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WHY ARE COPPER-OXIDES THE ONLY
HIGH-T. SUPERCONDUCTORS with T, > 100 K?

Cu ?* in 3d° state has the lowest 3d level in transition metals
with strong Coulomb correlations Uy >Apq = €p — €4
They are CHARGE-TRANSFER INSULATORS
with HUGE super-exchange interaction J~ 1500 K —>
AFM long-range order with high T, = 300 — 500 K
Strong coupling of doped holes (electrons) with spins
Pseudogap due to AFM short — range order

High-T. superconductivity ?
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EFFECTIVE HUBBARD p-d MODEL

Model for CuO2 layer: 28d'l'ud/ N

Cu-3d (&4)and EqT &p M
O-2p (€p) states 4 ¢,
A= g,— €34 =21tpq~3eV &d \ A

In terms of O-2p Wannier states —L— ¢

= {ed nfy +ep nf, + Hi(Ug, Up, Vid, top) }
foa

+ Vi (dhpis +He) =S HO b Hi G £ D

l,],0 i

where VIJ = 2tpdVij , Vii ~ 2tpd ~A> | |
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Cell-cluster perturbation theory and Hubbard operators

Exact diagonalization of the unit cell Hamiltonian Hi(o)
gives new eigenstates:

Ei=¢-y4 — one hole d-like state: o>
E-=2E{+A — two hole (p - d) singlet state: | 1] >
We introduce the Hubbard operators for these states:
X® =lia><ipl with la>=10>, o>, 11| >
Hubbard operators rigorously obey the constraint:
XiOO + XiTT + Xill + X 22 =1
— only one quantum state can be occupied at any site 1.
In terms of the projected Fermi operators:
XiOO —> Ci0(1 — N i—o)a Xi 02—> Ci—g Nig
Commutation relations: [X%,X°], =&y X® x5 5q Xi'P
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The two-subband effective Hubbard model reads:
H = E D X77+E > X2+ Y {tixe%%P +
i,O' | i#j,O’
+ 52 XPOXT2 4 ot (XPXPT + X7OXT?) }

where ¢ = —o = +1 and hopping parameters

tﬁu/@ — Faﬁ Vi; 2tpd &~ ().1 tpd < A

Kinematic interaction for the Hubbard operators:

27?2 = [X{%H] = (E; + Q)X72 = 3 XP? (thiXd 4+ o X7 )
m

m “loo foNoa

/ —/
b Y (B2 - o820
m.o’/

where Bose-like operators are: Bichg,zl) =

(X224X79)8 1, £XT9 8,05 = (Ni/24-S2)8 11,576 515
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Dyson equation for GF in the Hubbard model
We introduce the (4x4) matrix Green Functions:
Gijo (t — ') = ((Rig () | X1, ()

for Nambu operators: )A(.T = (X% X979 X92 X97)

~ W |/E W
Gija(w):< #a<> Fijo () )

Fio(w) —Gjizg(—w)

where @ija(w)— normal and ?ijg(w)— anomalous
(2 x 2) matrix GF for two Hubbard subbands.
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Equations of motion for the matrix GF are solved

within the Mori-type projection technique:
wGip(W) = G+ (Ko, H IR Nw, % = ({Rion XL 1)
Projection — [Xi,,H] = > E: o Xmo =+ Zi(;r), ({Zl(;r),)’\(;ra}) = 0,

i~

Frequency matrix: Ej, = ({[Xis, HL)"(JTJ}) 1

The Dyson equation reads:

~ 1 _ ~ ~ o
(Go(aq,w)) = {wh — Es(a) — Lo(q,w)} ¥
with the self-energy as the multi-particle GF:

So(a,w) = %126 | 2691V
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Mean-Field approximation: zero order GF

Go(q, ®) = (0] — Es(q)) %

where frequency matrix: Eija — (',ﬁ’iia /\Aija 51

with ®; - frequency matrix of the normal state

QP spectrum: Qs(q) for UHD and Qi(q) — LHB

-~

A.{;g — matrix of anomalous correlation functions: e.g.,

A2 = & t%Z(XiOQNj) — SC gap for singlets (UHB)

\jo
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Normal state MFA GF: one-hole Qp(q) and two-hole Qu(q) spectra

| D
GO (q,w) = { w—-wp(@lxy —WZxp } Spectral weights:

{lw - (@)l — (@]} . R

2,0(a) = 5 [wp(a) + wp(@)] £ 5 {lwp(a) — wp (@] +WLPWEY/2.

2
Hybridization:
wy(q) = Ey — Ep — p+ AYY + V¥¥(q), Dy b b
wp(q)=ED"—p+AfD+VaDD(Q)a Wf =A:}b +V£ (q)

Dispersionin n.n. <1(4) and n.n.n. "y‘z(Q) approximation:

VI¥(q) = tKyyxe > vi(a@) (1 +x{7/x5)  where 1/x3 =4/n2

Spin-correlation |
| x\V = (SiSita,,,) <0, x\? = (SiSita.+a,) >0,
functions:
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Spin-correlation functions gives a strong renormalization for spectra

1 C()
(So6S;) Z Xq » Xe T 1+&%[1 + (cos gz + cosqy)]

Normalization condition {S:iS:} = 3/4 defines C(¢) = Xqatq = (m,7)

for a given AF correlation length ¢ — the fitting parameter
1
n=1 ¢»a X =-0336 x@ = 0202
(2)
n=12 g=a M =-010, X =003,

(1) ( ) .
n=14 Xs = Xs =0, — no AF corelations
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2-pole approximation for the effective Hubbard model: spectra and DOS

E =27 : . E 27 : i
> P - : —
% n=12,¢ =a % n—1.4,: Xg=0
- (b) " - (o)
(w,m) (0,0) (w,0) (m,7) (m,7) (0,0) (m,0) (m,7)
I B |
- ! -
s = = 4 |
g J | £ 10) g :
"g 2 | ‘ \-.4;_3/ “g [
= 1 ) = M ’
I (]
O [— - — 0 ) ,_.r |
-6 - - T -4 2 E 0 . "
6 4 Egp -2 0 F 1 5 E‘ 0
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Self-energy corrections to the 2-pole approximation
in the SCBA for the Hubbard model

1 0.6 ; . : : : :
. n=0.75 |
Ll i U=8t
10 0.5F T=0.5t ]
8 04 F .
6 = I J
S 4 > o03f LHB UHB .
| < _ ]
EF o 02F 7]
2 0.1 ]
-4
6L T ] 0.0 : .
r M X T -5 0 5 10 15
k EF o/t
Spectral density A(k,w) Density of states A(w)

U=8t n=0.75 T=05t Krivenko et al. Physica B (2005)
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Mean-Field approximation for the gap function

Frequency . ( Gic  Ajjo ) o 1
A X

. E.. — X
matrix: jo (Aﬁo—) wji—o'

et

where A — matrix of anomalous correlation functions

ijo

A.% —— til'2<xi02Nj> — anomalous cc?rrelatiqn function
J J — SC gap for singlets in UHB

—> PAIRING at ONE lattice site but in TWO subbands

0 2
(XO2N;) = (XVXENG) = (cipeinN;)
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Equation for the pair correlation Green function
(XP2(1) | Nj(t))) gives:

_I_
N o112
—oo 1 —exp(—w/T) 15

[((XPTXTIN;) Yoo — ((XT2XG2IN;) )]}

1 1
{——Im
T w—Ey

For the singlet subband (UHB): p= A and E, = Eq=—-A":

A Lo OHAXIIXEIN}) |m=j ~ — (4612 /D)o (XT2XP2)

Gap function for the singlet subband in MFA :
A5 = Jij (XT2XI2), Jj = 4 (%)?/A

o

Is equvalent to the MFA in the t-d model
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AFM exchange pairing
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All electrons (holes) are paired in the conduction band.
Estimate in WCA gives for T.&X :

TS~ [u(W — ) exp(=1/)) ~ (30 — 150) K
for p=W/2~035eV, A =JNs~02—023
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Self-energy in the Hubbard model
Fola,w) = xHZEV | 289N PSP where
(202)" = £ (20B2 X752 — o2l 5B, X07')

A

B. B.
scBA: <« VA \ . N
tj X X tim

|
jm tlm

(By(DX1(t) | ByXa) = (X1 ()Xa) (By(D)By) (vr1)

Self-eneray matrix: R N
£ () = (£)] Mijg(w)  ®jjp(w) )
ljo T \/

¢ (W) —Mjiz (—w)

Jlo
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Gap equation forthe singlet (p-d) subband:

02(q,0) = Y / dwiK(w, wilk, q — k)

k oo

1
X{—; Im [ 3, F2%(k, wi) — T4, FLt(k,wy)] }

where the kernel of the integral equation in SCBA

K(w,wilk,q) = e _w12_ wz)(tanh— + coth —)

><It(k)l2 Im [{(Sq | S—q)) — Z<<Nq | NG MW eo-tis

defines pairing mediated by spin and charge fluctuations.
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Spin-fluctuation pairing

u —g PP
.

Estimate in WCA gives for T.sf

TS ~ ws exp (—=1/Vg) ~ 10 — 50 K
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Equation for the gap and T.in WCA

A(k) E(k)
2E(k)

A(q) = [J(k —a)—XAs(k, k — q)]
E(k) = {sz<k> + |A(K)| }1/2,

As(k, k —q) = tgff ’Y(k)2 xs(k — q),

tefr =~ 0.14t,4,  ~v(q) = (1/2)(cosqx + cosqy)

1 x0(§)
S = —(SqS_ — y
xs(Q) = 2-{5q5-q) G +@)
Normalization condition: —Z SqS—_q) = —(1 —9)

where ¢ — short-range AFI\/I correlation length,
wg = J — cut-off spin-fluctuation energy.
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Estimate for T, in the weak coupling approximation

W—ud Ws d
€ € - .
1> [ 5 tanhsNg(+s [ oo tanh o
2e PN g Nale)HAs | 5 tanh or Nurle)
1 ~ Vex
Te~ wsexp(—=-), Vs= V- ’
¢ =~ wsexp( VS) 2= ST W Il )

Vex ~ ING(0), Vi = AsNg(0), As = t2/ws

Effective N N B
spin-fluctuation Te == wsexp( 1/\/5) ~ (150 — 350) K
pairing constant 10 Vef = Vex = 0.2 —-0.3 and

Vg enhanced by Vs = V¢ A 1—Vex‘|f12%u/ws) ~ (0.45 — 0.72

exchange
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T.(a) and pressure dependence

For mercury compounds, Hg-12(n-1)n, experiments show
dT./da=-1.35103(K/A), or dInT,/dIna=-50

| Lokshin et al. PRB 63 (2000) 64511 | g
For exchange pairing

ol Hgl225% 1 Tc= Epexp (=1/Vey ),
Vex=J N(0), we get:
e dinT./dIna
o 120- =(dInT,/dInJ)
5 x(dInJd/dlIna)
< 110- Rg-1201F 1 ~— 14 (1/ Vg ) = — 50
ex ’
. —— where V. =0.3 and
1 J = tpd4 ~ 1/a14

3,850 3,855 3,800 3,865 3,870 3,875 3,880
a, A
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For conventional, electron-phonon superconductors,
dTc/dP< 0,e.g., forMgBy, dTc/dP=-1.1 K/GPa,
while for cuprates superconductors, d Tc/d P >0

Isotope shift: 160 — 180

Isotope shift of Ty = 310K for LaoCuOy , A Ty=-1.8 K
[ G.Zhao et al., PRB 50 (1994) 4112 ]

and ay=—-dInTy/dInM= — (dInd/dInM)=0.05

Isotope shiftof T-: ac=—-dInT./dInM =

=—(dInTs/dInJ) (dInd/d InM ) = (1/ Vgx) an = 0.16
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Equation for the gap and T.in WCA

A(k) E(k)
2E(k)

A(q) = [J(k —a)—XAs(k, k — q)]
E(k) = {sz<k> + |A(K)| }1/2,

As(k, k —q) = tgff ’Y(k)2 xs(k — q),

tefr =~ 0.14t,4,  ~v(q) = (1/2)(cosqx + cosqy)

1 x0(§)
. — —(SqS_q) = ,
) = e L+ 0 +a(@)
Normalization condition: — E (SqS—q) = —(1 — )

where ¢ — short-range AFI\/I correlation length,
wg = J — cut-off spin-fluctuation energy.
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NUMERICAL RESULTS
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Apd / tpd =2, Ws/ tpd =0.1,
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tpd =15eV

Fig.1. Tc (in tg units):
(i)~spin-fluctuation pairing,
(i)~AFM exchange pairing ,
(iii)~both contributions
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Unconventional d-wave pairing:

A(K, ky) ~A (cosk, - cosk,)

o8| 1 1 Fig. 2. Ak, ky)
065/ 4 s - (0< _kx, Ky < )
kym L ] at optimal doping 6 = 0.13
oer — Large Fermi surface (FS)
0 1 1 | |

0 0.2 04 06 08 1
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Comparison with the t-J model

The Hamiltonian of the t-J model in X- operators reads:

He j=— 3 tUXf’OXO" —u 3 X Interbanc_j hopping
i£j,0 i determines the
exchange interaction:
+ > Ui (XP7XT7 — X77X7T) Ji =4 ()2 / A
|7EJ o J J

Matrix Green function for the X-operators: ¥} = (X7° X07)
Gt — 1) = (Win(1) [T, (1)),

. ) ( ~r1j1 (w) ;1?2 (W)) ) /
Gijo(w) = Q "j I where () =1—n/2
: o(w) G (w)

Tijo ijo
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Self-consistent system of equation in SCBA

0 :
- 1 _ dzdS) 1 2 (1
11(12), (W _ 2 . = :
2 Uk, w) N E g°(q. k q).// ., _ a2 (‘r mh__T + coth __T)

x A2 (q, 2): [-(1/x )Inu’)ﬂ:ik q. 2+ 1i0)].

where the interaction Q(qa k — Ol) — f(Q) — %J(k QI)

is determined by spin- charge- fluctuations

D*(q.9) = ({S(q)

S(—q)))o + lHHiq | n{—q)))o

Spectral functions for the normal and anomalous GF:

1111121 l

(q,z2) = — 1111("”'13'(q,{,+m?

.'I.
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Numerical solution of the linearized gap equation

, I . .
O, (k,iw,) = v > Y {Jk—q)+ A\a(g. k —q | iw, —iwy,)}
N 4

e

x  GH(q,iw,,) }’f_rl(q. — W )P (q. 1wy, ).

Interaction:  \\5(q.k —q | iw,) = ¢*(q. k —q)D~(k — q,iw,)

Model spin I
susceptibility with  x7(g,0)=——Im((S,[S_,))u+is= X:(7)X. (@)
parameters: !

AF cor.length ¢ X0 0 1

= tanh -
and wg ~J l+&01+v(q)] 2T 1+ (w/w,)
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Numerical results

1. Spectral functions A(k, w)

S S
|: 6=0.1 (a) Nl 5=0.4 (b)
| 0
) o
£ 3 P Sty §, s
< 0 H I < e r
S — I S
6 0 3 0 6 0
- 00 _ M - 3.0 M
3.0 6.0 0.0 -3.0 6.0
@ )

Fig.1. Spectral function for the t-J model in the symmemtry direction
[(0,0) — M(tr,1) at doping: (a)6=0.1 (¢=3), (b) d=0.4 (&=1).
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2. Self-energy, Im 2(k, w)

o QT

-i:w 5=0.1 (a) | 8=03
£ £
= —
52 3=
--E. 0 T 0

S o

6
50 30 op . 0 30 00 5, o
@

Fig.2. Self-energy for the t-J model in the symemtry direction
[(0,0) — M(1T,1T) at doping 8 =0.1 (a)and d=0.4 (b) .

<
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3. Electron occupation numbers N(k) = n(k)/2

Fig.3. Electron occupation numbers for the t-J model in the quarter
of BZ, (0< k,, k, <) atdoping 6=0.1(a)and 6=0.4 (b).
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4. Fermi surface and the gap function ®(k,, ky)

Dk
-6e-005 0 6e-005

Fig.4. Fermi surface (a) and the gap ®(k,, k,) (b) for the t-J model
in the quarter of BZ (0 < k,, k, <) atdoping 6 =0.1.
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CONCLUSIONS

Superconducting d-wave pairing with high-T.

mediated by the AFM superexchange and spin-
fluctuations is proved for the p-d Hubbard model.

Retardation effects for AFM exchange are suppressed:

Apg >> W , that results in pairing of all electrons (holes)
with high T~ Ep= W/2.

Tc(a) and oxygen isotope shift are explained.
The results corresponds to numerical solution to the
t-J model in (g, w) space in strong coupling limit.
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