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Spin and charge excitations in the one-dimensional periodic Anderson model at half filling are studied
in the entire range of the Coulomb interaction U. It is confirmed by exact numerical diagonalization of
up to eight sites that an excitation gap exists for any U. In the strong-coupling region, both the spin-
excitation gap A, and charge-excitation gap A, decrease with increasing U. A finite-size scaling shows
that A; decreases exponentially as a function of U which is consistent with the spin gap in the Kondo-
lattice model. The charge gap A, decreases much more slowly than the spin gap. The ratio between the
two gaps, R =A./A,, increases monotonically from unity and diverges in the strong-coupling limit: it
appears to be a useful quantity for measuring the strength of electron correlation in a Kondo insulator.

I. INTRODUCTION

A new class of materials , the ‘“Kondo insulators,” has
attracted much interest from condensed-matter physi-
cists.!”3 The periodic Anderson model (PAM) at half
filling is an obvious candidate as a theoretical model for
the Kondo insulator, since there exists a hybridization
gap at least for the noninteracting case. In this paper, we
will examine the ground-state properties of the simplest
PAM, which neglects the orbital degeneracy

H=H,+H, ,

Hy=—t 3 CILC[+T0_VE(CiL ia+fiTaCiG) ’

i 1,0 i,o

H,=U2(f,-TTfn*%)(fififil_%) ’

(1.1)

where c,I, creates a conduction electron of spin o at site i

and f ,7; creates a local f electron. The summation with
respect to 7 is taken over nearest-neighbor sites. The
mixing between the conduction band and the f orbital is
given by V, and the intra-atomic Coulomb repulsion in
the f orbital is U. In the present form the symmetric
condition is assumed, which keeps the number of f elec-
trons at strictly one per site.

Recently it was proved rigorously that the ground state
of the symmetric PAM at half filling is a singlet for any
interaction strength.4 However, the theorem is not
powerful enough to determine when the model describes
a Kondo insulator. The most important feature of the
Kondo insulator is that the ground state is a singlet with
a gap for every type of excitation. Therefore the question
is related to the existence or absence of long-range order:
if there is long-range order which breaks a continuous
symmetry, then there are gapless Goldstone modes. Of
course, in one dimension there is no long-range order
even in the ground state, except for a ferromagnetic or-
der. However, the finite excitation gap leads to an ex-
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ponential decay of correlation functions, while gapless ex-
citations lead to a power-law decay.

In the strong-coupling limit, the PAM is mapped to
the Kondo-lattice model (KLM). For the one-
dimensional KLM with a half-filled conduction band,
Tsunetsugu et al. have shown that the spin-excitation
‘gap is always finite (the charge gap is larger than the spin
gap), and that therefore the ground state is an incompres-
sible spin liquid for any nonzero exchange coupling.® On
the other hand, for a weak Coulomb interaction, the
PAM has a hybridization gap. Thus it is natural to ex-
pect that the PAM at half filling can be used as a theoret-
ical model for the Kondo insulator at least in one dimen-
sion. In this paper, we will study the one-dimensional
PAM at half filling by numerical exact diagonalization,
and show that its ground state is a spin liquid state for
any interaction U.

Since there is no level crossing for the ground state, the
nature of the spin liquid state changes continuously as a
function of the interaction constant. However, the spin
liquid state in the large-U limit, which may be called a
Kondo insulating state, is quite different from the nonin-
teracting case which may be called a hybridization gap
state. What is a good quantity which characterizes this
difference? For this measure, we propose the ratio of the
charge gap to the spin gap because, as a function of U, it
increases monotonically from unity in the noninteracting
case and diverges in the large-U limit.

The present paper is organized as follows. In Sec. II,
we discuss several analytical approaches for the elemen-
tary excitations as a reference for subsequent discussions

,on numerical results. We first define spin and charge ex-
citations using the SO (4) symmetry of the symmetric
PAM. We then evaluate the charge gap A, and the spin
gap A, in the small-U region by considering scattering of
an excited particle-hole pair (the excitonic effect). For
the large-U region, we use the Gutzwiller and the
Hartree-Fock approximations, which offer different
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viewpoints. In Sec. III, we show results of exact diago-
nalization and compare them with the analytical predic-
tions and also with the corresponding quantities in the
KLM. By using a finite-size scaling, the asymptotic be-
havior of the spin and charge gaps in the strong-coupling
region is discussed. Finally, we summarize the results in
Sec. IV.

II. PROPERTIES OF EXCITATIONS

The principal aim of this paper is to study the nature
of spin and charge excitations from the spin liquid
ground state of the half-filled PAM. Charge excitations
are generally coupled with spin excitations, and it is not
trivial to define the charge- and spin-excitation gaps sepa-
rately. However, for the symmetric PAM, we can define
them without ambiguity with the help of its SO (4) sym-
metry. In Sec. Il A, we briefly summarize SO (4) symme-
try and present the definition of the spin and charge exci-
tations. Several approximate treatments are possible for
these excitations. In Sec. II B, we study properties of
these excitations in the weak-coupling region by consid-
ering only single-particle-hole pair excitations. Subse-
quently, in Sec. II C, the strong-coupling region is dis-
cussed on the basis of the Gutzwiller theory and the
Hartree-Fock—RPA approximation.

A. SO (4) symmetry

It is well known that the Hubbard model has SO (4)
symmetry,%’ which consists of two independent SU(2)
symmetries in spin and pseudospin space: the latter is for
the charge degrees of freedom. The PAM can be viewed
as a generalized Hubbard model which has a special con-
nectivity and a site-dependent Coulomb interaction.
Thus the symmetric PAM also has SO (4) symmetry if
the lattice is bipartite.®

Existence of SO(4) symmetry is easily shown as fol-
lows. The Hamiltonian is invariant under the spin rota-
tion, so that the model has ordinary SU(2) symmetry in
spin space, where the generators of rotations are the spin
operators:

57=13 (chesy —chenHfifa—rifi
i

§t= > (CtTTcil+fiTTfil) ,

i

§T= 2 (CiTlciT+fitifiT) .

Another SU(2) symmetry—a hidden symmetry —is ob-
tained through a particle-hole transformation’ for one
species of the spin, say down,

= (=1, ,
fo——(=Difl

By this canonical transformation, a positive-U symmetric
PAM maps onto a negative-U one. The negative-U PAM
also has rotational symmetry in its spin space. Therefore
the original positive-U PAM has another SU(2) symme-
try represented by the following operators, which are de-

(2.2)
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rived by the transformation from the spin operators given
by Eq. (2.1):1°

Jzz%z(CiTTciT+ciTlcil+fiTTfiT+fiTlfii_2) ’
Jt= 2(—1)i(c,TTciT¢ —fiTTfiTl) ’

JT=3 (= Dc;eir—fifin) -

These operators are often called pseudospin operators.
Note that the z component of the pseudospin operators is
nothing but the charge operator.

We can now classify all states of the half-filled sym-
metric PAM by using quantum numbers S and J. Since
the ground state is spin singlet (S =0) for both positive
and negative U, it is also pseudospin singlet (J=0).* We
can define spin excitations generally by the excitations
which change the quantum number S. This definition is
naturally understood when we consider the dynamical
spin susceptibility (at 7 =0, for simplicity),

€018, 151> 14181001
w—w;otin

Xz(q,w)= ) (2.4)

7 w—wptin

where S, is a Fourier transform of the spin operator, and
|j ) is an excited state and wj, is its excitation energy. It
can be readily seen that only those excited states with
S=1 and J=0 contribute to the spin susceptibility at
T=0. Similarly charge excitations are defined generally
by those excitations which accompany a change in J.
Only excitations to states with S =0 and J =1 contribute
to the charge susceptibility in the ground state.

As we will show, the lowest spin-excited state has S =1
and J=0, and the lowest charge-excited state has S =0

and J=1. Therefore we define the spin- and charge-
excitation gaps by

A, =E (S=1,J=0)—Ey(S=0,/=0) (2.5)
and

A, =EyS=0,J=1)—EyS=0,J=0), (2.6)

respectively, where E(S,J) is the lowest energy in the
subspace specified by S and J. In general, there is anoth-
er group of excited states that have different sets of S and
J: excitations to the states which correspond to composite
states of spin and/or charge excitations. However, these
states usually have higher excitation energies compared
with the bare spin or charge excitations.

Before closing this subsection, we briefly touch on the
symmetry of the Kondo-lattice model. The KLM can be
derived from the symmetric PAM through the
Schrieffer-Wolff transformation, leading to an antiferro-
magnetic exchange interaction Jg.!! Since this transfor-
mation conserves the rotational symmetries in the spin
and pseudospin spaces, the KLLM also has SO (4) symme-
try. SO (4) symmetry in the KLM can be derived more
directly through the particle-hole transformation defined
by Eq. (2.2); the KLM maps onto the so-called
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“attractive-Jx model”!? that is also invariant under spin
rotations. Thus both the KLM and the attractive-Jy
model have SU(2) symmetries in spin and pseudospin
spaces. It is clear that SO (4) symmetry also exists for
the ferromagnetic KLM, which is a coupled spin-electron
model for the Haldane gap state.’

B. Excitations in the weak-coupling region

We start from the noninteracting case U=0. In this
limit, we can diagonalize the Hamiltonian as

Hy=3 (Ai af,ar, + AL bl by,) 2.7
ko

with

Af=1(e, Vel +4V?) (2.8)
by using the canonical transformation

Qo= cosO, ¢, + sinb; [, »

2.9)

byo=sinbc;,— cosO; fro »

where the mixing angle 6, is given by

cos?g, = 1+(1—¢g; /\/ek +4V?). For the one-dimensional
case, the dispersion of the conduction band is

= —2t cosk. The ground state of the half-filled PAM
at U=0 is just a filled band state of a particles
|¢0> Hkaak0'|o)

The lowest spin excitation is constructed by a particle-
hole pair excitation with spin flip, b;r)Ta,, 11¢o). This state
has S=1, S,=1, and J=0, and total momentum 7. The
other states in the spin triplet are obtained by successive
operations of S~ as usual. One of the lowest charge-
excited states is given by the image of the spin-excited
state through the particle-hole transformation Eq. (2.2),
biibl, 1), This state has =0, J=1, and J,=1. The
other states in the pseudospin triplet are obtained by ap-
plying J~. The states with J,==*1 have a total momen-
tum zero, while the J, =0 state has a total momentum 7.
Since Ay = —A,, both A; and A, are equal to the hybrid-
ization gap Aj —A,

When U is smaller than the hybridization gap, it is
sufficient to consider only the states with one particle-
hole pair. Therefore the problem reduces to a two-
particle problem in the subspace spanned by
lp,g)= bp,a 1l¢g?. These states have S,=1 and total
momentum p —q. Matrix elements are calculated as

(p,q|H|p,q)={¢olHolo) +1, =1, —LU /4,

(2.10)
(p+k,q+kl|H;|p,q)

U . .
=N cos0, , cosb,sind, | ;sinf,

where L is the number of lattice sites.

Now we diagonalize the Hamiltonian in the restricted
Hilbert space to obtain the spin gap. Because of the
translational symmetry, an eigenstate has the form
[Wg)=3,w;lk,k—K ), where the mixing weight w, is
determined through a Schrodinger equation:
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Egwy, =(7~k+ — AWy — -]% cosf sinf, _g
X ¥ wycos6,.5in6._ g
<

(2.11)

Here we take {¢y|H,l¢,) as the origin of the energy ei-
genvalue Ex. The equation has essentially the same form
as the integral equation which appears in Kanamori’s #-
matrix approximation.!> One can solve the equation by
multiplying w;, on both sides of Eq. (2.11) and summing
up with respect to index k:

11 c0s20, sin%0, _x 2.12)

U N Ec—M+Mg '
The equation shows that an excitonic level appears in the
middle of the band gap. The “exciton energy” Ey has its
minimum at K =7. It is easy to see that the spin excita-
tion gap A, =E _ is a decreasing function of U. The func-
tional form of Ex near U=0 depends on the density of
states of Af. If the system size is finite, then A, decreases
linearly with U, because the distribution of kf is discrete.
In the limit of L — oo, the linear dependence changes into
a U? dependence.

Finally we consider A, in the weak-coupling region.
We can obtain the expression for A, by using the
particle-hole transformation [Eq. (2.2)]:

00329k sin29k —K

) (2.13)
EK_’A/:L*‘}%——K

1 1

N2
where Eg represents an eigenvalue of a charge-excited
state with momentum 7—K. In contrast to the spin exci-
tation, the lowest-energy state with J, =1 is a scattering
state with zero total momentum. Again, the functional
form of A, depends on the distribution of Ai. If the sys-
tem size is finite, then A, increases linearly with U, with
the same slope as A, decreases. On the other hand, A, of
any infinite system remains the same as the band gap
Ag —A, within the present approximation.

C. Excitations in the strong-coupling region

Another limiting case for the PAM is U= o0; the f
spins are completely isolated from the conduction band,
and the ground state at half filling is 25-fold degenerate.
Both A, and A, are zero in this case, but the limit of their
ratio R =A_./A; has to be determined. A perturbation
expansion from U= o does not give R immediately. The
strong-coupling expansion on the PAM gives the KLM
as its effective Hamiltonian, but the ratio in the KLM has
not been studied. Here we employ two frequently used
approximations, i.e., the Gutzwiller approximation!* and
the Hartree-Fock-random-phase-approximation (HF-
RPA).

In the Gutzwiller approximation,'* the effect of the
Coulomb repulsion is represented by a suppression of
electron itineracy.!> The method was applied to the
PAM by Rice and Ueda.!® Their result was reformulated
by Kotliar and Ruckenstein by using a slave-boson
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mean-field approach.!”!® The Gutzwiller approximation
replaces the hybridization parameter ¥ in Eq. (1.1) by an
effective one,

Vg=2dV2—4d*V , (2.14)

where d? is given by the averaged probability for double
occupancy {f ,-TT Sirf, ,Tl fi1?. The “variational” ground-
state energy at half filling is given by the minimum of

E=3 A ,(Vp)+U S (d*—1) (2.15)
ko i

with respect to d2, where Ay (Vg)=1(g, —V e} +4V2;)
is the quasiparticle energy with the effective hybridiza-
tion. The paramagnetic Gutzwiller approximation does
not change the basic band structure, thereby the approxi-
mation gives the same value for A, and A_:

A=A, =2Vt>+ V2% —2t . (2.16)
The asymptotic form of A, of the one-dimensional
PAM is given by'®

Ver

_ _ 2 mtU
As(c)_T_W texp

8V?

(2.17)

in the large-U region.

The Gutzwiller approximation predicts the same A,
and A, which decrease exponentially with U in any di-
mension.!® However, it should be noted that in the
Gutzwiller approximation the effect of strong electron-
electron correlation is taken into account only through
the reduction of the mixing matrix element, and the prob-
ability of doubly occupied f states is not really
suppressed in the resultant wave function. This is the
reason why the two gaps are the same in the Gutzwiller
approximation. This causes a problem in a discussion of
excitations. To be explicit, let us consider the spin excita-
tion with S, =1. The spin excitation is described by a
particle-hole pair excitation, both of which have strong-f
character. The Gutzwilller projection modifies the ex-
tended particle-hole pair excitation to a linear combina-
tion of spin-flip excitations of a localized f spin. The
problem for the charge excitations is more serious. Now
we take the example of the J, =1 state. To create this ex-
citation, two particles of mostly f character are added to
the ground-state wave function. However, the dominant
components in this wave function with two additional f
electrons should be suppressed by the Gutzwiller projec-
tion. Therefore when we proceed further than the
Gutzwiller approximation, the following is expected: (1)
The form of the spin gap may be different from Eq. (2.17)
in the large-U region; and (2) the charge gap is larger
than the spin gap.

Now we turn to another approach: the Hartree-Fock
(HF) approach. The optimal HF solution of the one-
dimensional half-filled PAM is the antiferromagnetic
(AF) one. The HF equation in this case is expressed by a
4 X4 matrix equation in the momentum space. In the HF
approximation, spin and charge excitations are given by
single particle-hole pair excitations and A;=A,. If Uis
sufficiently large so that the magnetic moment
m=|{n;;)—{n;, )| is greater than V2 /U, then the exci-
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tation gap is given by

A=A, =(mU/2){V1+(4V/mU*—1} . (2.18)

In the strong-coupling limit, the magnetization m is al-
most unity and A, =A is proportional to 4V2/U=J /2,
i.e., they are inversely proportional to U. As for the exci-
tations from the HF ground state, we can go further by
using the random-phase-approximation. In the RPA, the
charge-excitation gap does not change from the HF re-
sult, but for the spin excitations it contains spin-wave
modes as collective modes in addition to the single-
particle-hole excitations. The spin-wave modes are gap-
less because they are Goldstone modes. Therefore the an-
tiferromagnetic HF-RPA predicts gapless excitations for
the spin excitations but a finite excitation gap for the
charge excitations. Thus the ratio R =A_/A, is diver-
gent in the HF-RPA. The main problem of this ap-
proach is the spurious symmetry breaking. However, in
the antiferromagnetic HF solution, effects of charge
correlation are well taken into account. When we include
spin fluctuations around the antiferromagnetic solution in
one dimension, the rotational symmetry in the spin space
will be restored and the spin excitations will acquire an
excitation gap, as is shown for the KLM.® Although this
nonperturbative effect is crucial for the spin excitations,
its effect on the charge excitations is expected to be less
important.

The two treatments discussed above give conflicting re-
sults for spin and charge excitations. As we discussed al-
ready, each of the two approaches has its advantages and
disadvantages. In the next section, we will study the spin
gap and the charge gap through exact diagonalization.
The above discussions are the basis for the analysis of the
numerical data in the next section.

III. NUMERICAL RESULTS

We performed the Lanczos diagonalization for the
symmetric PAM at half filling up to L =8, where L is the
number of lattice sites. The translational invariance of
the system is employed to reduce memory space.?’ The
boundary condition is chosen so that there is a zero-
energy level in the conduction band—¢; =0 for a certain
k. Otherwise the lack of such a level causes a large
finite-size effect in the strong-coupling region.’> Periodic
boundary conditions are used for L =4 and 8, and the an-
tiperiodic ones for L =6.

We choose the hopping parameter ¢ in the Hamiltonian
[Eq. (1.1)] as an energy unit. In real heavy Fermion ma-
terials, V is small, typically on the order of 0.1. However
for such a small ¥, the excitation gap is extremely small
even for U of the order of unity. On the other hand, in
the strong-coupling region which is our primary concern,
one expects that the excitation gap is a function of V?/U.
Therefore, for convenience, we fix V=1 and consider
various values of U in the following numerical calcula-
tions.

To see the overall features of the excitation gap, in Fig.
1 we show A, and A of the six-site PAM as a function of
U. The spin gap A, shown by the solid line, decreases
with increasing U, while the charge gap A., shown by the
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FIG. 1. Elementary excitation energies of various quantum
numbers (.S,J) in the six-site PAM as a function of U. The solid
line is the spin gap A,, while the dotted line the charge gap A,.
The double-spin excitation energy is also shown by the dashed
line.

dotted line, has its maximum near U=2. In the large-U
region, A_ starts to decrease but is still much larger than
A;. In this region, A, is also larger than the double-spin-
excitation energy. This example for L =6 shows that the
ratio R =A_ /A, increases monotonically as a function of
U. In the following, we will discuss the behavior of A,
and A; in more detail by also including data for L =4 and
8. We start from the spin-excitation gap.

A. Spin-excitation gap

In Fig. 2, we compare numerical A; in the weak-
coupling region with the results obtained by the excitonic
treatment Eq. (2.12) for the same system size. The good
agreement shows that the lowest spin-excited state in the
weak-coupling region can be described as an excitonic
bound state. Therefore the spin gap is suppressed by the

09, O---e- 4 site
N ---0-- 6 site
AS N —aA— 8 site

0.6 . .
0.0 0.5 1.0

U

FIG. 2. The spin-excitation energy A, in the weak-coupling
region. The open circle, square, and triangle show the numeri-
cally calculated spin excitation energies for L =4, 6, and 8, re-
spectively. The electron-hole bound-state energy E,, which is
given by Eq. (2.12), is shown by dotted, dashed, solid, and bold
lines for L =4, 6, 8, and oo.
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Coulomb repulsion. In an infinite system, the suppres-
sion is proportional to U?, in contrast to the U linear
suppression observed in a finite system.

The spin gap in the strong-coupling region decreases
with increasing U. To determine the dependence of A,
on U from the data for finite systems, a finite-size scaling
similar to the one used for the KLM is necessary.’ The
scaling is performed by using the Gutzwiller form as fol-
lows. For each A, calculated by exact diagonalization for
a certain U and a certain L, we can determine a V4 that
gives the same gap for the same L through Eq. (2.16). (In
the case of L =6, the equation is slightly modified accord-
ing to the antiperiodic boundary condition.) This in turn
determines the “effective Coulomb interaction” U,
which gives the same spin gap in the Gutzwiller approxi-
mation for the same L. In this way we can get a mapping
from U to U4 for each system size.

Figure 3 shows the result of the finite-size scaling. Al-
though the lines for L =4, 6, and 8 do not overlap
perfectly—disagreeing due to a remnant finite-size effect
present in our scaling procedure—overall agreement is
satisfactory. The fact that U, is linear in U in the
strong-coupling region confirms that the spin-excitation
gap decays exponentially with increasing U,
Ajxe *’"U/“"VZ. In this expression, @ =2 is the Gutzwill-
er exponent, while =1 gives the same exponent as the
single-impurity Kondo energy. In order to obtain the
scaling constant a, we fit each line by U.s=a +bU in the
region 2= U =10. The fitting parameters are listed in
Table I. The scaling factor a=2/b are slightly larger
than one, which is consistent with the result of the
Kondo-lattice model 1.0 <a =< 1.25, obtained by Tsunet-
sugu et al’

From the analysis, we can conclude that the symmetric
periodic Anderson model at half filling always has an ex-
citation gap which is given by the spin gap. The spin gap
shows a smooth crossover from the weak-coupling to the
strong-coupling region. This crossover is consistent with

20
Ueff
101
o . . N "
0 2 4 6 8 10

FIG. 3. The finite-size scaling result for A;. The mapping
from the Coulomb energy U to the effective one U is shown by
the dotted and broken lines for L =4 and 6, respectively. The
results for L =8 are shown by the open triangles, for which the
solid line is just a guide for the eyes.
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TABLE 1. Parameters obtained by the linear fitting
U.s=a+bU for each system size. a=2/b is the enhancement
factor of the spin gap energy over the single-impurity Kondo
energy.

L a b a

4 2.24 1.83 1.10
6 2.63 1.75 1.15
8 2.74 1.56 1.28

the behavior of the spin-correlation functions observed by
the quantum Monte Carlo simulations.?’ The spin gap
shows an exponential behavior in the strong-coupling re-
gion such as the Gutzwiller prediction. The exponent is,
however, different from the Gutzwiller theory but still
slightly larger than the single-site Kondo energy, indicat-
ing a lattice enhancement of the characteristic low-energy
scale.

B. Charge-excitation gap

For a finite L, the charge-excitation gap in a weak-
coupling region is also well explained by the excitonic
treatment discussed in Sec. II B. Figure 4 shows A, in
the weak-coupling region. The analytical result agrees
well with A, obtained by the numerical diagonalization.
It increases linearly in U for a finite system, but the slope
vanishes in the limit of L — oo.

A transitional behavior from the weak-coupling case to
the strong-coupling regime is shown in Fig. 5. For a
finite L, after taking a maximum at a certain U, A, de-
creases with U but much more slowly than A;. In order
to find the asymptotic form of A, we tried various func-
tional forms. The scaling analysis using the Gutzwiller

""" O 4 site o
11 L ---0-- 6 site -~

—A— 8 site e

0.0 0.5 1.0

U

FIG. 4. The charge gap A, in the weak-coupling region. The
open circles, squares, and triangles are the results of the exact
diagonalization for L =4, 6, and 8, respectively. For compar-
ison, the excitation energies E, given by Eq. (2.13) are shown
for L=4, 6, 8, and « by dotted, dashed, solid, and bold lines,
respectively.
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Excitation Energy

FIG. 5. The charge-excitation energy A, from weak- to
strong-coupling regimes for L =4 (open circle), 6 (square), and 8
(triangle). The A for L =8 are shown by the filled triangles, for
comparison.

form does not give a good fit for the charge gap, indicat-
ing that A_ has a different asymptotic form from A;. We
found that a simple 1/U behavior fits very well for A, as
shown in Fig. 6. Similar behavior is observed for the
KLM. Figure 7 shows A, of the PAM and the KLM for
L =8 as a function of J,=8V?2/U.!' The A, is of the
KLM (circles) and the PAM (squares) come close to each
other in the weak Jg, i.e., in the strong-U region.

The system size dependence of the proportionality con-
stant, ¢ = lim;_,o(A./J) is plotted in Fig. 8. Although
there is a large finite-size effect for the coefficient, the
figure suggests that the proportionality constant c¢
remains finite when extrapolated to the limit of L = 0.
Furthermore, it approaches ¢ =3, which is the prediction
of the antiferromagnetic HF treatment discussed in Sec.
IIC.

Finally we discuss the ratio R =A_/A;. In the weak-
coupling region, the present study has established that for
a finite L, A, decreases, while A, increases linearly with
U in the weak-coupling region. Therefore, at least for
finite L, R is an increasing function of U in the weak-

FIG. 6. The asymptotic behavior of A, in the large-U region.
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coupling region. According to Egs. (2.12) and (2.13), the
ratio R also increases in the limit of infinite L, where the
deviation from unity is proportional to U2, Now we turn
to the ratio R in the strong-coupling limit. Figure 9
shows the ratio A, /A up to U=30. The ratio increases
with U for every L. Moreover, the increasing rate itself is
an increasing function of L. Thus we can conclude that
A. /A for L = o diverges in the strong-coupling limit.

IV. CONCLUSION AND DISCUSSION

We have calculated the spin- and charge-excitation
gaps in the one-dimensional periodic Anderson model at
half filling in the entire range of the Coulomb interaction
U. It is shown that in the weak-coupling region, the
spin-excitation gap A; decreases with increasing U due to
the excitonic effect, while the charge-excitation gap A,
increases for a finite system. In the strong-coupling re-
gion, both A; and A, decrease with U. A finite-size scal-
ing analysis up to L =8 shows that A; decreases exponen-
tially as a function of U consistently with the spin gap of
the Kondo-lattice model. The charge excitation A_. de-
creases much more slowly than the spin gap, in contrast
to the prediction of the Gutzwiller approximation. The
numerical results for finite systems up to eight sites are
consistent with a 1/U dependence of the A, in the
strong-coupling region. Still, further study is necessary
to determine the functional form of the charge gap in the
infinite system. However, concerning the ratio between
the two gaps, R =A_./A,, the present results lead to the
conclusion that the ratio diverges in the strong-coupling
limit.

Totally different behavior between A, and A; in the
strong-coupling region means that a rigid band picture,
which appears in various mean-field-type approxima-
tions, is a poor description for the excitations. Further-
more, a preliminary numerical calculation of the PAM
under finite magnetic fields shows that a large charge-
excitation gap remains even when the system has a finite
magnetization,?? another phenomenon which is not ex-
plained by the band picture.

The monotonic increase and divergence of R in the
strong-coupling limit have important relevance to the
clarification of the nature of Kondo insulator materials.
It has not been clear what is the basic difference between
a strongly correlated Kondo insulator and an insulator
due simply to a hybridization gap. The present study in-
dicates that R can be used as a measure of distinguishing
the two cases. One remark necessary at this point is that
the present model has a high SO (4) symmetry, due to
which the charge excitations are unambiguously dis-
tinguished from the spin excitations. In a general case
with a lower symmetry, there is weak coupling between
the two degrees of freedom. However, it may be possible
to observe the basic difference between them by looking
at, for example, the temperature dependence of the NMR
relaxation rate for spin excitations and the optical spec-
trum for charge excitations. Systematic experimental
studies of the spin and charge excitations are highly
desirable.
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