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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 $@2@S'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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[. INTRODUCTION the NFL behaviors in some HFS’s with a quantum critical
i1 17-19
point:

As typical strongly correlated electronic systems, heavy In this paper, we mainly study the electronic structure and
fermion systemgHFS’s) have many anomalous properties, the dynamic properties of the PAM with the particle-hole
such as the small antiferromagnetically ordered magnetisymmetry. Using the method of combining functional inte-
moment: non-Fermi liquid (NFL) behavioré metal- gral and the coherent potential approximati@PA),**~?2
insulator transitiorf,and the microscopic coexistence of an- the density of state€DOS) of the two kinds of carriers, the
tiferromagnetism and superconductivitgpmplex supercon-  dynamic magnetic susceptibility (), and the dynamic
ducting order parametéretc., apart from the extremely large electric conductlv_ltya(w) (Ref. 23 have been calc_ulated. In _
electronic specific heat coefficient. It is important to studytN€ case of particle-hole symmetry, the dynamic magnetic
these phenomena in order to give a thorough understandiﬂgtsc.em'b'“ty. and the dy”a’.“'c electric .conduct|V|ty are
of HFS's, and it would also help us to understand the othe alitatively in accordance with the experiments on Kondo
strongly correlated electronic systems. The periodic Ander[nsulators.
son _modeI(P_AM) and its variantdwith generalization to II. MODEL AND FORMULAS
multiconduction bands or SM) symmetry, etd. have been
used in most theoretical worksSome conduction bands in ~ The periodic Anderson model reads as
HFS are formed by3d) electrons. Apart from the degen-
eracy, there are also strong on-site Coulomb interactions be- H:Z echch,,JrE effiT(,fi,,JrVE (¢! fi,+H.c)

lo

tween 3 electrons. The Coulomb correlation betweeh 3 ko to

electrons play an important role in the Kondo insulators,

and the many anomalous properties of high-temperature su- +U niny, 1
|

perconductors are also caused by the strong Coulomb inter-
action between @electrons of Cu. Recently, a new kind of in which CEU(CEU) andfig(fiT ) are the annihilatioficreation

[og

HFS withoutf electrons, Li\sO,,® has been discovered. The operators of conduction-band electrons dnelectrons, re-
recent studies have shown that the correlation amongpectively.V, representing the intensity of the hybridization
conduction-band electrons has an important effect on the folinteraction between the conduction band electrons and the
mation of heavy quasiparticRsand the non-Fermi liquid nearly localized 8 or 4f electrons, is the hybridization po-
behavior® tential. €; is the dispersion relationship of the conduction
One of the most prominent characters of HFS'’s is theband, ¢; the on-site energy of electrons.U is the on-site
antiferromagnetic spin fluctuatid\SF). Many experiments Coulomb repulsion energy experienced by téivelectrons
show that the ASF plays a very important role in the forma-with opposite spins.
tion of heavy quasiparticles and the superconducting pairing In this paper, we are interested in the DOS'’s and the
mechanisnt! The recent study of Mathet al.on CePgSi,  dynamic properties of the PAM. The method of combining
and Cel has again shown that there are strong evidencethe Hubbard-StronovictH-S) transformatiof* and the CPA
that the ASF is responsible for the Cooper pairs formatiorwas used in the study of itinerant magnetisth®, metal-
and the NFL behavior of the resistivity abodie.'? The insulator transitiongM-1),%” etc. Hasegawa pointed out that
similar interaction may be responsible for the pseudogap ithe method, when applied to the Hubbard model, is equiva-
high-temperature superconductdtsin some HFS's, the lent to the self-consistent renormalization théBrgnd the
Neel temperature can be driven to zero through doping oone-field and the two-field decomposition method of the
applying pressure, such as CeBid, CeNiLGe,'* and Coulomb correlation term give qualitatively the same
CeCu Aug ;. 1> The NFL behaviors of thermodynamic results?® The two-field method has also been used to study
and transport properties of these systems have been otiie M-I transition and the dynamic electric conductivity in
served. It is also proposed that spin fluctuations may result iSmB;.2° For simplicity, we adopt the one-field method.
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The partition function of the system may be written as 038

Z=Tr[e‘BH°TTex;{—f:dTUE N (7)n; (7) ] 2)

i
in which, Hy consists of the first three terms of E@). The
last term of Eq(1) may be rewritten as follows

u
U2 mmy =7 20 mi—2U> (8)? 3

in which, S’=33 on;,, it is the spin of thef electron on
sitei. Using the H-S transformatiéh

a? o —n&?—2a\m¢
et = dée vme (4)
. . —
and the static approximation, the partition function can be 12 08 04 0 04 08 12
written as Energy (ev)
Z=J IT d¢ exr{—wz g?)Tr
i i 24
------- p=400 ) b
X[QX[{_E H(,)+§ Ei(rni(r) ]1 ] —ﬁ=30 ‘,’I": '“‘\‘ ( )
1.8 P ;
(5) : |
_ 7)) '
Ho=2 eict Ciot 2 =€t fiot VY (cf fip+H.C), O 12 !
Ko io io (o)
(6)
in which, =e;=¢€;+U/2, Ej,=02mwU/BE . & is a time 06-
dependent fluctuation field introduced in the H-S transforma-
tion. Its time dependence has been ignored in the static ap-
proximation. The interaction term has been converted into a 00
disordeyed term, i.e.2isEisNis. It represents thezzcharge 12 08 04 00 04 08 12
fluctuation. This term can be handled with the C¥A2?and
the free energy is Energy (eV)
1 1 iy FIG. 1. The temperature dependence of the per spin per site
F=- E'” Z=— s In j Dée 77, (7)  DOS’s of the conduction-band electrofa and thef electrons(b).
The parameters atd=0.3,V=0.3, ;= —0.15. 8=1/kgT and the
- 1 [+ Fermi energ\Eg is taken to be 0.
V=g > gi2+;f dof(w)
' o In the paramagnetic state, tlwelectron lattice site Green’s
function reads as
xim{ > ln[l—(Eia—Eg)Fa]], tS)
in which, % (w)(c=1,]) is the coherent potential intro- Fa(w)zi > L ) (11)
duced in the CPAF is the lattice site Green'’s function &f N <2 _ V?
electrons. The coherent potentil|, is determined by the - =€, o e:
following equation: K
S (@) =(E ) +[(E2)—32(w)JF (). (9) The average magnetic moment per site is
Any physical quantity X(&;), can be calculated as follows: 5
o
(mp)=—\55(&)- (12)
fdaxwoeﬂwm> | pU™
(X)= : (10) . _
dgePVE) The fluctuation of the magnetic moment can be calculated as
! follows:
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) 1 o” is the Pauli matrix. At finite temperatures the correspond-
(mP)= (— ;f dof(w) ing two-particle Green’s function may be written as
2
oF (o) 2 . g 1 .
X 7 . wu(Miwy)=— =Tr(o”o* gk,iw
2 'm[l—[Eio—zc,(w)]F,,(w)]) > 49 R S
In the paramagnetic state the total static magnetic suscep- X Q[E—ﬁ,i (0m— )] (15

tibility of the system consists of two parts: one from the . )
magnetic fluctuations, and the other fratg. The latter can N Ed. (19, G(k,iwy) represents the Matsubara single-
be calculated by the usual method, and the first part is giveRarticle Green’s function of the conduction-band electrons or

in CPA as the f electrons. After the frequency summation, one can ob-
tain the diagonal component gf,, :
Y 21 (14 ;
X= ar — . > 1
B X(q,w)Z—@—E fdef(e)[g(—eg,e+w+i0+)
V 7B

In CPA, one can also calculate the dynamic properties of
the system, such as the dynamic electric conductivity and
dynamic magnetic susceptibility. The generalized magneti%vheref(w) is the Fermi distribution functiorg(lz e+i0%)
susceptibility of any of the two kinds of electrons is defined. \ : ’ .

- B G - - . i is the retarded Green’s function of the corresponding Mat-
asx (i) _deTeJr (T:M,(q,7)M . (=0a,0)), in which,  gypara Green's function. Denoting the retarded Green’s func-
M,,(0|)=M025ssr0:s,0,3+asc,55r . Here,cs represents the an-  tions of the conduction band and thelectrons byG, (e, e

nihilation operator of any of the two kinds of electrons and+i0") andG;(e;,e+i0"), they have the following forms:

+G(—eg,e—w—i0")]IMmG(eg,e+i0"), (16)

Go(€eg,0+i0")= ! 5 , (17)
w+i0"+u—e— v 0
o+i0"+u—| e+ 5-!—2((0)
Gi(eg,w+i07)= ! , (18
w+i0" +u— ef+2+2(w) —V—2
2 o+i0t+u—eg

in which w is the chemical potential and in this paperis  functions. The DOS per site, per spin of the conduction band
taken to be zero. The dynamic electric conductiwityw) without hybridization is taken d%
can be obtained similarly. In the paramagnetic state, the sys-

tem is isotropic when there is no magnetic field. The real part 2 €2
of the diagonal element of the,,, is’ — —(—) , —D=e=<D
2N te 1
Ul(w):_E f de'—[f(e')—f(€' 0, others,
oV ZF )_» w

in which D is the half width of the conduction band without
hybridization, and it plays the role of an energy scale. In the
following, D=1 is assumed.

In this paper, we concentrate mainly on the properties of

+w)] fj:deA( €)ImG (e, €' +w

+i07)ImG (e,e' +i07), (19  PAM with the particle-hole symmetry, and the nonsymmet-
in which, A(€) =8m/3a(1— €2)32 ric case is only slightly mentioned in the following. Figs.
1(a) and Xb) give the DOS’s of conduction-band electrons

Ill. RESULTS AND DISCUSSION and thef electrons in the paramagnetic state, respectively. It

is shown that the DOS’s of the two kinds of electrons have

strong temperature dependence. At low temperatures there
On obtaining> ,(w), the DOS’s of the two kinds of are significant gaps in the spectrums. With increasing tem-

electrons can be calculated from the corresponding Greenjgerature the gaps turned into pseudogaps, and finally the

A. The density of states
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FIG. 3. The variation of¥ (w) with temperature.
0.02-
quasiparticle and the superconductivity, as well as the many
0,014 anomalous properties. Using EJ.6) the dynamic magnetic
susceptibility with wave vector dependence has been studied.
Figures §a) and @b) give the temperature dependence of
0.007 real and imaginary parts of the dynamic magnetic suscepti-
W bility, x{(w), of the f electrons, with wave vector the anti-
-0.014 ferromagnetic vectoQ[ = (m,7,7)]. At low energies, the
Re x; increases with decreasing temperature, meaning the
-0.02- enhancing of the antiferromagnetic spin fluctuations. It is
also shown that with decreasing temperature there appears a
.0.03 : : : : : : , spin gap in the excitation spectrum. The gap is about 0.1 eV
-2 -1 0 1 2 in Fig. 6b) and equals approximately the one in the DOS.
Energy (eV) There are spectrum weight transfers to low energy, both in

Re xs and Im y¢, with decreasing temperature.
FIG. 2. The real and imaginary parts of the coherent self- The temperature dependence of the real and imaginary
energies at different temperatuygs 10 in (a) and 3=400 in (b). parts of the conduction electron dynamic magnetic suscepti-
bility with antiferromagnetic wave vecto® are shown in

DOS's at the Fermi energy became flat. Because of th&ig. 7. Though there is also a spin gap in the spectrum and
strong temperature dependence of DOS's, the thermodyhe gap disappears on increasing temperature, the magnetic
namic properties will have a strong temperature dependencgUsceptibility has a weaker temperature dependence.

as well. The temperature dependence results from the tem- The dynamic magnetic susceptibility with the wave vector
perature dependence of the coherent potential self-enerdy~ (0,0,0) of the two kinds of electrons are shown in Figs. 8

> (w). The variation of2 (w) with temperature is shown in
Figs. 4a) and Zb). The gaps in the DOS'’s are the reflection 5
of the gap in theX (w) at low temperatures.

The ¥ (w) is given in Fig. 3.W(w) has only one mini- —bDOS
mum meaning that the system is in a paramagnetic state. 49 c-DOS
With decreasing temperature, the curvesiofw) became T
more flat. The spin fluctuations become stronger at low tem- 3 [=10000

peratures. We have also calculated the DOS'’s in the nonsym-
metric case, see Fig. 4. Under the parameters, the DOS’s also

have gaps. This gap also results directly from the gap in the 2
> (w) in Fig. 5. In this case, the thermodynamic properties
are not as strongly affected by the DOS as in the symmetric 1
case, because of the large interval between the gaps and the
Fermi energy. 0 s . :
- 0
B. Dynamic magnetic susceptibility Ener gy (e V)

Experiments show that the antiferromagnetic spin fluctua- FIG. 4. The DOS’s of the two kinds of electrons in the nonsym-
tions play a very important role in the formation of heavy metric case. The parameters are taketwas2, V=0.3, ¢;=-0.5.
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FIG. 5. The real and imaginary parts of the coherent self-energy
in the nonsymmetric case.

and 9, respectively. The behaviors of the magnetic suscepti-
bility is greatly different from the ones in the case of wave
vector Q. The spin gaps in the spectrums are significantly -
larger than the gaps in the DOS’s and the ones in the previ- &
ous case. The gaps in the spectrums are direct gaps, while the
gaps in the DOS'’s are indirect ones. The above results Show ==
that the direct gap with momentum transferis nearly the

same as the indirect gap, and the direct gap with no momen-

tum transfer is much larger. Such a conclusion is in accor-
dance with the picture of the two hybridization subbands

with a hybridization gap in between. From the DOS peaks at 00 03 06 09 12 15
the gap edges in Fig.(li), at low temperature one can know

that the two subbands have a flat dispersion relationship at Energy (eV)

the origin and the edge of the first Brillouin zone, respec-

tively. FIG. 6. The temperature dependence of the real (gadnd the

imaginary part(b) of the dynamic magnetic susceptibility of tie
electrons with wave vectd@= (,, ) in the particle-hole sym-
etric case.

Our results for Rey(w) and Imy(w) of f electrons with
g=(0,0,0) and the Iny with wave vectorQ are qualitatively
in accordance with the slave-boson mean field results of"
Riseborough* As pointed out by Riseborough, these results
can qualitatively account for the experimental results on
Ce;Bi, P13, one of the Kondo insulators.

C. Dynamic electric conductivity

In the CPA approximation, the dynamic electric conduc-
tivity can also be calculated conveniently. Figure 10 gives
the temperature dependence of the real part of the dynamic
electric conductivityo;(w) in the particle-hole symmetric
case. With decreasing temperature, the spectrum weight at
low energies transfers to higher energy and, thuspetf{e»)
at low energies decreases monotonously. With the transfer,
the system eventually became an insulator. The peak position
in Fig. 10 is in accordance with the position of peaks of the
magnetic susceptibility of the conduction-band electrons be-
cause in the PAM, the dynamic electric conductivity is to-
tally contributed by the conduction-band electrons. Thus, the Energy (eV)
gap in the dynamic magnetic susceptibility of the
conduction-band electrons is of the same origin as the gap in FIG. 7. The temperature dependence of the real and imaginary
o1(w), i.e., they result from the direct gap between energyparts of the dynamic magnetic susceptibility of the conduction-band
bands. electrons with wave vectd@= (7, m, 7).

[

x
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FIG. 9. The temperature dependence of the real (@adnd the
imaginary part(b) of the dynamic magnetic susceptibility of the
conduction-band electrons with wave vectpt (0,0,0).

FIG. 8. The temperature dependence of the real (@adnd the
imaginary part(b) of the dynamic magnetic susceptibility of tiie
electrons with wave vectaq=(0,0,0).

The o,(w) at low temperature in the nonsymmetric caseour results. Our results are also in accordance with the theory
is shown in Fig. 11. As the energy approacheso@(w)  in Ref. 34. The experiments also show that thgw) of
increases rapidly. This is the usual Drude peak. This behawsome of the HFS’s exhibiting non-Fermi liquid behaviors,
ior differs from that in the symmetric case. Although the such as {,YgPds, Ug,Thy gPdAl3, and UCyY sPd; 5, have
DOS at the Fermi energy of conduction-band electronssimilar behaviors as the Kondo insulators mentioned above,
shows only a small dip ag=30, there is no sign of an though the mechanism may be quite differént.
increase otr,(w) at low energy. Only at higher temperature,
at which the DOS became flat enough, is there an upturn of
o1(w) at low energy. The peak af,(w) at about 0.7 eV is
equal to the energy interval between the Fermi energy and The DOS'’s of the two kinds of electrons of the PAM have
the upper band edge of the conduction-band electrons. Thubeen calculated. In the particle-hole symmetric case, the
the peak results from the single electron excitation. DOS’s at the Fermi energy have a strong temperature depen-

The dynamic electric conductivity of some of the HFS’s dence. With decreasing temperature, the DOS’s at about
have been studied experimentaifyThe o;(w) of some of Fermi energy develop from flat structures into pseudogaps,
the Kondo insulators, such as 8,Pt;, Fe_,CaSi, SmB,  and finally, complete gaps. Such behaviors are in accordance
et al, increase with temperature monotonously at low fre-with the experiments on Kondo insulators, such as ybB
guencies, and at high frequencies g w) became tem- In correspondence with the gap in DOS, the imaginary parts
perature independent. All of these features are qualitativelpf the dynamic magnetic susceptibility with wave vectpr
in agreement with the above theoretical results. The experi=(,, ) of the two kinds of electrons show spin gaps of
ment on the Kondo insulator YhB shows that the dc con- the same size as the DOS gap. Also, the spin gaps disappear
ductivity o(0) decreases monotonously with temperaturewith increasing temperature. The two kinds of gaps are the
and finally, it approaches zero with decreasing temperature. reflection of the indirect gap between the two hybridization
Such a behavior of dc conductivity is also in agreement withsubbands. The direct gap is far larger than the direct one, and

IV. CONCLUSION
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FIG. 11. The real partr,(w) of the dynamic conductivity in the
FIG. 10. The temperature dependence of the realpgw) of ~ NoONsymmetric case.
the dynamic conductivity with particle-hole symmetry.

low frequencies, while at high frequencies, thg w) is ba-
it is embodied in the Inp(q, ) with q=(0,0,0). From the sically temperature independent. In the nonsymmetric case
temperature dependence of thi¢w) and the real part of the the oi(w) differs greatly from that in the particle-hole sym-
dynamic magnetic susceptibility of tHeelectrons, one can Metric case. There is an obvious Drude peak, nevertheless,
see that the antiferromagnetic spin fluctuation became strorihere is only an upturn af () at low frequencies and high
ger with decreasing temperature. The dynamic electric contemperature in the symmetric case though the DOS of the

ductivity shows similar behaviors as the Kondo insulatorsconduction-band electrons has a flat structure at the Fermi
i.e., theo;(w) decreases monotonously with temperature aenergy.
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