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ERRATUMThis arti
le was printed in Part I p. 497 without Fig.1(b).Here is the 
orre
ted version of the arti
le.SUPERCONDUCTIVITY AND INSTABILITIESIN THE t�t0 HUBBARD MODEL�F. Wegnera and V. Hankevy
ha;baInstitut für Theoretis
he Physik, Universität HeidelbergPhilosophenweg 19, 69120 Heidelberg, GermanybDepartment of Physi
s, Ternopil State Te
hni
al University56 Rus'ka St., 46001 Ternopil, Ukraine(Re
eived July 10, 2002)We present a stability analysis of the 2D t�t0 Hubbard model on a squarelatti
e for t0 = �t=6. We �nd possible phases of the model (d-wave Pomer-an
huk and super
ondu
ting 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. Introdu
tionIn re
ent years the two-dimensional (2D) Hubbard model has been usedas the simplest model to des
ribe the ele
tron 
orrelations in the 
opper-oxide planes of high-temperature super
ondu
tors sin
e experimental datasuggest that super
ondu
tivity in 
uprates basi
ally originates from theCuO2 layers. Apart from the antiferromagnetism and dx2�y2 -wave super
on-du
tivity, a few other instabilities related to symmetry-broken states [1�6℄and o

urring 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-wavePomeran
huk instability [3℄ and band splitting [5℄. Ferromagnetism andp-wave triplet super
ondu
tivity have been observed also by the authors of� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1591)
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hRefs. [7�10℄ and Ref. [10℄, respe
tively, at 
ertain region of ele
tron 
on
en-tration around the Van Hove �lling (where the Fermi surfa
e passes throughthe saddle points of the single parti
le dispersion) for large negative values t0.However, the 
ompetition and interplay of these phases remain an openproblem. In this paper we investigate super
ondu
ting and other possibleinstabilities of the 2D t�t0 Hubbard model at small negative value of t0. We
onsider 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� "k
yk�
k� + UN Xk1k01k2k02 
yk1"
k01"
yk2#
k02#Æk1+k2;k01+k02 ; (1)where "k is the Blo
h ele
tron energy with the momentum k, 
yk�(
k�) isthe 
reation (annihilation) operator for the ele
trons with spin proje
tion� 2 f"; #g, U is the lo
al Coulomb repulsion of two ele
trons of oppositespins, N is the number of latti
e points, latti
e spa
ing equals unity. Fora square latti
e the single parti
le 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 mole
ular-�eld type. This Hamiltonian is 
al
ulated inse
ond 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 se
ond term is theentropy 
ontribution, � = 1=(kBT ), T is the temperature, t is the hoppingintegral of ele
trons between nearest neighbors of the latti
e, Vk;q is e�e
tivese
ond-order intera
tion, 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 �u
tuations 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 approa
ha symmetry broken state. This indi
ates a phase transition.
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ondu
tivity and Instabilities in the . . . 15932. Results and dis
ussionWeperform numeri
al 
al
ulation on a square latti
ewith 24�24 points inthe Brillouin zone for the various representations under the point group C4� .Initially, su
h numeri
al 
al
ulations have been performed in Refs. [5,12℄ forthe 2D Hubbard model, but they were sensitive to the latti
e size at lowtemperatures. Here we use an improved s
heme (for details see Ref. [13℄).Apart from antiferromagnetism at small t0 and half-�lling, one of theleading instabilities at small doping is a Pomeran
huk 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 super
ondu
tivity, BS for band splitting, PI forPomeran
huk instability, FP for �ux phase, and TFP for triplet �ux phase.
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hing eigenve
tor signals a deformation of the Fermi surfa
e whi
h breaks thepoint group symmetry of the square latti
e from tetragonal to orthorhom-bi
. At high temperatures the system has a tetragonal stru
ture and anorthorhombi
 one at low temperatures. One 
an see from Fig. 1 that atthe values U � 6t the 
riti
al temperature of this transition de
reases within
reasing the hole doping Æ � 1 � n (n is the ele
tron 
on
entration). Itmeans that the hole doping enhan
es the tenden
y towards an orthorhombi
distortion of the Fermi surfa
e (or latti
e). The dx2�y2 -wave Pomeran
hukinstability dominates at the Van Hove �lling (Fig. 1(b)).The next instability, whi
h is developed in the region of ele
tron 
on-
entration around half-�lling and is one of the strongest in that region, is aparti
le-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 the
harge ex
itations spe
trum. Other instabilities are the singlet and triplet�ux phases. In 
ontrast to the 
ase of t0 = 0, where the singlet and tripletT
 of the parti
le-hole instabilities with staggered symmetry of dx2�y2 -wave
hara
ter are degenerate (that is the �ux phase), they are di�erent at t0 6= 0and the triplet one is higher.The super
ondu
ting 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 super
ondu
ting one 
an o

urat very low temperatures (Fig. 1(b)). The pe
uliar feature of the super
on-du
ting 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 approa
hes zero the 
urves 
orrespondingto super
ondu
ting phase are �at, whereas the 
urves 
orresponding to allother phases observed be
ome steep. Therefore, at very low temperaturesthe transition from a paramagneti
 phase to the super
ondu
ting one 
ano

ur at very small values of the 
orresponding e�e
tive intera
tion in 
on-trast with the transitions to other possible phases whi
h require some �nitevalues of the e�e
tive intera
tions. One 
an see also that the 
riti
al tem-peratures of all phases in
rease with the in
rease of 
orrelation strength U=t.Thus, ele
tron 
orrelations enhan
e the tenden
y towards the transition tothe phases observed by us.In 
on
lusion, we have presented a stability analysis of the 2D t�t0 Hub-bard model on a square latti
e. We have found possible phases of the model(d-wave Pomeran
huk and super
ondu
ting states, band splitting, singletand triplet �ux phases), and studied the interplay of them. One phase maysuppress another phase. To whi
h extend two order parameters 
an 
oexistwith ea
h other is a question, whi
h has to be investigated in the future.
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