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Superconducting pairing of spin polarons in thet-J model

N. M. Plakida and V. S. Oudovenko
Joint Institute for Nuclear Research, 141980 Dubna, Russia

P. Horsch and A. |. Liechtenstein
Max Planck Institut fu Festkaperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
(Received 5 August 1996

The pairing of quasiparticles in a Cy(plane is studied within a spin-polaron formulation of the' -J
model. Our numerical solution of the Eliashberg equations unambiguously shaase pairing between spin
polarons on different sublattices mediated by the exchange of spin fluctuations, and a strong doping depen-
dence of the quasiparticle bandwidth. The transition temperatui®an increasing function af/t and crosses
a maximum at an optimal doping concentratigy;. For thet-J model withJ/t=0.4 we obtairl;=0.013 at
Sopt=0.2.[S0163-182097)52218-1

Recent experimental evidence in favordfvave super- concentration and temperatufeOur main assumption here
conducting pairing in high+, cuprate$ supports theoretical is, that the spin-polaron approach gives a reasonable descrip-
studies of models with strong electron correlatiériBhe  tion also in the spin liquid regime provided the AF correla-
minimal model describing hole motion in a Cu®lane is tion length is sufficiently large compared to the Cooper pair
the t-J (Ref. 3 or t-t’-J (Ref. 4 model. Numerical and polaron radius. This is a view that has been stressed
studie€>® of smallt-J clusters suggest d-wave supercon- before’®*2 The polaron radius is 2 lattice constants for
ducting instability. Yet to elucidate the nature of this pairing,J/tzO.4.19
an analytical treatment of thieJ model is needed. For this Spinless fermion operatots” andf;” are introduced for
purpose we use a spin-polaron formulation forthkemodel  holes on different sublattices, i.e., on the]) sublattice the
deduced in the region of small hole concentrations. A numeonstrained electron operatars,=c;,(1—n;_,) of thet-J
ber of studies of this mode? predict that doped holes model are replaced by;;=h", ¢, =h'S" (¢ =f,
dressed by strong antiferromagnetic spin fluctuations propag;, = f"S), whereS" = S+ & are spin operators. This rep-
gate coherently as quasiparticlepin polaron with weight  resentation excludes doubly occupied states and takes into
increasing withJ/t. It is quite natural to expect that the same account strong AF spin correlations in the electron hopping.

spin fluctuations induce superconducting pairing of the spin By employing the linear spin-wave theory in
polarons. Recently a simplified treatment of this problem hagerms  of  Holstein-Primakoff ~ operators, S'=a;,

been p'resentefd_in the framework of the standard_BCS theor(3{ e1), S'=b’, (ic]) and performing the Bogoliubov

assuming a rigid band mpde_llzfor the quasiparticles and a,nqnjcq| transformation, a,=v e+ UB, be=viBx

phenomenological interactidi-*> However, since the spin- n . ;

fluctuation energy is of the same order as the doping depenJ-r Uger—, we obtain the spin polaron model

dent quasiparticle bandwidth J a strong coupling approach

is necessary. _ " +
In this paper we present a consistent solution of the strong He-s= kzq i fi-al9(k. @) aq+9(a—k,a) B-4]+ H.C}

coupling spin-polaron model at finite temperatures and hole

concentrations for normal and superconducting states. A nu- + + + +

merical solution of a self-consistent system of equations for + ; el hichict i fk)+% wqlaq aqT Bq Ba)-

hole and magnon Green functions proves singlgtave su-

perconducting pairing. The gap function shows interesting @)

additional structure on top of the simpleAy )

= Ao(cog,—cos,) which reflects the Fermi-surface geom- Here g(k,a)=(2t/ VN2)(Ugyk-q+vqn) is the hole-

etry. The doping dependence Bf aroundd,,, has the form magnon interactiorg=4 is the r_lumber-of the nefirest neigh-

of an inverted parabola, similar to experiment, and aPors on a msquare lattice  with N ?265, Uy

TM-60 K. Combining these results with already existing =[(1+v)/2n] ™% vi=—sgnr)[(1—wd/2n ™, v

weak coupling studies for the Hubbard mddéfwe argue = V1~ % %= 3(cok+cosk). The next-nearest-neighbor

that the spin-exchange pairing is the true mechanism foRoOpping energy i%,= (4t’cok,cok,—u). The chemical po-

high-temperature superconductivity as proposed earlier biential w is calculated self-consistently as a function

several groups based on more phenomenologica®f hole concentration 5 and temperature T from

approache$®1’ o=(hh)+(f"f). The spin-wave energy s
We will study a spin-polaron model on a two sublattice wq=SzJ1— 5)2vq where (1- 6)? is a mean-field renormal-

antiferromagneti¢AF) background which has been success-ization factor. We neglect here the contact hole-hole interac-

fully tested in the single hole casas well as for finite hole tion which was found to be unimportant for polaron
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FIG. 1. The density of statd®OS) for the hole concentration Y ’\ M ;
6=0.06 atT=0.012. The solid(dashed line corresponds to cal- s A
culations with the full(zero-ordey magnon Green function. In the
inset DOS is given fos=0.1, 0.25, 0.3%from right to leff) for the
zero-order magnon spectra. 1 )
~e e
pairing!! The summation over wave vectors in E@) and B )
below is restricted to the AF Brillouin zone. r X
To discuss superconducting pairing within the spin- (b)

polaron model(1), we consider the matrix Green function
sublattices Gy, (k,2)

(GFH for holes

on

two

={(h|h)),={fi|f)), and the anomalous GBy(k,2)
={(h/|f5)),=—{(f%,/h))),, where Zubarev’s notatidh
for the anticommutator GF was used witkr w+i€. To ob-

tain self-consistent equations for these GF's we employ th

self-consistent Born approximatid®CBA) which provided
good results for the one-hole spectrum in the normatnalized hole GE.

state’82%|n SCBA we get for

the self energies

S pn(K,i ) = —Tqu Ghn(9i @om)Nick—o(@n— ), (2)

Shi(k,iwg) = —Tqu Ghi(di omN i g(@n— ©m), (3)

where the Matsubara frequencieg=7T(2n+1). The in-

teraction functions are

Ney(0,)=0%k,q)D(g,~iw,) +9%(q—k,q)D(—q.iw,),

Nig(@,)=0(k,a)g(a—k,q){D(g,—iw,)+D(—-q,iw,)}.

The diagonal magnon GIB(q,w)=<<aq|a§>>w in the zero-
order approximation is given bp°(q, ») = (w—w,) ~* with
the doping-dependent magnon energy. The full magnon

GF is determined by

the matrix

FIG. 2. (a) The quasiparticle spectrui(k) and (b) the Fermi
surface (FS) E(kg)=0 of the t-t’-J(t-J) model for 6=0.25 is
given by the soliddasheglline (t'=-0.1, J=0.4).

Bescribed by the polarization operaﬁfll(q,w). This is cal-
culated in a one-loop approximation using the fully renor-

The superconducting temperatufg is calculated from
the linearized form of the Eliashberg equation for the gap
function

d(kion) =2 2 Mdeplion—ion Gun(pivn)

XGhp(—p, ~ion) d(p,iwy). 4

The first step is a self-consistent calculation of the normal
GF Gun(k,iwp)=[iw,+ e—2pn(K,iw,) ]! with the self-
energy operatof2) for a given concentration of hole$= 1
+(2T/N) 2,2 ,.Gpn(k,iwy). The numerical calculations
were performed using fast Fourier transformatigeFT)
(Ref. 22 for a mesh of 6% 64 k points in the full Brillouin
zone (O<k,,ky<1), in units of 27. In the summation over
the Matsubara frequencies we used up to 200—700 points
with constant cutoffw,,=10t. The FFT for the momentum
integration is possible due to the particular momentum de-

equation nendence ofy(k,q). Usually 10-30 iterations were needed

If)*l(q,w)=(If)°)*1(q,w)—fl(q,w) where the renormaliza- to obtain a solution for the self energy with an accuracy of
tion of the magnon energy due to particle-hole excitations irder 0.001. Padapproximation was used to calculate the
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; FIG. 4. The superconducting temperatdrg versus hole con-
N centrationd for J=0.4 andt’/t=—0.1,0+0.1.
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v ¥ The particle-hole renormalization of the magnon propaga-
tor D leads to an instability at smadj indicating the disap-
pearance of AF long-range order. In Fig. 1 we compare the
DOS A(w) at 6=0.06 calculated wittb and D, which is

not ill behaved. The smati-instability has only small effects
on A(k,w) andA(w) since in the smal regime the spin-
charge coupling is small. Therefore we performed our calcu-
lations at highefd with Dy,

The momentum dependence of the gap function
A(k,w=0), A(k,w)=d(k,w)/Z(k,w), is shown in Fig.
3(a) for §=0.25 andT/T.~0.8. HereZ(k,w) is an analyti-
cal continuation of the  Eliashberg  function
Z(K,iwy)=[1—ImX(k,iw,)/®,]" 1. The gap function has
0.00 ko=== the typicald-wave symmetry with two ridges resulting from
sharp changes of the interaction function at the FS. In Fig.
3(b) the frequency dependence of Rek, w) is shown for a
set of K ,k,) points marked in Fig. @): (1) inside the FS,

(0, 0.19, (2) at the AF-zone boundary0.31, 0.19, (3) near
the FS,(0.38, 0.19. The gap function changes sign after
crossing thek,=k,=0.19 point where it is equal to zero. It is

FIG. 3. (a) The gap functionA (k,w=0) versusk (in units of mterestmg.tha.t the characteristic energy cutoff for the pairing
2m/a) and(b) ReA(k,w) [ImA(k,w) in the inset versusw for a theory, which is of orded=0.4 away from the Fgcurve J,
set of (K, points shown in Fig. @) for t-t'-J model becomes much smaller near the RSlrve_s 2 and B The
(6=0.25 andT/T,~0.8). sharp change of the real part and the quite large values of Im

A(k,w) near the FS differ from the results for conventional
hole spectral functiorA(k,w)=—(1/7) Im ({(hy/h)),+ic  Superconductors. Since the Fermi enefgyis of the order
and the density of statd®0S) A(w) on the real frequency of the exchange energy all quasiparticlescontribute to the
axis. pairing state contrary to the weak coupling case in conven-

In Fig. 1 results forA(w) of thet-t'-J model are shown tional superconductors.
for various doping concentrations. The peak in the DOS of The transition temperaturg, is determined as the tem-
width AW=J near the chemical potential=0 results from perature where the highest eigenvalue of the linearized
the shallow quasiparticle dispersi&tk) along the AF-zone Eliashberg equation becomes unity. In all cases the symme-
boundary{Fig. 2@)]. We find that the shape of the quasipar- try of the corresponding eigenfunctiah(k,w) is dyz_y2. In
ticle dispersion even ai~0.25 is still similar to the shape of Fig. 4 the dependence af, on hole concentration is shown
the dispersion in the single hole case. Yet a rigid band defort’/t=—0.1,0;+0.1. These results are quite different from
scription fails since the scal®W and the total quasiparticle the monotonic increasing, obtained within the weak cou-
bandwidth W grow significantly with §. The peak of the pling limit of the BCS equation in Ref. 11 and the maximum
DOS coincides withu at the transition from hole to electron- of T, found in Ref. 6 near half filling. In our case the maxi-
like Fermi surfaces(FS). This occurs at a concentration mum of T at §=0.20 fort’ =0 results from the Fermi-level
which depends otY. In Fig. 2b) the FS at5=0.25 is shown crossing of the peak in the density of states which reflects the
for the two models studied in this paper, thd and the change of the FS topology.

t-t’-J model witht’=—0.1t. Our unit of energy ist=1 We have also studied the dependenceTlgfon the ex-
(t~0.4 eV for CuG, planes and J/t=0.4. We note that change energy fai<4. T, increases withl and saturates at
numerical studies of theJ model suggest that the change of T,=0.025 for J=3. Phase separatioat largeJ is outside
FS topology may occur at a lower doping concentrafion.  the scope of our study.
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To compare with other theoretical work, we would like to difference from the standard von Hove scenario: here the
note the striking similarity of the Fermi-surface related struc-high density of states arises as a many-body effect, with the
tures in the gap functiofFig. 3) and of T, compared with  important consequence that the width of the peak in the den-
the results of Dahnet al.'* who used a completely different sity of states and the frequency of the exchanged boson are
weak coupling approach for the Hubbard model. related, and both of the ordgr That this is a particularly

An important difference between the phenomenologicakayorable circumstance for high. has already been stressed
spin-fluctuation theory and our approach is that pairing isyy Horsch and Rietsché}. Furthermore we have found un-
dominated in the former by~ (7, ) scattering and energy conyentional behavior for thd-wave gap functior(a sharp
transfersAE<50 meV, whereas in our calculations high- change with energy and large damping near thi WiSich

energy spin fluctuatl(o)ns wity Pearf the _AF-zone ”bound_arﬁ/ suggests an explanation for some of anomalous properties of
are most important. Qur coupliing unction actually vanis escuprate superconductors observed in tunneling experiments
for g—0 andqg— (7, ), which is the correct behavior as

discussed by Schriefféf. Contrary to the spin-fluctuation (v-shape gap and large imaginary patfrared absorption

theory, vertex corrections are of minor importance in the(no visibl_e gap or gapless super_conducti)/,ityngIe-resolved
spin-pt,alaron framework photoemission spectroscopy line of gap nodes along

H : 26
In summary, we have solved numerically EIiashberg(W’W) dlrectlon_. . : _
. . ; Note added in proofA recent inelastic neutron scattering
equations for the strong coupling spin-polaron model. The

model itself has no adjustable parameters apart frofrand experiment by P'. Bourgest al. (unpubllshegi shows evi- .
dence for the spin-wave nature of the high-energy spin-

J defining the Hamiltonian. We have analyzed the doping__ . ". : _
dependence of the quasiparticle spectrum of spin polarons i%xcnatlon spectrum in underdoped Yf8a,0.5 (Tc =52 K).

the normal state and shown that they undergo superconduct- We thank H. Eschrig, P. Fulde, and G. Khaliullin for
ing d-wave pairing mediated by spin fluctuations. The highhelpful discussions. One of the authdid.P) thanks the
values of superconducting temperature and its doping depetukawa Institute for Theoretical Physics for hospitality
denceT(6) is explained by a large peak in the density of where part of the work has been carried out. We acknowl-
states of the spin-polaron quasiparticles in the vicinity of theedge financial support by the Russian State Program *“High-
chemical potential. Thereby we have confirmed the robustTemperature Superconductivity(Grant No. 92052 and
ness of Dagotto’s result, which he obtained for a contacsupport by the Heisenberg-Landau Program and by E.U.
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