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Existence of a ferroelectric ground state with a spontaneous polarization
in the Falicov-Kimball model
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The extrapolation of small-cluster exact-diagonalization calculations is used to examine the possibility of
electronic ferroelectricity in the one-dimensional spinless and spin-one-half Falicov-Kimball fRdcd]). It
is found that neither the spinless nor the spin-one-half version of the FKM allows for a ferroelectric ground
state with a spontaneous polarization, i.e., there is no nonvanigting) expectation value for vanishing
hybridizationV. [S0163-182609)05015-9

In the last few years the Falicov-Kimball mod¢FKM)  for the localizedf electrons whose sharp energy leveEis.
has been extensively studied in connection with the exciting’he last term represents the hybridization between the itin-
idea of electronic ferroelectricit§:* It is generally supposed erant and localized states.
that the ferroelectricity in mixed-valent compounds is of |n spite of the fact that many of the ground-state proper-
purely electronic origin, i.e., it results from an electronic tjes of the spinless FKMthe nature of the ground staftéhe
phase transition, in contrast to the conventional displacivgjctyre of valence and metal-insulator transitidfigtc) are
ferroelectricity due to a lattice distortion. Since the FKM is \ye|| understood at present, the problem of electronic ferro-
probably the simplest model of electronic phase transitiongectricity remains still an open question. Very recently Por-
in rare-earth and transition-metal compounds it was nat“rallengenet al 23 studied the FKM with &-dependent hybrid-
to test the idea of electronic ferroelectricity just on this ization in the Hartree-Fock approximation and found, in

model. : o : ¥ .
The FKM is based on the coexistence of two differentpartlcmar’ that a n.onvanllsh|_ng excnpnqq f) expe-ctat.mn
value exists even in the limit of vanishing hybridizatigh

types of electronic states in a given material: localized, 0 A liedoptica) electrical field ides f
highly correlated ioniclike states and extended, uncorrelated, S an appliedoptica) €lectrical lield provides 1or ex-

Bloch-like states. It is accepted that insulator-metal transicitations betweer andf states and thus for a polarization

tions result from a change in the occupation numbers ofXpectation valu®q;=(d/f;), the finding of a spontaneous
these electronic states, which remain themselves basicalfjar (Without hybridization or electric fieldhas been inter-
unchanged in their character. Taking into account only thédreted as evidence for electronic ferroelectricity. However,
intra-atomic Coulomb interaction between the two types ofanalytical calculations within well-controlled approximation
states, the Hamiltonian of the spinless FKM with hybridiza- (for Uy smal) performed by Czychdliin infinite dimen-
tion can be written as the sum of four terms: sions do not confirm this conclusion. In contrast to results
obtained by Portengeet al?® he found that the symmetric
(Ef=0n;=ny=0.5) FKM does not allow for a ferroelectric
H=2> t;dldj+Uq> fifidld+E > ground state with a spontaneous polarization, i.e., there is no
. ! ! nonvanishingd'f) expectation value in the limit of vanish-
ing hybridization.
+VZ d'f+H.c., (1) In order to shed some light on this controversy we have
: decided to study the problem of electronic ferroelectricity in
+ ) o the FKM using the small-cluster exact-diagonalization
wheref/ ,f; are the creation and annihilation operators for annethod that was so successful in describing valence and
electron in the localized state at lattice sitevith binding  metal-insulator transitions in this modi It should be noted
energyE andd], andd; are the creation and annihilation that for a giverL the full-Hilbert space of the spinless FKM
operators of the itinerant spinless electrons in ¢hkand  consists of 4 quantum states, thereby strongly limiting nu-
Wannier state at site merical computations. Although the number of states can be
The first term of Eq(1) is the kinetic energy correspond- reduced considerably by the use of symmetries othere is
ing to quantum-mechanical hopping of the itineranélec-  still a limit (L ~10) on the size of clusters that can be studied
trons between sites andj. These intersite hopping transi- ysing small-cluster exact-diagonalization calculations. How-
tions are described by the matrix elemetifs which are  ever, we will show later that due to small sensitivity of the
—tif i andj are the nearest neighbors and zero othertitse FKM on L (for a wide range of parametérslready such
the following all parameters are measured in unit§)ofThe  small clusters can describe satisfactory the behavior of the
second term represents the on-site Coulomb interaction bed'f) expectation value that lies in the center of our interest.
tween thed-band electrons with densityig=(1/L)=;d/d; To compare our numerical results with Czychofl’sp-
and the localized electrons with densitylfz(llL)Eifini, tained for small Coulomb interactions, we have started our
wherelL is the number of lattice sites. The third term standsinvestigation in the weak-coupling limit and half-filled band
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The Hamiltonian of the spin-one-half FKM can be ob-
tained directly from the spinless model by including the
spins for bothd andf electrons and by adding the on-site
Coulomb interactiorJ ;s that acts between twioelectrons of
opposite spingthe last ternt
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The ground-state properties of this model ¥6=0 have
been investigated in our preceding paffewe have found
that numerical results depend strongly 6 interaction
strengthU;;, but they are relatively insensitive thf inter-
action strength 4¢ (for U4;>2). Therefore, to represent the
case (;=ny=0.5). The weak-coupling numerical results typical_behavior of the model at nonzevp and to minimize
for Py obtained using the modified Lanczos methddre finite-size effects we choose in the n_ext study the value
displayed in Fig. 1. To reveal the finite-size effectsRyg, Ug4¢=3 that is suff|C|ent_Iy large to stgbmze the system. An-
numerical calculations have been performed for three finit@ther advantage of this selection is that the ground-state
clusters ofL=6, 8, and 10 sites. It is seen that there arePhase diagram of the spin-one-half FKM without hybridiza-
nonzero finite-size effects on thel'f) expectation value in 10N is well understqojcﬁ’ for large values ofUy;. Particu-
the weak-coupling limit, however they do not change quali-@1Y, in the strong-interaction limitJ;>4/m the ground
tatively the behavior oPg; in the limit V—0 that is crucial ~State is insulating forEq<—4/m and metallic for E;
for the verification of spontaneous polarization. In all cases” — 4/7- At E¢=—4/m the model exhibits a discontinuous
the <d‘rf> expectation value vanishes in the linvit~0, so msulator-metgl.transmon that is accompanied by an integer-
there is no spontaneous polarization in the spinless FKMYalence transition froong=1 (ng=0) to n;=0 (ng=1).
Thus, in accordance with Czycholl’'s weak-coupling resultsNe same behavior exhibits the model also in the opposite
we can conclude that the spinless FKM does not allow for dMit Usi<4/m: the ground state is insulating foE,
ferroelectric ground state with a spontaneous polarization at-Ec(Urr) and metallic forEs>E.(U¢s). However, a dis-
least forU 4 small. continuous |n§ulator—metal transition that takes plac&at

Unlike the method used by Czycholl that is restricted to=Ec(Usr) realizes now between an integer-valence state
small interactions, we can proceed in the numerical study of 1 and an inhomogeneous intermediate-valence state
the FKM at arbitraryUy;. The strong-coupling numerical # 0. These results show that there are only three physically
results forPg; are displayed in Fig. 1 fotly;=4 andUg; dlf_fe_ren_t ground states in the spln_-one-h_alf FI_(M without hy-
=10. Obviously the one-dimensional FKM does not exhibitPridization, ~and, namely, an insulating integer-valence
a ferroelectric ground state with a spontaneous polarizatiofround state witm=1, a metallic integer-valence ground
in the strong-coupling limit. For both values of;; the(d'f) ~ State w!thnfzo, and a metallic mtgrmedmte—valence ground
expectation value vanishes for—0, and it is demonstrated State with 6<n;<'1. Here we examine whether these ground
that this result is independent bf Thus, the strong-coupling States are stable against a small, finite hybridization or
results can be satisfactorily extended to large systems arffn€ther some new ground states are obtained if one starts
they should be considered as definite. from a finite hybridization and studies the—0 limit of the

Of course, the absence of the ferroelectric ground state if*0del. Again the special attention is devoted to the question
the spinless FKM does not exclude that some other modelé the model can exhibit a ferroelectric ground state with a
could exhibit such a ground state. The spinless FKM is noSPontaneous, nonvanishing polarizat®g= (d/,f;,).
too realistic model of a rare-earth compound, because any The strong-couplingy;=10) numerical results foP 4
real-Fermi system has at least a spin degeneracy. Therefoi@btained on finite clusters of 4 and 6 sites are displayed in
it is natural to ask if the spin-one-half FKM would not allow Fig. 2. It is seen that for bot&;< — 4/ (for V=0 an insu-
for the ferroelectric ground state with a spontaneous polariating integer-valence statandE;>— 4/ (for V=0 a me-
ization. tallic integer-valence statehe (d'f) expectation value van-

Numerically the problem can be easily solved since théshes in the limit V—O0 indicating that there is no
numerical method used for the spinless FKM can be straightspontaneous polarization in the spin-one-half FKM. It should
forwardly generalized also for the spin-one-half FKM. Un- be noted that this result is expected since approximate
fortunately, including spins will result in further reduction of solutions* lead also tdP4¢=0 for the integer-valence states
the size of clusters that can be analyzed using the exacwith ng=1 andn;=0. A less trivial situation is expected in
diagonalization method. In order to compensate partially fothe intermediate-valence state with<@;<<1. As was dis-
the small size of clusters we next examine the model only focussed above, this state exists in the spin-one-half FKM
strong d-f interactions thafas was shown for the spinless without hybridization forU¢;<4/m and E;>E(U¢s). Par-
FKM) minimize considerably the finite-size effects. ticularly, for L=4, Uyg=3 and U;;=0.4 we have found

FIG. 1. Hybridization dependence of thkf-polarization Py;
=(d/f;) in the spinless FKM calculated for three different values of
U4 andL. The symmetric casg;=0.
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FIG. 2. Hybridization dependence of tlikef polarization P y; FIG. 3. Hybridization dependence of thief polarizationP y;
=(d! f;,) in the spin-one-half FKM calculated fdg;=—2 (for =(d! f,,) in the spin-one-half FKM calculated fdg;=—1 (for

V=0 an insulating integer-valence stand E;=0 (for V=0 a V=0 an intermediate-valence staténset: Hybridization depen-
metallic integer-valence statdnset: Hybridization dependence of dence ofPy; in the limit of vanishingV for L=4 and 8.

Pg¢ in the limit of vanishingV for L=4 and 6. T .
spontaneous polarization in the spin-one-half FKM. How-

that n;=1 for E,<-1.35 n=05 for —1.35<E; ever, in accordance with results obtai.ned for the spinless
< —0.65, andn;=0 for E;>—0.65. To examine the stabil- FKM we do not expect that the behavior Bt.“ for V-0

ity of intermediate-valence state against a small, finite hy-COUId be qualitatively changed on larger Iatt|ce's.

bridization we chose the valug = — 1 for numerical calcu- In summary, we have used the extrapolation of small-
lations. The results obtained fd?y; are shown in Fig. 3. CI.'“.'Ster exact-dlagonallzatlon (_:a_lcul_atlons to stuc_JIy the_ POSSI-
Again the (d'f)-expectation value vanishes in the linit bility of electronic ferroelectricity in the one-dimensional

—0 indicating the absence of spontaneous polarization. W pénée?r?leasr;dnif'2’?;1?)}?:';allzf'i/'\g;slito:vzfs t;()eugﬂl\jlhaaltlor\];g?grr
have verified this important result also for=8 (see inset in P P

Fig. 3. Unfortunately, due to the memory limitations we a ferroelectric ground state with a spontaneous polarization,
were not able to continue with numerical computations Oni}zlr;isfniire r:sbr:i?ji;;?(;/:/nlshlngj f) expectation value for
larger lattices(the memory requirement of the Lanczos 9 ny '

method for clusters larger thdr=8 is beyond the reach of This paper was supported by the Slovak Grant Agency for

present day computerto exclude definitely the existence of Science under Grant No. 4177/97.
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