
VOLUME 76, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JANUARY 1996

sity,

one-
key

ions
tion
Heavy Quasiparticles in the Anderson Lattice Model
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An exact-diagonalization technique on small clusters is used to study the dynamics of the
dimensional symmetric Anderson lattice model. Our calculated excitation spectra reproduce
features expected for an infinite Kondo lattice such as nearly localized low-energy spin excitat
and extended regions of “heavy-quasiparticle” bands. We show that, in contrast to the hybridiza
picture, low-energy spin excitations of the nearly localizedf-electron system play a key role in the
formation of an almost dispersionless low-energy band of heavy quasiparticles.

PACS numbers: 71.27.+a, 71.28.+d, 75.20.Hr
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The origin of the anomalous behavior off-electron com-
pounds is an unresolved issue in the theory of stron
correlated electron systems. Thereby the way in whi
a periodic array of magnetic ions interacting with a s
of conduction electrons can give rise either to the extre
low-energy scale in the Landau-type quasiparticle ban
of heavy-fermion compounds [1,2] or to gaps of appare
many-body origin in the excitation spectra of Kondo ins
lators [3,4] is not yet understood. On a phenomenologi
level, heavy-fermion compounds have been described w
considerable success by the “renormalized band theo
[1], where the effect of electron correlations is describ
by the renormalization of on-site energy and hybridizatio
strength of the magnetic ions.

In this Letter we study the Anderson lattice mod
(ALM), the simplest model relevant forf-electron com-
pounds, by Lanczos diagonalization of small cluste
[5], and show that such a renormalized band pictu
on one hand, may provide a reasonable phenome
logical description of the dispersion relations, but, o
the other hand, is not really adequate on a microsco
level: Contrary to the one-particle picture, the heav
quasiparticles may be viewed as loosely bound states
conduction electrons and spin-wave-like excitations of t
nearly localizedf-electron system. The emerging pictur
is thus more reminiscent of the spin polaron discuss
recently on the basis of a semiclassical treatment of
Kondo lattice [6]. We would like to stress that due t
the small size of the clusters our calculations can neith
reproduce the exponentially small energy scales pres
in the Anderson impurity problem nor do they allow fo
the derivation of an accurate phase diagram. Nevert
less, one may expect that the relative magnitudes of
ergy scales, and hence the nature of the low lying sta
are reproduced correctly by our calculations; in that sen
our results for dynamical quantities are complementa
to the scaling theories in Ref. [7] or the renormalizatio
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group calculations for the ground states of larger syste
in Ref. [8].

We consider a tight-binding version of the one
dimensional ALM defined by the Hamiltonian

H  2 t
X

kijls
scy

iscjs 1 H.c.d 2 V
X
is

scy
isfis 1 H.c.d

1 U
X

i

snf
i" 2

1
2 d snf

i# 2
1
2 d , (1)

wherecis sfisd is the annihilation operator for an electro
of spins at sitei in thec s fd orbitals andn

f
is  f

y
isfis .

Model parameters are hopping strengtht between nearest-
neighborc orbitals, mixingV betweenc andf orbitals, and
on-site repulsionU at thef orbitals. The on-site energy
of thef orbitals is taken to be2Uy2, i.e., we consider the
“symmetric” case. We focus on electron densities close
“half filling,” i.e., 2Ns electrons inNs unit cells (a unit cell
contains onec and onef orbital). Restrictions on memory
space and computer time necessitate choosingNs # 6. To
get additional information, we employ twisted bounda
conditions (BC) [9,10]. We requirecNs11s  eiwc1s and
fNs11s  eiwf1s by introducing an arbitrary phasew;
the allowed momenta are thenk  s2pn 1 wdyNs with
n  0, . . . , Ns 2 1. It has been pointed out [11,12] tha
in the half-filled case finite size effects can be minimize
by choosingw  sNsy2dp . As will be seen below, the
combination of spectra obtained with different values
w gives remarkably smooth “band structures.” Howeve
none of our conclusions to be presented below depend
such an assignment of bands.

We first consider the single-particle spectral functio
Agsk, vd defined as a sumAgsk, vd  A2

g sk, 2vd 1

A1
g sk, vd of the photoemission spectrum (PES)

A2
g sk, vd 

1
p

FkCN
w j

3 g
y
ks

1
v 2 sH 2 EN

w d 2 ie
gksjCN

w l , (2)
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and the inverse photoemission spectrum (IPES)

A1
g sk, vd 

1
p

FkCN
w j

3 gks

1
v 2 sH 2 EN

w d 2 ie
g

y
ksjCN

w l , (3)

whereEN
w sjCN

w ld denote the ground state energy (wa
function) with N electrons and twisted BC of phasew.
The operatorgks refers to the Fourier transform of th
operator for either conduction electronsscisd or the f
electronss fisd. Results forAgsk, vd obtained by the
standard Lanczos procedure are given in Fig. 1. One
identify the “upper and lower Hubbard bands” for th
f electrons, separated by an energy,U. They are dis-
persionless and somewhat broadened, with almost p
f character. In addition to this typical strong-correlatio
feature, there are two bands which are more reminisc
of noninteracting electrons: One can identify the u
renormalizedc-electron band of width4t, apparently split
into two bands by hybridization with a “renormalized”f
level in the middle of the Hubbard gap. This feature r
sults first in a well-defined gap between PES and IP
spectra and second in extended regions of “heavy” ba
with apparently puref character. The dispersion of th
two “hybridization bands” as well as the change from a
most purec character to almost puref character around
py2 are thereby both roughly consistent with the pictu
of noninteracting electrons. The spectral weight of t
parts withf characters, however, is substantially smal

FIG. 1. Single-particle excitation spectraAgsk, vd for Ns  6
with different w for Vyt  1 and Uyt  6. The spectra at
k  0, py3, 2py3, and p correspond tow  0 (i.e., periodic
BC). Thef spectra are multiplied by21 for better distinction,
the Lorentzian broadening ise  0.02t. The upper panel
shows the spectra for the half-filled ground state, the low
panel for the ground state with five up and five down electro
(i.e., with two holes). The vertical dashed line shows t
chemical potential.
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than in the parts withc character; comparison shows th
this asymmetry is the more pronounced the larger the
tio UyV .

The change ofAgsk, vd with hole doping is at first sight
completely consistent with the picture of noninteractin
electrons [13]: The chemical potential seems to sh
into the heavy band, so that a kind of Fermi surfa
emerges, and upper and lower Hubbard bands rem
unaffected. In addition to this rigid-band-like behavio
however, there is also a modification of the “light” parts
the band structure, far fromEF : c-type spectral weight
is transferred from PES to IPES nearpy2, i.e., the
Fermi momentum for a half-filled band of unhybridize
conduction electrons. The change ofAcsk, vd thus is
reminiscent ofunhybridizedconduction electrons. On a
phenomenological level, this could be reproduced if o
assumed that the renormalizedf-level energy is pinned
near the chemical potential ofN 2 Ns unhybridized
conduction electrons, i.e., the Fermi energy of a “froze
core” band structure.

We now want to clarify the nature of the heavy
band states. Important information can be obtained fr
the momentum distribution functionngsskd  kgy

ksgksl;
more precisely, we study the change ofngsskd upon re-
moving one electron. In a six-unit-cell system, we eva
uate the differenceDngsskd between thengsskd in the
lowest state with five down-spin and six up-spin electro
at the total momentumktot and thengsskd of the ground
state at half filling. We choosektot such that the single-
hole state belongs to the heavy part of the band. In
hybridization model, the creation operators in the low
hybridization band would reada

y
ks  ukc

y
ks 1 ykf

y
ks , so

that Dnc"skd  0, Dnc#skd  2jukj2dk,2ktot , Dnf"skd  0,
and Dnf#skd  2jykj2dk,2ktot. Since one may expec
uk ø 0 and yk ø 1 in the heavy band, the electron i
removed only from thef species with spin down and a
k  2ktot. The calculated results forDngsskd are shown
in Fig. 2, where we note the following features, almo
all of which are in contrast to these predictions: (i) Ind
pendently of the actual momentumktot of the single-hole
state,c electrons of both spin directions are removed
the two kc

F . (ii) The resulting loss of up-spin electron
is compensated by an almostk-independent spin polariza
tion of thef electrons. (iii) As the only agreement with
the hybridization model there is an extra “dip” innf#skd
for k  2ktot, which however diminishes rapidly in mag
nitude for decreasingVyU. These results establish firs
of all that the “heavy quasiparticle” is predominantly
“missing c electron” with only a small admixture off
character (for largeUyV ). By contrast, the puref char-
acter of the lower Hubbard band suggests that it is in t
band where anf electron is missing. We thus have a
energy separation ofc-like andf-like degrees of freedom
(of order Uy2), in contrast to the hybridization scenario
However, there must be some mechanism which rend
the missingc electron “invisible” in Acsk, vd when k is
in the heavy band.
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FIG. 2. DifferenceDngsskd between zero-hole and one-ho
ground states atUyt  6: (a) Vyt  1, ktot  5py6, w  p
(i.e., antiperiodic BC); (b)Vyt  1, ktot  p, w  0; (c)
Vyt  0.5, ktot  5py6, w  p. As a reference,ngsskd for
the zero-hole ground state atVyt  1 is shown in (d).

As for this latter issue, we note that the spin polariz
tion of the f electrons suggests the presence of a s
excitation. We therefore consider the spin-excitation sp
trum

Sasq, vd 
1
p

FkCN
w j

3 S2
aq

1
v 2 sH 2 EN

w d 2 ie
S1

aqjCN
w l , (4)

where S1
aq is the Fourier transform of either the tota

spin raising operatorc
"
i"ci# 1 f

y
i"fi# sa  totd or the

f-electron-spin raising operatorf
y
i"fi# sa  fd. The

calculated spectra (see Fig. 3) show strong low-ene
peaks with negligible dispersion, which probably are t
(almost) local singlet-triplet excitations expected for
Kondo lattice. InSf sq, vd, these low-energy peaks ar
enhanced, whereas the smaller peaks at higher ene
are suppressed: Obviously, the spin flip on anf electron
in the ground state to excellent approximation produc
another eigenstate. There is a pronouncedk dependence
of the peak intensity, similar to spin waves in an a
tiferromagnet. One may assume that this reflects
antiferromagnetic spin correlations due to the RKKY-ty
interaction. We also study the change of the mom
tum distribution of the half-filled system due to a sp
excitation; more precisely, we consider the differen
between the momentum distribution for the lowest st
with Sz  1 and momentump [i.e., the final state for the
low-energy peak inSasq, vd] and that for the ground state
This difference is shown in the inset of Fig. 3. Where
-
in
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e

e
-

e
te

s

FIG. 3. Spin-excitation spectraSasq, vd for Vyt  1 and
Uyt  6, w  0. The Lorentzian broadeninge  0.02t. Inset
shows the change ofngsskd due to the spin excitation.

the c electrons remain virtually unaffected by the sp
excitation, there is an almostk-independent polarization
of the f electrons, as one would expect it for a quantu
spin system without charge degrees of freedom. Ag
we find a remarkable degree of separation of thec- and
f-electron “subsystems,” which may also provide a na
ral explanation for the strongly different spin and char
excitations found in previous studies [8,11,12,14–19]
Kondo insulators.

Let us now combine the above results to obtain a sim
picture of the heavy states. Since they represent the p
of the PES or IPES spectrum with the lowest excitati
energy, let us consider the limitV ! 0 and ask: How
can we remove or add an electron so as to lower
energy most efficiently? In the half-filled ground sta
there is on the average onef electron per unit cell, with
only a small admixture of the empty or doubly occupie
f site. Removing or adding anf electron will on the
average raise the energy byUy2, and thus is unfavorable
Accordingly, the statefksjCN

w l, which would be the most
natural ansatz within the hybridization picture, has on
small overlap with the true “heavy state,” particularly i
the strong correlation case (i.e., smallVyU). One measure
for the weight of this state in the ground state would
the “depth” of the dip innfsskd. On the other hand, ac
electron can be removed or added with practically no c
in energy if that is done nearkc

F . Next, thef-electron
spin excitations with their small excitation energies off
a way to dispose of “excess momentum” with almost
cost in energy. This suggests to remove or add thec
electron always atkc

F , and transfer the excess momentu
to anf-spin excitation. This picture immediately explain
the reduction ofnfsskc

Fd, as well as the spin polarization
of the f-electron system due to the accompanyingf-spin
excitation. We are thus led to the following ansatz for
281
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holelike heavy state,

jCskdl 

(
ukf2k# 1

X
kc

F

ykc
F
fckc

F #S
z
f sk 1 kc

Fd

2 ckc
F "S

1
f sk 1 kc

Fdg

)
jCN

w l . (5)

HereSz
f sqd is thez-spin operator for thef electrons with

momentum transferq, and uk and yk are (variational)
parameters. The state [Eq. (5)] has momentumk, z spin
1y2, and total spinS  1y2; i.e., the spins off-electron
excitation and c-electron hole maximally compensat
each other. This is reminiscent of the “quenching”
a Kondo-impurity spin due to bound-state formatio
The variational parameters in (5) are determined fro
the requirement thatjCskdl has norm 1 and maximum
overlap with the exact heavy state with momentumk.
Figure 4 shows the overlapjkCskdjCN21

w lj2 for different
values of Vyt and Uyt at k  5py6; here jCN21

w l
denotes the exact heavy state, andjCskdl is given
in Eq. (5). For comparison, the overlap of the sta
f2k#jC

N
w l (normalized to unity) with jCN21

w l is also
shown (in the hybridization picture, the latter quanti
would be 1). While the “baref electron” is a good
approximation only in the smallUyV case, the overlap
of the state in Eq. (5) is.90%, for all parameter values
so that we find a good description of the heavy-band sta
in the strong correlation region.

In summary, we have studied the single-particle sp
tral function and dynamical spin-correlation function fo
finite clusters of the Anderson lattice model at or ne
half filling. Despite the necessarily rather coarse ene
scales available in the clusters, our results do reproduce
features expected for infinite Kondo lattices, namely, e
tended heavy bands and almost dispersionless low-en
spin excitations. On a phenomenological level, the lo
energy parts of the spectral function can be described
sonably well by a renormalized band picture where
“effective f level” pinned to the frozen-core Fermi energ
mixes with the conduction band. This picture, howev
has not much significance beyond a purely phenomeno

FIG. 4. Overlap of the state given by Eq. (5) (white symbo
and the statef2k#jC

N
w lykCN

w jf
y
2k#f2k#jC

N
w l1y2 (black symbols)

with the exact heavy statejCN21
w l at k  5py6 andw  p as

functions ofUyt.
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ical level: There is a clear separation between the lo
energy hybridization bands which correspond to a missi
(or extra) c electron and the two Hubbard bands whic
correspond to a missing (or extra)f electron. The heavy
quasiparticles rather have the character of loosely bou
states between a conduction electron at the Fermi mom
tum of the unhybridized conduction-electron system a
spin-wave-like excitation of thef-electron lattice which
acts very much like a pure quantum-spin system.

Since the “spin polaron bands” are formed by boun
states, rather than by true hybridization, it seems natu
to assume that the breaking of the bound states will co
pletely remove the heavy parts of the band structure a
leave behind only the frozen-core Fermi surface. Sin
the heavy quasiparticles involve the spin compensation
f excitation andc hole, it is moreover clear that they can
be broken by a magnetic field. Then, the breaking of t
heavy polarons by a magnetic field and the correspond
collapse of the Fermi surface to the frozen-core volume a
pears as a natural explanation for the so-called metam
netic transition associated with the “itinerant-to-localized
nature off electrons [20].
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