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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 one-
dimensional symmetric Anderson lattice model. Our calculated excitation spectra reproduce key
features expected for an infinite Kondo lattice such as nearly localized low-energy spin excitations
and extended regions of “heavy-quasiparticle” bands. We show that, in contrast to the hybridization
picture, low-energy spin excitations of the nearly localizéélectron 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

The origin of the anomalous behavior#lectron com- group calculations for the ground states of larger systems
pounds is an unresolved issue in the theory of stronglyn Ref. [8].
correlated electron systems. Thereby the way in which We consider a tight-binding version of the one-
a periodic array of magnetic ions interacting with a seadimensional ALM defined by the Hamiltonian
of conduction electrons can give rise either to the extreme
low-energy scale in the Landau-type quasiparticle bands i Z (C”’C"’ +He) - VZ(C’”f”’ + He)
of heavy-fermion compounds [1,2] or to gaps of apparent (i
many-body origin in the excitation spectra of Kondo insu- +U Z(n‘,T 2) (n‘,l 1) @
lators [3,4] is not yet understood. On a phenomenological
level, heavy-fermion compounds have been described witherecis (f,g) is the annihilation operator foran electron
considerable success by the “renormalized band theonydf spino at sitei in the c (f) orbitals andil, = f1, fio.
[1], where the effect of electron correlations is describedVlodel parameters are hopping strengtietween nearest-
by the renormalization of on-site energy and hybridizationneighborc orbitals, mixingV’ betweerr andf orbitals, and
strength of the magnetic ions. on-site repulsiorlU at thef orbitals. The on-site energy
In this Letter we study the Anderson lattice modelOf the s orbitals is taken to be-U/2, i.e., we consider the
(ALM), the simplest model relevant fof-electron com- “symmetric” case. We focus on electron densities close to
pounds, by Lanczos diagonalization of small clustershalffilling,”i.e., 2N, electrons inV, unit cells (a unit cell
[5], and show that such a renormalized band picturecontains one and onef orbital). Restrictions on memory
on one hand, may provide a reasonable phenomen&pace and computer time necessitate chodging 6. To
logical description of the dispersion relations, but, ongét additional information, we employ twisted boundary
the other hand, is not really adequate on a mICI’OSC0pI§0nd|t|OnS (BC)[9,10]. We requirey,+1, = e'¢ci, and
level: Contrary to the one-particle picture, the heavy/n,+1c = ¢'?f1, Dy introducing an arbitrary phase;
quasiparticles may be viewed as loosely bound states dfe allowed momenta are thén= (27n + ¢)/N, with
conduction electrons and spin-wave-like excitations of thez = 0,..., Ny — 1. It has been pointed out [11,12] that
nearly localizedf-electron system. The emerging picture in the half filled case finite size effects can be minimized
is thus more reminiscent of the spin polaron discusse8y choosinge = (N,/2)m. As will be seen below, the
recently on the basis of a semiclassical treatment of theombination of spectra obtained with different values of
Kondo lattice [6]. We would like to stress that due to ¢ gives remarkably smooth “band structures.” However,
the small size of the clusters our calculations can neithefione of our conclusions to be presented below depend on
reproduce the exponentially small energy scales preseftiCh an assignment of bands.
in the Anderson impurity problem nor do they allow for ~We first consider the single-particle spectral function
the derivation of an accurate phase diagram. Neverthe‘\y(k w) defined as a sumi,(k,w) = A} (k, —w) +
less, one may expect that the relative magnitudes of em, (k, ) of the photoemission spectrum (PES)

ergy scales, and hence the nature of the low lying states,, AT (k, @) = — (S,<\I,N|

are reproduced correctly by our calculations; in that sense

our results for dynamical quantities are complementary % 71‘ 1 Yeo Y)Y, (2)
to the scaling theories in Ref. [7] or the renormalization ko W — (H — EY) - ko

0031-900796/76(2)/279(4)$06.00 © 1996 The American Physical Society 279



VOLUME 76, NUMBER 2 PHYSICAL REVIEW LETTERS 8 ANUARY 1996

and the inverse photoemission spectrum (IPES) than in the parts witle character; comparison shows that
. | this asymmetry is the more pronounced the larger the ra-
AJ (k, ) = — RIS tio U/V.

1 The change o\, (k, w) with hole doping is at first sight
completely consistent with the picture of noninteracting

T N
ag a "I, > 3
WhereEg (|‘I’$>) denote the ground state energy (Wavefelectrons [13]: The chemical potential seems to shift

function) with N electrons and twisted BC of phage into the hea\éy band, sod t?at a EngbOdegrm('j surfacg
The operatory,, refers to the Fourier transform of the emerges, and upper and lower Hubbard bands remain

operator for either conduction electrofs,,) or the f unaffected. In addition to this rigid-band-like behavior,
electrons( fi,). Results forA, (k, ) obtetlrined by the however, there is also a modification of the “light” parts of
Lagj- Y ]

: . band structure, far frorir: c-type spectral weight
standard Lanczos procedure are given in Fig. 1. One ca € F .
identify the “upper and lower Hubbard bands” for the IS tra_nsferred from PES to .IPES near/2, ie., .th_e
7 electrons, separated by an energy/. They are dis- Fermi momentum for a half-filled band of unhybridized

persionless and somewhat broadened, with almost pu ndqctlont elfictrzort;s'.d. Trée cr:jan?e ‘@Ifk’;‘)) thUSOIS
f character. In addition to this typical strong—correlationremlnlscen ofunhybridizedconduction €lectrons. Ln a

feature, there are two bands which are more reminisce henomenological level, thig could be reproquce_d if one

of noninteracting electrons: One can identify the un_assumed that the renorma'llzg”ellevel energy 1s _pmned

renormalizedc-electron band of widtldz, apparently split near th_e chemical pptennal aW — N unhybnd‘!zed

into two bands by hybridization with a “renormalizeg” conq’ucUon electrons, i.e., the Fermi energy of a “frozen-

level in the middle of the Hubbard gap. This feature re—CO\rls band structturte. larify th ¢ f the h

sults first in a well-defined gap between PES and IPE% e now want to clarify the nature of the heavy-
t

X Yk

spectra and second in extended regions of “heavy” ban and states. Important information can be obtained from

o . R _
with apparently puref character. The dispersion of the "€ momentulm d|str|bué|0nhfunct:1tlomw(k) _k<7k07’k0>'
two “hybridization bands” as well as the change from al-T0'e Precisely, we study the c angergf, (k) upon re-

most purec character to almost purg character around mc;VIr][E oggﬁelectrg. Ir(‘k? E'Xt'un't'ciu Syst?kn;,lwiheval-

7 /2 are thereby both roughly consistent with the picturelua € ¢ et tl er.i??. "é‘f e_weedn Ny (k) ml (te

of noninteracting electrons. The spectral weight of thea?tV\t/ﬁ: tf)tzlem\/\gmelr\mlti mowg'nsdp'tr;]:: ?]'3 lcj)?-tshpemgreoi?\éons
1 i i tot yo

parts with f characters, however, is substantially Sma"erstate at half filing. We choosé,, such that the single-

hole state belongs to the heavy part of the band. In the

PES R ' Ipigs hybridization model, the creation operators in the lower
; hybridization band would read,ir(r = ukc}:(, + ka,f(,, SO
- —— o e s that An(k) = 0, Angy(k) = —lug*8 1, Angi(k) =0,
T LIS /A8 Y 1 A VUM o S and Ang (k) = —|vg|*Sk.—r,. Since one may expect
— e o u; = 0 and v, = 1 in the heavy band, the electron is
3 T removed only from thef species with spin down and at
b S— (' — L k = —ky. The calculated results fan, (k) are shown
o—f——2= e~ —~ in Fig. 2, where we note the following features, almost
aaaa e b baeenloaaa Voahslonabonnilannalang . . . . -
S — all of which are in contrast to these predictions: (i) Inde-
pendently of the actual momentuky, of the single-hole
- i Y S— state,c eIectr(_)_ns of both s_pin directions are removed at
na A — — i i the two k. (i) The resulting loss of up-spin electrons
2n/3F—r L o is compensated by an almdsindependent spin polariza-
- e — i tion of the f electrons. (iii) As the only agreement with
3 e :J{ v WWVYW the hybridization model there is an extra “dip” iry;(k)
N s e for k = —kt, Which however diminishes rapidly in mag-
"~ o nitude for decreasiny/U. These results establish first
I S T of all that the “heavy quasiparticle” is predominantly a
Wt “missing ¢ electron” with only a small admixture of

FIG. 1. Single-particle excitation spectg(k, w) for Ny, = 6 character (for largé//V). By contrast, the pur¢_ C_ha_r' .
with different ¢ for V/t = 1 and U/t = 6. The spectra at acter of the lower Hubbard band suggests that it is in this

k =0, 7/3,27/3, and 7 correspond tap = 0 (i.e., periodic ~band where arf electron is missing. We thus have an
BC). The f spectra are multiplied by-1 for better distinction,  energy separation af-like and f-like degrees of freedom
the Lorentzian broadening i = 0.02r. The upper panel o (Of order U/2), in contrast to the hybridization scenario.

shows the spectra for the half-filled ground state, the low th tb hani hich d
panel for the ground state with five up and five down eIectronﬁowever' ere must be some mechanism which renders

(i.e., with two holes). The vertical dashed line shows thethe missinge electron “invisible” inA.(k, @) whenk is
chemical potential. in the heavy band.
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FIG. 3. Spin-excitation spectr8,(q,w) for V/t =1 and
031 7 U/t = 6, ¢ = 0. The Lorentzian broadening = 0.02¢. Inset

1 I 1 | ] 1 8 i i i
e e BT 0 w3 3 n shows the change of,, (k) due to the spin excitation.

k
FIG. 2. DifferenceAn, (k) between zero-hole and one-hole the ¢ electrons remain virtually unaffected by the spin
ground states al//t = 6: (&) V/t = 1, ki = 5m/6, ¢ = m  excitation, there is an almogtindependent polarization
(i.e., antiperiodic BC); (B)V/1 =1, kx =, ¢ =0 (©)  of the f electrons, as one would expect it for a quantum
V/1 =05, ko =5m/6, ¢ = m. As a referencen, (k) for  oin system without charge degrees of freedom. Again
the zero-hole ground state ©f/ = 1 is shown in (d). . .

we find a remarkable degree of separation of ¢hend

As for this | . hat th . lari f-electron “subsystems,” which may also provide a natu-
s for this latter issue, we note that the spin polarizay,, explanation for the strongly different spin and charge

tion. Of. the f electrons suggests the presence (.)f a SPIRycitations found in previous studies [8,11,12,14-19] of
excitation. We therefore consider the spin-excitation specg ;0 4o insulators.

trum 1 Let us now combine the above results to obtain a simple
Salg, w) = — i}(qfﬁ,’l picture of the heavy states. Sinqe they represent the parts
T 1 B of the PES or IPES spectrum with the lowest excitation
X Seqg —— == Sl We).  (4)  energy, let us consider the limit — 0 and ask: How
w—(H—EN)—ie
¢ can we remove or add an electron so as to lower the

where S, is the FOUI’I?I‘ transt?rm of either the total- gnorgy most efficiently? In the half-filled ground state
spin raising operatorc;ic;y + fiifi (@ = to) or the there is on the average orfeelectron per unit cell, with
f-electron-spin raising operatof;ffil (e = f). The only a small admixture of the empty or doubly occupied
calculated spectra (see Fig. 3) show strong low-energy site. Removing or adding ayi electron will on the
peaks with negligible dispersion, which probably are theaverage raise the energy by/2, and thus is unfavorable.
(almost) local singlet-triplet excitations expected for aAccordingly, the statg"kal‘lfq’;’% which would be the most
Kondo lattice. InS;(q, w), these low-energy peaks are natural ansatz within the hybridization picture, has only
enhanced, whereas the smaller peaks at higher energissall overlap with the true “heavy state,” particularly in
are suppressed: Obviously, the spin flip onfaglectron  the strong correlation case (i.e., smiafiU). One measure

in the ground state to excellent approximation produces$or the weight of this state in the ground state would be
another eigenstate. There is a pronounkatependence the “depth” of the dip ins, (k). On the other hand, a

of the peak intensity, similar to spin waves in an an-electron can be removed or added with practically no cost
tiferromagnet. One may assume that this reflects than energy if that is done nearr. Next, the f-electron
antiferromagnetic spin correlations due to the RKKY-typespin excitations with their small excitation energies offer
interaction. We also study the change of the momena way to dispose of “excess momentum” with almost no
tum distribution of the half-filled system due to a spincost in energy. This suggests to remove or add ¢he
excitation; more precisely, we consider the differenceelectron always atr, and transfer the excess momentum
between the momentum distribution for the lowest statd¢o anf-spin excitation. This picture immediately explains
with S, = 1 and momentumr [i.e., the final state for the the reduction ofi, (k), as well as the spin polarization
low-energy peak is, (¢, w)] and that for the ground state. of the f-electron system due to the accompanyjirgpin
This difference is shown in the inset of Fig. 3. Whereasexcitation. We are thus led to the following ansatz for a
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holelike heavy state, ical level: There is a clear separation between the low-
energy hybridization bands which correspond to a missing
|V (k) = Jurf-i + ka;[ck;ls}(k + k) (or extra) ¢ electron and the two Hubbard bands which
ki correspond to a missing (or extra)electron. The heavy

- ck;TSJT(k + k§)] |\I’2’>. (5) quasiparticles rather have the character of loosely bound
states between a conduction electron at the Fermi momen-

Here S} (q) is thez-spin operator for the¢f electrons with  tum of the unhybridized conduction-electron system and
momentum transfeg, and u; and v, are (variational) Spin-wave-like excitation of thef-electron lattice which
parameters. The state [Eq. (5)] has momentym spin  acts very much like a pure quantum-spin system.
1/2, and total spinS = 1/2; i.e., the spins off-electron Since the “spin polaron bands” are formed by bound
excitation and c-electron hole maximally compensate states, rather than by true hybridization, it seems natural
each other. This is reminiscent of the “quenching” ofto assume that the breaking of the bound states will com-
a Kondo-impurity spin due to bound-state formation.pletely remove the heavy parts of the band structure and
The variational parameters in (5) are determined fronleave behind only the frozen-core Fermi surface. Since
the requirement that¥(k)) has norm 1 and maximum the heavy quasiparticles involve the spin compensation of
overlap with the exact heavy state with momentim f excitation andc hole, it is moreover clear that they can
Figure 4 shows the over|aquf(k)|qu*1>|2 for different  be broken by a magnetic field. Then, the breaking of the
values of V/t and U/t at k = 57/6, here |[¥N~1)  heavy polarons by a magnetic field and the corresponding
denotes the exact heavy state, ahH(k)) is given collapse of the Fermi surfacg to the frozen-core volume ap-
in Eqg. (5). For comparison, the overlap of the stateP€ars as a natural explanation for the so-called metamag-
f-ul¥Y) (normalized to unity) with| WY 1) is also netic transition associated with the *itinerant-to-localized”

shown (in the hybridization picture, the latter quantity Nature off electrons [20]. _ _
would be 1). While the “baref electron” is a good We thank S. Haas for useful conversations. This
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