
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Heat effects of magnetic phase transitions in intermetallic compounds

Hagmusa, I.E.H.M

Publication date
2000

Link to publication

Citation for published version (APA):
Hagmusa, I. E. H. M. (2000). Heat effects of magnetic phase transitions in intermetallic
compounds. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/heat-effects-of-magnetic-phase-transitions-in-intermetallic-compounds(aa9af5da-b1c5-462d-8fe1-25e1481f8b15).html


Theory y 

Chapterr 2 
Theory y 

Inn this chapter, we shall discuss the relevance of specific-heat measurements in high 
magneticc fields to heavy-fermion (HF) physics and introduce a phenomenological crystalline-
electric-fieldd (CEF) model for intermetallic compounds. The survey will be rather restricted to 
thee absolutely necessary. For more general reviews we refer to other works. In particular, the 
basicc methods for measuring specific heat have been presented up to now by Gopal |2.I ] and 
Stewartt [2.2]. Experimental reviews on heavy-fermions are presented by Stewart [2.3], 
Fisketal.. [2.4], Ott [2.5]. Grewe and Steglich [2.6], Aeppli and Broholm [2.7] and Amato 
[2.8]. . 

2.1.. Specific heat in metals 

Contributionss to the specific heat that are of importance in our measurements are now 

brieflyy described. At low temperatures, the observed molar specific heat of "normal" metals is 

welll  represented by the expression: 

CC = yT + pT\ (2.1) 
PP do» 1 } 

wheree y is proportional to the electronic density of states at the Fermi energy N(EF) through 

thee relationy = ITT k~N{Ef. >and p to the inverse cube of the Debye temperature, via 

(33 = -^7i4 R/G,1, with R = 8.314 J/molK the molar gas constant. In almost all experimental 

methods,, the specific heat at constant pressure, Cp, is measured whereas the specific heat at 

constantt volume. Cv, results from most theories. Cv can be obtained from Cp by means of 

variouss theoretical or empirical formulae that we will discuss in some detail in Chapter 3. 

Thee determination of the linear electronic term y depends on the method of analysis and 

onn the sample purity. At high temperature, the electronic contribution to the specific heat of a 

metall  is insignificant compared to the lattice contribution. The low-temperature specific heat 

iss commonly used for determining GD unless other contributions obscure the T' contribution to 

thee low-temperature specific heat from the lattice. However, other contributions to the specific 

heatt may become significant; e.g. contributions due to Schottky anomalies (from the CEF 

levels)) or spin waves (from the magnetic sublattices). 
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Inn the Debye theory of the lattice specific heat, the internal degrees of freedom of the 

atomss are neglected, i.e. it is assumed that the atoms always remain in their lowest energy 

level.. If there are also excited levels, they wil l become partially populated as temperature is 

raised.. At zero kelvin. only the ground state is populated and at temperatures much higher 

thann the excitation energies, all higher levels wil l be equally occupied. At intermediate 

temperatures,, heat put into the solid wil l be used to excite the atoms from the ground state to 

excitedd states and the specific heat wil l be larger than the specific heat of the lattice alone. The 

changee in population of the energy levels gives rise to a Schottky contribution C.sLh to the 

specificc heat, which, for instance for a mole of two-level systems, takes the form: 

AE E 

.e,, * ' 
11 + 

\\ \ 
\Kk „T T 

(2.2) ) 

wheree R is the molar gas constant, AE is the energy splitting, kn is the Boltzmann constant, 

andd go, gi represent the degeneracies of the two levels [2,2]. The specific heats of many rare-

earthh compounds show anomalies that can be represented by an expression similar to Eq. 2.2 

butt generalized for the cases that there are several higher levels with separations AE|. AEj. 

etc... with levels that may have different degeneracies (g(!, g|. g2, etc.). In Fig. 2.1, we show the 

so-calledd "Schottky anomaly" for two-level systems. When more levels are involved, the 

shapee of the Schottky anomaly is a welcome assistance for determining the CEF-level scheme 

thatt we wil l discuss extensively in Section 2.4. 

Analyzingg the experimental data, we have used three methods to subtract the non-

magneticc contribution to the specific heat. In the first method, the measured data sets of the 

magneticc and non-magnetic compounds are simply subtracted. In the second method, the 

Debyee function of the non-magnetic compound is approximated by fitting this function to the 

measurements.. A more serious problem arises because of the fact that, at higher temperatures, 

thee simple Debye model does not describe the lattice specific heat accurately enough. The 

thirdd method takes into account that a correction has to be made for the difference in molar 

masss of the compounds. To account for the different molar masses of a component. 

Bouvieretal.. [2.9] have derived the following relation between the corresponding effective 

Debyee temperatures of two compounds RmX i i Y and RmX nY 

eD ( R m x n Y p ) ) 

m(Mj jj ) i ; + n ( M x ) ' : + p ( M v ) : 

m(M KK f + n ( M x ) ' " + p ( M^ )' 
(2.3) ) 

wheree M R. Mfi . M x and MY are the molar masses of R . R .X and Y atoms, 

respectively.. This relation can be used to evaluate the lattice contribution of the magnetic 
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xx = kBT/AE 

Figuree 2.1. Specific heat C (divided by kB) of a two-level system without degeneracies with energy 

separationn AE. 

compoundd Rn]X„ Y, by multiplying the temperature values in the C versus T obtained for the 

non-magneticc compound RmX nY p by the scaling factor at the right side of Eq. 2.3. 

Subtractingg the corrected data from the measured specific heat of the magnetic compound, we 

arrivee at the electronic and the magnetic contribution to the specific heat. CM. When the 

electronicc contribution is large, we should subtract it from the magnetic contribution and 

whenn it is small we neglect it. 

Anotherr type of deviation of the specific heat from the Debye model is found in the case 

off  magnetically ordered systems below and in the vicinity of a magnetic phase transition. 

Usually,, the temperature dependence of the specific heat exhibits an anomaly as 

aa consequence of the latent heat or specific-heat contribution connected with the magnetic 

phasee transition. For further analysis and interpretation of CM . it is also helpful to calculate the 

temperaturee dependence of the magnetic entropy. SM- The magnetic entropy. SM. can be 

extractedd as follows: 

.(DD = J dT T (2.4) ) 

Att high temperatures, the molar magnetic entropy is expected to approach its maximum value 

(thee ground level is assumed no to be degenerate): 
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S„S„ =Rln(2J + l), (2.5) 

wheree J is the total angular momentum quantum number of the magnetic component. An 
importantt contribution to the entropy of solids occurs in those solids in which the molecules 
possesss a magnetic moment. 

Lett us consider now the influence of low-energy magnetic excitations on the specific heat. 
Thee method of calculating the magnetic spin-wave contribution to the specific heat of 
aa magnetic solid is very similar to the well-known method of calculating the phonon 
contributionn to the specific heat in non-magnetic solids. The contribution of magnon 
excitationss to the low-temperature specific heat can be derived in the simplest form [2.10]. 
usingg the isotropic dispersion relation of magnons: 

fio),fio), =A + ^ V - (2.6) 
11 2m 

wheree m is the magnon "effective mass". /jcoq is the magnon energy for a given wave vectorq 

andd A is the gap width. For A = 0. one gets for antiferromagnetic (AF) magnons (linear 

dispersion).. toq « q and for ferromagnetic (F) magnons (quadratic dispersion), ü\ °=q2. If 

thee gap A is present in the magnon spectrum, the dispersion is quadratic and one always gets 

thee exponential dependence e'~A k" n. At low temperatures, the magnon specific heat is 

proportionall  to e(_A k|lf' but the leading term in the prefactor is proportional to T12. Hence, the 

contributionn of these excitations to the specific heat can be written as: 

A A 
kTr r 

(2.7) ) CV11 = f T1" exp 
V V 

wheree f depends on A. m and on the magnon dispersion relation for a particular material. 
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2.2.. Heavy-fermion systems 

Introduction n 

Heavy-fermionn (HF) compounds are characterized by the huge effective mass 

enhancementt of the electrons. Experimentally, in HF systems, the electronic contributions to 

thee specific heat (y) are found up to 1000 times larger than for ordinary metals. Likewise, for 

non-orderingg HF compounds the susceptibility for T — 0 is largely enhanced. In that case. 

Paulii  susceptibility is observed at low temperatures, approaching in the limit T —+ 0: 

X0=n0*4N(EF).. (2.8) 

Withinn the "standard model" (Fermi-liquid theory) of HF physics, the huge mass enhancement 
iss thought to be generated by an exchange interaction between localized and conduction 
electrons,, the Kondo effect. The Kondo problem in its original form is the interaction of a 
singlee magnetic impurity with the conduction electrons of a non-magnetic matrix. It has been 
examinedd in detail [2.11, 2.12, 2.13], and we briefly recall the major results on the single-
impurityy Kondo effect. In order to study the HF state, it is instructive to consider a single 
magneticc impurity in a metal in terms of the Anderson model [2.14]. 

Andersonn introduced this simple but non-trivial model for an impurity in a metal that has 
thee capability of developing a magnetic moment. Subsequently, it turned out that spins of the 
electronss of the conduction band of the metal could screen the impurity moment at low 
temperaturee [2.15]. The three ingredients of the impurity model are: 

(i)) a conduction band with energy dispersion ek, 

(ii )) an impurity atom capable of double occupancy with a single orbital energy £ and 

Coulombb correlation energy U associated with double occupancy of the orbital, and 
(iii )) a hybridization matrix element V]k that couples the orbital level with the conduction 

states. . 

Thee resulting Hamiltonian is written as: 

HH = 5>kakcrakn +EJJJ.„ + uXf r f r f~T u + l [v ,J i aak G + Vkakofio J. (2.9) 
k.OO l,O 1 l.k.G 

Forr consideration of HF compounds, the model is used in the large-U (U —> «) limit [2.16J. 

Thee parameters and operators in Eq. 2.9 include the conduction-band creation (annihilation) 

operatorss ako (akn) for a conduction electron in (out) an extended state with wave vector k, 

spinn G, and energy ek; the localized-electron creation (annihilation) operators f]0 (fio) for 

localizedd electrons in an atomic orbital centred at lattice site / with energy e; the on-site 
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Coulombb interaction U: and the hybridization integral Vik that mixes together the localized 
andd extended states. These are the basic ingredients of the Anderson model that will be 
importantt for HF magnetism reported in this thesis. We will have opportunities to refer to the 
Andersonn model in this thesis. 

Measurementss of the low-temperature specific heat have proved to be very useful to 
characterizee the strength and nature of the many-body correlations between HF quasiparticles 
[2.17J.. The f electrons in HF compounds appear well localized at high temperatures but 
evolvee into an itinerant low-temperature state characterized by an enormous electronic 
effectivee mass that manifests itself in the specific heat, the magnetic susceptibility and in 
manyy other properties. From the value of SM (Eq. 2.5), one can thus obtain some information 
regardingg the degree of localization of the magnetic moment. 

Althoughh many HF systems order antiferromagnetically at low temperatures, some 
undergoo a transition to superconductivity, and some display no evidence of long-range order at 
all.. The discovery in 1979 of HF superconductivity in CeRu^Sii by Steglich and co-workers 
[2.18],, later followed by the discovery of superconductivity in UBê  [2.19] and UPt.i [2.20], 
camee as a big surprise. The magnetic properties of the HF superconductors are quite 
interestingg with some compounds exhibiting small-moment magnetism coexisting with 
superconductivity,, high-field metamagnetic transitions and the possibility of novel magnetic 
superconductingg states. The observation of superconductivity in HF compounds was quite 
surprisingg at the time, given the nearly magnetic nature of the f electrons in these metals. This 
discoveryy has led to a tremendous amount of research. Superconductivity in the HF systems 
differss markedly from that in ordinary metals. Measurements at and below the 
superconductingg transition temperature are crucial in proving the bulk nature of the 
superconductingg state and provide useful constraints on the parameters characterizing the 
heavyy quasiparticles. The excitement in this field comes from attempting to understand how 
thiss heaviness arises and from the fact that the superconducting behaviour is different from 
thatt of previously known superconductors. 

Thee experimental results reported in this thesis, mainly on URu^Si: and UPdiAl.i (see 
Chapterr 5). will clearly demonstrate the anomalous properties of the U-based HF 
superconductors.. In this thesis, we will concentrate mainly on aspects of magnetism studied 
onn single-crystalline samples. We will not go into the superconductivity, which is treated in 
detaill  in several specialized reviews (see Refs. 2.21 and 2.22). 

Fermi-liquidd theory 

Mostt HF systems have been described within the framework of Fermi-liquid (FL) theory, 

albeitt with huge effective masses m of the quasiparticle exceeding the free-electron mass by a 

factorr up to several hundred, and corresponding to huge values of y and X- A so-called 

marginall  FL theory has been proposed to occur for high-temperature superconductors in order 

too explain phenomenologically certain features such as the linear temperature dependence of 

thee electrical resistivity. These features may be qualitatively described by the marginal FL 
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theoryy with a very large density of states at the Fermi level (see. for example, refs. 2.23. 2.24 
andd 2.25). 

Lett us first, however, briefly review the salient features of a FL. Assuming a one-to-one 
correspondencee of the excitations (quasiparticles) of an interacting-electron system and of 
aa free-electron gas. Landau |2.26] derived that the low-temperature properties of the FL obey 
thee same laws as the Fermi gas. with a renormalized effective mass m, and a few additional 
parameterss taking into account the residual interactions among the quasiparticles. For 
instance,, the specific heat is given by C = yT = {m/m(l) y(iT where y(l =\n' kBN(Ef.) is the 

Sommerfeldd constant of the free-electron gas with N(EF) the free-electron density of states at 
thee Fermi level and m() the free-electron mass. The spin susceptibility is given by: 

wheree Xi>is t ne Pauli susceptibility (Eq. 2.8) and F/' an additional Landau parameter. The 

phenomenologicall  correlations y~ % and A - y (A is the thermal coefficient of the resistivity 

(p(T)=p( l+AT :).. see Section 2.3). approximately observed for HF systems, do suggest the 

validityy of the FL description. The Wilson ratio Rw (see also Section 2.3) sometimes deviates 

fromm the free-electron value Rw = 1. The FL theory has been very successful in describing the 

low-temperaturee behaviour of metals. The FL theory of a system of interacting electrons 

classifiess the low-lying normal modes (quasiparticles) in a one-to-one correspondence to the 

single-particlee excitations of a non-interacting-electron system. Even many actinide systems 

withh their very strong electronic correlations are often analyzed in terms of FL theory. In 

recentt years, the cases where the FL scenario does not apply have attracted much attention and 

ann effort has been made to identify the characterization of non-Fermi-liquid (NFL) behaviour. 

Non-Fermi-liquidd behaviour 

Nowadays,, there are so many examples of alloys presenting NFL behaviour that the 
discoveryy of a new compound, which exhibits such behaviour, is not a surprise. The alloys in 
whichh NFL behaviour is observed fall into two categories: 

(i)) Kondo-holc systems [2.34], in which the rare-earth or actinide atom (R) is substituted by 
aa non-magnetic metallic atom (M) with a chemical formula Ri-XMX (a typical example is 
U,_,ThxPd:Al,).. and 

(ii )) Ligand systems, where one of the metallic atoms (Ml) is replaced by another (M2) but the 
raree earths or actinides are not touched and thus have the formula R(M1 )|_V(M2)> (as, for 
instance.. UCu5\Pdj. 
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However,, the experimental observations show that the NFL behaviour generally appears to 

talll  between these two categories. 

Generally,, one could speak of NFL behaviour in all cases, in which the low-temperature 

FLL characteristics mentioned above are not observed. When inspecting the manifold of U 

compounds,, we meet the strict FL requirements only for a few of them. Thus, to be more 

restrictive,, one has to define the NFL behaviour in a positive sense as one showing a 

distinguishablee logarithmic temperature dependence in C/T. a strong T-dependence of the 

magneticc susceptibility for T —»Oand a resistivity linear in T: 

C / T « - l o g T. . 

X°== 1 - V T o r - logT. (2.11) 

pp oc pM+ bT. 

Evenn with such restrictive characteristics, one probably wil l find that most candidates show 

signaturess of different types of magnetic disorder, induced by statistical occupation of certain 

latticee sites [2.27]. 

Presently,, several theoretical models have been developed to account for the NFL 

behaviourr observed in f-electron materials. These models include: 

(i)) the multi-channel Kondo effect of magnetic or electric origin [2.28], with the special case 

off  a two-channel quadrupolar effect as discussed by Cox [2.29] who proposed an elegant 

mechanismm for NFL behaviour in U systems based on a multichannel effect of 

quadrupolarr origin. A possible candidate exhibiting the two-channel quadrupolar Kondo-

effectt seems to be the dilute system UxTh| ^Ru^SL [2.30]. 

(ii )) a disordered distribution of Kondo parameters (the so-called Kondo disorder) [2.31). in 

whichh it is assumed that due to the intrinsic disorder in the Kondo lattice, there is a broad 

distributionn of Kondo temperatures growing down to a vanishing one (see Ref. 2.32 and 

referencess therein). This kind of approach has been applied to UCuv^Pd̂  [2.33]. and 

(iii)anotherr possible scenario attributes the NFL behaviour to a '"quantum critical point" 

(QCP).. Recently. Castro Neto et al. [2.34] proposed a model where NFL behaviour is 

associatedd with the proximity to a "Griffiths" phase close to QCP and the formation of 

magneticc clusters in the paramagnetic phase due to the competition between the Kondo 

effectt and the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction in the presence of 

magneticc anisotropy and disorder inherent in alloyed materials. The Griffiths phase is 

characterizedd by the formation of strongly coupled magnetic clusters, which have large 

susceptibilityy [2.35|. In this phase, the thermodynamic functions show essential 

singularitiess with strong effects at low temperatures. Castro Neto et al. [2.34| predicted 

thatt various physical properties diverge with decreasing temperature as weak power laws 

ofof temperature and that this behaviour may persist over appreciable ranges of substituent 

concentration,, similar to what has been observed in a number of f-electron materials 
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[2.36.. 2.37]. This model provides the following predictions for the thermodynamic 

functionss related to the specific heat 

C(T) /T°c[x(T) ] a v-T-- (2.12) ) 

wheree [....]a\ means average over disorder. The Griffiths phase is characterized by X< 1 

soo that the susceptibilities diverge at zero temperature. Notice that the logarithmic 

behaviourr observed in some NFL compounds [2.38] can as well be fitted by small power 

lawss (X ~ 1). whereas X = 1 corresponds to FL behaviour. The NFL behaviour observed in 

thee low-temperature specific heat C(T) of many chemically substituted f-electron systems 

[2.36]]  are found consistent with Eq. 2.12 predicted by the above developed theory based 

onn Griffiths' singularities. A further prediction of the Griffiths-phase scenario concerns 

thee non-linear susceptibility, which should have the form x„t  <* T~"'" [2.34]. To test this 

prediction,, Vollmer et al. [2.37] have shown experimentally that NFL behaviour in 

AM(B) ) 
UCu4Pdd can be represented by the form 

B B 
TT + with a X value that is consistent 

withh the one obtained from the specific heat and susceptibility. 

700 0 

600 0 

55 m 

E E 
—— 400 

< < 
300 0 

200 0 

ac/r-c/r-o.Tizr2 2 

44 -02 0.0 0.2 0.4 0.6 0.8 

Logio1 1 

1.0 0 

Figuree 2.2. Specific heat divided by temperature. AC[Y. versus logT tor UPt-, in zero field and in 

magneticc fields of 18. 20. 22 and 24 T. The arrow at 0.5 K in the zero-field data marks the 

superconductingg transition. The lines (dashed and dotted) through the field data are guides to the eye 

(afterr Kim et al. [2.39]). 
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Sincee NFL behaviour occurs under very special conditions, one might ask whether 

applyingg a magnetic field to an NFL system would recover the FL behaviour. In the light of 

manyy experimental observations in NFL systems [2.33]. the answer is immediately at hand: an 

appliedd magnetic field B suppresses low-lying excitations, and hence FL behaviour should 

prevail.. This is indeed qualitatively observed but has not yet obtained a satisfactory theoretical 

explanation.. Experimentally, it is always the case that the tendency towards FL behaviour. 

CC T = constant, is gradually recovered as the field increases. 

Veryy recently Kim et al. [2.39| observed NFL behaviour at the metamagnetic transition 

(seee Section 2.3) of UPh. They observed a - logT non-Fermi-liquid temperature dependence 

off  C(T)fl over a decade of temperature, which is not observed 2 T away from the 

metamagneticc transition (20 T in UPh). as shown in Fig. 2.2. Also. Heuser et al. [2.40] report 

specific-heatt measurements in a broad temperature range between 0.06 and 20 K on single 

crystallinee CeRu:Si2 in magnetic fields applied parallel to the c-direction around the critical 

field,, where the metamagnetic transition from the itinerant to the localized state takes place. 

Att the critical field Bm = 7.8 T, a distinct deviation from the usual FL behaviour is found 

downn to the lowest temperature measured. Below 1.8 K, C/T varies as InT, while for 

1.88 K < T < 20 K a power law T'~', with X = 0.66 is found. Small deviation from the critical 

magneticc field leads to the recovery of a FL ground state. These findings suggest possible 

interrelationshipss between metamagnetism and NFL behaviour and one can ask: are there -

justt at the metamagnetic transition field - strong long range magnetic correlations that are not 

presentt for B ^ Bn, (prohibiting to enter the FL state)? 
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2.3.. Field dependence of the specific heat 

Magneticc fields have proven to be useful to study the ground state of strongly-correlated-
electronn systems [2.41 ]. The magnetic field as a thermodynamic variable can be used to test 
theoreticall  models commonly invoked to explain the properties of many materials (e.g., 
unexpectedd phenomena in HF compounds, such as the metamagnetic transitions). It is quite 
difficultt to find a universal behaviour that governs the relationship between specific heat in 
generall  and applied magnetic field. In order to address this issue, we will consider 
theoreticallyy the connection between the field dependence of the specific heat, the magnetic 
susceptibilityy and the resistance. Although some research groups in the fields have recognized 
thesee relationships, it does not seem to have been formulated explicitly in the literature. Here, 
wee will recall previous theoretical predictions concerning external-magnetic-field effects, and 
wil ll  proceed with a phenomenological analysis of the experimental work within the subject of 
thiss thesis. 

Scalingg in heavy-fermion systems 

Althoughh the field dependence of HF systems is complex, the key to a basic 

understandingg of the behaviour of these materials may lie in the identification of a systematic 

variationn of some simple properties. For HF compounds, which contain a periodic array of 

aboutt 102*  Ce. Yb or U atoms, measurements of physical properties such as x(T), p(T) and the 

inelasticc neutron lineshape suggest that, at moderately high temperatures, these materials can 

bee treated as a collection of non-interacting Kondo impurities [2.4]. Thermodynamic 

propertiess of a Kondo impurity are determined by a single energy scale, the Kondo 

temperaturee TK. In the limit of very low temperatures, several facts point to the dominance of 

aa single energy scale: 

(i)) One is the Wilson ratio [2.42]: In contrast to conventional metals, the magnetic 

susceptibilityy x(T) of HF compounds exhibits considerable temperature dependence. At 

loww temperatures. x<T) flattens out into a relatively constant susceptibility which, like 

y(T).. is quite enhanced over that of conventional metals. One comparison of the relative 

enhancementt of y(0) and x(0) is the dimensionless Wilson ratio: 

fX (0)YY 7T2k̂  ) 

YY  A ^ ' ^ T ) 
(2.13) ) 

wheree u.tl =guH(j{ J + l)) . The Wilson ratio is roughly unity [2.43] for al! the heaviest 

electronn metals. Hence, the susceptibility and specific heat are equally enhanced by the 

many-bodyy interactions responsible for the HF ground state. 
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(ii )) The second is the Kadowaki-Woods relation [2.44]: These authors observed that the 

thermall  coefficient A of the resistivity (p(T)= p„  + AT : for atomically ordered HFs) is 

proportionall  to y~ for a large number of HF systems. They noted that the ratio A / y : has a 

commonn value of 1.0 x 10 'y \iil-  cm (mol K/mJr. see Fig. 2.3. 

TO O 

l O 1 1 

TO O OO _ 

UBe- ,3 . ,, , 
C e A k k 3 3 

// C e C u 6 

CeCu2S i2 2 

U P t -- / / 

lO' V V U P t c c 

o// C e B g 

.44 U S n 3 

»» U A I 2 

UPt t 

TO O 

l O O 

- 2 2 

-- U l n , 

U G a , , 

C e S n 3 3 

l O 1 1 l O 22 - i l 0 3
2 v 

YY ( m j m o l K ) 
l O ' ' 

Figuree 2.3. The coefficient A of the T:-tenn in the resistivity plotted versus the y-value for a number 

off  heavy-fermion compounds (after Kadowaki and Woods [2.44]). 

Thesee facts can be understood by assuming that y ~ xXO) ~ ( l /T„ ) and A ~ (l/T0
2), i.e. a 

singlee energy scale To dominates at low temperature. For non-interacting Kondo impurities, 

theoryy [2.45] predicts that the Wilson ratio is equal to l + 
N, , 

wheree N, is the orbital 

degeneracyy of the impurity (N, is large in actinides); hence. Rw varies from 2 for spin 1/2 to l 

forr large N,. Because the experimental values of Rw of HF compounds are comparable to this, 

thee interpretation is often given that the low-temperature scale T0 is equal to the single-ion 

Kondoo temperature TK-

Now,, we turn to examine the effects of an applied field B on the specific-heat and 

susceptibilityy properties. As remarked in Refs. 2.46. 2.47 and 2.48. the variation of the 

coefficientt y with the magnetic field, is directly related to the variation of the zero-field static 

susceptibility,, v_, with T. This just follows in a straightforward manner from pure 

thermodynamics,, through the Maxwell relation = — . With M = yB and C = T — , it 
ÖTT 3B ^ dJ 

followss that: 

file:///iil
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BfL 44 = _ L  (2.14) 
dTT dB 

wheree x (T) is the zero-field static susceptibility. Thus, when B increases. C/T will increase or 

decreasee depending on whether — increases or decreases when T increases. Now, the PP & 3T 
magnitudee of the variation depends on how x (T) varies with T. This relation holds for the 

low-fieldd limit but. in high magnetic fields, non-linear magnetizations are often observed 

wheree this relation is expected not to be valid. For a Fermi-liquid ground state where x (T) 

variess quadratically with T, Eq. 2.14 reads as well: 

C(B)-C(Q)) = B :
 (Qoc(T)-x(0 ) p ] 5 ) 

TT T :
 X(0) 

wheree all quantities at the right-hand side are known from experiment. The field dependence 

off  the specific heat is seen to depend on the nature of the magnetization process and thus may 

reveall  a better insight into it. To conclude, it is expected that C(B) and x (T). at vanishing T, 

shouldd vary, to lowest order in B. like B2. Thermodynamics imposes that C(B)/T 

increases/decreases,, when B increases, depending on whether x (BT) increases/decreases, 

whenn T increases. 

Metamagneticc transition 

Thee term metamagnetism has been used whenever the differential magnetic susceptibility 

x(B)-[ix(B)-[i t]t]  has a maximum at a critical field Bni i.e. the magnetization M(B) has a point of 
dB dB 

inflexionn at that field value, while no phase transition occurs. 

Thee metamagnetic anomaly observed in several HF compounds is one of the fascinating 

phenomenaa in strongly-correlated-electron systems. The f-electron compounds listed in Table 

2.11 can be classified into two groups in terms of the type of ground state, i.e. paramagnetic 

groundd state or a magnetically ordered ground state. One characteristic feature in common to 

alll  the compounds is that a maximum appears in the temperature dependence of the magnetic 

susceptibilityy x w n en t ne f'elcl is applied along the direction in which the metamagnetic 

anomalyy occurs. This fact strongly suggests that AF intersite correlations developing at low 

temperaturess play an important role in the metamagnetic anomaly. In fact, the magnetically 

orderedd states are basically AF ones. The strongly reduced ordered magnetic moment u with 

respectt to the free-ion value suggests that Kondo interaction between f- and conduction-

electronss is also important. 



24 4 Chapterr 2 

Tablee 2.1. Compounds with paramagnetic ground state or magnetically ordered ground state 
exhibitinss metamaenetic anomalv. 

Paramagnetic c 

CeRu:Si: : 

CeNi2Ge: : 

CeCuf, , 

UCoAl l 

Bm m 

(T) ) 

7.7[B//c| | 

43 3 

l.7[B//c] ] 

1.0[B//c] ] 

T T 

(K) ) 

10 0 

28 8 

— — 
19 9 

TN N 

(K) ) 

— — 
— — 
— — 

M--
(uH/i'.u.) ) 

— — 

— — 
— — 

Y Y 
(J/mol^K2) ) 

0.37 7 

~~ 1.4 

1.6 6 

0.072 2 

R R jderence e 

2.49 9 

2.50 0 

2.51 1 

2.52 2 

Magneticallyy ordered 

L'RibSi,, 36~40[B//c| 50 17.5 0.03 0.06 2.53 

UPt.,, 20[Blc| 16 5.5 0.02 0.3-0.4 2.54 

UPd:Ahh 18[Blcl 40 14 0.85 0.15 2.55 

Thee low-temperature specific-heat measurement has a potential for providing useful 

informationn on the metamagnetic anomaly, since it can probe low-energy excitations in the 

electronn systems. However, in general the specific-heat data are limited to the temperature 

dependencee measured in several fixed magnetic fields, whereas measurement of the specific 

heatt as a function of magnetic field C(B). at a temperature of interest, would be a powerful 

tooll  to investigate the metamagnetic anomaly. One can also measure the magnetocaloric 

effect,, which provides information on the field dependence of the entropy S. Within the frame 

workk of this thesis, we wil l confine ourselves to the former method where we determine 

C(T)ATT in constant magnetic field. 

Freerickss and Falicov [2.56| demonstrated the physics of the metamagnetic transition in 

HFF systems (excluding superconductivity) by calculating the field dependence of their 

propertiess in the framework of a many-body theory (without the assumption of Fermi-liquid 

theory).. These authors suggested that the formation of a HF ground state (and its low-lying 

excitations)) requires a mapping of the lattice Anderson model. Eq. 2.9. onto a large-L1 limit of 

thee Hubbard Hamiltonian [2.57J which, in turn, may be mapped onto a t-J model [2.58]: 

H . - i= -Z^ , ( l - f 1- nf 1- n>V 1 0( l - f , B f 1J+XJl |S1.Sl .. (2.16. 

Thee unrenormalized (bare) hopping matrix t,, satisfies: 



Theory y 25 5 

wheree g(k). the form factor, is a dimensionless function of order 1 and the AF superexchange 

iss defined to be JM — 4tJ /U. It should be noted that the canonical transformation that maps 

thee Anderson model onto the t-J model is valid only within a narrow region of parameter 
space.. The Anderson impurity-lattice model (Eq. 2.9) has been studied for various small 
clusterss with at most four sites (for a review see Ref. 2.59). The results for the tetrahedral 
clusterr [2.60] with one electron per site illustrate the formation of the heavy-fermionic state 
andd how sensitive it is to variations in the parameters. 

Freerickss and Falicov [2.56] derived an exact solution of the t-J model on a finite cluster 
inn a magnetic field illustrating both heavy-fermionic and metamagnetic behaviour. The small-
clusterr approach has been applied to the t-J model. A very good example of a HF system is 
formedd in an eight-sites face-centred cubic-lattice cluster with seven electrons [2.611. When 
thee hopping parameters and AF-exchange parameters are chosen to be: 

t ;,, = 

tt >0. i.j = first-nearest neighbours 
t'' =0. It, i,j = second-nearest neighbours 
00 otherwise. 

t t 
(2.18) ) 

i,, j = first - nearest neighbours 
otherwise. . 

thenn the many-body states possess a low-energy manifold of 96 states (out of a total of 1024 
states)) that is split off from the higher-energy excitations and that includes many different spin 
configurations.. It should be noted that the t-J model was solved for seven electrons in eight-
sitess fee bulk clusters. The bulk calculation illustrates clearly the power of group-theoretical 
techniques,, where a 1024x1024 matrix is diagonalized. These many-body states are 
degeneratee at J = 0 but the degeneracy is partially lifted for finite J. A magnetic field (in the z 
direction)) partially lifts the degeneracy even more, since the many-body eigenstates with z 
componentt of the angular momentum m̂  have an energy: 

E(B)=E(())-mzguBB== E(o)-mzbJ (2.19) 

inn a magnetic field B. The symbols g. |iB. and b denote the Lande g factor, the Bohr magneton, 
andd a dimensionless magnetic field, respectively. The high-spin eigenstates are energetically 
favouredd in a strong magnetic field and level crossings occur as a function of b. 

Thee phenomena described above are all the necessary ingredients for a metamagnetic 
transition.. The HF system is described by a ground state with nearly degenerate low-lying 
excitationss of many different spin configurations. The AF superexchange pushes high-spin 
statess up in energy with splittings of the order of J. The magnetic field pulls down these high-
spinn states (with maximal m/) and generates level crossings in the ground state. In the region 
nearr the level crossings, there is an increase in the density of low-lying excitations that 
producess a peak in the specific heat as a function of b (and possibly a richer structure at lower 
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temperatures),, steplike transitions in the magnetization and abrupt changes in ground-state 

correlationn functions. To illustrate the metamagnetic transition for the simple model above. 

Freerickss and Falicov [2.56J have calculated the specific heat and the magnetization as a 

functionn of the magnetic field (at a fixed low temperature). The specific heat is calculated 

from m 

Cv (b) ) 
XEJ;exP(-pEn) ) 

11 1 

5>p(-pEn)) ' 

2Enexp(-PEn) ) 
n n 

5>P(-PEJ J 
(2.20) ) 

wheree kB is the Boltzmann constant. (3 is the inverse temperature (p = 1/knT), and En is the 

energyy of the nth many-body eigenstates in a magnetic field b (the summations are restricted 

too the 96 eigenstates mentioned above). Similarly, the magnetization is expressed by: 

M(b)) = 

£m,exp(-(*En) ) 
n n 

5>P(-PE„)) ' 
.21) ) 

Thee results for the field dependence of the specific heat and magnetization are given in 

Fig.. 2.4a and 2.4b respectively, at the temperature where J3J = 1, and in Fig. 2.5a and 2.5b, 

respectively,, at the temperature where fiJ = 5. 

(i)) The results for (3J - ] are representative of the high-temperature regime (p\J < 2) where the 

temperaturee is higher than the energy-level spacing. The specific heat has a single broad 

peakk as a function of magnetic field with the centre of the peak moving to larger values of 

BB and the zero-field intercept becoming smaller as the temperature increases. The 

magnetizationn smoothly changes from a value of zero to a value of 5/2 as a function of 

magneticc field, showing littl e structure. 

(ii )) The results for fiJ - 5 are representative of the low-temperature regime (pJ > 2) where the 

temperaturee is lower than the energy-level spacing. The specific heat has a multiple-peak 

structuree arising from each level crossing in the ground state and the magnetization shows 

stepss at the various level crossings. 

Thesee results fit the experimental data [2.49. 2.53-55] extremely well. The specific-heat 

measurementss resemble the "high-temperature" result (Fig. 2.4a) with a single-peak structure 

andd the magnetization measurements resemble the "low-temperature" result (Fig. 2.5b) with 

noticeablee steps. Fig. 2.5a suggests that specific-heat measurements may show additional 

structuree if they can be made at temperatures low enough to probe any features of the many-

bodyy density of states. Note that the low-field region (b < 1) is not correctly represented by a 

small-clusterr calculation, since the discreteness of the energy levels wil l always produce a 

linearr magnetization. 
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(a) ) (b) ) 

Figuree 2.4. (a) Calculated specific heat as a function of magnetic field for the heavy-fermion model 
discussedd in the text. The temperature is fixed at T = J/kB. The horizontal axis contains the 
dimensionlesss magnetic field and the vertical axis contains the dimensionless specific heat C\/kB. 
Notee the single peak in the specific heat, characteristic of the high-temperature regime (temperature 
higherr than the energy-level spacings). (b) Calculated magnetization as a function of magnetic field at 
aa temperature T = J/kB. Note the smooth transition in the magnetization, characteristic of the high-
temperaturee regime (after Freericks and Falicov [2.56]). 

Figuree 2.5. (a) Calculated specific heat as a function of magnetic field at a temperature T = J/5kB. 

Notee the multipeak structure in the specific heat, characteristic of the low-temperature regime 

(temperaturee lower than the energy-level spacings). (b) Calculated magnetization as a function of 
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magneticc field at a temperature T - J/5kh. Note the steplike transitions in the magnetization at each 

levell  crossing, characteristic of the low-temperature regime (after Freericks and Falieov [2.56] I. 

Zeemann splitting 

Thee 2J+1 -fold degeneracy is lifted by the crystalline-electric-field <CEF). At very low 

temperatures,, only the lowest level is of interest. If this level is doubly degenerate, one has to 

considerr a two-level system (see Section 2.1). The application of an external magnetic field 

wil ll  lif t the degeneracy of the CEF states of the two-level system (Eq. 2.2) and for an isolated 

doublett ground state, one expects a Schottky-type anomaly at a temperature T that increases 

proportionallyy to the magnetic splitting of this ground state doublet. The latter splitting is 

givenn by: 

AEjj  =2g, <JZ >uHB. (2.22) 

wheree gj is the Lande factor. Considering that the Schottky peak in a two-level system (see 

Fig.. 2.1) occurs at a temperature of about one third of the level splitting, one finds: 

TT 1 1 
== 2 g j < J / > M B . (2.23) 

BB 3 kB
 J ' B 

Heree it is assumed that the Zeeman splitting is much smaller than the multiplet energy 

separationn so that first-order perturbation theory |2.62] is adequate for the calculation. 



Theorv v 29 9 

2.4.. Crystalline-electric field in intermetalli c compounds 

Introduction n 

Whenn a magnetic ion forms part of a crystal lattice, the electrostatic field due to the 
neighbouringg charges removes the (2J+1 )-fold degeneracy of its energy eigenstates (J is the 
quantumm number related to the total angular momentum). This so-called crystalline electric 
fieldd (CEF) has the symmetry of the ionic lattice and reflects the interaction of the 4f (or 5f) 
ionn with its surrounding. Generally, the CEF may be defined as any action that breaks the 
sphericall  symmetry of the free ion. The less symmetric the CEF. the lower the degeneracy one 
expectss the exact ionic ground state to have. There is, however, an important theorem (due to 
Kramers)) asserting that in the absence of an external magnetic field an ion possessing an odd 
numberr of electrons have only states of even degeneracy no matter how asymmetric the CEF 
evenn in the presence of a CEF and spin-orbit interactions. One might expect that the CEF 
wouldd often have such high symmetry (as at sites of cubic symmetry) that it would produce 
lesss than the maximum lifting of degeneracy allowed by the theorem of Kramers. 

Thee CEF interaction in rare-earth intermetallics (and also in actinide compounds) is 
responsiblee for an enormous variety of magnetic phenomena. At the temperatures of interest, 
thee rare-earth ions in most magnetic materials have only the lowest multiplet populated. The 
electrostaticc interaction experienced by these ions, arising from the presence of near-
neighbourr ions and outer valence electrons is much smaller than the spin-orbit coupling 
becausee of the minute spatial extent of the 4f-electron wavefunctions [2.63]. 

Theree exist several experimental methods that can be used to test the existence of CEF 
splitting.. One of them, inelastic-neutron scattering (INS), allows a direct observation of those 
transitionss between different levels which are allowed by the magnetic-dipole selection rules. 
CEFF parameters deduced from INS measurements sometimes need to be verified by 
complementaryy spectroscopic and bulk macroscopic investigations. More methods to study 
CEFF levels include ESR. hyperfine interaction spectroscopic techniques (NMR and the 
Mössbauerr effect), specific-heat, magnetic-susceptibility, thermal-expansion, magnetostriction 
andd high-field magnetization measurements that can provide a consistent description of the 
CEFF interaction. In the specific heat, the CEF-split levels give rise to many peculiarities 
amongg other things a Schottky maximum that can be measured and used for the determination 
off  splitting energies (see for example Fulde et al. [2.64]). 

Extractingg the CEF parameters from INS data consists of a starting set of parameters, and 
refiningg them so as to minimize the mean deviation between calculated levels and observed 
ones.. Numerous experimental examples have been examined so far, which were intended to 
understandd the physics of the process so as to be able to determine the complete energy-level 
schemee or. at least, to approve or disprove the CEF splittings derived from INS experiments. 
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Mean-fieldd approximation 

Thee theory presented in this section follows closely the arguments given in other papers 

[e.g... see Ref. 2.65]. In compounds with a magnetic R element, the magnetic contribution to 

thee specific heat. CM. is associated with the increasing population of excited localized states 

onn increasing the temperature. The energy splitting is determined by CEF and molecular-field 

interactions.. Having the energy scheme available it is easy to evaluate the magnetic-specific-

heatt contribution by making use of the general formula: 

CM (T)) = - N T ^ - . (2.24) 
3T~ ~ 

wheree N is the number of R ions in the sample, and F(T}  = - kBT InZ is the single-ion free 

:J- H H 

energy,, Z(T) = Ve~F Tl k|,T being the partition function corresponding to a single R ion. So 

1=1 1 

wee see that once we know Z(T), which can be found from the values of the energy levels, we 

cann then deduce all thermodynamic properties. 

Thermodynamically,, a phase transition can be described as a co-operative effect, always 

accompaniedd by a singularity in the Gibbs free energy G. According to the concept of 

Ehrenfestt [2.66], the nature of this singularity determines the order of the transition. Most 

transitionss from the paramagnetic to some magnetically ordered phase are of second order. 

Second-orderr phase transitions are characterized by a branching of G below the transition 

temperature.. 9G/3T is continuous and no latent heat is involved at the transition temperature. 

Thee spontaneous magnetic moments grow gradually below the ordering temperature and there 

iss neither hysteresis nor a coexistence of both phases. The specific heat shows a /.-type 

anomalyy (in the C/T versus T curve) at the transition temperature. Spontaneous magnetic 

orderr characterizes the transition from the paramagnetic to the magnetically ordered state. 

Thiss spontaneous magnetic order gives rise to an internal magnetic field. In the molecular-

fieldd approximation, the magnetic interaction is described by an effective average field, the so-

calledd molecular field or Weiss field and denoted by Bm„i . In the model, this field is obtained 

byy the nearest-neighbour sum of the exchange interactions. 

Wee use a mean-field approximation in the calculation of the specific heat of R compounds 

too rewrite the Hamiltonian for the system of N exchange-coupled R+ ions as a sum of N 

single-ionn Hamiltonians of the form 

H ^ H ^^ + g ^ J . B ^ + E ^ .. (2.25) 

Thiss Hamiltonian operates in the (2J+1 (-dimensional Hilbert space corresponding to the 

energeticallyy lowest lying J multiplet of the free R " ion. In Eq. 2.25. g, is the Lande g factor 
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off  the R,+ ion (so. the magnetic-moment operator of the R^ ion is given by mR - - g , ( iB J) 

andd for a tetragonal structure: 

HCF,, = B'̂ O1; + B ^ + B;;O;; + B^O' + B;,O^ (2.26) 

iss the part of the Hamiltonian which corresponds to the CEF for the R system, which we will 

considerr in the present calculation; O'"are the so-called Stevens operators and B"1 the 

correspondingg CEF parameters. Furthermore, B ^ in Eq. 2.25 is the molecular field at the R,+ 

ionn considered, due to the R-R exchange interactions. Finally EcorT = TBIIBI 1 • <mR> is a 

correctivee additive "constant" that appears as a constant in the mean-field approximation at 

thee reduction of the original Hamiltonian for the system of N exchange-coupled R + ions, into 

aa sum of N single-ion Hamiltonians. Note that in the expression for ELOrr <mR> is the 

magneticc moment of the R+ ion considered and is given by <m k > = - g j |UB <J >. where 

<J>> denotes the statistically averaged expectation value. In Eq. 2.25. the molecular field B j ^ 

iss a function of the expectation magnetic moment <mR>. Supposing 2 R sublattices are 

denotingg the exchange parameter between moments of ions belonging to the same and the 

otherr sublattice by n R
h
R and nR_!R . respectively, the molecular field in Eq. 2.25 is given by: 

B l JJ = ( n (
R : k - n ^ R ) < m R > , (2.27) 

fromm which follows for EcorT in Eq. 2.25 

E t O T = I B ^ - < m R > = { ( n ^ - n ^ ) < m R > 2 .. (2.28) 

Thee magnetic specific heat CV1 is calculated according to Eq. 2.20. At each temperature, 

thee (2J+1) energy levels E, of a single Er ion. their occupation and hence the free energy (see 

Eq.. 2.24 above), are easily calculated by a self-consistent diagonalization of the Hamiltonian 

inn Eq. 2.25 above by taking the difference nRlR - n'R^R as the only adjustable parameter. Here 

self-consistencyy at any fixed temperature implies that the magnetic moment <mR>. calculated 

fromm the expectation values corresponding to each of the (2J+1) eigenstates. taking into 

accountt the occupation at the temperature considered, should coincide with the magnetic 

momentt used when diagonalizing the Hamiltonian. This type of calculation is realized for the 

ErCu4Alss compound discussed in Chapter 6 (section 6.6). 
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