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DOPING INDUCED TRANSITION FROM ANANTIFERRO-TYPE ORDER TO PHASE SEPARATION�R. Lema«ski and Z. GajekInstitute of Low Temperature and Struture Researh, Polish Aademy of SienesOkólna 2, 50-422 Wroªaw, Poland(Reeived July 10, 2002)A sequene of transitions from an antiferro-type order to a phase sep-arate state under doping away from half �lling is studied within the 1DFaliov�Kimball model. Using the method of restrited phase diagramsthe system is analyzed exatly in the thermodynami limit. Various kindsof ordering, inluding periodi n-moleular phases and their mixtures arefound for a set of values of the interation onstant U .PACS numbers: 05.30.Fk, 71.30.+hSome f -eletron ompounds exhibit unusual thermodynami and trans-port properties, where temperature, external magneti �eld, pressure, ordoping (hemial pressure) indue a transition from an insulating or semi-metalli, antiferromagneti (AF) state with the f(d)-ions of integral-valeneto a nonmagneti or ferromagneti mixed-valent metal [1℄. Competition be-tween band e�ets and loalization due to orrelations is expeted to be amain mehanism responsible for the observed anomalies. To understand theunderlying physis, various models of highly orrelated system are urrentlya subjet of intensive studies, among whih the 1D Faliov�Kimball model(FKM) [2℄ is one of the simplest, still nontrivial one.The FKM, although formulated over thirty years ago, reentered in thelast deade with a number of works reporting both rigorous theorems, exatand approximate numerial results and various appliations [3℄.It desribes two kinds of partiles on a periodi lattie: eletrons andions. The ions oupy some of the lattie sites; they don't move. Theeletrons an hope between neighboring lattie sites with the amplitude t� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(807)



808 R. Lema«ski, Z. Gajek(being the energy unit throughout this paper) and interat with the ions viaon site Æ-like potential U . The Hamiltonian readsH = �tXhi;ji yi j + UXi yi iwi; (1)where i, j run over lattie sites, yi (i) are the eletron reation and annihi-lation operators respetively, wi is equal to 1 if site i is oupied by an ionor 0 otherwise. Eah ion on�guration is identi�ed by a set [wi℄r of r valuesof wi (0 or 1) for i ranging from one to the period r.One of the harateristi features of the phase diagram, whih we wouldlike to fous on in this report, is a presene of two harateristi phases forany value of the on site interation parameter U [4℄:� AF-type � hessboard phase for �e = �i = 1=2 (�e and �i are theeletron and ion densities, respetively), where every seond site ofthe 1D rystal is oupied by an ion and the system is an insulator.It an be viewed as an analog of the simplest antiferromagneti statein the Hubbard model, where spins oriented in one, say up, diretionoupy only one of two sublatties.� SP � segregated phase, being the ground state for su�iently lowvalue of �e, in whih the eletrons and the ions avoid eah other andreside in separate domains. This phase an be viewed as an analog ofthe ferromagneti state in the Hubbard model, where spins up (hererepresenting by the ions) lump together, forming a ferromagneti do-main.Using the method of restrited phase diagrams [5,6℄, we have taken intoaount all admissible periodi arrangements of the ions fwg, for whihthe period r does not exeeded 16. For eah on�guration w and a set ofinteration onstant values U , the total energy as a funtion of hemialpotentials of the eletrons (�e) and ions (�i) has been determined. Theground state on�gurations obtained from the minimization proedure andmapped onto the plane (�e; �e) onstituted the zero temperature restritedphase diagram of the system in the grand anonial ensemble. Then it wastranslated to the omplementary restrited phase diagram in the anonialensemble in the (�e; �i) plane.The alulations have been performed for twenty values of U : 0.1, 0.2,0.3, 0.4, 0.6, 0.8, 1.0, 1.4, 1.6, 1.8, 2.0, 2.6, 3.0, 3.4, 3.8, 4, 6, 8, 12, 16. Thenumber of ground state on�gurations that appear on the phase diagramdepends on U , ranging from 21 for U = 16 up to 169 for U = 0:1. Hereafterthe disussion is restrited to phases de�ned by the onstraint �e = �i = �.This assumption orresponds to Sz = 0 limit in the Hubbard model.



Doping Indued Transition from an Antiferro-Type Order. . . 809Results of analysis of the anonial phase diagrams for the values of Uare shown in Fig. 1. For a large interation onstant U , apart from SP, onlymixtures of the empty (�i = 0) and the most homogeneous periodi phasesare stable. The region where they appear is lose to the half-�lling. Its widthfalls to zero as U tends to in�nity [4℄ and the number of di�erent periodion�gurations that partiipate in the mixtures dereases. In the limit of Uin�nite only the hessboard phase and other the most homogeneous phasessurvive.
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Fig. 1. Phase diagram of the 1D FKM along the �e = �e line for a set of U valuesmarked on the lower axis.The diagram beomes muh more ompliated for intermediate and smallvalues of U , where additional families of ordered phases appear. These areperiodi on�gurations (PC) other then the simplest AF-type, their two andthree omponent mixtures and mixtures of PC with the empty phase.For U = 2:6 a new type of strutures beomes visible: the most homo-geneous hole two-moleule on�gurations [7℄. They are haraterized by a�xed to two number of neighboring empty sites. Pairs of ion holes are ho-mogeneously distributed in unit ells. In addition, the number of eletronsis equal to the number of hole two-moleules in these phases. As it an beseen in the Figure 1, there is a relatively large region of oexistene of the 2-moleules with the empty phase. As U dereases, 3-moleule mixtures withthe empty phase develop for lower densities, then 4-moleule and so on.



810 R. Lema«ski, Z. GajekThe diagram for intermediate U values, between 0.6 and 3.0, is espeiallyinteresting. For instane, for U = 1:0 and below the hessboard phase(� = 1=2) mixtures of periodi phases with the empty phase are presentin the following tree regions of �: (0.23�0.33), (0.385�0.4) and (0.417�0.5),separated by two areas of mixtures of periodi on�gurations.In summary, we studied the one-dimensional FK model in the thermody-nami limit by the method of restrited phase diagrams and showed in detailhow the hessboard phase evolves to the segregated phase as a funtion ofdoping. It appeared that the ground state hanges in a omplex way, es-peially for intermediate and small values of U , where ompetition betweenAF-type and SP phase beomes more expressive [8℄.Support from the Polish State Committee for Sienti� Researh (KBN)under Grant no. 2P03B13119 is gratefully aknowledged.REFERENCES[1℄ V. Zlati, J.K. Freeriks, Ata Phys. Pol. B 32, 3253 (2001).[2℄ L.M.Faliov, J.C.Kimball, Phys. Rev. Lett. 22, 997 (1969).[3℄ J. J�drzejewski, R. Lema«ski, Ata Phys. Pol. B 32, 3243 (2001).[4℄ J.K. Freeriks, E.H. Lieb, D. Uelthi, Phys. Rev. Lett. 88, 106401 (2002).[5℄ J. J�drzejewski, J. Lah, R. �y»wa, Physia A 154, 529 (1989).[6℄ Z. Gajek, J. J�drzejewski, R. Lema«ski, Phase Transitions 57, 139 (1996).[7℄ Z. Gajek, J. J�drzejewski, R. Lema«ski, Physia A 223 175 (1996).[8℄ R. Lema«ski, J.K. Freeriks, G. Banah, Phys. Rev. Lett. 89, 196403 (2002).


