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The temperature dependence of the thermoelectric pOTe) of metallic systems with cerium and ytter-
bium ions exhibits characteristic features which we explain by the Cogblin-Schrieffer mogal). We
specify a given system by the degeneracy and splitting of the crystal¢f#i levels, the strength of the
exchange and potential scattering, and the numbéetgctrons oif holes; for cerium and ytterbium ions we
assumens<1 andn?o'esl, respectively. The Kondo temperatufg is then generated by the “poor man’s
scaling”; it separates a local-mome(itM ) from a Fermi-liquid(FL) regime. In the LM regime T=Ty) we
calculate the TEP by a renormalized perturbation expansion, in which the exchange cduplalgo renor-
malized by the poor man’s scaling. This gives the TEP with a large peak at high temperatures and a sign change
at T,=aTy, where for parameters used in this paper we haveetween roughly 2.5 and 10. Fof=1 and
large CF splitting, we find a broad temperature ralge< T<T,, in which the TEP of the CSM is negative.
In the FL regime T<Ty) we neglect the excited CF states, reduce the CSM to an effective spin-degenerate
exchange model, map it on an effective spin-degenerate Anderson model, and calculate the TEP by an expan-
sion in terms ofU>=1/J. For cerium ions f;=<1) we obtain in this way the TEP which follows far<Ty a
linear FL law, attains at abo(i/2 a positive maximum, and changes sign abdye The results pertaining to
ytterbium ions h?o'es 1) are obtained by reflecting thg =<1 curves on the temperature axis. The overall
results obtained for the CSM in such a way explain the essential features of the temperature, pressure, and
doping dependence of the TEP in cerium and ytterbium systems. Unfortunately, neither our high-temperature
nor the low-temperature expansion provide the details or locate the minimum of the negative TEP which we
find in the transition region between the FL and LM regimes.
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[. INTRODUCTION the interpretation of the experimental data is still
controversiaf®=% Here, we show that the experimental re-
The thermoelectric properties of intermetallic compoundssults can be qualitatively understood in terms of the Coqgblin-
with Ce and Yb ions with onéelectron oif hole show many  Schrieffer modétt (CSM) which describes the dynamics of
interesting featurés*’ which are not found in normal metals conduction electrons due to the exchange and potential scat-
or semiconductors. At sufficiently high temperatures the thertering on incoherent # states of Ce or thef4? states of Yb.
moelectric power(TEP) has very often a positive peak in We take into account the splitting of tHestates due to the
cerium systems and a negative one in ytterbium systems. Inetystalline electric field CF) but consider only the simplest
number of cases, the TEP assumes giant values and muchesgse of two CF levels with the energy separatiomnd the
recent interest in heavy-fermion thermoelectricity is due todegeneracy of the ground and excited CF levels givemby
the belief that some of the new systems, with the therandM, respectively. The number dfelectrons off holes is
mopower larger than 15QV/K, might be useful for appli- restricted ton;<1 for Ce ions and tm[°'®<1 for Yb ions.
cation in the liquid nitrogen rand® At low temperatures the The CSM seems to capture the main features of the thermo-
TEP can be quite complicated and, considered as a functioglectric power data of most Ce- and Yb-based systems, even
of temperatureS(T), it often exhibits a nonmonotonic be- though the coherent scattering of conduction electrons on the
havior and a sign change. However, systems with similaf ions is neglected and the loss of electrical resistance in
thermopowers exhibit similarities in other thermodynamicstoichiometric compounds at low temperatures is not ac-
and transport properties as well, and the shap&(@) can  counted for. Using the “poor man’s scalinff~ it is easy to
be used to classify Ce and Yb intermetallics and alloys intsshow that the CSM is characterized by the Kondo tempera-
well-defined groupg®=3® ture Ty, such that forT>Ty the system is in the weak-
The anomalous thermoelectric properties of Ce and Ykzoupling, local-momen{LM) regime and folT<Ty it is in
intermetallics have stimulated a lot of theoretical work, butthe strong-coupling regime. The scaling also sH§Wsthat
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the CF splitting greatly reducéig with respect to the Kondo T T T e 0

temperature of anni+ M)-fold degenerate CSMI Y . 50 oﬁ-—m;—“——*ﬂ
The CSM is an approximation to a more general single- /

impurity Anderson mode(SIAM), from which it is derived d

by the Schrieffer-Wolf(SW) transformatiorf>*’ This elimi- ":‘;”\v\\;

nates the hybridization between the conduction states and the T ’\+\

f states, and generates the exchange and potential scatterin \?\ I

of the CSM. The low-energy excitations and the transport A\A\':

and thermodynamic properties of both models should be the °\u"\\

same. In order to keep;<1 andnf®°<1, as required for 35

Ce and Yb systems, respectively, the on-site Coulomb corre-__ \\c-\'.

lation of the SIAM should be very large. Furthermore, the X 0T~~~

SIAM with less than oné electron(or less than oné hole) A |

distributed overm+ M states is far away from the electron- ;

hole symmetry. Thus, the SW transformation generates the

CSM with an antiferromagnetic exchange coupling and a 260 1 30

potential scattering term which is negative for Ce and posi- s
tive for Yb ions®® Since the asymmetry of the underlying
SIAM increases as the system moves further away from the
electron-hole symmetry, the magnitudes of both the ex-

CeCuy Siz 35:9,

change and potential scattering terms increasenagor /-/ 2
n'°'®) decrease from 1. These considerations allow us to -20 /f ]
treat the effects of pressure or chemical pressure on the TEF l""g "

of Ce and Yb systems by the CSM. &fJ
At high temperature¥>T,, the TEP is calculated by the -0
third-order renormalized perturbation expanSfofRPT), in 1
which the exchange couplingjis renormalized by the poor T (K)
man’s scaling. At low temperaturés<Ty, the CSM has a _ )
crossover to the strong-coupling regime and direct ther- FIG. 1. The thermopower of CeG8i, plotted as a function of
mopower calculations become quite difficult. However, thelemperature for various pressurigef. 13. The inset shows the
simplifications arise close to the ground state, which idoW-temperature datéRef. 8 at ambient pressure and small mag-
known to be a Fermi quuidFL).GG'GS For large CF splitting netic field, which suppresses the superconducting transition and re-

. veals the positive TEP peak. Tyga behavior is seen at zero pres-
andkgT=<kgTx<A, the excited CF states of the CSM can
be ngglectBedK and the ensuing-fold degenerate Kondo sure, typelb) between 14 kbar and 23 kbar, and typgat 30 kbar

model becomes equivalent to amfold degenerate SIAM and above.

with SU(m) symmetry and large on-site Co_ulomb repulsion || DESCRIPTION OF THE EXPERIMENTAL DATA

Ux1/J betweenf electrons of the opposite spih.The

strong-coupling features of the CSM and SIAM are the The experimental results of cerium and ytterbium inter-
same, provided we choose the parameters in such a way thaetallics exhibit some characteristic features which separate
the Kondo scale of both models is the same. The FL propetthem into distinct group®>® First of all, the TEP curves of
ties are then obtained by the modified perturbation th@ory Kondo compounds with Ce ions have a large positive peak at
(MPT) which interpolates between the weak-couplinga sufficiently high temperature, which corresponds to a frac-
resulf'~"2and the exact atomic limit of the SIAM. tion of the CF splitting. The low-temperature behavior of Ce

Using these perturbation expansions, the high-temperatutéondo systems is more complicated, and one often finds a
one in terms of] and the low-temperature one in termstaf  negative minimum and an additional positive peak at still
we find the TEP which can have pronounced peaks at higlower temperatures. Typical shapes are illustrated by Fig. 1,
and low temperatures due to an interplay between the Kondwhere the TEP of CeGSi,,** measured at various pres-
effect and CF splitting. We also find that the TEP can becomesures, is shown as a function of temperature. The TEP curves
negative at the crossover between the LM and FL regimesyf Yb systems exhibit at high temperatures a large negative
but our calculations cannot provide the actual shap®(®j peak, which mirrors the Ce curves, as one would expect in a
in the transition region, and the overall behavior of the TEPsystem withf holes. In what follows we provide a more
can only be inferred from an interpolation between the low-detailed description of the TEP due to the Ce and Yb Kondo
and high-temperature results. ions.

The paper is organized as follows. First we describe the The first type of thermopower cuni¢ype (8)] is charac-
experimental data. Then we discuss the high-temperaturterized by a broad positive high-temperature peak between
TEP of the CSM obtained by the RPT and the low-100 K and 200 K and by a deep negative minimum at lower
temperature TEP of the SIAM obtained by the MPT. Finally, temperatures. TEP like that is observed in,lCGg_,,*
we use our results to discuss the experimental data. CeCuySi,, 581 CeCuyGe,, %3236 CePgSi,, 2% CePdAI¥
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CePdIn?®  CePtSrf®  CePh,®®  Ce(Ph_,Sn); 2 Doping affects the shape of the TEP in a similar way as
CeRh_,Ni, Si, for smallx,?* and CeNjSn,.%°> Most of these ~ Pressure. An increase of Ce concentration, leading to the re-
systems order magnetically or become superconducting &Uction of the lattice constant, transforms tST) of
lowest temperatures. Cela;_«Pad,Si, (Ref. 33 from type(a) to type(b). In dilute

The second typéb) for the thermopower is similar to type Ce,La; _xCl, 055i; (Ref. 43 an increase of Ce enhances the

low-temperature peak and brings it closer to the huge high-
(a), except that at very low temperatures the thermopowe{empera?ure pealf. In Qeal,xCSe (Ref. 17 one findsg for g

changes sign again and exhibits an addétilanal positive peak 0 5 two peaks separated by a well-resolved minimum,
A typical example is provided by Ceaf®**The first ex-  while for x>0.9 only a single hump with a shoulder on the
perlmental resulf;gave a pronounced positive maXIm.um at |0W_temperature side remaiﬁ‘é_ In Ce(Cu(A|17X)2 and
roughly 60 K, which was accounted for by the CSM with CF Ce(NiAl,_,), (Ref. 22 the copper or nickel substitution
effects>® Then, more recent experimefité gave a change of reduces the lattice constant, and we obs&{E) changing
sign at roughly 8 K, a weak negative minimum at roughly 4from type (a) to type (c) asx is increased from zero up to
K, another change of sign at roughly 0.4 K, and a small20%. Similarly, Ce(Pp_,Sn); (Ref. 23 changes from type
positive maximum at roughly 0.1 K. These features cannot@ to type(c) asx is increased. On the other hand, replacing
be explained by the unrenormalized third-order perturbationy ions by larger Ce ions in dilute C¥,_,Cu,Si, (Ref. 46

expansion of the CSN but do follow from the calculations €XPands the lattice and transforr§6T) from a single-peak

presented here. The typgb) for the TEP is found in several [type (d)] to a two-peak structurgiype (c)]. A behavior like

dilute Ce aIoné like a, Al M3 Cela, Ni,'® and that is consistent with the “chemical pressure effects,” al-
' C)S— 1—xM\ 3y 1—x'"Nh

7 s X . ) though doping might involve a charge transfer or change the
C@Lal—XPdZS'Z'S% A stoichiometric _compounds, like character of the ground state and is more complex than just
CeAl;, CePdSif>**CePdGe, and CePtGéas well as in  the hydrostatic pressuf8.

some concentrated Ce alloys, like,Ca; _,Cl,Sh,.” In some Next, we discuss briefly the case of the ytterbium inter-
cases the positive low-temperature peak is canceled by suaetallics, which exhibit, generally, a large negative TEP
perconducting or magnetic transitions. For example, inpeak at high temperatures. A thermopower with a single peak
CeCuSi,,® the positive low-temperature upturn is seen onlyis found in systems like YbA|? YbAgCu,,?’ Yb,Cu;,*® or
in an external magnetic field which suppresses the supercobCu,Si,, * which mirrors the typed) behavior of Ce sys-
ducting transition. Experimental evidence is now accumulattems. The nonmonotonic low-temperature behavior is found
ing that the slopeS(T)/T is indeed positive in most Ce in Yb systems as well. A TEP with a large negative peak,
heavy fermions if the measurements are performed at lofollowed by a positive peak at lower temperatures and in
enough temperature and with sufficient accur&&:*’ some cases by an addltlzonal negative pea_lk at lowest t%’gnpera—
Finally, the third type(c) describes the TEP which is al- ures, is found in 3\ng‘f, YbﬁlN'xcul—x)ZS'Z fozolarge X,
ways positive but has a small peak at low temperatures and WAUz @nd YbAw, ™ YbPtin,™ and YiRhsAlo.™ A behav-
large one at high temperatures. The TEP does not change #& like that mirrors the type@ and (b) behavior of Ce
sign between these two peaks, as it does in tpeystems. systemg. The nonm_onotomc .Iow-tempezlrc?ture beha;/;or with-
This behavior is observed in many cerium Kondo systemsOUt @ sign change is found n ¥b3Als,™ YbPdCu, ™" or
like Ce(Lay ,Y,); Al Cela, Cus for smallx,” and Yb(N|¥Cu1_X)ZS|2 for small x,> which mirrors the typec)
Cela, ,RWSh,° in Ce-rich compounds like DPehavior of Ce systems. As regards the effects of pressure

Ce(Ph_,Sn),Z CeRySi,, 2 and Ce(CAu, ) for small and doping in Yb systems, the reduction of atomic volume
x 26 anazalso’in Cd a, zNiosF’foz 34 CexLaiizéuZSiz 3745  stabilizes the magneticf4® configuration and reduces the

1 —X . vl —X 1 e .. .
and CQYl,XCUZSiZ.“e In some cases, the high-temperatureKO”do temperatu.re. Thus, it is not surprising that appllymg
peak is very broad and only a shoulder remains on its lowbressure to YbSKRef. 42 or su'b.stltutmg (;u for Ni in
temperature side, as in Ce{InSn); and Cg_,La,In, for Yb(Ni,Cu, _,),Si, (Ref. 39 (positive chemical pressure
smallx,1° CeCy and Cela, _,Cu for largex,l” CelnCy, 28 produces similar effects as negative pressure or La doping in

] —X ] 1
CeCuGa, CeCuAl,;®® CeNiln and CePtiR® and CE€CW .
CeNiGe™ We classify a behavior like that as type). In summary, the experimental data show that, regardless
The high-pressure studies of the TEP of cerium com.Of the concentration of magnetic ions, the TEP of Ce and Yb

pounds also reveal some typical features, which are shown iwtermetalllcs assumes a few characteristic shapes. The peaks

Fig. 1 for the case of CeG8i,.*® Similar effects are found in the thermoelectric power of dilute alloys correlate, in gen-
in 6ther compounds, like éé@@ez 3236 CepgSi,, 3 or eral, with the logarithms in the electrical resistafié8 and

CeAI3.21 Pressure reduces the large negative IOW_W|th the transition between various magnetic regimes that

temperature peak and gives rise to a positive peak at lowe§{1€ S€€s I t_he magnetic susc_eptlbmty dati We take that
temperatures. This low-temperature peak is separated froffP " indication that the TEP is due to the exchange scatter-
the large positive high-temperature peak by a temperatur g of conduction electrons on thd 4tates of Ce orY_b ions
interval in which the TEP is first negativéor smaller pres- and show that the temperature, pressure, and doping depen-
surg and then positivéfor higher pressupe Finally, at very dence of the data can be accounted for by the CSM.

high pressurgnot shown in Fig. 1 only a positive high-
temperature peak with a more or less pronounced shoulder
remains. Thus, the TEP transforms under pressure from type The high-temperature properties of metallic systems with
(a) to type (b) and finally to type(c) or (d). rare-earth ions are described by the Cogblin-Schrieffer

IIl. HIGH-TEMPERATURE THEORETICAL MODEL
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Hamiltoniarf* with the CF splitting?® classes of diagrams and renormalizing the coupling con-
stants. Here we use the RPT in which the exchange coupling
CS EaasS S acl J is renormalized by the poor man’s scaliffg®®
Hes= . E.,a,a,+ = 4 €kCiaCh The scaling equations of the CSM are generated by reduc-
ing the conduction-electron cutoff in E¢l) from Dy to D
+ and simultaneously rescaling the coupling constant for the
—Jog}, 2 CoryCin(@la, =8, ,(n,)) spin-flip scatteringJ(D), so as to keep the low-energy ex-
oy citations of the total system unchand&d’he solution, valid
up to the second order in renormalized couplings, f&ads

+2 2 (Vo= Jo(N)Ch, Lo (1)
k,k" ¥
where all the symbols have their usual mearfihghe first 1 KeT\™ kg T +A\M
term describes the CF-split % state of Ce ions or # state P53\ D D+A | 2

of Yb ions, the second term describes the conduction band of
width 2D, and a constant density of staigs=1/(2D,), the
third term defines the pur@ondiagonalexchange scattering whereT is the Kondo temperature, defined for a givety
between 4! states and band electrons, and the last term ishe initial conditions]=J,, D=D,, andp,=1/(2D,). The
the total(diagona) potential scattering. The summation over relationship betweey and Jo(D) defined by Eq.(2) is
v is over all the CF states, anly andV, are the coupling sufficient for a qualitative description of the correlation func-
constants, which are assumed toibadependent. For sim- tions in a restricted temperature ran@ay, between 300 K
plicity, we represent the 4 electron of Cethe 4f'3hole of  and 1 K but is not accurate enough for a quantitative analy-
Yb) by the lowestl=2 (J=1) spin-orbit state and consider sis of the low-energy properties in terms of the bare model
a cubic CF splitting with the ground-state level&t and an  parameters.
excited state aE, . The energy separation between the The scaling theory can be used to renormalize the pertur-
ground and excited states By—E,=A, and they are bation expansion for the thermopower. First, we reduce the
m-fold and M-fold degenerate, respectively. The electronconduction-electron half-bandwidth froBy to D=kgT and
number operators commute witH.g, because the model find the effective couplingd(T). Next, we notice that the
neglects the quantum mixing of ionic configurations with reduction of the bandwidth does not change the form of the
different numbers of electrons; i.e., the average valua;of Hamiltonian and that the form of the response functions ob-
cannot be changed except by thermal fluctuations. The CSNained by the perturbation expansion in terms of the effective
provides an accurate description of random magnetic impueoupling constants remains invariant with respect to scaling.
rities and is most appropriate for dilute alloys. It also appliesThus, to find the thermopower by the RPT we substitute
to concentrated Ce and Yb systems at temperatures such thHiT) as given by Eq(2), with D=KkgT, in the BC expres-
the scattering of conduction electrons on the rare-earth iongions. Other transport and thermodynamic quantities are
is incoherent. Surprisingly, the CSM seems also to accourfound in an analogous wdy.Strictly speaking, we have dif-
for the low-temperature TEP of stoichiometric compounds. ferent scaling laws aboveA, where the f state is
The high-temperature heat and charge transport is d€m+ M)-fold degenerate, and below, where it is only
scribed by the Boltzmann equation and the scattering rate fon-fold degenerate, but E¢2) seems to provide a reasonable
the transport relaxation time is evaluated up to the third ordedescription of the coupling constant renormalization in the
in the scattering potentia?®>°All the computational de- LM regime. The range of validity of the RPT is defined by
tails can be found in the papers by Cornut and Cofblimd  the conditionpo|J(T)|<1; i.e., an expansion in terms of the
Bhattacharjee and Coqbffh(BC). These calculations are ex- renormalizedJ(T) will break down for temperatures suffi-
pected to be reliable in the LM regime, and the qualitativeciently close toTy . The RPT based on somewhat different
features of the thermopower obtained in this way can bescaling laws or a different choice of the cutoff procedure
summarized as follows. FdkgT>A, the thermopower is gives somewhat different TEP curves but the qualitative fea-
small and behaves asTl/ As temperature decreases, thetures remain the same. Note that the CF splitting reduces the
thermopower increases up to a largesitive or negative  effective degeneracy of tHestates, which leadsee Eq(2)]
value at aboukgT,a=A/3. The sign and slope &depend to an exponential reduction dfx and extends the range of
on the relative size od, andV,, and for the parameters in validity of the perturbation theory to lower temperatures.
the physical range one easily finds the peak value of ther- The thermopower for the doublet-quartet CF scheme (
mopower above 5@V/K. Thus, the BC theory captures the =2, M=4) is given by the expressith
essential high-temperature features of Ce and Yb intermetal-
lics. However, forkgT<A, the TEP decreases monotoni-
cally towards the zero-temperature value, which shows that kg Sa
the unrenormalized third-order perturbation theory becomes S= le] Ry
unreliable at rather high temperatures and cannot describe
the change of sign of the TEP beldW,,,. The perturbation
expansion can be extended to lower temperatures by incluavhereS, andR, are dimensionless quantities given by BC
ing the higher-order diagrams or by summing the wholeas

GI(AIO)! (3)
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FIG. 2. The thermopower plotted as a function of temperature 5 3 The thermopower plotted as a function of reduced tem-
for pgVo=—0.35,A =350 K, and four different vall_Jes dfy : dot- peratureT/Ty for T¢=8 K, poVo=—0.35, and four values of CF
ted curve, Ty =2 K; dashed curveT=5 K; solid curve, T« gpjiting: dotted curveA =50 K: dashed curveA =200 K; solid
=8 K; dot-dashed curvel, =11 K. curve,A =350 K; dot-dashed curvey =500 K.

effect of T on S(T) is shown in Fig. 2 forA=350 K and
poVo=—0.35. For this negative/, and relatively large
value of pg|Vy|, the high-temperature thermopower is posi-
tive and, like in the BC theoryS(T) attains the maximum
value atT,,,x Which is a fraction ofA. The value ofT . iS

(4) about the same for all the curves, I&{fT) at T,,,.« IS bigger
for largerTy . We also see a novel feature with respect to the

A
S,=16(poJ)? (2<”m>PoJ+4<nM>PoJ)tam’(m)

= po(Vint I} + Vi + Iy ) (M) = (1))

and unrenormalized BC expansion. The thermopower obtained
(ny) by the RPT changes sign at low enough temperatures and the
Ry=2p3| V2 + 2J2<nm>( 1—- Tm +4p3| V2 +43%(ny) value of the crossing temperatufg correlates clearly with
Tk .
The effect of A on S(T) is shown in Fig. 3 forTyk
X 1_M +16(pgd)? {Nm) + (M) =8 K and pgVy=-0.35 on a reduced temperature scale
1+erkeT 14+ AkeT T/Ty . An increase ofA shifts T,/ Tk to higher values but
5) the relationship does not seem to be a simple one. The value
of T,, obtained here for fixed values ¥f, and T, is almost
Here independent ofA. However, Eq.(2) shows that for fixed
values ofJy, and Dy, the T itself is reduced whem in-
GyA0= |1+ Im | | 6) C1eAses
1 ! kBT 27TkBT 27TkBT
30
and ¢’ (x) is the derivative of the pgidigamma function.”’
The occupancy of the CF states is
1/2 (1/2)e AlkeT . 20+
<nm>_ 1+267A/kBT’ <nM>_ 1+267‘A/kBT, ( ) é
=
and the effective potential scattering on the CF doublet and ;
quartet is 101
Vin=Vo=Jo(Nm), Viu=Vo—Jo(Nw), ®
respectively. The renormalized exchange interacligtem- 00
perature dependent due to the flow towards the strong-
coupling fixed point(in the renormalization-group sense
while the effective potential scattering, defined by Eg).in FIG. 4. The thermopower plotted as a function of reduced tem-
terms of V, and_Jo, is temperature dependent due to theperatureT/Ty, for pedo=—0.035, A=350 K (giving Tx=8 K),
thermal occupation of CF levels. and four values of potential scattering: dotted curygV,
The thermoelectric power obtained D=1 eV and for =-0.15; dashed curve,p,V,=—0.20; solid curve, pyVo
several values oA, Ty, andV, is shown in Figs. 2—-4. The =-0.35; dot-dashed curve,V,=—0.50.
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The effect ofV, is shown in Fig. 4, wher&(T) obtained temperature properties of the CSM can be obtained from the
for A=350 K andTx=8 K is plotted on the reduced tem- Hamiltonian
perature scaleg(Other values ofT¢ lead to a similar behav-
ior.) For negativeV, the TEP has a positive maximum which Vi
becomes smaller and moves to higher temperatureg,as HA:% efa,t,a,g+;r EKCEUCKU’LMEU (\/—Nclgahﬁ—H.c.
approaches zero. For small enoygjiV,| the TEP develops ’ ' v
a negative peak and faipVy=0 this negative peak becomes

T ot
very large(not shown here Note that for smal]V,| we have + UZ aairay ay ©
T,>Ty; i.e., the TEP changes sign at temperatures where _ o _
the third-order RPT is still valid. For large enoug¥,|,  Wwherel labels the random impurity sites; labels the spin

however, a large value ¢8(T)| would be needed to reverse states,e; is the “unrenormalized”(*bare”) position of the
the sign ofS(T) and T, would have to approachy , so that effective CF ground staté/, is the hybridization matrix el-
the sign change cannot take place within the region of validement, andJ is the f-f on-site Coulomb repulsion. We con-
ity of the RPT. sider a conduction band with a semielliptical density of states
The qualitative features of the thermopower described by(€) of half-width W and perform the calculations for
Eg. (3) and shown in Figs. 2—4 follow straightforwardly n¢(T) conduction electrons per site and the concentration
from the asymptotic expansion of the elementary functionf impurity ions, occupied by¢(T) f electrons per impurity
in Egs. (3)—(6) and can be summarized as follows. At high site. The chemical potential is adjusted so as to conserve
temperatures, wherp,J(T) is a slowly varying function, the total number of particlesy,;=n(T)+ c;n¢(T)=const;
S(T) reduces to the BC expressithand we find a huge n¢(T) andn;(T) are temperature dependent. The hybridiza-
TEP maximum which is typical of the LM regime. At low tion between conduction electrons afcelectrons is de-
temperatures a new feature emerges: KgT <A, where scribed by the complex function
(nmy=3% and{ny)=0, Egs.(4) and(8) give approximately 5
Sy [I(T)—2(Vo—3Jo)]. Thus, the TEP can change as F(z)ziZ [V (10)
temperature approach&g and, for the ground-state doublet, N z—(eg— )’

T, is given by the solution 08(T)—3V,=0. . :
XThg RPT ybreaks down fo(r )tenipgratures closeTto which is theU =0 self-energy off electrons due to hybrid-
", ization. If V, is of the formV,=V(e/), as is usually as-

where |J(T)| is too large for the higher-order terms in the 4T b ; ; f th b
expansion to be neglected. For large valuepgit/o|, this ~ SYMe€ I'(z) can be written in terms of théunperturbegl
d conduction-electron density of states as

occurs aff>T, but for smallpg|V,| the RPT remains vali
much belowT,, whereS(T) is negative. Sinc&(T) must = [V(€)|2pele€)
vanish atT=0, the resultS(T,)=0 hints at an additional r(z):f de— = (11)
low-temperature minimum or maximum. These low- —o 27 (emp)
temperature features, however, have to be calculated by tr@l

. . ) to half-filling, th ti f th del d d
methods which are appropriate for the strong-coupling limit 0s€ o halIiling, Te propertes ol e mode’ cepend on

the parameteu=U/xT, wherel'=7|V|%/(2W) is the rel-
evant energy scale for localized electrons in the absence of
IV. LOW-TEMPERATURE THEORETICAL MODEL U. Since the doubly occupidistates should be excluded, the
thermoelectric properties have to be calculated for large val-
s ofu.

The TEP of the SIAM is given by the expressfdn

The ground state of the CSM is a Fermi liquid with the
local moment screened by the conduction states, and diretf
calculations of low-temperature thermoelectric properties are
difficult. However, for large CF splitting the thermopower

can be obtained in a simpler way, because the scattering of f dE( — ﬂ (E—u)L(E)
conduction electrons on the excited CF states becomes neg- S= ﬁ dE (12)
ligibly small and thef moment behaves as an effective dou- le|T df '

blet with the Kondo scaldy. Thus, forT<Ty, the CS de ~ag/t®

model can be approximated by a sgirkondo model, pro- ) ) ) ]
vided the anisotropy of the actual spin-orbit state is neWheref(E)=(e®*eT+ 1)~ is the Fermi functionL (E) is
glected. The low-energy properties of such a Kondo mode'lhe static limit of the frequency-dependent conductivity, here
coincide with the properties of a spin-Anderson model diven by
with large f-f correlation. Thus, the properties of Ce or Yb
systems belowl can be described by the SIAM in which . IEIme(wii0+), (13)
the f ions fluctuate between zero- and one-electron configu- L(w) ™
rations or between zero- and one-hole configurations, respeg. g
tively. The equivalence of the two models is easily estab-D
lished by the SW transformation.

The Kondo limit of the SIAM is characterized by a single 1
energy scale, and if one chooses this scale to coincide with Gi(2)= .
the Kondo temperaturely of the full CSM, the low- z—(e;—p)—I'(2)—Un{/2—2(2)

¢(2) is thef-electron Green’s function defined by the
yson equation

(14)
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Here, ng=n¢, +n¢, is the renormalized number df elec-
trons,

1
FoIMG((w=i0%)|, (15

nf=2f dof(w)

Un¢/2 is the frequency-independent part of thelectron
self-energy, and.(z) is its frequency-dependent part, which
has to be calculated for large valueswf

An approximate solution is provided by the MPT
expressioff which interpolates between the second-order
weak-coupling self-energy and its exact atomic limit, and

which reads
2(2)(2)
1_ (1_ nf/Z)U + (6| - Eo)
(ne/2)(1—n¢/2)U?

i(z)=

(16)
2(2)(2)

FIG. 5. Thef-electron spectral function for the SIAM with an
elliptical density of states, plotted as a function of frequency, for
'=0.048V, U=0.5W, n,=0.88, andc;=0.1, giving kgTg
=0.0175V, atT=0.03T (solid line), 0.5T, Tk, 2Tk, and 10y

3(2)(z) is the analytic continuation of the second-order self-(dotted ling. The inset shows the evolution of the spectral function

energy diagram,

3@ (iwy)=—U%sT>, G w,
Vk

+ir)ke T G (i wm) GO (i wmtirvy),
(17)

calculated on the imaginary axis with auxiliady=0 unper-
turbed Green'’s functions

G{7(z)=

2= (e-w) -T2’ (9

wherew,=(2n+ 1)7kgT andv,=2nwkgT. The number of
particles in this auxiliary “virtual bound state” is

1
+—Im Giw*i0h)|, (19

n?zzf dof(w)

and ¢, is determined by the condition=n; .

atT=5x10"*W towards the empty orbital regima indicated in
the figure, other parameters the same as above

grows fromn;(0)=0.8 atT=0 to aboutn;=0.85 atT.
The Kondo resonance obtained for other concentratioris of
ions and other values af; behaves in a similar way; for a
given value ofn,,;, the lowestTy is obtained forn;=1.
However, ifn; is reduced below some vallia;(0)=0.6 for
the parameters used in Fig}, 5he Kondo resonance merges
with the left single-particle peakwing” ), and the system is
a valence fluctuatofsee the inset in Fig.)5

As regards the thermopower, we notice first that it van-
ishes for systems with electron-hole symmetny=n.=1)
and that it remains very small for;=1 andn.~1. Close to
the ground state we find a linear temperature dependence

lim S(T) ke r(w ) ! (20)

im = ——cofl =n; | —,

T-0 3le| 2 T

where @@/2)n;= no(€g), the resonant phase shift due to the
scattering of conduction electrons on thstate. The initial

growth of the TEP is very fastit?kg/3|e| =284 nV/K) and

The f-electron spectral function obtained by the MPT isthe initial sign coincides with the slope pf(w) at w=0.
plotted in Fig. 5 as a function of frequency for several tem-The shape of5(T) at higher temperatures is determined by

peratures. The calculations are performed For 0.045/,
U=0.5W (u=3.537), anch;,;=0.88, ¢;=0.1 (which means

the nonlinear correction, but as long as the system is in the
Fermi-liquid regime we expect a universal power-law behav-

a 10% alloy, andn;(0)= 0.8 (so that the conduction band is ior S(T)e(T/Tx)[1—B(n;)(T/Tk)?], where the coefficient
close to half filling) The ground state of this system is char- B(n;) can be obtained from Eq12) by the Sommerfeld

acterized by an asymmetric Kondo resonancgsiiw), cen-
tered slightly above the chemical potential€0); i.e., the

expansion. The sign of the TEP follows the slopepef0)
even at elevated temperatures and Fig. 5 indicates, for Kondo

system is in the strong-coupling limit. The half-width of this ions withn;=1, a sign change at abolit=T\ .

resonance defineby, and for the data shown in Fig. 5 we

find kgTx=0.0173N. Note that almost the same valueTgf
is defined by the temperature at whiph(w=0) drops to

The temperature dependence of the thermopower calcu-
lated for the samé&’, U, ¢;, andn,y; as in Fig. 5 is shown in
Figs. 6 and 7 as a function @f/Ty, for various values of

one half of its zero-temperature value. The spectral propem;(0). All curves in Figs. 6 and 7 have the initiddbw-T)
ties obtained by the MPT show all the expected strongslopes given by Eq.20). Then(0)=1 result(not shown in
coupling features. In particular, the Kondo resonance beeither Fig. 6 or Fig. Yis negligibly small, becausg.(¢) is

comes smaller at higher temperatures and abdye it

very flat aroundu for n,(0)=0.8 andp¢(w) is almost sym-

merges with the occupied single-particle states. Thamnetric. We also note that the absolute value of the TEP at the
f-electron occupation is also temperature dependent and fihaximum or minimum increases as eitmg(0) orn?o'e(O)
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60 - - - . - The curves in Fig. 7 give the TEP due to an ion which
. : fluctuates between the fulkhell and the oné-hole configu-
ration; this corresponds to Yb ions. Figure 7ist a perfect
“mirror image” of Fig. 6, since the system is not electron-
hole symmetric due to,(0)#1. TheS(T) curves obtained
for 0.98= n'f“"e(O)zO.S show a negative initial slope, a
minimum aroundr /2, and a change of sign betwe€&g and
2Ty . Further reduction of°'®(0) leads to the TEP which
does not change sign at all, but still shows a nonmonotonic
behavior[see the curve correspondingri§®'é(0)=0.6].
Finally, we comment on the validity of the MPT calcula-
, , , | ‘ , , ] tions. We notice, first, that the zero-temperature MPT results
0 1 2 for the renormalized-particle number and the charge sus-
T/Ty ceptibility agree with the Bethe ansatz solution, even for
very large values ofi.”® The temperature dependence of the

FIG. 6. The thermopower of the SIAM as a function of tempera- Kondo resonance, calculated for 1, agrees very well with
ture, measured in units ofx, shown for various numbers df 56,57 and

- . . the numerical renormalization groyplRG) results;
electrons(lndlcate_d |n_the figureand for the same values of other the Fermi-liquid laws given by the MPT are also nearly the
parameters as in Fig 5. The corresponding valuesTpf are

ke /W=0.011[for n(0)=0.98], 0.011, 0.012. 0.025, and 0.035 same>®°" Thus, we believe that the TEP obtained by the
[f?)rKn (0):66] resptfactively. o e e ' MPT is qualitatively correct even in the strong-coupling
f o ' limit, which is needed for the description of Ce and Yb sys-
. . . tems. The reason for the successful application of the pertur-
is decreased below 0.98. That is, systems with ldighave o theory is that the strong-coupling behavior of the
large TEP. The highest values are found for the valencegz sets in as soon as=2, and the perturbational results
Ifluc(;uanon Tystems. IiATVEeI;y' S”;]a"I?:L on the O,Z\rl]lerhhal\r;lclgT for the coefficients in the power-law expansion of the corre-
eads to hony e;]sma b n tde Oreg|me. ¢ L eoo lation functions(in terms of T/Ty) are not too far off of the
curves shown here are obtained &r=0.1—i.e., fora 10%  niersal FL values. Clearly, the MPT cannot provide a cor-
alloy—but _the same qualltatlve features are found for otheg, ., expression fofy in terms of the parameters of the
concentrations, including;=1. model; this requires exact calculations. But the shape of the

The curves in Fig. 6 give the TEP due to an ion whichyamonower obtained in the FL regime by the MPT, plotted
fluctuates between thef% and 4f! configurations. Those on the universall/Ty scale, should not be much different

obtained for 0.98:n;(0)=0.6 show a positive initial slope, from the exact result. On the other hand, the MPT is not

a maximum around /2 a_nd a change of sign betwe&R oy nected to be accurate aboWe, since an expansion above
and 2Ty . However, fom;=0.7 the negative values &T)  {he noninteracting FL ground state is not a very good starting
are very small_and restricted to a narrow temperature rang@yoint for describing the LM regime. However, we are not
Further reduction oy leads to the TEP which does not .,ncerned here with the high-temperature properties of an

change sign above the low-temperature peak, but still exhiby, fo1g degenerate model which neglects the excited CF
its a nonmonotonic behavior, as shown by the curvenfor giates.

=0.6. Finally, forn;<1 the Kondo resonance does not ap-
pear at all and the TEP increases monotonously from zero.

V. DISCUSSION OF THE THEORETICAL RESULTS AND
CONCLUSION

PR - The experimental data presented in Sec. Il have many
0 668 o 3= . features in common with the low- and high-temperature re-
BN 2dl | sults discussed in Secs. Il and IV. In what follows we com-
o~ pare theory and experiment assumimg=1, which is appro-
AN . ] priate for cerium ions; the results pertaining to ytterbium
B0F W N : ions (n?o'esl) can be obtained by reflecting the cerium
\ 08 - Lt ] curves on the temperature axis.
PP At high temperaturekg Ty <kgT<<A, the thermopower is
. .06 1 calculated by the RPT, and we recall that the exchange and
60 S . | . N potential scattering, generated by the SW transformation,
T/T have the same sign for Ce ions but the opposite sign for Yb
K ions. Thus, we obtain the TEP of Ce systems with a large
FIG. 7. The thermopower of the SIAM as a function of tempera-POsitive peak centered at a temperaflifg,, which is typi-
ture, measured in units 6f,, shown for various numbers df  cally a fraction ofA/kg. This peak is asymmetric and much
holes(indicated in the figure The corresponding values @ are  steeper on the low- than on the high-temperature side, as
kgTx=0.011 [for n°'®(0)=0.95], 0.013, 0.018, and 0.03or  often seen in cerium systems above 100 K. The position of
nf'°'¥(0)=0.6], respectively. Tmax depends not only off and A, but on the strength of

S [MV/K]
\
s\
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the effective potential scattering as well, which should bediscussed in Sec. Il. For Ce ions with a large CF splitting and
kept in mind when comparing the theory with the experimenn;=1—i.e., for systems with smallx and small potential

tal data. The RPT also shows tH&tT) changes sign af,  scattering—we obtain the TEP with a positive maximum at
=aTk, where a=1 for large potential scattering and  high temperature, which is due to the scattering on theffull
>1 in the opposite case. For the values of model parametersultiplet, and a broad temperature interval in which the TEP
used in this paper we found Z5v<10; i.e., for pg|V, is negative. Sincd is very small, the positive bump pre-
<0.2 a negative TEP is obtained well within the range ofdicted by the MPT in the FL regime is experimentally irrel-
validity of the RPT. The sign change @, and the ensuing €vant, and the overall shape of the TEP is of (@etype. For
negative TEP of Ce ions are an important improvement witfigher values ofl (obtained fom=1 and/or smaller val-
respect to the earlier calculations based on an unrenormat€S 0fu) the positive low-temperature maximum becomes
ized perturbation expansifwhich predicted a monotonic ViSiPle and the TEP exhibits two positive peaks separated by
decrease of5(T) below T,,,, and hence could not explain a negative minimum; i.e., TEP of tyr®) IS found. In this

the TEP of CeAd and many other Ce compounds. The signpart. Qf the parameter space, the separation betwgen the two
change obtained here is due to the renormalization of th %slt;]\/i p_eraElg;lls stll I'argg but :Ihe tr(]amperature interval in
exchange cqnstant an_d is an indication of the onset of th@Velfalsto Erzemaﬂzr?aetgr;aqt(l)\;?Smsar)n:nzrntqa?r;lg/:)épgssy;;eer%sé
strong-coupling behavior. For the doublet-quartet CF schem

. . X Grder magnetically at low temperatures, but in our calcula-
this occurs fofJ(T)|= 3[Vol|. We notice also that the values yiong the negative low-temperature TEP is related to the

of the exchange and potential scattering should be smallfrossover from the LM regime to the FL regime; i.e., itis due
for Ce ions with onéf electron than for Ce ions with a re- g the single-ion Kondo effect and not to the magnetic inter-
ducedf count. Thus, the systems which have=1, low Ty,  action between Ce ions, which is neglected. The type
and smallpo| V| acquire a negative TEP much aboVg,  pehavior is obtained for the CSM with large CF splitting and
while in systems with significant potential scattering; ( n;<1, such thaS(T) has a large FL maximum and no sign
<1) the sign change does not occur at temperatures at whigthange abov@, as seen in Fig. 6 fon;=0.6. These FL
the RPT is valid. This is consistent with the experimentalresults should be combined with the high-temperature results
data, which show negative TEP for Ce ions in a stable magobtained by the RPT for large potential scattering, i.e., with
netic configuration and with smallk (experimentally,T, is  the TEP which is positive fof =T, , as shown in Fig. 4 for
between several K and roughly 100 K, afg>>Ty) and the 0|V |=0.5. The overall separation between the FL and LM
absence of the negative TEP for Ce ions with lafgeor in  peaks is now reduced and the crossover from the high-
the valence-fluctuating systems. temperature LM regime to the low-temperature FL regime

At low temperatureskgT<kgTx<A, the excited CF occurs without a sign change 8{T). This crossover is in-
states can be neglected and for the doublet-quartet scherggated just by a shallow minimum or a shoulder on the
the CSM becomes equivalent to an effective spiAnder-  |ow-temperature side of the LM peak. Typ® or (d) behav-
son model. For Ce ions we requine<1; i.e., the effective jor can also arise if the CF splitting is reduced sufficiently,
low-temperature model is not too far off of the electron-holewhich makes the characteristic temperature so large that
symmetry. The FL properties of such a model are very wells(T) increases monotonically up to room temperature.
described by the MPT, even for a large coupling, and we find  The overall temperature dependence of the TEP in ytter-
that the TEP has an initial linear ris§(T)=T/Ty, after  bjum systems is equally well explained by the CSM model
which it saturates and attains a positive maximum at abougith CF splitting. A good example is provided by YbiSi,
Tk/2. For cerium Kondo ions, the TEP becomes negativgRef. 39 or Yb,Rh;Al (Ref. 40, which show a large nega-
aboveTy . The size of the TEP maximum and the tempera-ive high-temperature peak of the TEP due to the exchange
ture of the sign change increasergsis reduced from 1 and scattering on the CF-splitmultiplet and a negative FL peak
for ny<0.7 the TEP is large and always positive. On thedue to the scattering on the ground-state doublet or quartet.
other hand, fon;=1 the positive values reached by the TEP The negative LM peak of Yb systems is often found at lower
are very small, as shown by Fig. 6. These results agree wittemperatures than in Ce systems and is usually centered be-
recent measuremefité*#’ which show that the slope low 100 K.
S(T)/T is positive for most Ce heavy fermions if the mea- The CSM model explains also the variation of the TEP
surements are performed at low enough temperature arglie to pressure or chemical pressure. To discuss these effects
with sufficient accuracy. The TEP of Yb ions in the FL re- we assume that pressure increases the hybridization and/or
gime is obtained from a SIAM witm?o'essl. We find a  shifts thef level with respect to the chemical potential, which
similar pattern as for Ce ions but with the reversed sign. enhancesTx and reduces; of a given Ce ion. We also

If we use the same Kondo temperature in the LM and FLassume that the potential scattering of the CSM, generated
regimes, and ploS(T) on a universall/T¢ scale, we can by the SW transformation from an underlaying SIAM, is
combine the LM data shown in Figs. 3 and 4 with the FLenhanced with respect to the zero-pressure values. We then
data in Figs. 6 and 7, and estimate the overall sha % Bf. find the renormalized exchange couplig@r), correspond-
The quantitative analysis is difficult, however, because theréng to the enhanced, and calculate the TEP in the LM
are additional parameters, besidgs, which influence the regime using the RP™ This leads toS(T) which has the
RPT and MPT results. On a qualitative level, we find that themaximum at higher temperatures and the sign change at
thermopower of the CSM exhibits all the typical shaidé®  lower temperatures, than at zero pressure. In the FL regime
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the MPT calculationS for the sameTc—i.e., for reduced mopower of cerium and ytterbium systems to an interplay
n—give the TEP which has an enhanced FL maximum andetween the exchange scattering, potential scattering, and CF
has the onset of negative TEP shifted to higher temperaturgplitting. The seemingly complicated shapeSgT) is due to

(on an absolute scaleFor small enouglim;, the sign change the Kondo effect which leads to a crossover between the
is absent altogether and the TEP is always positive. Puttingreak-coupling LM regime at high temperatures and the
these calculations together we find, for Ce Kondo ions, thastrong-coupling FL regime at low temperatures. The gquanti-
pressure enhances the low- and high-temperature TEP peategive comparison, however, is difficult, because neither the
with respect to the zero-pressure values, shifts both peaks ®PT which we use in the LM regime nor the MPT which we
higher temperatures, and reduces the peak-to-peak sepatese in the FL regime can locate the position of the negative
tion. Thus, the CSM explains the emergence of a small posiminimum or give a reliable estimate of the TEP at the mini-
tive peak and the reduction of the temperature interval irmum. Our results give a qualitative explanation of the TEP
which the TEP is negative, which is often observed at modeof dilute alloys and of stoichiometric compounds, despite the
erate pressure in Ce systems with large CF splitting andact that the CSM model does not describe correctly the
small Tx. At higher pressure the exchange and potentiapround state of a Kondo lattice. One way to understand such
scattering should be further increased, such that the TE® good description of ordered compounds by the CSM is to
does not become negative in the LM regime. Singés also  express the thermopower in terms of the reversible Peltier
reduced, the FL thermopower is always positive, and thdneat and relate it to the entropy of the electron gas. It seems
crossover between the two regimes proceeds without a sigiat most of the entropy is removed by local screening of the
change. The TEP exhibits now a two-peak structure but i§ moment by the single-ion Kondo effect and that quantum
never negative. Eventually, at very high pressure, the tweoherence, which sets in at low temperatures and is most
peaks merge, and a complete change from tgper (b) to  important for electrical resistivity, gives rise to additional
(c) and (d) occurs. This explains the evolution of the TEP terms which do not change the entropy or thermopower in a
found in pressure experiments on CeSi (Ref. 13 and  qualitative way. However, a proper treatment of the low-
several other systems discussed in Sec. Il. It also explains tHemperature thermoelectric properties of ordered compounds
doping dependence, if we assume that doping with smallefequires a lattice model, and these calculations are the sub-
ions enhances hybridization and doping with larger ions hagect of our future work.

the opposite effect. The corresponding behavior of ytterbium
systems, like YbS{Ref. 42 or YbNi,Si, (Ref. 39, follows
along the same lines, provided we take into account that
pressure increases the hybridization and brings the number We acknowledge useful comments from |. Aviani, A. K.
of f holes closer to 1, which stabilizes the magneti¢®4 Bhattacharjee, J. Freericks, A. Hewson, MkOcC. Geibel,
configuration and reducek . J. R. Iglesias, R. Monnier, and F. Steglich. One of(MZ.)

In summary, the overall behavior of the thermoelectricgratefully acknowledges financial support from the Hum-
power of the Cogblin-Schrieffer model, with the crystal- boldt Foundation and the Swiss NSKProject No.
field-split f states, agrees with the experimental data on C&KRPJ065554-01)1 We also thank the French-Croatian Co-
and Yb systems described in Sec. Il. The model relates theperation(MS&T, Croatia and CNRS, Frangéor financial
temperature, pressure, and doping dependence of the theupport.
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provide the new value offy which would correspond td,
changed by pressure. To describe the pressure experiments we
treatTx andV, as independent variables.

"®Here,n; is varied by changing; but similar results are obtained

if €; is kept constant and; is changed by varying the hybrid-
ization.

104432-11



