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ERRATUMThis artile was printed in Part I p. 497 without Fig.1(b).Here is the orreted version of the artile.SUPERCONDUCTIVITY AND INSTABILITIESIN THE t�t0 HUBBARD MODEL�F. Wegnera and V. Hankevyha;baInstitut für Theoretishe Physik, Universität HeidelbergPhilosophenweg 19, 69120 Heidelberg, GermanybDepartment of Physis, Ternopil State Tehnial University56 Rus'ka St., 46001 Ternopil, Ukraine(Reeived July 10, 2002)We present a stability analysis of the 2D t�t0 Hubbard model on a squarelattie for t0 = �t=6. We �nd possible phases of the model (d-wave Pomer-anhuk and superonduting states, band splitting, singlet and triplet �uxphases), and study the interplay of them.PACS numbers: 71.10.Fd, 71.27.+a, 74.20.�z, 74.20.Rp1. IntrodutionIn reent years the two-dimensional (2D) Hubbard model has been usedas the simplest model to desribe the eletron orrelations in the opper-oxide planes of high-temperature superondutors sine experimental datasuggest that superondutivity in uprates basially originates from theCuO2 layers. Apart from the antiferromagnetism and dx2�y2 -wave superon-dutivity, a few other instabilities related to symmetry-broken states [1�6℄and ourring together with them in the 2D t�t0 Hubbard model with next-nearest-neighbor hopping t0 have been reported. They are the �ux phase[1, 2℄ or d-wave density order [4℄, the triplet �ux phase [6℄, the d-wavePomeranhuk instability [3℄ and band splitting [5℄. Ferromagnetism andp-wave triplet superondutivity have been observed also by the authors of� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1591)



1592 F. Wegner, V. HankevyhRefs. [7�10℄ and Ref. [10℄, respetively, at ertain region of eletron onen-tration around the Van Hove �lling (where the Fermi surfae passes throughthe saddle points of the single partile dispersion) for large negative values t0.However, the ompetition and interplay of these phases remain an openproblem. In this paper we investigate superonduting and other possibleinstabilities of the 2D t�t0 Hubbard model at small negative value of t0. Weonsider also the leading instabilities depending on the ratio U=t (in thepapers ited above it was �xed).We start from the Hamiltonian of the t�t0 Hubbard modelH =Xk� "kyk�k� + UN Xk1k01k2k02 yk1"k01"yk2#k02#Æk1+k2;k01+k02 ; (1)where "k is the Bloh eletron energy with the momentum k, yk�(k�) isthe reation (annihilation) operator for the eletrons with spin projetion� 2 f"; #g, U is the loal Coulomb repulsion of two eletrons of oppositespins, N is the number of lattie points, lattie spaing equals unity. Fora square lattie the single partile dispersion has the form"k = �2t(os kx + os ky)� 4t0 os kx os ky : (2)By means of the �ow equation method [11℄ the Hamiltonian is trans-formed into one of moleular-�eld type. This Hamiltonian is alulated inseond order in the oupling U [5℄. Adopting the notations of Ref. [5℄, freeenergy an be expressed by the order parameters �k in the form�F = 1N Xkq �U �1 + Ut Vk;q���k�q +Xk fk��k�k; (3)where the �rst term is the energy ontribution and the seond term is theentropy ontribution, � = 1=(kBT ), T is the temperature, t is the hoppingintegral of eletrons between nearest neighbors of the lattie, Vk;q is e�etiveseond-order interation, and fk is an entropy oe�ient. All quantities ofEq. (3) are de�ned in Ref. [5℄.We start from the symmetri state and investigate whether this state isstable against �utuations of the order parameters �. As soon as a non-zero � yields a lower free energy in omparison with the symmetri state� � 0, then the symmetri state is unstable and the system will approaha symmetry broken state. This indiates a phase transition.



Superondutivity and Instabilities in the . . . 15932. Results and disussionWeperform numerial alulation on a square lattiewith 24�24 points inthe Brillouin zone for the various representations under the point group C4� .Initially, suh numerial alulations have been performed in Refs. [5,12℄ forthe 2D Hubbard model, but they were sensitive to the lattie size at lowtemperatures. Here we use an improved sheme (for details see Ref. [13℄).Apart from antiferromagnetism at small t0 and half-�lling, one of theleading instabilities at small doping is a Pomeranhuk instability withdx2�y2 -wave symmetry in the singlet hannel (see Fig. 1). The orrespond-
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Fig. 1. Temperature phase diagram of the model at t0 = �t=6 for n = 0:95 (a)and n = 0:86 (b). SC stands for superondutivity, BS for band splitting, PI forPomeranhuk instability, FP for �ux phase, and TFP for triplet �ux phase.



1594 F. Wegner, V. Hankevyhing eigenvetor signals a deformation of the Fermi surfae whih breaks thepoint group symmetry of the square lattie from tetragonal to orthorhom-bi. At high temperatures the system has a tetragonal struture and anorthorhombi one at low temperatures. One an see from Fig. 1 that atthe values U � 6t the ritial temperature of this transition dereases withinreasing the hole doping Æ � 1 � n (n is the eletron onentration). Itmeans that the hole doping enhanes the tendeny towards an orthorhombidistortion of the Fermi surfae (or lattie). The dx2�y2 -wave Pomeranhukinstability dominates at the Van Hove �lling (Fig. 1(b)).The next instability, whih is developed in the region of eletron on-entration around half-�lling and is one of the strongest in that region, is apartile-hole instability of singlet type with staggered p-wave symmetry. Ityields [5℄ a splitting into two bands and may lead to an energy gap in theharge exitations spetrum. Other instabilities are the singlet and triplet�ux phases. In ontrast to the ase of t0 = 0, where the singlet and tripletT of the partile-hole instabilities with staggered symmetry of dx2�y2 -waveharater are degenerate (that is the �ux phase), they are di�erent at t0 6= 0and the triplet one is higher.The superonduting dx2�y2 instability is the strongest one at small dop-ing and low temperatures. It is not destroyed at su�iently large doping aswell as large values of jt0j. At weak oupling U < 5t and lose to half-�llingthe transition from a paramagneti phase to superonduting one an ourat very low temperatures (Fig. 1(b)). The peuliar feature of the superon-duting phase should be noted. Away from the Van Hove �lling (at the VanHove �lling the density of states has a singularity, Fig. 1(b) orresponds tothis situation) when temperature approahes zero the urves orrespondingto superonduting phase are �at, whereas the urves orresponding to allother phases observed beome steep. Therefore, at very low temperaturesthe transition from a paramagneti phase to the superonduting one anour at very small values of the orresponding e�etive interation in on-trast with the transitions to other possible phases whih require some �nitevalues of the e�etive interations. One an see also that the ritial tem-peratures of all phases inrease with the inrease of orrelation strength U=t.Thus, eletron orrelations enhane the tendeny towards the transition tothe phases observed by us.In onlusion, we have presented a stability analysis of the 2D t�t0 Hub-bard model on a square lattie. We have found possible phases of the model(d-wave Pomeranhuk and superonduting states, band splitting, singletand triplet �ux phases), and studied the interplay of them. One phase maysuppress another phase. To whih extend two order parameters an oexistwith eah other is a question, whih has to be investigated in the future.
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