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Specific heat of the periodic Anderson model: From weak to strong coupling
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We study the temperature dependence of the specific heat in the periodic Anderson model as function of the
on-site Coulomb interaction, hybridization, and position of thelectrons energy level. At strong coupling
(U=x) we use slave bosons, whereas at weak coupling we use a simple Hartree-Fock decomposition. We find
that both in the strong and weak coupling limits the specific heat of the system presents a multiple peak
structure in a mean field treatment. We believe these features to be related to band-shape effects. The tempera-
ture evolution of the low-temperature peak position on the model parameters for the non-half-filled nonsym-
metric case is discussed.
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Heavy-fermion materials are compounds containing rare This belief contrasts with Monte Carlo results showing
earth and actinide atoms that exhibit high specific heats anthat the magnetic Hartree-Fock approximation reproduces
spin susceptibilities at low temperature. This feature is asso¥€ll the free energy of the PAM at low temperatures when
ciated with high effective masses of quasi-particles due t&/<U," implying that the thermodynamics must be well de-
strong Coulomb interactions among thé dr 5f electrons: ~ Scribed by the Hartree-Fock approximation in this limit.

The behavior of these materials is controlled by three paranBotIQ ?2'?hséuv%a‘l’l\’(e;ﬁg?rr]tﬁ:ﬁfeul(t:ilfjorl.the lPA.M S Ospecmc dhgat
eters: the hybridizatiotV betweenf and d orbitals, which piing fimits. Our study I

e done away from half filling and in the non-symmetric case.
confers thef electrons an itinerant character, the value of ther, . strong-coupling limitU=c¢ is studied using slave

flevel & energy relatively to the chemical potential, and thep,sons, whereas the weak coupling limit is treated within
value of the Coulomb energy.” , Hartree-Fock approximation. We find that in both limits the

The strong Coulomb interaction together with the smallgpecific heat presents a multiple peak structure and that its
Values Of the hybr|d|zat|0n matrix a”OW fOI’ format|0n Of dependence on the mode| parameters is in qua”tative agree_
local moments leading to magnetic behavior in these sysment with what is physically expected.
tems. The Kondo effect and the magnetic order due to the The standard periodic Anderson model model for spin 1/2
RKKY (Ruderman-Kittel-Kasuya-Yosidlainteraction are electrons is written as
consequences of the interplay between Coulomb interaction
and hybridizatior#* Together with magnetism, heavy-
fermion materials may present superconducting groungvhere
states, wk:ips%e origin and nature are far from being fully
understood” 0_ a T

The periodic Anderson modé&PAM) is considered a good Ha kz (e ’u)dkv"dk“" @
candidate for describing heavy-fermion systems. It is gener-
ally accepted that a complete understanding of heavy- HO= (eg—w)f' 1, 3)
fermion system properties requires going beyond mean field &g 00 KTielia
theory. Nevertheless, mean field theory still gives qualita-
tively correct information about some properties of heavy-
fermion system$.

Recently, the temperature dependence of the specific heat
of the PAM, at half filling, was studied using the equation of ¢t
motion method, both in the symmetric and nonsymmetric HU:UZ Ni iy )
case$® and a multiple peak structure was found. This mul- _ _ _ _
tiple peak structure was first obtained by Ziekhand Mat- ~and g is the dispersion of thel electrons,e, is the bare
lak in the half filled symmetric (2,+U=0) case® How-  energy of the localizefistatesu is the chem:cal potential/
ever, it is believed that mean field theory is not able tois the hybridization matrix elemefassumedk independent
capture this multiple peak structure in the specific heat. U is the on-site Coulomb interaction, arliz{,,:f-T fio

i,o

H=HS+HY+Hg+Hy, (6h)

Hcf=VZ (df fi o+ di ), 4)
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This model describes two electronic subsystemsdthadf  supplemented with the particle conservation condition which
electron systems, which are coupled by the hybridization mayields the chemical potential for any temperature:
trix. Since thef states form very narrow bands, the Coulomb T
interaction has a strong effect on thetates. _ -
It is well known that, at the mean field level, the PAM n=1-z+ Ng kzr % Ga,o(K.iwn)
presents a two-band structure, separated by a gap. Therefore, 5 a
the model describes a Kondo-insulator for 2, describing a _
metal for other values afi. The full density of states shows _zﬁDdGPo(G)[f(EMJFf(Ef)]- (11)
a sharp peak of width'?p, (with p, the d-electron density of _
states close to the renormalizetllevel energy, which is re- In the above equations the energlés and the coherence
sponsible for the quasiparticle heavy-masses when th&ctorsu? (e) are given by
chemical potential lies within this peak.

— N 1 o
In our study we consider the non-magnetic phase such E.=3 (et e 2 E(ep),
that(n{)=(n!). In the strong coupling limit\{ =), double N ——3 .
occupancy of the sites is forbidden. The simplest imple- E(ek) = V(ex—er) +4zV-,

mentation of theU=9 condition is due to Colemalt,in
which the emptyf site is represented by a slave boswrand Sk e
the physical operatof; in Eq. (4) is replaced withb' f; . " E(&)
Condensation of the slave-bosons can be described by t%dpo(e) represents the density of states of the fielec-
replacement_Ji—>(bi>=(bTi): Vz. o trons, which we choose of the form
The density of the boson condensatainimizes the free

energy of the system and the renormalizeenergy level is 2

obtained after imposing local partic{bosontfermion) con- pole)= —VD"~¢°, —D=es<D, (13
servation at thd sites. Using the results of Ref. 13 for the D

nonsuperconducting case, the mean field equations can Q& ereD is half thed-electrons bandwidth.

written in terms of the Fourier transform of the Green’s func- At weak coupling the on-site Coulomb repulsion telfty
tions

is treated using the usual Hartree-Fock decompositign

. N i o, —>U<nf)/22ilanif",. Since the total number of electrong

Gr.o(k 7= 1) =—(TAk (D (7)), ® n¢, is fixed, we obtain a mean field equation fgr, which
is solved together with the equation for the chemical poten-

Uz (e)=

(12

gd,g(E,T— 7')=—(Tdg o T)dE,U(TI»’ (7)  tial u. The Coulomb interaction contributes to the renormal-
ization of €y, leading to a renormalizeti energy given by
_ f

g - k T d - 8 Ef—€0+ U<n >/2

atiotke 7= 7)== (T ()T k "(T % ® Once the mean field equations are solved, the specific heat

as is computed as
T 1 d(H)
z=1—N—SZ§nngk|wn) C_N_Sd_T' (14)

D
=1—2f_Dd€Po(6)[Ui(6)f(E+)+U2_(6)f(E_)],

08

(9) 0.7 | o4 ~ N\
and 06

0.5

0 0002 0004 / 1
2 LSS GapalRion i
\/ENS Ko 1@n \
03 f;"’ "‘\_
2V (D 5
o~ = | depole)uZ(e) .U ()
01 ——- £=-017D
X[f(Ex)—f(EL)], (10) o2 o
0 107" 10° 107 10 10
whereNg denotes the number of lattice sites,is the renor- ™

malized energy of thé orbitals due to the on-site repulsion  F|G. 1. Specific heat of the PAM in tHe = limit as function
andf(E) is the Fermi function. Equatiof®) states that the of T/D for different values ofe,. The inset shows a linear low-

mean number of electrons at &site is 1—z. For a given  temperature behavior oE(T), as it should be for a metal. The
number of particles per site, these equations must be parameters ar¥=0.17D, n=1.1.
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FIG. 2. Specific heat as function @D for different values of &/D viD
V, in the U= regime. The parameters aeg=—0.57D andn .
-11. FIG. 4. Dependence of the correlation temperalfireas a func-

tion of: (a) €g and(b) V in the U=« regime and fon=1.1.

At weak coupling, the mean field parameters ayeand u, o
whereas at) =« these aren;, e, andu. In what follows  low-temperature peak coincides wittt . The dependence of
we takeD=6 andU, €, V, andT are measured in units of T* onV and ¢, follows the same trends as those found for
D. Tk in Ref. 8, for the half-filled symmetric case, where a

In Figs. 1 and 2 we show the specific heat of the PAM inondo intrasite interaction of the forndy~V?U/[eo(ep
the U=2o limit for several values ok, andV, respectively. ~+U)], was assumed to be present. Since we have not in-
Since we are in the metallic regime the specific heat is lineafluded the fluctuations of the boson fields, it is remarkable
at low temperature&check inset in Fig. )L Both they coef- that mean field theorjm the b(_)son fieldscan capture this
ficient and the zero-temperature spin susceptibility are muckffect since the Kondo interactions are not generated at mean
higher than the corrresponding values for nonhybridizedield level. We interpret the appearence of a specific heat
d-electrons, signaling the presence of heavy quasiparticlef€ak at temperaturg* as being associated with the exis-
We see that a¥ or €, decreasdwith e,<0) the low tem- tence of a peak in the density of states.
perature peak is shifted to lower and lower temperatures, AS We have seen, in the strong coupling lirhit=cc the
whereas the temperature position of the high temperaturgonstraintns<1 introduces boson fields. At the mean field
peak remains essentially constant. Let us define a charactdfVel, the effect of these fields is to renormalize the hybrid-
istic temperatureT* as the temperature value where ization matrixVto V,= VzV. This implies that for the same
d(d/ ,f; ,)/dT has its first local maximum, as can be seen inParameters as in the weak couplifigartree-Fock regime
Fig. 3 for two values ofV. A similar definition has been the low temperature peak i8(T) shifts to lower tempera-
adopted for the Kondo temperattg (on the latticein Ref.  tures. This can be clearly seen comparing Fig. 1 with Fig. 5,
8. Comparing the results faF* in Fig. 4 with those in Figs. and Fig. 2 with Fig. 6. We have also checked that the low-

1 and 2 forC(T), we see that the temperature position of thetemperature peaks for differeltor €, tend to collapse into
a single peak ifT is scaled byT*, as observed for the sym-
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FIG. 5. Specific heat of the PAM in the Hartree Fock approxi-

FIG. 3. Temperature dependence of the temperature derivativenation as function off/D for different values ofey. The inset
of matrix elemenl(di“'(,fi,(, for two different values oW, in theU shows a linear low-temperature behavior@fT), as it should be
=oo regime, forep=—0.5D andn=1.1. for a metal. The parameters doe=0.4MD, V=0.1D, n=1.1.
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os ciated with the charge transpdet an energy of the order of
77 V-oiem the hopping taken as unity in this papeBut the calculation
N V=0017D N we just presented shows that both the slave-boson mean field

theory and the most simple Hartree Fock approximation lead
to a multiple peak structure in the specific heat. These ap-
proximations do not describe the dynamics or screening of
local moments. We therefore conclude that the double peak
structure in the specific heat is simply a band-shape effect,
namely, the appearence of a peak in the density of states.
Indeed, such a feature is also present in more sophisticated
treatments of the PAN?

If the system undergoes a magnetic or superconducting
transition, the peak structure is replaced, in general, by a
lambda-shaped peak signaling the transition to the ordered

FIG. 6. Specific heat of the PAM in the Hartree Fock approxi- phase or phases if they coexist. In the particular case of a

mation as function of /D for different values o¥. The parameters ﬁupercgnductl(;lg[hg;qund stateand Z?rzo Imagtnetlzatlotn we K
areU=0.4D, e;=—0.8D, n=1.1. ave observe at in some cases the low-temperature peal

is still present. A study of the ordered phases will be pre-
, , , _ sented elsewherg.
metric case in Ref. 8. Itis also clear from Figs. 1 and 2 that |, many heavy-fermion materials the electrons have
as we move the system towards—1, which in a more |54e total angular momentum. At mean field level and for
elaborated description would correspond to the Kondo limity <5 the 2 parameter has a critical temperature given by
the single peak structure separates into two peaks. It is alsp =(&— w)/In(N—1). In the “Kondo regime”e;—u is a
a )

clear that the low-temperature peak is in fact a superpositiooery small quantity:1As the temperature risas, vanishes.
of two peaks not completely separated. In Ref. 8 the coMypgretore, we expect faE(T), and within mean field theory,
plete separation of these two peaks took place only at Very giterent temperature behavior from that reported here.

negative values of. In summary, we have found th&(T) for the PAM pre-
In the single impurity case the model has been solved byenis 5 double peak structure both in the strong coupling

the Bethe ansatZ.In that caseC(T) also presents a double |init and in the Hartree-Fock approach. This multiple peak
peak structure. In that solution the charge and spin exCitagyctyre inC(T) is associated with a peak in the density of

tions are described by different rapidities becoming clear thag,es of the system, due to hibridization between delocalized
the low-temperature peak B(T) is associated with the spin § 50 |ocalized states. The temperatulé of the first peak

excitations whereas the high-temperature peak is due to t%rresponds to a maximum in the derivative @q fi )
i,o

o e . o
cha}rge excitations. An exact solution is not available for tthith respect to temperaturd* decreases as bothand e
lattice problem, however.

In more sophisticated treatments of the PAREfs. 8.9 a decrease. This effect is much more pronounced in the strong

lattice Kondo temperatur@y has been identified with the (cjouptllntgh refglrr:e,f“lncé/ 's renormalized to smaller values
first maximum in the specific heat leading the authors to ue 1o the factonz.

conclude that the first peak is associated with the Kondo This research was supported by the Portuguese Program
shielding(spin excitationswhereas the second peak is asso-PRAXIS XXI under Grant No. 2/2.1/F1S/302/94.
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