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Spin fluctuation induced d,2_,2-wave superconductivity in the three-band Hubbard model:
A self-consistent fluctuation-exchange-approximation approach
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Using the fluctuation exchange approximation of the three-band Hubbard Hamiltonian we find spin fluctua-
tion inducedd,2_,>-wave superconductivity with correct order of magnitude of the superconducting transition
temperature. This result is obtained for model parameters and for an effective Coulomb interaction which
yields normal state scattering rates in agreement with experiments. The chosen parameters of our model give
results for the low energy excitations which are similar to those obtained within the effective one-band
Hubbard Hamiltonian. We present results for thelependence of the anomalous self-energy, the spectral
density, and for the reduced quasiparticle scattering rate in the superconducting state, where both the copper
and oxygen states contribute to superconductivity. Our results are a further strong support for spin fluctuation
induced superconductivity and confirm previous effective one-band calcula®&®E63-18208)06142-9

There is by now a large consensus about the importancene-band calculations for the normal state as well as the
of strong electronic correlations in high temperature €uO superconducting pairing state and by using model parameters
superconductorSA favorite theory which includes the pro- corresponding to those used so far for the one-band model.
nounced short ranged antiferromagnetic correlations causekhis could provide a further support for the spin fluctuation
by strong electronic interactions is the spin fluctuationpairing mechanism in the high, superconductors.
model®>~# In this model the dynamical spin susceptibility — To fulfill the requirement of a charge transfer gap ob-
which is peaked near the antiferromagnetic wave veGor served in optical measuremefitsit half filling a set of pa-
= (m,7) and which is deduced from NMR experimett®r  rameters for the local Coulomb repulsimﬁ=6tpd and the
determined self-consistently within the fluctuation exchangeharge transfer energy,q= e, — €= 4t,q was obtained us-
approximatiorh (FLEX) causes a pairing interaction for sin- ing QMCZ2° In the following these parameters are referred to
glet Cooper pairs witltl,2_ 2 symmetry. Interestingly, these as thebare parameters. Putet alZ investigated the spectral
strong coupling Eliashberg-type calculations yield criticaldensity within the three-band Hubbard model using the
temperatured . in good agreement with experimétft® Fur-  above bare parameters and the FLEX approximation. They
thermore, these theories are also able to describe properlyfaund in the whole Brillouin zonéBZ) maxima of the spec-
variety of further experimental observations in the normal adral density at low excitation energiesw€0.25 eV). This
well as in the superconducting state. It should be noted thawas interpreted in terms of the experimentally obsefv&d
these studies are performed within an effective single banélat quasiparticle bandg.
description of the low energetical charge carriers. As shown Most importantly we find in the analysis presented here a
by Zhang and Rice the charge carrier states of the figh- dx2—y2 pairing symmetry and a superconducting transition
superconductors are composed of hybridized cofey  temperaturel, of the correct order of magnitude. These re-
and oxygen(O) states® Hence, it has been argued that theSults could only be obtained by using,;=4eV, Uy
explicit consideration of these Cu and O states might be~(1t0 2)t,q and hence by using an effective value for the
essential for a proper description of the short range spin dyCoulomb interactior 4<Ug. Note, only the reduced Cou-
namics of the cupratés: 14 lomb interaction properly yields the normal state scattering

Consequently a variety of investigations of the three-bandate of the cuprates)  is different from the bare interaction,
Hubbard model taking Cu &2_,. and O 2, states since the present theory focuses_on the Iov_v energy degre_:es of
into account have been perform&d?* Using quantum freedom which are expected to interact with a renormalized
Monte Carlo (QMC) techniques intensive investigation to coupling strength. In addition to finding observég values
find superconductivity in this model has beenwe find that both Cu and O states contribute to the supercon-
performed:é-1829.24-244owever, no conclusive results indi- ducting condensate. The dependence of the single particle
cating superconductivity in terms of off-diagonal long rangeexcitations, quasiparticlelike versus incoherent excitations on
order were obtained. This might be due to the limitations ofUq, is discussed. This supports the use of our model param-
this method to rather high temperatures such that importargtters. Note that the parameters we use for the three-band
characteristics of the spin fluctuations responsible for thealculation, namely, Uq/W~1/2, t,;~1eV, and Uq4
pairing state are not yet visible by analyzing the high tem-~(1-2)t,q, correspond to those commonly used in FLEX
perature pairing verteX. calculations of the effective one-band model/(W~1/2, t

Therefore, it is of great interest to investigate the occur=~0.25 eV, andU=~4t). Here, in both case¥/ is theU=0
rence of superconductivity in the three-band Hubbard Hamilbandwidth of the band crossing the Fermi level.
tonian within the FLEX approximation by extending our  The three-band Hubbard model is given by
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t,g=1eV, t,,=0 for the hopping integrals. Finally)$ is
- t ata pd pp d
H‘% (fd_“)diadio+% (6p= )P} Py the bare repulsive Coulomb interaction for two Cu holes at
the same site and is the chemical potential. For simplicity,
@) at we neglect the Coulomb repulsion in the @,2, orbital and
+tpdij20_a 9ij(Pjsdig+H.C) the interaction between Cud%_,2> and O 2, orbitals™
To investigate superconductivity we use the Nambu-
Eliashberg treatment, based on the six component spinor
\If|ﬁ=_(d|‘:T ,pl‘:’f,pl’:}’,dfkl,px_kl .pXx))- Thus, one finds the
matrix Green'’s function

+tpp; 91 (PTpY,+ H-C-)+U3§j: dj;dj;d] dj, -

D)
Here,diT,, creates a hole with spimin the Cu 3l,2_ 2 orbital R : Si(w) T(w)) ™t
at a Cu sitd. Correspondinglyp{;} creats a O 2, hole at G(@)=(V; V)= Tw) B(w) 2

an O sitej with spin o and a e {X,y}. t,q andt,, describe
the p-d hybridization and p-p hybridization between ;.
nearest-neighbor Cu-O and O-O sites, respectivglyand

E]” are the corresponding phase factors reflecting the orbital ~®(w) 0 O
symmetry of the Cu@ planes® The local orbital energy 0 o 0o
levels are given by, ande, and the charge transfer energy Ti(w)= ' 3
is Apg=€,— €4. In the following we useA,4=4eV, and 0 00
|
wZ(w)— eS+,u,—Xk(w) EES EES
Sdw)= —eby o-eftu - |, @
—epd —ef? o—€ejtu
a)Zk(w)-i-eg—,u-l—Xk(w) _ngkx _Egdky
Si(w)= Cas oref-p ], (5)
el eRP o+e)—u

with €= —i2t,q sink,/2), e,ﬁ’;‘=i2tpd sink,/2), and &f®  mation is reduced by the inelastic scattering of the
= —4t,, sink/2)sink/2). Here,o[1-Z(»)] andX,(w)  quasiparticle$:** Thus, the excitations are affected by the
are the self-energy matrix elements, also present in the nopronounced spin fluctuations in two different ways. The in-
mal state above the superconducting transition temperatugrplay of the pairing interaction and the quasiparticle life-
T¢, although they will be strongly affected by the pairing time is determined by the details of the Fermi surface topol-
state belowT.. Furthermore, the anomalous self-energyogy and the magnitude of the effective Coulomb interaction
P (w)=A(w)Z(w) with the superconducting gap func- y . The effective Coulomb interactiddy for the low-lying
tion Ay(w) determines the occurrence and symmetry of thé,ycitations of the system is expected to be smaller than the
supercopdugtmg state. In the normal state the usgal SEEII)'are interactiomJg, since particle-particle excitations lead to
energy 1S given byEk(w)=w[1—Zk(w)].+Xk(w)_,lWh|Ch particle-hole vertex renormalization. Note, this reduction of
determines the normal state scattering rafg (@)= ) is'not included in the FLEX diagrams. The reduction of
Julgir?glj(((sot;tis VV\(/E;:L%S ttr?: [S:ﬁg?rggp;2;?m°;t;[:§;l(]2§rcon'any repulsive bare interaction by particle-particle excitations
X(®) andd)l(w) are determined by a self-consistkent S’um_to a smaller value, relevant for the low energy degrees of
KV K y freedom, is a very general phenomenon for systems without

mation of particle-hole ladder and bubble diagrdnfar the " f the Fermi surf hich certainl lies t
rather large doping concentration discussed in this paper, gHe=sting of the -ermi surtace, which certainly applies o our
case if the doping concentration is not too smiall.

vertex corrections neglected within FLEX were shown to be X )
of minor importance?® although they are expected to become !N the following we considey as a purely phenomeno-
relevant for underdoped systeffsNote, in contrast to the logical parameter of our model Hamiltonian and which is
effective one-band model in our calculation the specific Cufixed by the value of the quasiparticle relaxation rafet=
and O Green’s functions are taken into account. However; 2 Im3,(0). Here, our am is to reproducea-gl
due to our restriction to consider only the Coulomb interac-=(1.0-2.0 estimated from the dynamical conductivify
tion at the Cu sites all self-energy diagrams involve only theand dc conductivity® whereT is the temperature. As will be
Cu Green'’s function. discussed below, this requirek=(1.0-1.2J,4. In the fol-

The spin fluctuations generate a pairing interaction and dwing we useUy=1.2,4. Note, the calculation of the
dy2_y2 pairing staté. The tendency for the Cooper-pair for- charge transfer gap as a high energy phenomena is beyond
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o [eV] FIG. 2. Anomalous self-energ®,(w=0) at T=50 K below
0.20 T.~70 K within the first quadrant of the BZb,(w=0) vanishes

along the diagonal BZ and changes sign Kok, , reflecting the
dy2_y2 symmetry of the superconducting order parameter.

the d,2_,2 symmetry. Hence, in agreement with results ob-
tained for the one-band Hubbard Hamiltonfahthe three-
band Hubbard Hamiltonian with Cud3._,2 and O 2,
orbitals yields a spin fluctuation induced pairing state with
dy2_y2 symmetry. The ratio betweed,(0=0) andA, for
k= (,0) can basically be understood in terms of the effec-
0.05 L L L tive mass ratiom*/m=2Z,(w=0)=5.4 atT=50 K. At T
20.10 -0.05 0.00 0.05 0.10 =75 K we findm*/m= 4.
@i [eV] The quasiparticle scattering rate below the superconduct-
FIG. 1. The density of states at Cu and O sites for differenting transition temperature of t.he' cuprat'es exhibiFs hew and
temperatures and fddy=1.2t,4 and dopingx=0.18. The simulta- anomalous features characteristic of spin fluctuation induced

neous opening of the superconducting gap for both orbital states {§OOPEr pairing. In Fig. 3 we show the spectral densitf)
clearly visible. The superconducting transition temperature is loand the quasiparticle scattering ratg*(w) for different
cated around 70 K. temperatures. These results are similar to those obtained
within the effective one-band Hubbard model FLEX calcu-

the scope of the present theory. The actual calculations afations. Due to the opening of the gap in the spectral density
performed on a (64 64) square lattice in momentum space and simultaneously in the spin excitation spectrum, the qua-
and have a low energy resolution of &10 3 t,g~6 meV  siparticle scattering rata—k’l(w) is suppressed forw|
around the Fermi energy. The method of Schmatiaml®®  <2.5A as observed experimentafly.Furthermore, fofw|

is used to obtain the results directly on the real frequency

0-DOS [eV7]

axis. 16.0 T T ' r r r 0.20

In Fig. 1 we show the density of staté®0S) at the Cu 140 k=(26.0)m/32
and O sites for a hole doping of,=0.18 and for various _ 20 i —
temperatures. For lower temperatures the superconductin> '*°f o
gap is clearly visible and vanishes for temperatures above — 8°f r 3
T=70 K. The opening of the superconducting gap in the % 6'0: I —.;
DOS behaves similarly for the Cu and O states. This shows
that both 3l,2_,2 and 2, , orbitals contribute to the super- _ L L e , , 0.00
conducting state. From these results we obtain a value -0.10 -0.05 0.00 005 0.10-0.10 -0.05 0.00 0.05 0.10
=23 meV for the superconducting gap and estimaté T2, @i [eV] o [eV]
=7.63 by assuming thaA does not change considerably 30 - - - - - - 020
below T=50 K. This is the lowest temperature we could 25 \ k=(32,6)r/32 ] k=(32,6)m/32
reach numerically. Furthermore, we estimatég=70 K. — 20 ~
The fact that the states at the Fermi surface are dominantly = 2
Cu states is not in disagreement with the observation of & g e 3
charge transfer system at half filing with an oxygen- 10 T
dominated band on the hole side of the spectrum. The ob-  os
served transfer of spectral weight from high to low 0.0 ) A ) X ) 0.00
energie¥ is expected to generate a much larger amount of -0.10 -0.05 0.00 005 0.10-0.10 -0.05 0.00 005 0.10

Cu states near the Fermi energy upon dofir. ot [eV] o-h [eV]

In order to demonstrate that the pairing state is indeed of G, 3. Spectral density,(w) and the scattering ratg *(w) in
dy2_y2 symmetry, one has to investigate the anomalous selfthe superconductingT=50 K) and normal stateT(=70 K) for
energy (). In Fig. 2 we present our results for the different momenta. The opening of the gap- 23 meV and in par-
dependence ofP,(w=0), which within the BZ vanishes ticular the suppression of the scattering rate| for<2.5A at the FS
along the diagonal and changes its signKpr-k, reflecting  are shown.
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FIG. 4. Normal state spectral densjy(w) and scattering rate
7 Y(w) for k=(m,0) near the FS and fok=(0,0) for different FIG. 5. Results for Ré(k,w) and ReA(k, ) of the supercon-
values of the Coulomb repulsidsy . Note the huge scattering rates ducting gap function at the poirk=(0,7) as a function of fre-
for larger values ofJ 4 which totally destroy the coherent character quency for various values of the Coulomb repulsiénNote, even
of states away from the FS. The resulting weak maxime at though there is a finite value of the anomalous self-endr@y, »)
=(0,0) for w— u=0.25 eV are only of incoherent character inhib- for all shown values ofU, a finite solution of Ag=ReA(k,
iting superconductivity for larger values &f, due to scattering = Ag) exists only for small values of the Coulomb repulsion.
processes.

tion to the recent paper by Esirgen and Bick&%hey pre-
>2.5A the scattering rate increases in the superconductingented results for FLEX calculations within the three-band
state, whered =23 meV is the gap amplitude. This has beenmodel and foundd,2_,> superconductivity forU=8.0t,q
observed in the_ corresponding scattering rate _of_optical meahpd: 1.3 eV) by calculating the singlet pair eigenvalues in
surements, which is expected to behave similarly to thgpg harticle-particle channel. If this eigenvalue reaches unity
single particle scattering rate discussed HeiEhis phenom- i ingicates a superconducting phase transition and thus

enon was shown to be responsible for the observed dip struc; .
! ) o rminesT. and th mmetry of the order parameter.
tures in the spectral densipy(w) within one-band model tete esT; and the symmetry of the order paramete

calculationg and which we also find in the spectral density Within a self-consistent theory such as FLEX the crossing of
of the present treatment unity by the eigenvalue corresponds to getting a finite value
It is important to state that all our results are obtained forOf the anomalous self-energy. Using FLEX and the three-
an effective Coulomb interactiod4=1.2t,4, which is con- band model we also get a finite value fbtk,w) with U/tyg
siderably smaller than the valueUy=6t,y used UP to 6.0(see Fig. % in fair agreement with the results of
previously23#°In order to demonstrate that our ghoiceLQ]‘ Esirgen am_:i Bickers. However, in the DOS a significant su-
is the reasonable one for our FLEX treatment of the threeP€rconducting gap opens up only f0vt,4 of the order 1.2
band Hubbard model, we have investigated the depen- to 2.0. Note ®(k,w) as a function ol is, in our calculation
dence of the quasiparticle scattering rafé(w). Results are 1argest for intermediate values of abduit,q~3.0. As can
shown in Fig. 4. Obviously, the experimentally observed or-2/S0 be seen from Fig. 5 the gap functioh(k,»)
der of magnitude of the scattering rté®is obtained if we ~— P(K.@)/Z(k, ) itself is strongly affected by the drasti-
useUy=(1.0-1.2},4, but not forU,=6t,4. Since the di- cally increasing scattering rates for larger values of the Cou-
rect oxygen-oxyge% hoppirig, is expectgd to decrease the Iomb repulsion. Therefore, the largest gap amplitude is ob-
scattering rate, we show our results fgg= —0.8,4. Even tained for smaller values a8. B
in this case, values such as;=6t,q generate much too Ito's also of interest to note in Fig. 5 thaly =Re A(k, o
large scattering rates. Thus, on the average we find=2Ak) only has solutions fold/tp4<2.0 and that only then
Im 3, (w=0)=—0.06 eV forT=400 K. In contrast, using the superconducting state is expected to be stable against
Uq=6t,q the scattering rate is approximately 50 times toophase fluctuations of the .order paraméfem accordance
large. with our one-band calculations we expect that we get for the
This rapidly increasing scattering rate has a drastic influthree-band model from ihe requiremegk, ») =0 for all o
ence on the Cooper pairing, since it reduces the lifetime of transition temperaturg; reflecting only an onset of phase--
the quasiparticles and therefore the possibility of coherenglisordered Cooper pairing and yielding furthermore no maxi-
Cooper pair formation. Hence, we will now discuss the mal T¢ as a function of doping. A phase coherent Cooper-
dependency of the superconducting state and make a conngaair state is only obtained &t resulting fromA? having a
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finite value?’ Note that only for this can one get a maximal tral density as quasiparticle peaks. However, even more im-
T, for optimal doping in the one-band case. portantly than this is the above discussed extremely large
It is interesting that we obtain for our reduced value ofscattering rate occurring for larggy, overestimating the
Ug=1.2t,4 corresponding to the usually taken value= 4t incohgrency of the system dramqtically and being inconsis-

of the one-band FLEX calculatiohssimilar results for tent with the normal state properties of the cuprates.
Im 3, (w=0)/W. Here,W is the uncorrelated bandwidth of N summary, by choosing input parameters corresponding
the band crossing the Fermi energy addandt are the to the ones used for the effective one-bar_1d model we obtain
effective Coulomb repulsion and nearest-neighbor hoppinder the three-band Hubbard model using FLEX theory
element of the one-band model, respectively. normal-state properties of high; superconductors in good
Finally, we discuss the dispersion and the structure of th@greement with experiments. Moreover, we get spin fluctua-
spectral density and compare it with the results obtained fofion induced superconductivity at high temperaturdg (
U =6t,4 in Ref. 23. Using these large values of the Coulomb™ 70 K) and ad-wave symmetry order parameter. Our re-
interaction, we also find that the maximum of the spectraBults are in fair agreement with those obtained previously
density is shifted considerably to lower binding energiesithin FLEX theory for the effective one-band Hubbard
compared to the uncorrelated case. Furthermore, we find fgpodel. _ _ .
statesk=(,0) at the Fermi surfacéS) that largeU val- Note the recently discussed suppression of the mean-field
ues Uy~6t,y) drastically reduce the quasiparticle weight transition temperature of the_ Ellashberg theory in under_-
due to the too large scattering rate, but not their energy podoped systems due a drastic reduction of the superfluid
sitions. Hence, one still has a quasiparticle, i.e., a soluEipn density is expected to be of less importance for the doping
of E,= € (Ey) +Re 3 (E,), but with reduced weight. Here concentration investigated in this paper. Of course, further

in the case of the three-band modg{) is given by calculations within the three-band model are necessary to
show the observed doping dependence of various properties
ek(w)=eg+ Y(w), (6) and in particular ofT.. Extensions of our theory should

properly yield for underdoped cuprates the tendency for the

with spin-singlet state of Cu and O states and site specific spin

_ Py Ppd2_ _pd2 pd_pd_pp susceptibilities. Also, extensions of the theory are needed to
(0= €p) (€ix T €iy”) T Ejcy iy €k ; : i
y(w)=— 5 2V = yx 7) understand the interplay of spin and charge fluctuations and
(0—€p)— € of low and high energy excitations. In view of the recent

o discussion that certain sum rules related to the Pauli principle
The situation is different for stz_ites_ far away fr(_)m the I:S'are not fulfilled within FLEX?® it is worth noticing that in

For example, fork=_(0,0) one still finds a d_rastlcally "®" the case of the one-band model and for the doping values
duced spectral weight fOUd:.6tPS” but additionally _the investigated in this paper these sum rules are quantitatively
now only weakly formed maxima in the spectral density %y ffilled to rather high precisiori5% for x=0.16. There is
shifted by~0.6 eV towards the Fermi energy. As & CONSe-ceainly a need to develop new theoretical methods which
quence we analyze for the spectral densitykat(0,0)  gre a5 self-consistent as FLEXssential to study the super-
strongly incoherent states for the larg values. This fol-  ,hqycting stateand which are elaborated more as far as
lows from the determination of the energy position of thetwo-particle excitations are concern®dThis will help to

quasiparticle pole of the single particle Green's functionpetter ynderstand the limitations of FLEX and the different
which shifts fromw=0.9 eV tow=1.2 eV asUqy changes oq.its obtained by various other stuch&4s

from 1 eV to 6 eV. Besides the fact that perturbation theory
becomes questionable for largk,, this demonstrates that ~ We thank S. Grabowski, D. Zanchi, and G. Hildebrand for
one must be careful in interpreting the maxima of the specuseful discussions.
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