meV 

scattering, and hence /3, is affected somewhat. Given the consistency between results 

at different Ei and T  we think th a t our CF scheme is correct. We were unable to 

observe quasi-elastic (QE) scattering, due to the requirement th a t to  obtain the reso­

lution necessary a small E* is required which causes the effects of neutron absorption, 

which varies as l / y /E ,  to  become large. In our fits we constrained the QE halfwidth 

to  half the value of the IE w idth to prevent proliferation of fit parameters. Con­

straining to other values (e.g. Tqe = T i e ) leads only to minor variation in the final 

fits.

Our fits to  % using the CF param eters and a molecular field term  are not as good 

as those of Refs. [58] and [126]. A possible reason th a t our fits are not as good as 

those of refs. [58] and [126] is th a t we do not include the effect of exchange anisotropy, 

which should only be im portant below 20 K. Such anisotropy can be mimicked as in
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[58] through inclusion of an anisotropic mean field param eter, which we have chosen 

not to do for the sake of simplicity. The inclusion of a mean field param eter in 

addition to the crystal field parameters, in our opinion, leads to  a proliferation of fit 

param eters which has the potential to generate incorrect results. To further emphasize 

this point, the fits of refs. [58] and [126] produce a value of (3 very close to unity, 

indicating essentially no [=f3/2) adm ixture into [±5/2) ground state. In this case 

there would be no observable am plitude for the A m z =  1 transition to  [± 1 / 2 ) state 

at 24 meV. This cannot be correct as we clearly observe this transition in the neutron 

scattering data. Comparison to the ordered moment of CeRhIn5 observed by neutron 

diffraction yields further insight. CeRhIn5 is found to  exhibit a spiral structure with 

the magnetic moment lying completely in the basal plane of the tetragonal structure. 

The value of the moment is 0.75Hb [!]■ The ordered moment must arise from the 

ground state  doublet. Calculations of the in-plane and z-axis moments are shown in 

table 5.2. The results of Refs. [58] and [126] clearly cannot account for the observed 

ordered moment and must be discarded on these grounds alone.

On the other hand, the NCA calculations based on our CF scheme and a Kondo 

tem perature of order 25 K does an excellent job reproducing %. However, it overes­

tim ates the w idth of the 7 meV excitation as seen in Fig. 2a and underestim ates the 

tem perature of the peak in the specific heat (Fig. 3b). These deviations from the 

da ta  may reflect the fact th a t we have neither included antiferromagnetic exchange, 

exchange anisotropy, nor anisotropic hybridization (i.e., different hybridization of the 

different CF states) in the NCA fits.

In summary, we find a more significant [=p3/2) adm ixture into [±5/2) (/3 = 0.80) 

ground state  than  found earlier by Refs. [126] ((3 =  .969) or [58] {(3 ~  1). Moreover,
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This Study 
(neutron 

scattering)

Ref. [58] 
(magnetic 

susceptibility 
and specific heat)

Ref. [126] 
(magnetic 

susceptibility 
and specific heat)

1st excited 
splitting

79 K 70 K 6 8  K

2nd excited 
splitting

274 K 140 K 330 K

Admixture of
I and I 0 .8 ~ 1 0.969

Magnetic 
Moment (in plane)

0.92/i b ~  O/i# 0.46/1#

Magnetic 
Moment (z)

0.91/1# ~  2.14/1# 1.93/1#

Table 5.2: Comparison to other attem pts to  determine the crystal field level schemes 
in CeRhIn5. Note th a t the ordered magnetic moment determined by neutron diffrac­
tion is 0.75/i#[l].
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only the param eters obtained in this study can properly account for the ordered mo­

ment observed in neutron diffraction experiments. To emphasize this last point table

5.2 shows the calculated magnetic moments for the different determ inations of the 

crystal field splitting. Most importantly, the calculated in-plane magnetic moment of 

refs. [58] and [126] is simply to low to account for the ordered moment. The resulting 

CF level param eters provide reasonable fits to both  the magnetic susceptibility and 

specific heat w ith the inclusion of a mean field param eter and a Kondo doublet respec­

tively. In addition, NCA fits the susceptibility remarkably well w ith some deficiencies 

in both the specific heat and neutron scattering linewidths. Taken together the NCA 

calculations and the fits to specific heat and susceptibility all indicate a TK ~  25 K. 

We note th a t the ordered moment gns{Jx) =  0.92hb deduced for (3 =0.80 is larger 

than  the value 0.75/iS needed to fit the diffraction pattern  in the ordered state[l]. 

This is a common feature of magnetically ordered heavy fermion m aterials where the 

ordered moment is reduced from th a t expected for the ground state  by the Kondo 

effect[117].

5.3 C elrlri5

In order to  determine if there is a systematic relationship between the crystal level 

schemes in the CeMIn5 family of compounds and the ground state  realized by a 

particular member it is im portant to determine the CF energy level splitting in several 

members. We have attem pted to identify the CF level scheme in C elrln5, but owing 

to  the simultaneous limitations imposed by the poor resolution of LRMECS and the 

high (larger than  CeRhIn5) neutron absorption we have been unable to definitively 

observe any crystal field excitation in C elrln5. However, from the experiments tha t
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(a) Celrln5 70 K6
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Figure 5.4: Tem perature dependence of the magnetic part of the IE neutron scattering 
response of C elrln5 for Ei — 30 meV. The raw d a ta  (solid squares) is show at (a) 70 
K and (b) 10 K. The line is a guide to the presence of possible crystal field excitations 
at 3 and 23 meV.

have been performed we are now in a position to predict the energy range where CF 

excitations are likely to be observed as well as select the appropriate experimental 

conditions required.

Figure 5.4 shows several spectra taken for Celrlrij which show th a t an instrum ent 

possessing higher resolution is needed in order to resolve scattering a t low energies. 

The line in both (a) and (b) emphasizes a possible excitation a t ~  3 meV as well as a 

very weak excitation at ~  23 meV. More solid conclusions require th a t an instrum ent 

with high resolution be used with a larger incident energy so th a t conditions to 

observed the 3 and 23 meV features are optimized.
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CeRhlns Celrlns C elrln5 CeCoIns CeCoIn5

This Work Ref. [58] Ref. [126] Ref. [148] Ref. [149]
1st excited 
splitting

79 K 45 K 61 K 34 K 148 K

2nd excited 
splitting

274 K 125 K 300 K 102 K 197 K

ground
state

0.80 ± | ) 0 .6 6  | ± | ) -0 .9 8  |± ! ) ±1) - 0 . 3 9 + f )

wave
function

—0.60 |=f |> +0.76 |+ § ) + 0 .2 0  |+ i ) +0.92 |+ | )

Table 5.3: The various proposed crystal field level schemes for the CeMIn5 family. 
All of the measurements, except those for CeRhlns, have been performed utilizing a 
combination of magnetic susceptibility, specific heat, nuclear magnetic resoance, and 
therm al expansion.

5.4 C onclusions

Table 5.3 shows various crystal field param eters for the members of the CeMIn5 se­

ries. Notice th a t the only determ ination using neutron scattering is th a t described in 

section 5.2 for CeRhIn5 (we have shown th a t the other determ inations of the crystal 

field are unlikely to be correct and therefore have not been included in this table). 

Furthermore, there is significant disagreement between the different determinations 

for CeCoIns and Celrln.s. Before rigorous conclusions may be drawn regarding the 

systematic influence of crystal field splitting on the heavy fermion ground state  in the 

CeMIn5 series the conflicts must be resolved. The best way to resolve these discrep­

ancies is through inelastic neutron scattering and future work should be concentrated 

in th a t direction.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6

Conclusions

This thesis has investigated several aspects of the exotic magnetic and superconduct­

ing ground states found in heavy fermion materials. Here we have chosen as examples 

the recently discovered CeMIn5 family. This family provides a unique opportunity for 

systematic study of the magnetic and superconducting ground states due to the high 

quality of the samples, the presence of magnetic and superconducting ground states in 

the same crystal structure with the only difference being a different transition metal 

from the same column of the periodic table.

We have found th a t all of the members of the CeMIn5 series exhibit a high tem ­

perature single impurity-like regime and a low tem perature Kondo lattice regime. 

M agnetotransport measurements of CeMIns family further indicate a moderate de­

gree of anisotropy consistent with the influence of the effect of crystal field splitting. 

These measurements further augment the conclusion th a t two different Kondo regimes 

are present in these materials. At lower tem peratures application of magnetic fields 

along the c-axis of CeRhIn5 show th a t the magnetically ordered state  is remarkably 

stable to large values of magnetic field, which is consistent w ith previous work. In the
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superconducting members of CeMIn5 (M =  Co and Ir), the application of magnetic 

fields appears to  promote the formation of a fermi liquid regime. Future work should 

concentrate on exploring this in further detail

To further understand the influence of crystal field splitting to  the ground state 

properties of CeMIn5 we have determined the crystal field level scheme of CeRhlns. 

Comparison to  the value of the ordered magnetic moment obtained from neutron 

diffraction measuremnets indicate th a t our results are superior to  previous work in 

this regard. Moreover, we are able to produce reasonable fits to  the specific heat 

and magnetic susceptibility. To look for systematic correlations between crystal field 

splitting and the ground state in the different members of CeMIn5 we have attem pted 

to determine the crystal level scheme in C clrln .5 with inelastic neutron scattering as 

we have done in CeRhIn5. These experiments were at best partially suscessful, but 

they do provide guidance for future experiments. A comparison of the crystal field 

splitting as determined by bulk measurements for C elrln5 and CeCoIn5 indicates 

large discrepancies. Thus reliable conclusions pertaining to  the influence of crystal 

field splitting upon the exotic ground states in the CeMIn5 family await a sound 

determ ination of the crystal field splitting w ith a direct technique such as neutron 

scattering.
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