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CORRELATED HOPPING IN THE 1DFALICOV�KIMBALL MODEL�Z. Gajek and R. Lema«skiW. Trzebiatowski Institute of Low Temperature and Stru
ture Resear
hPolish A
ademy of S
ien
esP.O. Box 1410, 50-950 Wro
ªaw, Poland(Re
eived June 21, 2001)Ground state phase diagrams in the 
anoni
al ensemble of the one-dimensional Fali
ov-Kimball Model (FKM) with the 
orrelated hoppingare presented for several values of the model parameters. As 
ompare tothe 
onventional FKM, the diagrams exhibit a loss of the parti
le�holesymmetry.PACS numbers: 05.30.Fk, 71.30.+hAs the simplest, still non-trivial model of highly 
orrelated ele
tron sys-tems, the Fali
ov�Kimball Model (FKM) attra
ts growing attention amongsolid state physi
ists. It 
an des
ribe variety of the most intriguing 
ooper-ative phenomena, as metal-insulator transition, mixed-valen
e phenomenonet
. (see e.g. the review [1℄).The model deals with itinerant parti
les (e.g. ele
trons) that 
an hopebetween latti
e sites (herein the nearest-neighboring). Some of the sitesare o

upied by non-movable parti
les, playing a role of ions or lo
alizedele
trons; we 
all them �ions�. The only intera
tion in the system is theon-site, Coulomb-type intera
tion between the ele
trons and the ions. Theintera
tion generates long-range ordering of the ions.The model has been investigated thoroughly in nineties. Numerous ap-proximate results supplemented with some exa
t and rigorous statementsreported up to now provide a good basis for further extensions of the modeltowards more realisti
 physi
al situations. These in
lude the dis
ussed heremodel with 
orrelated hopping, a

ording to whi
h the ele
tron hopping ratedepends on o

upations of relevant sites.� Presented at the XII S
hool of Modern Physi
s on Phase Transitions and Criti
alPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3473)



3474 Z. Gajek, R. Lema«skiThe Hamiltonian of the FKM with 
orrelated hopping reads:H = �tXx �
yx
x+1 + 
yx+1
x� f1� �[w(x) + w(x+ 1)� 
w(x)w(x + 1)℄g+UXx w(x)
yx
x ; (1)where w(x) denotes the ion o

upation number at site x (it takes a value0 or 1), 
yx; 
x are the operators that 
reate and annihilate an ele
tron atsite x, respe
tively. Note that with the parametrization given in (1) thehopping amplitudes 
an take the three following values: t00 = t if an ele
tronhops between two empty sites, t01 = t(1 � �) if it hops between one siteo

upied by an ion and the other empty (obviously t01 = t10), and �nallyt11 = t[1��(2�
)℄ if it hops between two sites o

upied by ions. For � = 0the Hamiltonian (1) redu
es to the 
onventional FKM without 
orrelatedhopping.The meaning of the 
orrelated hopping parameters � and 
 dependson a parti
ular physi
al situation to be modelled. For instan
e, the � pa-rameter may originate from bond-
harge repulsion, the me
hanism originallydis
ussed in frames of the extended Hubbard model [2,3℄. Within the samemi
ros
opi
 pi
ture the parameter 
 depends strongly on the e�e
tive nu-
lear 
harge Z and apparently de
reases for larger Z [3℄.In general, re
ognition and understanding the me
hanisms leading tothe 
orrelated hopping, as well as its 
onsequen
es are far from being sat-isfa
tory. In parti
ular, this 
on
erns the problem of formation of stablephases. The present work turns towards this dire
tion for the simplest,one-dimensional 
ase.Various approa
hes known for the ordinary FK model have been adoptedto its extended version [4℄. Here we used an approximate method of restri
tedphase diagrams, where in�nite systems of periodi
 phases, whose period doesnot ex
eed some rmax, as well as their mixtures were 
onsidered. In thispaper we put rmax = 7, the value large enough to see main new features of thediagrams. The Gibbs potentials of all these periodi
 phases were 
al
ulatedexa
tly [5℄, so we were able to get the phase diagrams in the grand-
anoni
alensemble (in a (�e,�i) plane) with a high pre
ision. Then we mapped themonto the (�e; �i) plane, thus obtaining 
anoni
al phase diagrams. Detailsof the method and the 
al
ulation pro
edures were published previously(see [6, 7℄).Our results are presented in Fig. 1, where we took the intermediatevalue of U being equal to 1:6 t, � = 0, 0.1, 0.2 and 
 = 0:0, 0.5. Fig. 1(a)
orresponds to the simplest FKM, with no 
orrelated hopping terms (t00 =t01 = t11 = t). In this 
ase the diagram is symmetri
 with respe
t to



Correlated Hopping in the 1D Fali
ov�Kimball Model 3475ex
hange between sites o

upied by the ions and those uno

upied (it hasthe parti
le�hole symmetry). An extended analysis of that 
ase was givenpreviously in [7℄, where arrangements of the ions in the periodi
 phases werealso displayed; here we in
luded the diagram only as a referen
e one.
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Fig. 1. The restri
ted 
anoni
al phase diagrams for U = 1:6t and the followingfour sets of 
orrelated hopping parameters: (a) � = 0 and 
 = 0; (b) � = 0:1 and
 = 0; (
) � = 0:2 and 
 = 0; (d) � = 0:2 and 
 = 0:5. The bla
k spots representperiodi
 phases (whose period is at least 2). The straight line segments join thosespots whose 
orresponding phases tou
h ea
h other on the phase diagram in thegrand-
anoni
al ensemble. The points lo
ated on a segment represent the mixturesof the two periodi
 phases that 
orrespond to the ends of the segment. The bla
kspots lo
ated on the lines �i = 0 or �i = 1 show the minimal and maximal ele
trondensities of the full phases that form mixtures with the same periodi
 phase.If one �turns on� the 
orrelated hopping in su
h a way that � 6= 0 and
 = 0 � see Fig. 1(b), (
), then with an in
reasing � the diagram be
omesmore and more asymmetri
. For � = 0:2 (t00 = t; t01 = 0:8t and t11 = 0:6t),all periodi
 phases laying on the left from the �i+�e = 1 line disappear and



3476 Z. Gajek, R. Lema«skitheir pla
e take mixtures of periodi
 neutral phases with the �empty� one(with free ele
trons and no ions). Instead the the so-
alled three-mole
ularperiodi
 phases [7℄ develop on the right hand side from the �i + �e = 1 line.On the other hand, if we in
rease the ele
tron hopping amplitude betweentwo o

upied sites t11 from 0:6t to 0:7t (what 
orresponds to � = 0:2 and
 = 0:5 � see Fig. 1(d)), then those three-mole
ular phases are suppressed.A very brief analysis of the displayed phase diagrams show their 
on-siderable sensitivity to a variation of the 
orrelated hopping parameters.In parti
ular, the regions en
losed within the triangles 
lose to the lower-left and upper-right 
orners of the diagrams, where the segregated phase(a mixture of an empty latti
e with free ele
trons and the fully o

upied lat-ti
e with a number of ele
trons) is stable, 
learly depends on values of the
orrelated hopping amplitudes (see Fig. 1). The above preliminary results
on�rm 
onje
tures already published several years ago (e.g. [3℄), that the
orrelated hopping plays an important role and should be taken into a

ountif one intends des
ribe properly physi
al properties of the systems.We thank Janusz J�drzejewski for valuable and fruitful dis
ussions. Sup-port from the Polish State Committee for S
ienti�
 Resear
h (KBN) underGrant no. 2 P03B 131 19 is a
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