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The thermoelectric properties of intermetallic compounds with Ce or Yb ions are explained by the single-
impurity Anderson model which takes into account the crystal-field splitting of thgrdund-state multiplet,
and assumes a strong Coulomb repulsion which restricts the numbbei@étrons orf holes ton;<1 for Ce
and n?°'es1 for Yb ions. Using the noncrossing approximation and imposing the charge neutrality constraint
on the local scattering problem at each temperature and pressure, the excitation spectrum and the transport
coefficients of the model are obtained. The thermopower calculated in such a way exhibits all the characteristic
features observed in Ce and Yb intermetallics. Calculating the effect of pressure on various characteristic
energy scales of the model, we obtain t{fiep) phase diagram which agrees with the experimental data on
CeRuySi,, CeCySi,, CePdSi,, and similar compounds. The evolution of the thermopower and the electrical
resistance as a function of temperature, pressure or doping is explained in terms of the crossovers between
various fixed points of the model and the redistribution of the single-particle spectral weight within the Fermi
window.
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I. INTRODUCTION which show that the thermopower of cerium compounds
changes continuously from typ@) to type (d). A typical
The thermoelectric poweS(T) of intermetallic com-  example is provided by th&T) of CeRyGe,, which is plot-
pounds with cerium and ytterbium ions exhibits some charted in Fig. 1 as a function of temperature, for various
acteristic features which allow the classification of thesepressured! At ambient pressure, CeRBe, is a type(a) sys-
compounds into several distinct grouppdin the case of ce-  tem with a magnetic ground state and negative thermopower
rium ions, the thermopower of the compounds belonging tthelow 300 K. An increase of pressure leads to a ther-
the first group(type (&) system$ has a deep negative mini- mopower with a small positive peak at low temperatures and
mum at low temperaturé$4-°and a high-temperature maxi- an enhanced peak at high temperatures. A further increase of
mum, typically between 100 and 300 K. At the maximum, pressure enhances both peaks, shifts the low-temperature
S(T) could be either positive or negative, as shown in Fig. 1peak towards the high-temperature one, and makes the ther-
At very low temperatures, the typ@ systems order mag- mopower at intermediate temperatures less negative. For
netically or become superconducting. The compounds of thiarge enough pressure, the sign-change does not occur at all
second group[type (b) system$ have a negative low-

temperature minimum and a positive high-temperature maxi- 80 i o i

. L . p(GPa) CeRu,Ge,
mum but, in addition, the thermopower shows a smaller posi- e Sic 1
tive peak at lowest temperature$:1° This second peak is 60 L[ —— 104 140 ]

sometimes concealed by a low-temperature phase transition; 156

for example, in CeCG5i, it becomes visible only in an ex-
ternal magnetic field which suppresses the superconducting
transition? and in CeRuGe, it shows up when the external
pressure suppresses the magnetic transitiofhe experi-
mental evidence is now accumulating that the initial slope of
the thermopoweS(T)/T is positive for this class ofheavy
fermion) materials, provided the measurements are per-
formed at low enough temperature and with sufficient
accuracy~812In the third grougtype (c) systemg the low-
temperature peak is well pronounced and shifted towards the
high-temperature peak. The main difference with respect to -20
the type(b) systems is that the sign-change3$T) does not
occur®-18Finally, in some casdgype (d) systemgthe ther-
mopower grows monotonically towards the high-temperature F|G. 1. Temperature dependence of the thermoelectric power
maximum, and the low-temperature structure appears only a§T) of CeRyGe, for various pressuredy and T label the center
a shoulder on a broad peak, or is not resolved &t&ft!8 of broad, pressure-induced maxima, related to the Kondo effect and
The clue to these various types of behavior comes fronhe crystalline electric field, respectively. The inset sh&i® data
the high-pressufé192! and doping studies!*1624-28  of CeRyGe, in the nonmagnetic phase.
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and for very high pressure the low-temperature peak mergeslline electric field(CF), and assumes an infinitely larde

with the high-temperature one, and transforms into a shoulf Coulomb repulsion, which restricts the numberfaflec-

der (see inset to Fig.)1 The high-temperature peak grows trons orf holes ton;<1 for Ce andn{®®<1 for Yb. We
continuously but its position remains more or less constantassume that pressure changes the coupling and the relative
as §(T) changes from typéa) to (c). Eventually, for pres- occupation of thef and conduction states, and impose the
sures above 10 GPa, tI8T) assumes théd) shape. Here, charge-neutrality constraint on the local scattering problem
the initial slope ofS(T) decreases and the position of the at each temperature and pressure. The total charge conserva-
maximum shifts to higher temperatures, but its magnituddion provides a minimal self-consistency condition for a

does not change as pressure increases. Similar behaviorR80r-man's treatment of pressure effects in stoichiometric
also seen in the high-pressure data of CBiPt compounds. The excitation spectrum of such a model in the

CeCuGe, 2022 or CePdSi,. 23 As regards doping, the substi- vicinity of various fixed points, the crossovers _induced by
tutions which reduce the volume and make Ce ions less ma emperature and pressure, and the correspondmg effects on
netic, transformS(T) from type (a) to type (b) 2* from (b) to .T), the number off particles,n(T), and the glectrlcal re-
(c),"*%% or from (a) to (c),?>?" while the substitutions which §|stancep(T), are calculgte_d by the NONCrossing approxima-
tion (NCA). The description of the stoichiometric com-

f)'ounds in terms of an impurity model is certainly inadequate
form the thermopower from, say, tyjée) to type(c) or from at low temperatures where tlieclectrons become coherent.

type (c) to type(b).28 This variation of shape is an indication The errors due to such an approximation and the low-

that the local environment plays an important role in deteryemperature errors inherent in the NCA calculations are dis-
mining the magnetic character of Ce and Yb ions. Even atssed in detail at the end of Sec. II.

high temperatures, where eachidn is an independent scat-  Qur paper extends the long-standing theory of
terer, the thermopower of a sample with a high concentratiotogblin#%4! which described the high-temperature proper-
of 4f ions cannot be obtained by rescaling the low-ties of Ce and Yb intermetallics by the Cogblin-Schrieffer
concentration data. (CS model with CF splitting, and its more recent version
The ytterbium intermetallics can be classified using thewhich improved the low-temperature calculations by rescal-
mirror-image analogy with cerium systems. This holds be-4ng the coupling constants. These previous theories explained
cause the Yb ions fluctuate betweeit¥and 414 while the the main features of the temperature dependence of the
Ce ions fluctuate betweerf4and 4° configurations, and the thermopowet*! and the magnetic susceptibiffybut could
dynamics of a singlé hole and a singld electron is the not describe the pressure effects, because the CS model ne-
same. A well-defined local moment leads in Yb systems td@Jlects charge fluctuations. Furthermore, the approximations
the type(a) behavior, such that the thermopower has a negaused to solve the_ effective high- and low-temperature models
tive minimum at high temperatures and a positive maximunf€ase to be valid at temperatures at whigfi) changes
at low temperature&3the size of the minimum is about the Sign;’ such that the shape &(T) between the two maxima
same as the size of the maximum. The thermopoweb)ef _(m|n|ma) in Ce(Yb) systems could only be inferred from an
type Yb systen@-33mirrors the(b)-type Ce systems. Here, intérpolation. _
one finds two negative minima separated by a small positive Heré, we consider both the local spin and charge fluctua-
maximum. The type(c) Yb systems have a nonmonotonic tions, and .prowde the full description of the impurity prob-
ermapower with  argnegaio minimum a hightem- (€1 % WST0LS PIESUes 210 erberaie, o ot e
peratures and a})_ssr?a_ller one at low temperatures, bUt. theret e intermediate regime whe8T) changes sign. Our results
no sign changé®-33 Finally, the thermopower with a single lain the shape@) to (d) of the thermopower, which are
negative peak centered around 10@Refs. 18, 30, 31, and expiam P P '

. ) found in systems such as, CgAl CeRuyGe,3°
34) mirrors the type(d) behavior of Ce systems. The reduc- CeCuySiy2! CgCL;zGeZ 2022 or CePgSi %2§ and th% “%irror-
tion of volume by pressure or dopifft? stabilizes the mag- 2 ' 2

. X ; X image” shapes found in systems such as YbNiSn, YninAu
netic 4f'3 configuration of Yb ions, and transform®T) YbS%, or prCL;zSiz.3° We a?/so explain the pressure dat? on,
from, say, typeb) to type(a), from (c) to (b), or from(c) to e.g., CeRyGe, (Ref. 11 or CeCySi,2* and the chemical

(. _ ~ pressure data on Qen;_,PdSn(Ref. 27 and Cgla; ,Ru,Si,
The experimental results show thét gystems with simi-  (Ref. 15 or YbCuw,Si,.3

lar thermopowers exhibit similarities in other thermo-  The paper is organized as follows. In Sec. Il we introduce
dynamic® and transpoff—38 properties, and there is an ob- the model, discuss its limitations, and describe the method of
vious correlation between the shapeSoT) and the magnetic  solution. In Sec. Il we provide the results for the transport
character of the #ions. The thermopower measureméhts coefficients of Ce- and Yb-based intermetallics. In Sec. IV
provide a simple and sensitive tool for characterizing thewe discuss the effects of temperature and pressure on the
magnetic state of afdion in a given metallic matrix: the spectral function, analyze the fixed-point behavior, and relate
shape ofS(T) changes from théa) type in the case of mag- the shapes of the thermopower to the properties of elemen-
netic Ce(YDb) ions with stablef! (4f13) configuration to the tary excitations. Section V gives the summary and the con-
(d) type for non-magnetic C€vb) ions which fluctuate be- clusions.
tween the 4' (4113 and 4° (4f'% configurations.

We explain the thermoelectric properties of Ce and Yb Il. THEORETICAL DESCRIPTION
ions in terms of a single-impurity Anderson model which  We model the intermetallic compounds by taking as many
takes into account the splitting of thd 4tates by the crys- Ce or Yb ions per unit cell as required by the structure, but
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assuming that the scattering of conduction electrons on sainglet and gives rise, at aboty, to a transition to the local
given 4f ion does not depend on otherdf 4ons, except moment(LM) fixed point, which describes a CF-splistate
through the modification of the chemical potential. In otherweakly coupled to the conduction band. The effective degen-
words, we consider an effective impurity model which treatseracy of thisf state is defined by the lowest CF level. For
the 4f states as scattering resonances rather than Bloch statés> A, there is a further crossover to another LM fixed point,
but take into account the charge transfer due to the locaihich describes the scattering of conduction electrons on a
scattering and adjust the chemical potentizgo as to main- fully degenerate local moment. At higher coupling, such that
tain the overall charge neutrality of the compound. Such & =2A<|Eq, the f charge is reduced to 0s8n(T) <0.95,
description of the lattice problem applies at temperatures &nd the impurity still behaves as a Kondo ion, but the Kondo
which the mean free path of the conduction electrons is shoRCal€ is much higher than in the caSec A <|E|. The two

and the scattering is incoherent. We consider mainly the C M reglmeﬁ are now .close together and the crosso;]/grr]from
intermetallics and present only a few preliminary results forco?‘n';:rg)blte etOI&M Arteg'er?; rcl)i;(r;uI:Soﬁrt)litr?g;npseurgrgu[ﬁ;t%sl% are
ggtxetggnlﬁga%c;grﬁ Cc?)rrlml%g]u:ggznzri;i?(\,cvﬁgng)inf;ugtlzge< |E¢| andn¢(T) <0.8, thef ions appear to be nonmagnetic at

trons with the conduction band: tiaveragg energy differ- all accessible temperatures due to the mixing of tieahd

. . ; 4f1 configurations. In this valence fluctuatifyF) regime,
ence betwe_en the two conflguratlon515$| and 2the h(_)ppmg the behavior is nonuniversal and changes slightly, when the
is characterized by the matrix elemantThe 4f< configura-

o X S . _calculations are performed for different sets of parameters.
tion is excluded, i.e., an infinitely stronglcoult_)mb rgpul_smnAway from n;=1, more than one energy scale is needed to
U betweenf electrons is assumed. Thé 4onfiguration is |y characterize the model. Other CF schemes pertinent to
represented b\ crystal field levels: there al—1 excited  Ce and Yb ions in a different environment are characterized
states separated from the CF ground level by enerdjes py similar fixed points.
<|Ey|, wherei=1,... N-1. The local symmetry is taken ~ Qur calculations show that the functional form of the re-
into account by specifying the respective degeneracies ofponse functions changes at the crossover and thag the
these levelsV;. Thus, the low-energy excitations of Ce inter- <1 imit of the Anderson model captures all the main fea-
metallics are modeled by an effective single-impurity Ander-yres of the experimental results on Ce and Yb intermetallics.
son Hamiltoniaf¥ To explain the pressure effects, which changes the ther-
Ha = Hpana+ Himp + Hinio (1)  mopower of Ce and Yb systems in opposite ways, we assume
that the exchange couplirggincreases in Ce and diminishes
where Hpang describes the conduction banid,, describes in Yb compounds, as pressure increases. This difference
the CF states, andl,; describes the transfer of electrons arises because Ce fluctuates betwethahd 41, while Yb
between 4 and conduction states. In the absence of miXing;ﬂuctuates betweenfd* and 413 Conﬁgurationsl so that the
the conduction band is described by a semielliptical densityressure-induced reduction of the number of electrons in the
of statesN(e) centered aE? and of half-widthW, and the  f shell makes Ce ions less magnetic and Yb ions more mag-
unrenormalizedf states are represented by a set of deltenetic.
functions atE? andE;=E{+A;. The conduction states and the  In Ce intermetallics, there is a substantial overlap between
f states have a common chemical potential, which is taken agie f wave functions of Ce and those of the neighboring
the origin of the energy axis. The properties of the modeltoms, and we associate the pressure-induced increage of
depend in an essential way on the CF splittings and on the-T'/|E;| with an enhancement of the hybridizatibh This
coupling constang=T"/#|E|, wherel'=7V2N(EY) measures enhances the Kondo temperature, and pushes the system
the coupling strength between tlieelectrons and the con- from the Kondo to the VF limit. In stoichiometric com-
duction band ;=S¥ INEH/N, and V=S A is the total  pounds, the pressure-induced reductiomgis accompanied
degeneracy. We assurE€> 0, E;<0, andI", A; <|E¢| =W, by the increase of, because the total charge of a given
i.e.,g<<1. Since a singlé hole is dynamically equivalent to compoundn,=n.+n; is constant. The conservation of par-
a single f electron, we obtain the results for Yb ions by ticles is enforced by adjusting, and since all the energies
performing the model calculations for a eightfold degenerateare measured with respect tg this amounts to shiftindg;
f hole subject to the appropriate CF. andE; by some amountu[T,I'(p)]. Thus, we describe the
The g<1 limit of the Anderson model is controlled by pressure effects for a given Ce compound by chanbjiagd
several fixed points which are well understdddn the case keepingE.—E; constant. The changes in the bandwidth and
of a Ce ion with two CF levels split by, the fixed point the CF splitting are neglected.
analysis can be summarized as follows. At small coupling, In Yb intermetallics, thef states are more localized than
such thatl’< A <|E|, we find n¢(T)=1 and the model ex- in Ce systems, and we assume that the decrease in the radius
hibits the Kondo effect. That is, all the physical propertiesof the 4f shell as it loses charge at elevated pressure is suf-
depend only on the Kondo temperatur, which is ficient to compensate for the increase in hybridization
uniquely determined by, A, and the degeneracies of the CF brought about by the reduction in unit cell volume. The re-
states(for the NCA definition ofT, see Ref. 42 and Sec. IV duction ofg=T"/|E;| in Yb compounds is achieved through
below). The low-temperature behavior is characterized byan enhancement of the hole binding enekgyas the neigh-
the Fermi liquid(FL) fixed point, which describes a singlet boring ions get closer to the rare earth, whileremains
formed by an antiferromagnetically couplédelectron and essentially constant. This reduces the Kondo temperature,
conduction electrons. An increase of temperature breaks thend drives the system towards the Kondo limit. Sihtés
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treated as a material-specific constant, we model the pressuvelops an unphysical spike, such that the resistivity and the
effects in Yb systems by shifting; and solving forE., so as  thermopower become atrtificially enhanced. This error be-
to preservm[‘o‘{'e. This procedure shiftg; andE, by different ~ comes particularly severe at high pressure, because the char-
amounts and makes the separatiQrE; pressure dependent. acteristic scaleT, increases very rapidly witi® and the
However, when temperature is changed at constant pressurgnanalytic NCA spike appears at rather high temperatures.
the charge neutrality is enforced in the same way as for C&he unphysical enhancement of the low-frequency part of
compounds, by shifting the chemical potential withoutA(w) reduces the integral fdry4, which is strongly underes-
changing the separatidfy-E;. The changes in the bandwidth timated at low temperature. The integta}, is less affected
and the CF splitting are neglected. Describing the pressurey this pathology, because it has an additiandhctor which
effects in such a way, we can calculate the response functionemoves the states within the Fermi window. Thus, the over-
of the model for any value of the external parameters, andll shape ofS(T) = LY$*/L** seems to be qualitatively cor-
study the transitions between various fixed points. rect, even though the low-temperature part of the curve has
The electrical resistivity and the thermopower of thean unphysical enhancement. These difficulties are well
single-impurity Anderson model are obtained from the usuaknowrf*? and relatively easy to resolve in the Kondo limit,
expressiorfs where the model has a unique low energy sdaleWe can
find Ty in the LM regime, where the NCA is reliable, and

Prmag= Zi (2)  infer the low-temperature behavior from the universal power
ely laws which hold in the FL regime. Combining the NCA re-
sults and FL theory, we can discuss the experimental data at
__ 1Ly 3 all temperatures at which the single-ion approximation holds.
T leTLyy” ) A more serious problem is that, in stoichiometric com-

) o pounds, the electrons become coherent at low enough tem-
where Ly; and L, are given by the static limits of the peratures. This leads to a magnetic transition in GERy
current-current and current-heat current correlation functhe formation of a heavy FL in CeR8i,, superconductivity
the vertex corrections vanish and the transport integrals cafigh pressure, the coherence sets in at very high tempera-

be written a&44:4° tures, as revealed by low values of the electrical resistance.
o [ df(w) . The onset of coherendsuch as the NCA pathologyas its
Lij = go dw(— d—)ﬁw)w'”‘z, (4) main impact on the low-energy states, giving'c
—% w

> LMPU"Y 5o that the impurity result badly overestimates the
_ low-temperature electrical resistance. However, the consider-
constant, f(w) =1/[1 ations for the periodic Anderson mod€lor other models
with on-site correlatiort! show that the integral fok, also
contains an additionab factor which reduces the contribu-
B ) tion of the low-energy coherent statesltp, as in the single
@ =cN7TVA(w), ©) impurity case. Thus, our results f8(T) provide a qualitative
description of the experimental data at temperatures well be-
A(w)= =+ (1/7)Im G(w+i0") is the f-electron spectral func- |ow the onset of coherence, but the calculated valueX Bf
tion, G¢(2) is the Green’s function, andis the concentration aroundT, are overestimated.
of f ions. Equtiong4) and(5) show clearly that the sign and  We mention also that the analysis of the doping effects in
the magnitude o8(T) are determined by the spectral weight terms of “chemical pressure” is not complete, because dop-
within the Fermi window(F window), i.e., by the shape of ing might give rise to a charge transfer or change the char-
A(w) for |w|<2kgT. The sign of S(T) is positive if theF  acter of the ground state, and that the mirror-image analogy
window shows more states above than below the chemicdletween Ce and Yb systems holds for the resonant scattering
potential, and is negative in the opposite case. The difficulbut may be lost in the presence of any additional scattering
part is to findG;(w=i0*) and, here, we solve this problem by channel. Despite these drawbacks, the NCA solution of the
the NCA, following closely Refs. 42 and 45, where all the Anderson model provides a surprisingly accurate description
technical details can be found. The main difference with refor a large body of experimental data above the magnetic or
spect to these NCA calculations is that we talkel and superconducting transition temperature, and at low to mod-
enforce the overall charge neutrality. erate pressure.

A detailed comparison with the experimental data shows
that the transport coefficients obtained from the single-
impurity Anderson model have all the hallmarks of the ex-
periments, but discrepancies appear at low temperatures. In this section we present the NCA results for the trans-
This indicates the limitations of our approach which shouldport coefficients, describe the thermopower and the electrical
be considered before presenting the NCA results. resistance due to Ce ions in some detail, show the results for

There are two main causes for the breakdown of thahe f occupation, present a few preliminary results for the
single-impurity model and the NCA calculations. First, atthermopower of Yb, and compare our results with the experi-
temperatures much beloW, the NCA spectral function de- mental data.

where oy Iis material-specific
+expw/kgT)] is the Fermi function, 1Aw) is the
conduction-electron scattering rédfe,

IIl. THERMOELECTRIC POWER RESULTS
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FIG. 2. Thermopower of Ce ions calculated by the NCA for the  FIG. 3. Thermopower calculated by the NCA for the CF split-
CF splittingA=0.07 eV is plotted as a function of temperature for ting A=0.07 eV is plotted as a function of temperature for several
several values of the hybridization strendtk< 2A, as indicated in  large values of the hybridization strendthincreasing from 0.13 to
the figure. The bottom curvd;=0.06 eV, corresponds to ambient 0.2 eV. The bottom curvé'=0.20 eV is for the highest pressure.
pressure. The inset shows the high-temperature maximun®@®, plotted as

. . . a function ofT".
Our strategy for Ce intermetallics is to illustrate the be-

havior of one particular compound as a function of temperawhere the calculated peak is too large with respect to the
ture at various pressures. The compound is characterized @xperimental data. As discussed already, the reason for this
ambient pressure and high temperature by an initial paranfliscrepancy is that the NCA overestimates the Fermi-level
eter sefW,E2,N,T,E?, A, i}, whereEX>0 andE?<0 are ~ scattering rate fol <T,, and that we neglected the coherent
measured with respect o and the high-temperature limit is scattering, which sets in at temperatures of the ordeFqof
defined by temperaturlesTy=Ay_;. For given values of’ ~ Thus, our low-temperature result far, is artificially re-
and E2-E?, we start the calculations af=T, and find duced, which make§(T) too large. The sign and the topol-
5u(T,,T') such that the total charge is the same as the onegy of the S(T) curves do not seem to be affected by this
obtained forI'=0. (In the absence of coupling we hamg  €rror.
=1 and obtaim, by integrating the unperturbed density of ~For I'<A, we haveT,<5 K and n;=0.95, and obtain
states. At high temperatures, thestate is almost decoupled S(T) with two well separated peaks, as shown by Ewe60
from the conduction band, the renormalization of the paramandI’=70 meV curves in Fig. 2. The high-temperature peak
eters is small, and the numerics converge very fast. We theis centered affs=T,/2 and for our choice of parameters
reduce the temperature, find the new s@ji(T,I") ensuring  Spax=S(Tg) <0. The low-temperature maximum is at about
the charge conservation, and calculate the response functiois<Ts and §=S(Ty) >0. The thermopower between the
for the resulting values dE. andE;. This process is contin- two maxima is mainly negative. Since most of the type
ued until the NCA equations break downTa& T,. To model  and(b) systems order magnetically or become superconduct-
the same system at different pressure, we chdngéind ing aboveT,, the low-temperature peak is not shown in Fig.
againsu(T,,T’), and repeat the same procedure as at ambi2 for I'==100 meV. A small increase df (due to, say, an
ent pressure fol <T,. Note, n,, andE.—E; are conserved increase of pressureeduces); (see Fig. 4, enhanced, and
at all temperatures and pressures. Shae @nd expands the temperature range in wtgch) is

As a numerical example we consider a semielliptical conpositive. Such a behavior, which is typical of Kondo systems
duction band of half-widthW=4 eV, centered atEg with small Ty, is in a qualitative agreement with the ther-
=0.7 eV, and  state split into a doublet and a quattdty =~ mopower of the typga) systems described in Sec. |, and
the CF withA=0.07 eV. We taken,=n.+n;=5.6301 elec- with the data on CeRte, (Ref. 11 at low pressures
trons per ion(0.9383 electrons for each one A&f “effective  (below 4 GPaand above the ordering temperature, as shown
spin” channels The transport coefficients are calculated forin Fig. 1.
the hybridization strength changing from 0.06 to 0.20 eV, For A<I'<2A, we haveTy<150 K andn¢=0.8, and
i.e., forI" varying fromI’ <A to I'>2A. The single-particle still obtain S(T) with the two maxima. BuS,,, is how posi-
excitation spectra corresponding to these parameters are disse, the value ofS, is enhanced, the temperature interval in
cussed in Sec. IV. which S(T) <0 is reduced, an&T) at the minimum is less

Using the procedure outlined above we obtainS0F) the  negative than for smalldr. As we increasé’ (by increasing
results shown in Figs. 2 and 3. The calculated curves exhibjpressurg the sign-change o8(T) is removed,S, and S«
all the shapega) to (d) found in the experiments and give are further enhanced, bili; is not changed. The two peaks
S(T) of the right magnitude, except at low temperaturesare coming closer together and are merging eventually. These
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FIG. 4. (Color onling f-electron numben; calculated by the
NCA for the CF splittingA=0.07 eV is plotted as a function of
temperature for several values of the hybridization strethgtRor

the uppermost curv&=0.06 eV and then it increases in steps of e T
0.02 eV. At the bottom curv&=0.20 eV. T(K)
features are typical of Kondo systems with modefgfesay FIG. 5. Electrical resistivity vs temperature calculated by the

To=10K, and are in a qualitative agreement with the dataycAa for the CF splittingA=0.07 eV and for several values of the
on the type(b) and(c) systems mentioned in Sec. I. They are hybridization strengtfl’, as indicated in the figure.
also shown by the CeRGe, datd™ at intermediate pressures
(see the curves in Fig. 1 for pressure above 3.4 GPa. For temperatures below the maximupy,,4T) drops to a
At I'=2A, the system enters the VF regin®T) acquires minimum and then rises logarithmically &g is approached.
a single maximum afTg, with a shoulder on the low- This minimum and the subsequent low-temperature upturn
temperature side. Even this shoulder vanishes, whem  are of a purely electronic origin and appear in systems with
increased further, as shown in Fig. 3. Hor 2A the ther- small T, and large CF splitting. In these systems, one can
mopower is of the typéd), with a single peak which is much follow the evolution of the two peaks i, T), and observe
steeper on the high- than on the low-temperature side. Thithe disappearance of the minimum with the application of
peak shifts to higher temperatures with increasingpres- pressure. For example, in Cef8s,! CePdGe,,*
sure and S, saturategsee inset to Fig.)3the initial slope  CePdSi,,3” or CeCuAu (Ref. 3§ the minimum becomes
of S(T) decreases continuously with Such a behavior is in  more shallow, transforms into a shoulder, and vanishes at
a qualitative agreement with the thermopower data on vahigh enough pressure. As discussed already, the NCA over-
lence fluctuator$—* and with the high-pressure data on estimates the low-temperature scattering and distorts the
CeRyGe, (Ref. 11 (see inset to Fig. )land CeCySi,.° relative magnitude of the high- and low-temperature peaks.
However, a large discrepancy appears between theory ard addition, the single-ion approximation always gives
experiment at low temperatures, becadge) is overesti-  pmadT) Which saturates at low temperature and cannot ex-
mated forw=0, which makes the NCA curves larger than plain the low-temperature reduction @f,{T), which is seen
the experimental ones. A possible correction of the initialin stoichiometric compounds below the onset of coherence.
S(T)/T values is discussed below. The electrical resistance of Ce-based Kondo systems at very
The f-electron numben, calculated for the parameters high pressure, and the ambient pressure data of valence fluc-
used in Figs. 2 and 3, is plotted in Fig. 4 as a function oftuators, cannot be described by the NCA solution. In these
temperature. The overall temperature dependence is rathsystems, the scattering ohions remains coherent up to
slow, but two different types of behavior can still be seen.rather high temperatures and the NCA solution is valid only
For I' < 2A <-E;, we find thatn; is nearly independent of above the high-temperature maximum and is not physically
temperature and close to 1, which is typical of Kondorelevant.
systemg?® For I'>2A, we find thatn; is less than 0.8 and To illustrate the situation in Yb intermetallics, we perform
nearly constant at low temperatures but at abbstA/3kg a generic calculation for a semiellipticéhole) conduction
(271 K for A=0.07 eV there is an increase followed by the band and four CF doublets. The NCA equations are solved
saturation at high temperatures. Considered as a function &6r a singlef hole (A'=8). Following the procedure outlined
I" (pressurg n¢(I") shows different behavior at high and low in Sec. Il, we start the calculations at ambient pressure and
temperatures. At high temperaturgsdecreases uniformly as temperaturel,, such that the state is almost free, and cal-
I increases. At low temperatures does not change much culate nf9®=nf®®+nf®® for the initial parameter set
for <A andI"> A, but drops rapidly arounfl =24, indi-  {W, EQ,N,F,E?,Ai,Ni}. At lower temperatures we shiff;
cating the crossover from the Kondo to the VF regime. and E; with respect toES and E? by Su, so as to conserve
The electrical resistivityp,,4T) obtained for small and n{‘oﬂ'e, and calculate the response functions for this new pa-
intermediate values df, is shown in Fig. 5. The interesting rameter set; this procedure does not chabgeE;. At a
feature is the high-temperature maximum, which appears fonigher pressure, we start againTat T,, changek; so as to

I'<A, and correlates very well with the maximum 8T).  increasen{®® and findE, which conservesio®. SinceT is
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expansion of transport coefficients in E¢) gives*

MELNECEN
T~ se e o

where 7%kg/3|e| =283.5uV/K and Z is the enhancement
factor defined by the Fermi-level derivative of thelectron
self-energyZ=[1-d%/dw],-1=o- I'/ Z is related to the Kondo
scale by a factor of order 1. Settifig=1"/Z, and using for
n;(T=0) the NCA results of Fig. 4, we can estimate from Eq.
(6) the initial slope of the curves plotted in Figs. 2 and 3. The
FIG. 6. (Color onling Thermopower due to Yb ions, obtained Obtained values, which go from 32V/K?for '=60 meV to
by the NCA for four CF doublets, is plotted as a function of tem- 1 pV/K? for I'=130 meV and 0.JuV/K? for '=200 meV,
perature for various values Ef i.e., for various pressures. Starting are in the range reported recently for various Ce-based heavy
from the uppermost curve, we sh&(T) for —E{=1.00, 0.95, 0.90, fermions and valence fluctuataisee Table | in Ref. )2 The
0.85, 0.80, 0.70, and 0.60 eV, respectively. The bottom c(e initial slope ofS(T) decreases as we move from the Kondo to
=-0.6 e\) corresponds to the lowest pressure. the VF limit, in agreement with pressure experimentat
higher temperatures, the nonlinear corrections reds(@e

not changed by this procedure, we now hdse-E;+# Eg and give rise to a maximum &. These nonlinear correc-
—E?. For temperatures beloW,, the properties of the system tions are nonuniversal, and a large slope does not necessary
are calculated by the same procedure as at ambient pressufi@nslate into largeS(T) at To. The corresponding calcula-
ie. n{‘(g'e is conserved by shiftinde, and E; by the same tions for the Yb curves plotted in Fig. 6 show that an appli-
amountdy. cation of pressure enhancgerl)/T.

Taking W=4 eV, Eg:_’]__o eV,'=0.08 eV, E?:—0.8 eV, The initial slope ofS(T) can also be related to thgco-
and three excited CF doublets £t=0.02 eV,A,=0.04 eV, efficient of the specific heat, with the important result that
A3=0.08 eV, respectively, we find,,=6.444 atT=T,. The the ratio S(T)/yT=(2w/|e|Np)cot(mn;/Np) is independent
S(T) obtained for E; ranging from E;=-0.6 eV to E;= of Z. This expression and Ed6) are valid in the single-
-1.0 eV, is shown in Fig. 6. We recall, that an increase ofimpurity regime, and it is not obvious that they would pro-
pressure makes; more negative. FOE;=-0.6 eV, the ther- duce the correct results for stoichiometric compounds. How-
mopower shows a deep minimum, typical of Yb ions in theever, the characteristic energy scales of a coherent FL
VF state. FoiE;=-0.8 eV,S(T) develops a small maximum, (inferred from the experimental data on the initial slope of
which separates the high-temperature minimuig#nd the  the thermopower or the specific heat coefficjetd not seem
low-temperature minimum &k,. By making E; more nega- to be much different from the single-ion scdlg of the LM
tive we shift Ty to lower values, as shown in Fig. 6 by the regime(inferred, say, from the peak in the thermopower or

TIK]

curves obtained folE;=-0.8 eV, E;=-0.85 eV, andE;= the Curie-Weiss temperatyre
-0.9 eV, respectively. The low-temperature range in which
S(T) is negative shrinks with pressure, in agreement with the IV DISCUSSION OF SPECTRAL PROPERTIES

experimental dat® However, for E; much belowu, the

NCA calculations break down before this minimum is In this section we present the NCA results fAfw),

reached. As regards the value $T) at the maximum, it is provide the NCA definition of the characteristic scdlg

negative at first but it becomes positive as pressure increasegipdy the low-energy spectral features in the vicinity of vari-

i.e., the thermopower changes frdic) type to (b) type. At  ous fixed points, discuss the changes induced by the cross-

very high pressures, such that tlh{gle:l, the thermopower overs, and explain the behavior &(T) in terms of the redis-

is dominated at low temperatures by a large positive peakribution of spectral weight within the Fermi windowF

and at high temperatures by a negative minimum, which isvindow). Only the Ce case is considered and it is assumed

typical of Yb-based systems with a small Kondo scale. Thehat pressure gives rise to an increase of the hybridization

shape ofS(T) is directly related to the magnetic character of width T".

Yb ions and our calculations explain the qualitative features The results obtained fdf <A are shown in Fig. 7, where

of the thermopower of YbAy YDbAu;?° and YbSi, A(w) is plotted as a function of frequency for several tem-

YnNi,Si,,3® which are of the(a) type; of YblrsAlg,3?  peratures. At high temperatur@s=T,, the spectral function

YbAuCu,,2* and YbNiSn® which are of the(b) type; of has a broad charge-excitation peak somewhat aBpead a

YbPdCuy,3! and YRh,Al6,32 which are of the(c) type; and  narrower resonance of half-width, centered belov. This

of YbAgCu,, YbPd,Cuw,3' and YbInAy®® which are(d)  low-energy resonance is a many-body effect due to the hy-

type. The pressure effects in YbBiand the chemical pres- bridization of the conduction states with thé gtates and is

sure effects in YbCyBi, (Ref. 33 are also in a qualitative typical of the exchange scattering on the full multiplet. In

agreement with our results. this temperature range, the window shows more spectral
An estimate of the low-temperature properties of theweight below than abovg (see the middle panel in Fig) 7

single-impurity model can be obtained by combining theand S(T) <0. The magnetic susceptibilityis Curie-Weiss-

NCA results with the universal FL laws. The Sommerfeldlike, with a very small Curie-Weiss temperature and a Curie
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acquires three pronounced low-energy peédee Fig. 7.
(The physical origin of these many-body resonances is ex-
plained in detail in Ref. 42The peak centered aiy<A is
the Kondo resonance and its appearance beloa40 K
marks the onset of the LM regime, which is due to scattering
of conduction electrons on the lowest CF level. The two CF
peaks centered at abowg+ A are outside th& window, and
do not affect the low-temperature transport and thermody-
namics. Once the Kondo peak appears,Rheindow shows
more spectral weight above than belgwand S(T) is posi-
tive, which is just the opposite to what one finds Toe T,.
The center of the Kondo resonance saturates at low tempera-
tures at the energy,> 0, which provides the NCA defini-
tion of the Kondo scal&gTy=wq. In the symmetric Anderson
model T, is related to the width of the Kondo resonance but
in the highly asymmetric case we are dealing with here, the
current definition is more appropriate. The comparison with
numerical renormalization group(NRG) calculation8°
shows thatw, gives a reliable estimate of the Kondo tem-
perature even for a doubly degenerate Anderson model, and
ﬁ' L : o 4 we assume that the NCA definition ©f provides the correct
® [eV] Kondo scale of the CF-split single-impurity Anderson model
as well. Because the Kondo resonance is asymmetric with
respect to thev=0 line and has more states above than be-
low w, the reduction of temperature enhan&3) until it
reaches, al, the maximum valu&,. A further temperature
reduction leaves the top of the Kondo resonance outside the
F window, and the thermopower drops. However, most Ce
and Yb system with very small, have a phase transition
aboveT,, and to discuss the normal-state propertiegapf
type systems it is sufficient to consider the NCA solution for
. , T=T,.
0.001 An increase of the coupling tb> A has a drastic effect
on A(w), as illustrated in Fig. 8, wherA(w) is plotted for
FIG. 7. (Color onling Spectral functiorA(w), calculated for the  ['=0.12 eV. The charge-excitation peak is transformed into a
hybridization strength'=0.06 eV and the CF splittingA broad backgroundsee the upper panel in Fig) &nd the
=0.07 eV, plotted as a function of frequency for several temperapnly prominent feature af= T, is the low-energy resonance
tures. The solid, dashed, dashed-dotted, and_dotted curves corgf half-width A centered above:. This low-energy reso-
spond toT=2, 41, 209, and 670 K, respectively. The charge-nance is due to the exchange scattering of conduction elec-
excitation peak is visible in the upper panel. The middle panelqng on the full CF multiplet, which gives rise to the maxi-
shows the evolution of the CF and Kondo resonances w_lth tempergy m of S(T) in the LM regime. TheF window (see lower
ture. ForT<A, the many-body resonance of hal-wiathis cen- panel in Fig. 8 shows more spectral weight above than be-
tered well belowu. The F window has more states below than -
aboveu and S(T)<0. The lower panel shows the position of the low 4., so thatS(T)>0. The rEd.ucuon of tempergture belpw
Kondo resonance above. Its center define3y=1 K. For T<T, TS removes some spectral We'g,ht abqveand brings addi-
the F window has more states above than bejoand S(T) > 0. tional spectral weight below, which reduce§(T) and leads
to a minimum?>! A further reduction of temperature leads to
constant which is close to the free Ce ion value. The maxithe rapid growth of the Kondo peak a§, and the CF peak at
mum of S(T) at aboutTg=T,/2 is here negative$,.x<0, wo+A, but the negative CF peak does not develop. That is,
but a slight increase df would makeS,., positive. All these ~ an increase of pressure removes the lower CF peak, and
features are typical of the LM fixed point corresponding to ashifts the Kondo and the upper CF peak to higher energies,
fully degeneratef state. At lower temperature3,<Tg, the  Wwithout changing their separatiah. The F window shows
CF splits the many-body resonance into two peaks. Théenore spectral weight above than belqw so thatS(T) is
larger one grows below and the smaller one aboye(see  positive and grows as temperature is lowered. The maximum
the middle panel in Fig.)7 This asymmetry is enhancedBs & is reached al, when the Kondo resonance is fully devel-
is reduced, which is typical of the Anderson model with CFoped. The characteristic energy scale is defined again by the
splittings?#? the increase of the low-energy spectral weightposition of the Kondo peakkgTo=wp, Which can now be
below u gives rise to a large negative thermopower. A fur-quite large. Foif < T, the F window becomes narrower than
ther reduction of temperature leads, f6T,, to a rapid the Kondo resonance ar&{T) drops belowS,. For T<T,,
growth of an additional peak very close i such thatA(w) ~ where the FL behavior is expecté&tthe NCA givesA(w)

15
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' ! FIG. 9. (Color online Spectral functiorA(w), calculated for the
hybridization strengthI’=0.140 eV and the CF splittingA
=0.07 eV, plotted as a function of frequency for several tempera-
tures. The solid, dashed, dashed-dotted, and dotted curves corre-
spond toT=2, 41, 209, and 670 K, respectively. Fbr>A, the
Kondo resonance is reduced to a small hump abovd theel.

and is more pronounced than for smhBll as illustrated in
Fig. 10. The initial slope ofS(T) obtained from the NCA
8w 007 0 007 014 result for transport coefficients is very much overestimated
o V] with respect to the FL result based on E§). An increase of
FIG. 8. (Color onling Spectral functiomA(w), calculated for the ~ temperature abovés modifies the excitation spectrum on an

hybridization strengthI'=0.12 eV and the CF splittingA energy scale of the order é‘f and reduce§(T). The values

=0.07 eV, plotted as a function of frequency for several temperag¢ ~Ef andTs do not seem to be related in any simple way, and

tures. The solid, dashed, dashed-dotted, and dotted curves COrMia temperature-induced breakdown of the local FL is not

spond toT=2, 41, 209, and 670 K, respectively. The upper panelindicated by any FL scale. An increase bf (pressurg

shows the overall features. The two many-body resonances are re;
solved but the lower CF peak and the cﬁarge{/excitation peak ar%hangesA(w) and enhances but does not Ieati to further
absent. The lower panel shows the evolution of low-energy reso€nhancement db;.,. The pressure dependenceigfandTg
nances with temperature. FBr> A, there is more spectral weight looks different. In other words, the description of the VF
above than beloyu at all temperatures ar®(T) is always positive.  regime requires more than one energy scale.

) ] ) ) The characteristic scales of the Anderson model obtained
with an unphysical spike at, which makepmadT) andS(T)  for various values of' provide the(T,p) phase diagram of
much larger than the exact result. However, ofiges 0b-  {he system plotted in Fig. 11. THE, line is defined by the
tained from the NCA calculations, the low-temperature trans'position of the Kondo peak and tfig line by S, At small
port can be inferred from the universal power laws which (low pressurg Fig. 11 indicates two crosso{a/)ézrs. The one
hold in the FL regime, as discussed in the previous section, .. .~ 4T ‘is between the FL and the LM regime defined by

Afuriher increase of” shifts the Kondo and the CF peaks . Ioweost CF level. The one aroufd is the crossover to
to higher energies, and changes their relative spectral weightthe high-temperature LM regime, as defined by a full CF

as shown in Fig. 9, where the low-frequency pari\ob) is 1 iiniet. When these LM regimes are well separated, the
shown forI'=2A. The Kondo scale is still defined by the piet g P ’

center of the Kondo peak, even though it is now reduced to a
hump on the low-energy side of a large peak centered at
wotA. The unphysical NCA spike ab=0 can be seen at
lowest temperatures. The thermopower is positive at all tem-
peratures and has only a shoulder beldy A quantitative
comparison betweeh,, defined by the position of the Kondo
resonance, and the position of the Kondo anomald(if)
becomes difficult.

Finally, forI">2A, we find A(w) with a single broad peak

centered a&; >0, as shown in Fig. 10. The CF excitations
are now absent, which is typical for the Anderson model in
the vicinity of the VF fixed point. The rglevant energy scale FIG. 10. (Color onling Spectral functionA(w), calculated for

at low temperature is defined &gT,=E;, and shows an the hybridization strengti’=0.20 eV and the CF splitting\
almost linear dependence éh The thermopower is always =0.07 eV, plotted as a function of frequency for several tempera-
positive and grows monotonically from small values at lowtures. The solid, dashed, dashed-dotted, and dotted curves corre-
temperatures towards a high-temperature maximuriigat spond toT=2, 41, 209, and 670 K, respectively. FBe> A, the

The unphysical spike ab=0 appears at higher temperaturesKondo resonance is absent.
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' ' ' ] formulas, the thermopower changes rapidly as a function of
temperature, pressure, or doping. The shapgso (d) as-
sumed byS(T) in various regions of the parameter space
follow straightforwardly from the redistribution of the
single-particle spectral weight within the Fermi window.
The NCA solution of the single-impurity Anderson model
E breaks down folT <T, However, the excitations above the
] ground state are determined by the general FL laws, which
can be used to find the initial slope 8fT). Estimating the
Kondo scale and the number éfelectrons by the NCA
4 calculations, we find that an increase of pressure reduces
] (enhancesthe low-temperature value &T)/T in Ce (Yb)
compounds. Combining the FL and the NCA results, we can
obtain S(T) in the full temperature range at any pressure.
Our results explain the thermopower of most intermetallic
Ce compounds mentioned in Sec. |I. The multipeak€D),
which characterizes the tyga) and(b) systems, is obtained
FIG. 11. The temperaturés, defined by the high-temperature for Kondo ions with smallT, and 'WeII-deflned CF reso-
maximum of the thermopower, and the characteristic stglele- ~ NaNCES. A typec) thermopower, Wh'(_:h has weakly rt_asolve_d
fined by the peaks in the spectral function, are plotted as functionP€aKs Or just a broad hump, is obtained for Kondo ions with
of the hybridization strength. The three regions, wheflg changes ~ 1arge To and partially overlapping CF resonances. A single-
its functional form, are clearly seen. The inset reproduces the exPeakedS(T) of the(d) type is obtained for the VF ions which

perimental data for CeBGe, and CeCuGe; (Ref. 11). do not show any CF splitting of the single-particle excita-
tions. If we assume that pressure incredseand reduces;,

crossover between them is accompanied by a minimum an@Ur results account for the changesTf %, S(T)/T, and
possibly, a sign change &T). At intermediate pressures, “max Obse{‘l’%j_zs in pressure experiments on Ce
the two LM regimes are too close for the sign change toFOMPOUNds:t-1*=The strong doping dependaraef S(T)
occur, and the crossover is indicated only by a shallow miniiS explained as a chemical pressure effect, which changes the
mum or just a shoulder o®(T). Here, the relationship be- f. occupation. In our local quel the “effec_nve concentra-
tween the low-temperature maximum $(T) and the center tion” of f electrons is determined self-consistently, and the
of the Kondo peak can only be given as an Order_of_thermopower of concentrated and dilute systems cannot be

magnitude estimate. At very high pressures, the system is iHaIated by S|mplg scglmg(.Just as the high pressure data
the VF regime and the crossover from a universal low-cannot be described in terms of rescaled ambient pressure

: ; ta) The relevant energy scales obtained for different val-
temperature FL phase to a nonuniversal hlgh-temperatu@a : .
phase takes place &t=Tg This crossover is not defined by ues of " agree with the(T,p) phase diagram of CeR@e,

~ o i high- t t and
tsr::i& scalek;, which is very large, but by a much smaller &neirggg/ﬁ?niéngztﬁd from the high-pressure transport an
S.

For Yb compounds, we argue that pressure or chemical
V. CONCLUSIONS AND SUMMARY pressure mainly affect the posit?on of the crystal fie_ld_ Iev_els
relative to the band center, while leaving the hybridization
We have applied the single-impurity Anderson model towidth unchanged. By shifting;, so as to increase the num-
the investigation of the temperature and pressure dependeniper of holes, we obtain the thermopower of the typeto
of the thermopower of Ce and Yb intermetallics, and found(d), in agreement with the experimental data. The qualitative
that the crossovers between various fixed points explain thieatures seen in Yb intermetallics at various pressures or
seemingly complicated temperature dependen@®Df The  chemical pressures are captured as #eff® but different
basic assumption of our approach is that for a given concercompounds require different initial parameters, and a de-
tration of rare-earth ions, and above some coherence tentailed analysis is yet to be done.
perature, the system is in an “effective impurity” regime. In  In summary, the normal-state properties of stoichiometric
that “impurity limit,” we treat the rare-earth ions as indepen-compounds with Ce and Yb ions seem to be very well de-
dent scattering centers and solve the ensuing single-impuritscribed by the local model which takes into account spin and
model by the NCA. Our calculations impose the charge neueharge fluctuations. The classification of the thermopower
trality constraint on the local scattering problem, which pro-data follows straightforwardly from the fixed point analysis
vides a minimal self-consistency condition for describing theof the single-impurity Anderson model with the CF splitting.
pressure effects. The excitation spectrum obtained in such A rich variety of shapes assumed I§T) at various pres-
way is very sensitive to the changes in the coupling constargures or doping dramatically illustrates the effect of the local
g=I'/=|E4, and an increase of the hybridization or a shift of environment on the response of the single rare-earth ion. The
the f state, which modifies the magnetic state of then,  nature of the ground state, and the fact that the ground state
has a huge effect on the spectral function. Since the excitasf many Ce and Yb systems can be changed with pressure or
tion spectrum is related to the transport coefficients by Kubaloping, do not seem to affect the thermopower in the normal

10° L

50 100 150 200 250
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state. We take this as an indication that the normal state ACKNOWLEDGMENTS
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