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Electronic structure and dynamical properties of the periodic Anderson model
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The density of states, dynamic magnetic susceptibility, and the dynamic electric conductivity of the periodic
Anderson model have been investigated using the coherent potential approximation combining with the func-
tional integral method. In the case of particle-hole symmetry, the density of states~DOS’s! at about Fermi
energy have strong temperature dependence, and there are gaps in the DOS’s of the two kinds of electrons. Our
theoretic results of the dynamic magnetic susceptibility and the dynamic electric conductivity are in accordance
with some experiments on Kondo insulators.
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I. INTRODUCTION

As typical strongly correlated electronic systems, hea
fermion systems~HFS’s! have many anomalous propertie
such as the small antiferromagnetically ordered magn
moment,1 non-Fermi liquid ~NFL! behaviors,2 metal-
insulator transition,3 and the microscopic coexistence of a
tiferromagnetism and superconductivity,4 complex supercon-
ducting order parameter,5 etc., apart from the extremely larg
electronic specific heat coefficient. It is important to stu
these phenomena in order to give a thorough understan
of HFS’s, and it would also help us to understand the ot
strongly correlated electronic systems. The periodic And
son model~PAM! and its variants@with generalization to
multiconduction bands or SU~N! symmetry, etc.# have been
used in most theoretical works.6 Some conduction bands i
HFS are formed by~3d! electrons. Apart from the degen
eracy, there are also strong on-site Coulomb interactions
tween 3d electrons. The Coulomb correlation betweend
electrons play an important role in the Kondo insulator7

and the many anomalous properties of high-temperature
perconductors are also caused by the strong Coulomb in
action between 3d electrons of Cu. Recently, a new kind o
HFS withoutf electrons, LiV2O4,8 has been discovered. Th
recent studies have shown that the correlation am
conduction-band electrons has an important effect on the
mation of heavy quasiparticles9 and the non-Fermi liquid
behavior.10

One of the most prominent characters of HFS’s is
antiferromagnetic spin fluctuation~ASF!. Many experiments
show that the ASF plays a very important role in the form
tion of heavy quasiparticles and the superconducting pai
mechanism.11 The recent study of Mathuret al. on CePd2Si2
and CeIn3 has again shown that there are strong eviden
that the ASF is responsible for the Cooper pairs format
and the NFL behavior of the resistivity aboveTc .12 The
similar interaction may be responsible for the pseudogap
high-temperature superconductors.13 In some HFS’s, the
Néel temperature can be driven to zero through doping
applying pressure, such as CePd2Si2 , CeNi2Ge2,14 and
CeCu5.9Au0.1.15,16 The NFL behaviors of thermodynami
and transport properties of these systems have been
served. It is also proposed that spin fluctuations may resu
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the NFL behaviors in some HFS’s with a quantum critic
point.17–19

In this paper, we mainly study the electronic structure a
the dynamic properties of the PAM with the particle-ho
symmetry. Using the method of combining functional int
gral and the coherent potential approximation~CPA!,20–22

the density of states~DOS! of the two kinds of carriers, the
dynamic magnetic susceptibilityx(v), and the dynamic
electric conductivitys(v) ~Ref. 23! have been calculated. In
the case of particle-hole symmetry, the dynamic magn
susceptibility and the dynamic electric conductivity a
qualitatively in accordance with the experiments on Kon
insulators.

II. MODEL AND FORMULAS

The periodic Anderson model reads as

H5(
kWs

ekWckWs
†

ckWs1(
is

e f f is
† f is1V(

is
~cis

† f is1H.c.!

1U(
i

ni↑ni↓ , ~1!

in whichckWs(ckWs
† ) and f is( f is

† ) are the annihilation~creation!
operators of conduction-band electrons andf electrons, re-
spectively.V, representing the intensity of the hybridizatio
interaction between the conduction band electrons and
nearly localized 3f or 4f electrons, is the hybridization po
tential. ekW is the dispersion relationship of the conductio
band,e f the on-site energy off electrons.U is the on-site
Coulomb repulsion energy experienced by twof electrons
with opposite spins.

In this paper, we are interested in the DOS’s and
dynamic properties of the PAM. The method of combini
the Hubbard-Stronovich~H-S! transformation24 and the CPA
was used in the study of itinerant magnetisms,25,26 metal-
insulator transitions~M-I !,27 etc. Hasegawa pointed out tha
the method, when applied to the Hubbard model, is equ
lent to the self-consistent renormalization theory28 and the
one-field and the two-field decomposition method of t
Coulomb correlation term give qualitatively the sam
results.29 The two-field method has also been used to stu
the M-I transition and the dynamic electric conductivity
SmB6.30 For simplicity, we adopt the one-field method.
©2001 The American Physical Society01-1
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The partition function of the system may be written as

Z5TrH e2bH0Tt expF2E
0

b

dtU(
i

ni↑~t!ni↓~t!G J , ~2!

in which, H0 consists of the first three terms of Eq.~1!. The
last term of Eq.~1! may be rewritten as follows

U(
i

ni↑ni↓5
U

2 (
i

ni22U(
i

~Si
z!2, ~3!

in which, Si
z5 1

2 (ssnis , it is the spin of thef electron on
site i. Using the H-S transformation24

ea2
5E

2`

1`

dje2pj222aApj, ~4!

and the static approximation, the partition function can
written as

Z5E )
i

dj i expS 2p(
i

j i
2DTr

3H expF2bS H081(
is

EisnisD G J ,

~5!

H085(
kWs

ekWckWs
†

ckWs1(
is

5 ē f f is
† f is1V(

is
~cis

† f is1H.c.!,

~6!

in which, 5 ē f5e f1U/2, Eis5sA2pU/bj i . j i is a time
dependent fluctuation field introduced in the H-S transform
tion. Its time dependence has been ignored in the static
proximation. The interaction term has been converted int
disordered term, i.e.,( isEisnis . It represents the charg
fluctuation. This term can be handled with the CPA,20–22and
the free energy is

F52
1

b
ln Z52

1

b
ln E Dje2bC, ~7!

C5
p

b (
i

j i
21

1

pE2`

1`

dv f ~v!

3ImH(
s

ln@12~Eis2Ss!Fs#J , ~8!

in which, Ss(v)(s5↑,↓) is the coherent potential intro
duced in the CPA.Fs is the lattice site Green’s function off
electrons. The coherent potentialSs is determined by the
following equation:

Ss~v!5^Es&1@^Es
2&2Ss

2~v!#Fs~v!. ~9!

Any physical quantity,X(j i), can be calculated as follows

^X&5

E dj iX~j i !e
2bC(j i )

E dj ie
2bC(j i )

. ~10!
08510
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In the paramagnetic state, thef-electron lattice site Green’s
function reads as

Fs~v!5
1

N (
kW

1

v25e f2Ss2
V2

v2ekW

. ~11!

The average magnetic moment per site is

^mi&52A2p

bU
^j i&. ~12!

The fluctuation of the magnetic moment can be calculated
follows:

FIG. 1. The temperature dependence of the per spin per
DOS’s of the conduction-band electrons~a! and thef electrons~b!.
The parameters areU50.3, V50.3, e f520.15.b51/kBT and the
Fermi energyEF is taken to be 0.
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^mi
2&5K S 2

1

pE dv f ~v!

3(
s

ImH sFs~v!

12@Eis2Ss~v!#Fs~v!J D 2L . ~13!

In the paramagnetic state the total static magnetic sus
tibility of the system consists of two parts: one from t
magnetic fluctuations, and the other fromH08 . The latter can
be calculated by the usual method, and the first part is gi
in CPA as

x5
4p2U

b2
@2p^j2&21#. ~14!

In CPA, one can also calculate the dynamic properties
the system, such as the dynamic electric conductivity
dynamic magnetic susceptibility. The generalized magn
susceptibility of any of the two kinds of electrons is defin
asxnm(qW ,iv)5*0

bdteivt^TtM n(qW ,t)Mm(2qW ,0)&, in which,

M n(qW )5m0(pW ss8sss8
n cpW 1qW s

†
cpW s8 . Here,cpW s represents the an

nihilation operator of any of the two kinds of electrons a
sy
a

en

08510
p-

n

f
d
ic

sn is the Pauli matrix. At finite temperatures the correspon
ing two-particle Green’s function may be written as

xnm~qW ,ivn!5
mB

2

V

1

b
Tr~snsm!(

kWm

G~kW ,ivm!

3G@kW2qW ,i ~vm2vn!#. ~15!

In Eq. ~15!, G(kW ,ivn) represents the Matsubara singl
particle Green’s function of the conduction-band electrons
the f electrons. After the frequency summation, one can
tain the diagonal component ofxnm :

x~qW ,v!52
mB

2

V

1

pb (
kW
E de f ~e!@G~2ekW ,e1v1 i01!

1G~2ekW ,e2v2 i01!#ImG~ekW ,e1 i01!, ~16!

where f (v) is the Fermi distribution function,G(kW ,e1 i01)
is the retarded Green’s function of the corresponding M
subara Green’s function. Denoting the retarded Green’s fu
tions of the conduction band and thef electrons byGc(ekW ,e
1 i01) andGf(ekW ,e1 i01), they have the following forms:
Gc~ekW ,v1 i01!5
1

v1 i011m2ekW2
V2

v1 i011m2Fe f1
U

2
1S~v!G

, ~17!

Gf~ekW ,v1 i01!5
1

v1 i011m2Fe f1
U

2
1S~v!G2

V2

v1 i011m2ekW

, ~18!
nd

t
the

of
et-
s.
s
. It
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m-
the
in which m is the chemical potential and in this paperm is
taken to be zero. The dynamic electric conductivitys(v)
can be obtained similarly. In the paramagnetic state, the
tem is isotropic when there is no magnetic field. The real p
of the diagonal element of thesmn is30

s1~v!5
2Ne2

pV (
s

E
2`

1`

de8
1

v
@ f ~e8!2 f ~e8

1v!#E
2`

1`

deA~e!ImGc~e,e81v

1 i01!ImGc~e,e81 i01!, ~19!

in which, A(e)58p/3a(12e2)3/2.

III. RESULTS AND DISCUSSION

A. The density of states

On obtaining Ss(v), the DOS’s of the two kinds of
electrons can be calculated from the corresponding Gre
s-
rt

’s

functions. The DOS per site, per spin of the conduction ba
without hybridization is taken as30

r~v!5H 2

pD
A12S e

D D 2

, 2D<e<D

0, others,

in which D is the half width of the conduction band withou
hybridization, and it plays the role of an energy scale. In
following, D51 is assumed.

In this paper, we concentrate mainly on the properties
PAM with the particle-hole symmetry, and the nonsymm
ric case is only slightly mentioned in the following. Fig
1~a! and 1~b! give the DOS’s of conduction-band electron
and thef electrons in the paramagnetic state, respectively
is shown that the DOS’s of the two kinds of electrons ha
strong temperature dependence. At low temperatures t
are significant gaps in the spectrums. With increasing te
perature the gaps turned into pseudogaps, and finally
1-3
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DOS’s at the Fermi energy became flat. Because of
strong temperature dependence of DOS’s, the thermo
namic properties will have a strong temperature depende
as well. The temperature dependence results from the
perature dependence of the coherent potential self-en
S(v). The variation ofS(v) with temperature is shown in
Figs. 2~a! and 2~b!. The gaps in the DOS’s are the reflectio
of the gap in theS(v) at low temperatures.

The C(v) is given in Fig. 3.C(v) has only one mini-
mum meaning that the system is in a paramagnetic s
With decreasing temperature, the curves ofC(v) became
more flat. The spin fluctuations become stronger at low te
peratures. We have also calculated the DOS’s in the nons
metric case, see Fig. 4. Under the parameters, the DOS’s
have gaps. This gap also results directly from the gap in
S(v) in Fig. 5. In this case, the thermodynamic propert
are not as strongly affected by the DOS as in the symme
case, because of the large interval between the gaps an
Fermi energy.

B. Dynamic magnetic susceptibility

Experiments show that the antiferromagnetic spin fluct
tions play a very important role in the formation of hea

FIG. 2. The real and imaginary parts of the coherent s
energies at different temperature,b510 in ~a! andb5400 in ~b!.
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quasiparticle and the superconductivity, as well as the m
anomalous properties. Using Eq.~16! the dynamic magnetic
susceptibility with wave vector dependence has been stud

Figures 6~a! and 6~b! give the temperature dependence
real and imaginary parts of the dynamic magnetic susce
bility, x f(v), of the f electrons, with wave vector the ant
ferromagnetic vectorQ@5(p,p,p)#. At low energies, the
Re x f increases with decreasing temperature, meaning
enhancing of the antiferromagnetic spin fluctuations. It
also shown that with decreasing temperature there appe
spin gap in the excitation spectrum. The gap is about 0.1
in Fig. 6~b! and equals approximately the one in the DO
There are spectrum weight transfers to low energy, both
Re x f and Imx f , with decreasing temperature.

The temperature dependence of the real and imagin
parts of the conduction electron dynamic magnetic susce
bility with antiferromagnetic wave vectorQ are shown in
Fig. 7. Though there is also a spin gap in the spectrum
the gap disappears on increasing temperature, the mag
susceptibility has a weaker temperature dependence.

The dynamic magnetic susceptibility with the wave vec
q5(0,0,0) of the two kinds of electrons are shown in Figs

-

FIG. 3. The variation ofC(v) with temperature.

FIG. 4. The DOS’s of the two kinds of electrons in the nonsy
metric case. The parameters are taken asU52, V50.3, e f5-0.5.
1-4
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ELECTRONIC STRUCTURE AND DYNAMICAL . . . PHYSICAL REVIEW B 63 085101
and 9, respectively. The behaviors of the magnetic susce
bility is greatly different from the ones in the case of wa
vector Q. The spin gaps in the spectrums are significan
larger than the gaps in the DOS’s and the ones in the pr
ous case. The gaps in the spectrums are direct gaps, whil
gaps in the DOS’s are indirect ones. The above results s
that the direct gap with momentum transferQ is nearly the
same as the indirect gap, and the direct gap with no mom
tum transfer is much larger. Such a conclusion is in acc
dance with the picture of the two hybridization subban
with a hybridization gap in between. From the DOS peaks
the gap edges in Fig. 1~b!, at low temperature one can kno
that the two subbands have a flat dispersion relationshi
the origin and the edge of the first Brillouin zone, respe
tively.

Our results for Rex(v) and Imx(v) of f electrons with
q5(0,0,0) and the Imx with wave vectorQ are qualitatively
in accordance with the slave-boson mean field results
Riseborough.31 As pointed out by Riseborough, these resu
can qualitatively account for the experimental results
Ce3Bi4Pt3, one of the Kondo insulators.

C. Dynamic electric conductivity

In the CPA approximation, the dynamic electric condu
tivity can also be calculated conveniently. Figure 10 giv
the temperature dependence of the real part of the dyna
electric conductivitys1(v) in the particle-hole symmetric
case. With decreasing temperature, the spectrum weigh
low energies transfers to higher energy and, thus, thes1(v)
at low energies decreases monotonously. With the tran
the system eventually became an insulator. The peak pos
in Fig. 10 is in accordance with the position of peaks of t
magnetic susceptibility of the conduction-band electrons
cause in the PAM, the dynamic electric conductivity is t
tally contributed by the conduction-band electrons. Thus,
gap in the dynamic magnetic susceptibility of th
conduction-band electrons is of the same origin as the ga
s1(v), i.e., they result from the direct gap between ene
bands.

FIG. 5. The real and imaginary parts of the coherent self-ene
in the nonsymmetric case.
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FIG. 6. The temperature dependence of the real part~a! and the
imaginary part~b! of the dynamic magnetic susceptibility of thef
electrons with wave vectorQ5(p,p,p) in the particle-hole sym-
metric case.

FIG. 7. The temperature dependence of the real and imagi
parts of the dynamic magnetic susceptibility of the conduction-b
electrons with wave vectorQ5(p,p,p).
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The s1(v) at low temperature in the nonsymmetric ca
is shown in Fig. 11. As the energy approaches 0,s1(v)
increases rapidly. This is the usual Drude peak. This beh
ior differs from that in the symmetric case. Although th
DOS at the Fermi energy of conduction-band electro
shows only a small dip atb530, there is no sign of an
increase ofs1(v) at low energy. Only at higher temperatur
at which the DOS became flat enough, is there an uptur
s1(v) at low energy. The peak ofs1(v) at about 0.7 eV is
equal to the energy interval between the Fermi energy
the upper band edge of the conduction-band electrons. T
the peak results from the single electron excitation.

The dynamic electric conductivity of some of the HFS
have been studied experimentally.32 The s1(v) of some of
the Kondo insulators, such as Ce3Bi4Pt3 , Fe12xCoxSi, SmB6
et al., increase with temperature monotonously at low f
quencies, and at high frequencies thes1(v) became tem-
perature independent. All of these features are qualitativ
in agreement with the above theoretical results. The exp
ment on the Kondo insulator YbB12 shows that the dc con
ductivity s(0) decreases monotonously with temperatu
and finally, it approaches zero with decreasing temperatu33

Such a behavior of dc conductivity is also in agreement w

FIG. 8. The temperature dependence of the real part~a! and the
imaginary part~b! of the dynamic magnetic susceptibility of thef
electrons with wave vectorq5(0,0,0).
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our results. Our results are also in accordance with the the
in Ref. 34. The experiments also show that thes1(v) of
some of the HFS’s exhibiting non-Fermi liquid behavior
such as U0.2Y0.8Pd3 , U0.2Th0.8Pd2Al3, and UCu3.5Pd1.5, have
similar behaviors as the Kondo insulators mentioned abo
though the mechanism may be quite different.32

IV. CONCLUSION

The DOS’s of the two kinds of electrons of the PAM ha
been calculated. In the particle-hole symmetric case,
DOS’s at the Fermi energy have a strong temperature de
dence. With decreasing temperature, the DOS’s at ab
Fermi energy develop from flat structures into pseudoga
and finally, complete gaps. Such behaviors are in accorda
with the experiments on Kondo insulators, such as YbB12.33

In correspondence with the gap in DOS, the imaginary pa
of the dynamic magnetic susceptibility with wave vectorq
5(p,p,p) of the two kinds of electrons show spin gaps
the same size as the DOS gap. Also, the spin gaps disap
with increasing temperature. The two kinds of gaps are
reflection of the indirect gap between the two hybridizati
subbands. The direct gap is far larger than the direct one,

FIG. 9. The temperature dependence of the real part~a! and the
imaginary part~b! of the dynamic magnetic susceptibility of th
conduction-band electrons with wave vectorq5(0,0,0).
1-6
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it is embodied in the Imx(q,v) with q5(0,0,0). From the
temperature dependence of theC(v) and the real part of the
dynamic magnetic susceptibility of thef electrons, one can
see that the antiferromagnetic spin fluctuation became st
ger with decreasing temperature. The dynamic electric c
ductivity shows similar behaviors as the Kondo insulato
i.e., thes1(v) decreases monotonously with temperature

FIG. 10. The temperature dependence of the real parts1(v) of
the dynamic conductivity with particle-hole symmetry.
.

.

-

,

s

.

08510
n-
n-
,
t

low frequencies, while at high frequencies, thes1(v) is ba-
sically temperature independent. In the nonsymmetric c
the s1(v) differs greatly from that in the particle-hole sym
metric case. There is an obvious Drude peak, neverthe
there is only an upturn ofs1(v) at low frequencies and high
temperature in the symmetric case though the DOS of
conduction-band electrons has a flat structure at the Fe
energy.

FIG. 11. The real parts1(v) of the dynamic conductivity in the
nonsymmetric case.
.
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