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EQUIVALENCE BETWEEN PAIRING ANDSTAGGERED-FLUX-LIKE VORTICITY OF THECURRENT-CURRENT CORRELATION FUNCTIONIN WEAKLY DOPED ANTIFERROMAGNETS�Piotr WróbelW. Trzebiatowski Institute of Low Temperature and Struture ResearhPolish Aademy of SienesP.O. Box 1410, 50-950 Wroªaw 2, Polandand Robert EderInstitut für Theoretishe Physik, Universität WürzburgAm Hubland, 97074 Würzburg, Germany(Reeived June 21, 2001)We show that patterns of the urrent-urrent orrelation funtion inthe form of the staggered �ux indiate that spin bipolarons form in dopedantiferromagnets. Holes whih form a spin bipolaron reside at oppositeends of a line (string) formed by the defets in the antiferromagneti spinbakground. The string is relatively highly mobile, beause the motion ofa hole at its end does not raise extensively the number of defets, providedthat the hole at the other end of the line follows along the same trak.Appropriate oherent ombinations of string states realize some irreduiblerepresentations of the point group C4v . Creep of strings favors d- and p-wave states. Some more subtle proesses deide the symmetry of pairing.The pattern of the urrent orrelation funtion, that de�nes the strutureof �ux, emerges from motion of holes at string ends and oherene fa-tors with whih string states appear in the wave funtion of the boundstate. Condensation of bipolarons and phase oherene between them putsto in�nity the orrelation length of the urrent orrelation funtion andestablishes the �ux in the system.PACS numbers: 74.25.Jb, 71.10.Fd, 71.27.+a� Presented at the XII Shool of Modern Physis on Phase Transitions and CritialPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3477)



3478 P. Wróbel, R. Eder1. IntrodutionAlready many years ago, �ux phase appeared in the mean-�eld ap-proahes to undoped and doped antiferromagnets desribed by the t-J model[1℄. Until now, the physial meaning of that phase and its relation with pair-ing was not lear.Ivanov, Lee and Wen [2℄ reently reported staggered-vortiity orrela-tions of the Current�Current Correlation Funtion hjijjkli (CCCF) in thed-wave variational funtions for a weakly doped antiferromagnet, where jijdenotes the urrent �owing on the bond hi; ji. Leung found a similar patternof the CCCF for a bound state of two holes in results of an exat diagonal-ization [3℄. It was a tempting task for us to resolve whether there exists adeep relation between binding and the formation of �ux patterns, sine themehanism of hole binding in weakly doped antiferromagnets is relativelywell understood [4℄.The physis of weakly doped antiferromagnets is governed by two oppo-site tendenies, to minimize the kineti energy (related with the o�-diagonalpart of the Hamiltonian in the basis of the spin up and down states) andthe stati, potential energy whih is determined by the ontribution fromthe Ising model. One way of �nding ompromise by the system is forma-tion of spin bipolarons. A hole that moves through an antiferromagnetibakground of spins whih is preferred by the potential energy, shifts spinsand reates magnons, whih are defets in the perfet pattern of antiferro-magnetially arranged spins. That e�et raises the magneti ontributionto energy and tends to loalize the hole, whih, in addition, raises the ki-neti energy. A solution for that problem is the simultaneous motion of ahole pair onneted by a path (string) of magnons. If holes trae eah otheralong the path its length is limited, the rise of the potential energy is lowand the hole pair as a whole is relatively mobile. The holes at string endsmay also haotially osillate in all possible diretions but the lengthening ofthe string is hindered by the growth of the potential energy. In order to bemore quantitative we �rst onsider the osillations of holes at the ends of thestring by pinning it at a pair of nearest neighbor sites. The t-J model on thesquare lattie that we use to desribe doped antiferromagnets is on�ned tothe subspae of no doubly oupied sites and is de�ned by two parameters,the amplitude of eletron hopping to nearest neighbor sites, �t, and the an-tiferromagneti exhange J . The number �J=4 also ounts the gain in theenergy for a partiular bond due to attration of eletrons reated at near-est neighbor sites. The Shrödinger equation that desribes a hole pair atend-points of a pinned string may be written in term of these parameters as



Equivalene Between Pairing : : : 3479t [���1;� + (z � 1)t��+1;� + ��;��1 + (z � 1)t��;�+1℄+ J �4 + �+ � � 12Æ�;����;� = E2��;� ; (1)where ��;� = 0 for � < 0 or � < 0 and z=4 and the total length of thestring is given by �+ �. The solution of that equation de�nes a spin bipo-laron j	 hi;jii at the sites i, j to whih the string is pinned. s-, d- and p-wave symmetries may be realized as oherent sums of bipolaroni states [4℄:Phi;ji Shi;jij	hi;jii, where Shi;ji = 1 if hi; ji is horizontal and Shi;ji = �1provided that hi; ji is vertial for the d-wave, while for the p-wave Shi;jivanishes if hi; ji is vertial, Shi;ji = 1 provided that j is on the right sideof i and Shi;ji = �1 if on the left. Traing of holes by eah other givesrise to shifts of bipolarons from a pair of sites to another and ontributesto o�-diagonal terms in the Hamiltonian in the basis of bipolarons states.The appliation of the spin�polaron senario to binding of holes in dopedantiferromagnets gave rise to better than qualitative agreement with resultsof numerial diagonalizations [4℄.2. Vortiity of urrents in the d-wave paired stateTo the CCCF ontributes motion of holes at string ends. In order togive rise to a non-vanishing ontribution the produt of the urrent oper-ators should ouple bipolaron reated at (or in another language stringspinned to) di�erent pairs of sites. Examples of suh proess are presented inFig. 1. By ounting similar ontributions to the CCCF for links hk; li and
(d)(a) (b) (c)Fig. 1. Some proesses whih ontribute to the CCCF funtion when holes areshifted by a produt of urrent operators in the same diretion on outer bonds.hm;ni related to strings spanned along a path that onnets these links, andinludes them, we may derive the following formula2 l�1Xm=1 lXn=2(�1)m+n+1SmSnt2�m�1;l�m�1�n�2;l�n+2 lXm=1 l�1Xn=2(�1)m+nSmSnt2�m�1;l�m�n�2;l�n�1 ; (2)



3480 P. Wróbel, R. Ederwhere Sm is a oherene fator with whih the bipolaron at m-th bond inthe path appears in a oherent sum that represents a bound state of a holepair. Sine amplitudes � diminish with the length of strings, dominantontributions to the CCCF is related with shortest paths. After evaluatingall suh ontributions we ollet the data in Fig. 2. We observe a goodagreement with results of numerial diagonalization performed by Leung [3℄.
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Fig. 2. hjkljmni=x in units 10�5, where x is the hole onentration at J = 0:3 t.The referene bond has been marked by a irle.The alulation presented in this paper suggests that both loal pairswhih are probably responsible for pseudogap phenomena and irulatingurrents whih may give rise to the marginal Fermi liquid behavior of up-rates an be attributed to formation of spin bipolarons.One of the authors (P.W.) aknowledges support by the Polish StateCommittee for Sienti� Researh (KBN) under ontrat No. 5P03B058 20.REFERENCES[1℄ For an early review see P.A. Lee, in High Temperature Superondutivity Pro-eedings, Los Alamos, 1989, eds. K.S. Bedell et al., Addison-Wesley, RedwoodCity 1990, and also F.C. Zhang, C. Gros, T.M. Rie, H. Shiba, Superond.Si. Tehnol. 1, 36 (1988).[2℄ D.A. Ivanov, P.A. Lee, X.-G. Wen, Phys. Rev. Lett. 84, 3958 (2000).[3℄ P.W. Leung, Phys. Rev. B62, R6112 (2000).[4℄ P. Wróbel, R. Eder, Phys. Rev. B58, 15160 (1998).


