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of the Anderson lattice 
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Green's functions relevant to the periodic Anderson Hamiltonian are evaluated via perturbation theory around the atomic 
limit, within an approximation that reproduces exact results in three different limits: zero band width, zero hybridization and 
zero Coulomb correlation. The magnetic susceptibility and the electronic specific heat are calculated for both Kondo and 
intermediate valence regimes. The results are in qualitative agreement with experiments and can be related to other 
theoretical calculations. 

A large class of rare-earth and actinide compounds 
exhibit properties which vary from Intermediate Va- 
lence (IV) behavior (as SmS) to Kondo lattices and 
heavy-fermion systems (as CeCu,Si  2) [1]. Although 
specific differences may be stated between IV and 
Kondo systems, common characteristics can be found, 
such as Curie-Weiss behaviour for the static suscepti- 
bility at high temperatures, Pauli-like susceptibility at 
low temperatures - indicating absence of magnetic 
order (not for all heavy-fermion systems), one or more 
peaks in the specific heat at low temperatures - indi- 
cating high electronic effective masses. 

One of the most employed models to describe this 
kind of systems is the Periodic Anderson Hamiltonian 
(PAH), which extends the original one-impurity Ander- 
son model [2] to the "one-impurity-per-site" descrip- 
tion. Different theoretical treatments of the PAH have 
been explored: Green's function techniques, varia- 
tional calculations, slave boson approach, etc. Compre- 
hensive reviews of methods and results can be found in 
the literature (see, for example, ref. [3]). 

A particularly simple and clear way to approach the 
PAH is to solve the isolated ion problem and treat the 
hopping between lattice sites as a perturbation [4,5]. 
Within this scheme, we present here a calculation of 
the static magnetic susceptibility and the specific heat 
of the Anderson lattice for both Kondo and IV sys- 
tems. A comparison with experimental results and other 
theoretical calculations is also performed. 

The model Hamiltonian can be written as, 

H = H o + H ' ,  (1) 

and 

H '  ~ * = tiici ,;ci ,  ~ . (3) 
i jcr  

H~ can be exactly diagonalized [5], and from the 
knowledge of its eigenvalues E,,,, and eigenvectors, 
Ira), the local Green's  functions can be calculated 
using a spectral representation at finite temperatures 
(in the grand-canonical ensemble) [6], 

1 
g'~'s(tok) = -~ E (rn I ai~ In ) (n  la~ *Ira)  
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e t~E,,, + e t~L,, 
× 6, j ,  (4) 

E,,, - E,, - ito k 

where the superscripts a and/3 represent either f or c 
(conduction) electrons, and tot, = (2k + l)'rr. T. 

In the calculation of the complete finite tempera- 
ture Green's function, the usual perturbation expan- 
sion [7] generates averages of products of fermion 
operators. The local character of the unperturbed 
Hamiltonian allows an exact decoupling of these aver- 
ages for different sites. The approximation we adopt 
consists in decoupling the remaining local averages of 
four or more fermion operators in products of pair 
averages. This is equivalent to imposing Wick's theo- 
rem, which is not valid due to the presence of the 
Coulomb interaction term in H0. Within this approxi- 
mation we can write a Dyson-like equation for the 
complete Green's function in k-space, 

with 
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where 

l 
- V ( c , J , , , +  + N y'~. * h.c.) (2) 
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E ( k ) =  ~ t i j  e - ik 'n - .  (6) 
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The imaginary part of the retarded Green's func- 
tion obtained by the usual analytic continuation [7] of 
the above one yields a density of states in which Kondo 
peaks appear near the Fermi level [4,5,8]. 

We are interested in the zcro-ficld static susccptibil- 
ity, 

gP-a d 
<n r - n + > Ih=o .  (7) X =  2 dh 

Taking into account the changes in the energy eigen- 
values of H 0 in the presence of a small external 
magnetic field, we perform numerically the above 
derivative, with the number of up- and down-spin 
electrons obtained through the Green's functions (5). 
Fig. 1 shows results for the Kondo case, in which a 
Curie-Weiss susceptibility is obtained for high temper- 
atures and a Pauli-like one for low temperatures. The 
itinerant nature of the low temperature susceptibility 
can be confirmed by the vanishing of the local contri- 
bution (dashed line in fig. 1) due to a complete sup- 
pression of the local magnetic moment. This is in 
qualitative agreement with experimental observations 
for certain Ce compounds like Ceml3, CeCu 6 and 
CeCu2Si z [9,10]. The susceptibility in the IV limit 
decreases slowly with T for a large temperature range, 
and the low temperature behavior can be qualitatively 
compared with experimental results for Sm compounds 
such as SmS, SmSe and SmTe [11]. 

The specific heat of the system was calculated by 
deriving the average energy with respect to tempera- 
ture, i.e., C =  d ( H ) / d T .  The temperature derivative 
has been evaluated numerically, and the averages (sec 
eqs. (1)-(3)) have been obtained from the related 
Grccn's functions. In order to evaluate the average of 
the Coulomb term we havc introduccd thc function 

.4"t3v(w,,),,,,, = (n,~a,,,,a ), (8) 
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Fig. 1. Static susceptibility vs. temperature, with (full line) and 
without (dashed line) the hopping ~erm, in the Kondo limit. 
The parameters are E~ W = - 2, U~ W = 6 and V~ W = 0.3, 

where W is half the bandwidth. 
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Fig. 2. Ratio of specific heat and temperature vs. temperature 
with (full line) and without (dashed line) the hopping term, in 
the Kondo limit. The parameters are E~ W = - 2 ,  U~  W = 4 

and V /  W = 0.1. 

which is calculated exactly in zeroth order, with higher 
order corrections being decoupled in terms of A°'s and 
g's, in analogy to what has been done for the one-par- 
ticle Green's function. 

Fig. 2 shows the results for the specific heat divided 
by the temperature for the symmetric Kondo case 
(2E + U- -0 )  with hybridization V= 0.1. In the contin- 
uous plot (including hopping) two peaks are observed: 
the higher temperature one is also obtained in the 
local (no hopping) limit, and can be associated with the 
formation of the Kondo singlet; the lower temperature 
one is due to the high density of states in the vicinity of 
the Fermi level. The ratio between the amplitudes of 
these pcaks dcpends on the hybridization and varies 
from ,-, 2 to ~ 10 for V ranging from 0.2 to 0.05 (with 
E = -2 ) .  Such structure has recently been observed in 
CeCuaAI and CeCu4Ga [12], although the high tem- 
perature peak has been interpreted as a c~ystal field 
effect. A similar profile, with less pronounced peaks, is 
also visible in a C / T x  T plot [10] for UBe13. We 
should mention the variational treatment made by 
Brandow [13], where these two peaks are also found 
and attributed the same origin. In order to compare 
our results with experimental ones for CeCu4A! [12] 
we chose a value for the hybridization which gives the 
same ratio of temperature of the peaks in both theory 
and experiment. For an estimated ratio of ~ 42 the 
corresponding hybridization would be V--0.08. With 
this value and choosing E = - 2  we found a ratio of 
,.-, 7 for the amplitudes of the corresponding peaks 
while the experimental ratio is ,,- 10. Taking into ac- 
count that this is a crude comparison the agreement is 
reasonable. 

In conclusion we want to stress that, despite the 
simple approximation scheme utilized, we have found 
results in relatively good agreement with experiment. 
Furthermore, it is worth noticing that many of the 
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characteristic features of these results arc essentially 
owing to the prominent role played by local intcrac- 
tions in our approach. 
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