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Abstract. An effective anisotropic t-J model for the “pseudo-ladder” compound CaCuzOs3 is proposed
based on recent experimental studies and band structure calculations. Superconducting pairing mediated
by the exchange interaction in the model is investigated as a function of doping away from the anti-
ferromagnetic insulating state. It is shown that strong anisotropy in the electronic spectrum suppresses
superconducting temperature in comparison with conventional copper-oxide superconductors with square

lattices.

PACS. 74.20.-z Theories and models of superconducting state — 74.20.Mn Nonconventional mechanisms
(spin fluctuations, polarons and bipolarons, resonating valence bond model, anyon mechanism, marginal
Fermi liquid, Luttinger liquid, etc.) — 74.72.-h Cuprate superconductors (high-T. and insulating parent

compounds)

1 Introduction

The study of ladder compounds reveals interesting physics
caused by a complex interplay between spin and charge
degrees of freedoms in these particular class of strongly
correlated electronic systems (for a review see Ref. [1]).
The most intriguing phenomenon observed in the two-
leg compound Sry14_,Ca,;Cus40y41 is superconductivity at
high pressure [2] which possibly correlates with closing
of the spin gap [3] (however, see also Ref. [4], where the
closing of the spin gap has been doubted). On the other
hand, under high pressure a crossover from one to two
dimensions is observed [5] which shows that the supercon-
ductivity in this system occurs in a highly anisotropic two
dimensional CuO5 plane.

In recent experimental and theoretical studies of the
electronic structure of the “pseudo-ladder” cuprate com-
pound CaCu;0O3 an unusual non-planar hole distribution
was observed at variance with conventional ladder com-
pounds [6]. It results from the strong interlayer coupling
which is responsible for the missing spin gap generic for
other two-leg ladder cuprates [7]. Contrary to the undoped
two-leg ladder compounds, the undoped CaCuz0O3 is an
antiferromagnet (although with a relatively low Néel tem-
perature Ty = 25 K [7]) as in other quasi-two-dimensional
parent cuprates. Therefore this compound can be consid-
ered as an anisotropic bilayer compound and a candidate
for high temperature superconductivity at hole doping
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away from the antiferromagnetic insulating state inves-
tigated so far.

In the present paper we propose an effective
anisotropic t-J model and calculate the superconducting
transition temperature as a function of doping. It is shown
that anisotropy of the electronic spectrum in the copper-
oxide plane suppresses the superconductivity mediated by
the exchange interaction in comparison with conventional
cuprates having square lattice.

2 Effective t-J model

The crystal structure of the CaCusO3 compound can be
viewed as corner-shared CuOg zigzag chains running along
the b-axis which are tilted by nearly 29° from a straight
Cu-0O-Cu bond with the neighboring zigzag chains form-
ing this way positively and negatively buckled ladders with
“kinked” rungs in a-direction (see Fig. 1). This layers are
packed along c-direction in a three-dimensional crystal.
Each stack of pseudoladders forms a bilayer. Taking into
account the results of recent experimental and theoret-
ical studies of the electronic structure of this “pseudo-
ladder” cuprate compound [6], we propose the following
anisotropic t-J model:
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Fig. 1. The crystal structure of the undoped CaCuzO3 com-
pound [6].

where @i = af (1

o — Nja,—o) are projected elec-
tron operators, Yoo a @i and S), =
(1/2) X2, 4 s s Gias — are the number and the spin
operators for the lattice site i« = R; + aa, where the co-
ordinates in the (b, ¢)-plane are defined as R; = ipb + i.c,
while the parameter «(8) = 0,1 numbers two nearest
neighbor planes along the “kinked” rung in the a-direction
and 2a, b, ¢ are the corresponding lattice parameters. The
hopping integrals t%ﬁ and the exchange energy Jf‘jﬁ can
be written in the form

Nia =

t?jﬁ = 0aptsdjits
+ (1 — 0a8)(tadij — tedjite + t'5ﬁib), (2)
J;‘;-ﬁ = 0a8(Jp0jixp + Je0jixe) + (1 — 0ap)Jadij.  (3)

Here the nearest neighbor hopping and exchange param-
eters according to [6] can be estimated as (in meV):

ty = 430, t. = 140, t, = 50, ' = 9,
Jy = 170, J, = 20, J, = 50. (4)

The hopping parameter and the exchange interaction
along the chains are close to those of the related lad-
der compound SrCuyO3 [8], while the interchain couplings
are quite different. The electronic dispersions along the
several symmetry directions are shown in Figure 2. The
tight binding approximation, equation (2), describes the
LDA spectrum reasonably well, except the small split-
tings along the I' — Y and I' — Z directions due to
weak interladder interactions in (a,b) plane which we ig-
nore for the sake of simplicity. The corresponding den-
sity of electronic state for the tight binding model is
shown in Figure 3. To take into account rigorously the
projected character of electron operators, we employ the
Hubbard operator (HO) technique. The HO are defined
as X, = |ia, n) (i, m| for three possible states at a lat-
tice site io: |ia, n) = |ic, 0), |ia, o) for an empty site and
for a singly occupied site by an electron with spin /2
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Fig. 2. The tight binding spectrum of the model, equa-
tions (2), (4) in units of ¢ = ¢, = 430 meV.
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Fig. 3. The density of state for the spectrum shown in Fig-
ure 2.

(o0 = £1, 6 = —0). They obey the completeness relation
X+ X =1, (5)

which rigorously preserves the constraint of no double oc-
cupation at each lattice site by any quantum state |ic, n).
In terms of the HO the model (1) reads:

Hyg=—py X7 — > t3X0X03
ijoaf
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Here we have introduced the chemical potential p which
depends on the average number of electrons on one site:

n=y (X77), (7)

which does not depends on o = 0,1 since the two planes
within a bilayer are equivalent. The model (6) describes
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two anisotropic copper-oxygen planes which can be called
as a “pseudo-ladder” compound due to quite a large cou-
pling of the ladders along the c-axis [6]. Therefore, to es-
timate the superconducting transition temperature 7, in
the model we can apply the theory of superexchange pair-
ing developed in [9,10] for a copper-oxygen plane.

3 Green functions

To discuss the superconducting pairing within the
model (6) we consider the matrix Green function (GF)

Giaio (=) = ((Taao O], (1)), (8)

in terms of the Nambu operators:

where Zubarev’s notation for the anticommutator Green
function (8) has been used [11]. To simplify the no-
tation we omit further the subscripts «,( by taking
=1, j=7.

By differentiating the GF (8) with respect to the time ¢
we get for its w-Fourier component the following equation

a),. o

where Z;; = [Wia;H] and Qa,a = <{Wza07 1&0’}) =
(X0 + X29) = Q7. We consider a paramagnetic state
and therefore the correlation function in equation (9)
Qoo = (1 — X77) = 1 —n/2 depends only on the av-
erage number of electrons n.

To close the system of equations for the single-electron
GF (9) we apply the projection technique for the equa-
tion of motion for GF. We project the many—particle GF
in (9) on the single-electron GF by introducing the irre-

= (X5 X35)

wGijo (@) = 53Qar + ({Zir |

ducible (irr) part of Z;, operator which is orthogonal to
the single-electron operator:

(2!

({25l }) = <Z‘”’“>qﬂ +wl, 20y 0. (10)

jo“io

From this equation the definition of the energy matrix

follows as
) QT

The frequency matrix (11) defines the zero-order GF in
the generalized MFA:

Bijo = <{[Q7M,H] (11)

. -1
Gle@) = Q {cﬁo&'j - Eija} ; (12)
where 7y is the Pauli matrix.

In the present study we neglect self-energy correc-
tions which stem from the essentially many-particle GF
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part of the operator ZZ-(;TT). As was shown in [9] these cor-
rections, though giving quite a substantial contribution to
the electronic spectrum and superconducting pairing, do
not change qualitatively the results for the superconduct-
ing transition temperature T.. Therefore, for a compara-
tive study of superconductivity in compounds with nearly
tetragonal, “symmetric”, 2D copper-oxide planes and the
highly anisotropic “pseudo-ladder” compound under con-
sideration, we can apply the MFA given by the zero-order
GF (12).

To calculate the energy matrix (11) we should consider
the equation of motion for the HO:

d ’7
— X0 — — § tiBigor X7
<Z dt + ‘LL) i l l l
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where we introduced the operator

T ) in equation (10) defined by the irreducible

500’ )X'Oal )

2

(13)

Bio’o” = (XIOO + Xigg)éa’a + Xfa(sa’a'

= (1 - %m + JSf) Soro + 870005 (14)

The Bose-like operator (14) describes electron scatter-
ing on spin and charge fluctuations caused by the non-
fermionic commutation relations for the HO (the first term
in (13) — the kinematic interaction) and by the exchange
spin-spin interaction (the second term in (13)).

By using equation of motion (13) and performing
the corresponding commutations for the Hubbard oper-
ators in the energy matrix (11) we can write the nor-
mal, EM = —E% and anomalous, E}2 =

ia,j 3,0 iBia, 50 ia,j 3,0
( ?éﬂ-a’g)*‘, matrix components in the form:
1 _
— P aﬁ af 05
sz ,JBo T z_] Q z] - EJ’L] < Xia>
+ 6ij0ap(—p + op), (15)
a0
QZ< X X > 2‘]1(:;7( al _1)>7
1
12 _ 7aB Oc
B2 5.0 = I 5 (XEXE),
2 o o
- 6ij6aﬁé Z tg’y <X'L'Oa XlO'y > ) (16)
ly

where we introduced the spin-charge correlation function

i = ((1-75) (1)) + Susim)
~ Q%+ (SiaSjs) = Q° + Xia js-

In the last approximate expression we neglect the charge-
charge fluctuations (dniadn;g), 0Nia = Nia — (Nia). We
stress, however, that the short-range spin-spin antiferro-
magnetic correlatlon Xinjg = (SWS]5> gives a sub-
stantial contribution to the narrowing of the quasiparticle

(17)
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bandwidth in the low doping region and cannot be disre-
garded (see [9]).
By introducing the g-representation in (b, ¢)-plane for
the GF (12) and the energy matrix (11) as follows
1 (R R A
N Z cla(Ri—Ry) Ggg,g(q (18)
q

Gza]ﬁcr( aw)a

where N is the number of lattice sites in one (b, ¢)-plane,
we can write the GF (12) in the form

R N —1
C.(0,w) = Q {windas — Eag.o(a)}

< Gaﬁ(Qaw) Faﬁ,ff(cbw) )
= , (19)
Floo(d,w) —Ggala, —w)

where the energy matrix is given by the equation:

cap(q) Aapo(a) )

A;;a,cr (q) _Eﬁa(q) (20)

Eapo(q) = <

The normal state energy matrix £,5(q) which does not
depend on spin ¢ and the gap matrix which is an odd
function of the spin o: Aypo(q) = —Aaps(q), can be
written in the form:

ap(q) = dape(q) — (1 = bap)tL(q)

= —0a3 2ty cOS gy + (1 — 5ag)( — 2t.cosq,
+ 2t/ cos q,) — p — O (21)
Aaﬁ,g(CI) = 5&[3 AU(Q) + (1 - 5&[3) AU,J_ > (22)

where for calculation of the quasiparticle energy for one
plane £(q) and the interplane coupling 7, (q) we have
used equation (15) and introduced the renormalized hop-
ping parameters to. For the gap functions we get from
equation (16) the following equations for the in-plane gap
(o =) and the rung gap (a # f5):

Ay (q) = NQ Z J(q—k) <X£<7X00 ),

2 fe% o o
- N—Q ; 3 ’Y(k) <X£O¢ng’y> ) (23)
Ans =g > (xkxha) (24)

To calculate the normal, G,3(q,w), and the anomalous,
Fop,0(q,w) components of the GF in equation (19) we
consider the (2 x 2) matrix equations:

{woap — £ap(@)}Gpala,w) — Aapo(@)FL, ,(q
Aga,a(Q)Gﬁa(an) - {w(saﬁ + Eaﬁ(q)}FTa,a((L

After some algebra we get the following solution for
the GF:

w) =Q,
w)=0.

Aap(q,w)
w? — E?(q)][w?

Gaﬁ(qaw) = Q (25)

— E3(q)]’
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Baﬁ(qvw)
w? — B} (q)][w? —

where the quasiparticle energy for the two bands in the
superconducting state are

E12(2) (a) = 5%(2)((1) + A?(Q)U(Q)a (27)
ei)(@) =e(@) £11(a), Aie)e(a) = A (a) F Ao,1.

The coefficient in the numerator of equations (25, 26) for
the diagonal GF reads

Aaa(Qa w) = (w - E(q)) [(w + E(Q))2 - ﬂ(q)}
— [(w+e(@)(AZ(a) + A7 1) + 2t (a)Ar, 1 As(a)]

and for the nondiagonal GF equals to

Asa(q,w) = —11(q) [(w+e(q)* — 1 (q)]
+ [(w+e(@)240, 1 As (@) + £ (a)(AZ(q) + AZ )] -

The coefficient in the numerator of equation (26) for the
anomalous diagonal GF reads

Baa (q, QJ) = 72A0’,J_ EJ_ (Q) E(q)
+ [w? = (e(@)® + 11 (@) + As(q)® — A2 )] As(a),

and for the anomalous nondiagonal GF equals to

Baa(q,w) = —2A,(q) t1(q)e(q)
+ [w? = (e(q)? + 7 (@) + As(q)? — A2 )] A,y

As we see from the equations for the GF and the quasi-
particle spectra, equation (27), the coupling between the
planes due to the effective interaction % 1(q) in equa-
tion (21) results in the splitting of the two bands in the
bilayer: €1(2)(q) = e(q) £¢.(q), while the exchange cou-
pling between the planes, J, , results in the gap splitting:
A120(q) = As(q) F Ao 1. Therefore, to study super-
conductivity in the model we should consider a system of
equations for the two gaps, A;(2),(q).

T w) =
Fonald) =9y N

4 Gap equation

To obtain a self-consistent system of equations for the su-
perconducting gaps, equations (23, 24), we have to calcu-
late the anomalous correlation function:

—+oo

/ dw
ew/T 41

— 00

o o 1
(XX Tha) = [;Im Fly,(kw+id)] .

By using GF (26) and taking into account the symmetry
relation for the anomalous correlation functions:

(XERXTha) = = (X TR X)) = — (X5X )

we obtain the following equation for the in-plane gap (23)

a(k)
As(a) = Z B, (k)

tanh En(k)

2T 7 (28)
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where the sum over n = 1,2 runs over two bands with
the quasiparticle energy (27), and an analogous equa-
tion for the rung gap, equation (24). In equation (28) we
disregarded the contribution from the kinematic interac-
tion, the second term in equation (23), since it gives a
g-independent contribution to the in-plane gap. This re-
sults in a significant double occupancy of one lattice site
which is energetically unfavorable for a strongly correlated
system such as considered here.

From equations (24), (28) we obtain the following
equation for the gaps in two bands, n =1,2:

Apo(k)

An,a(q) = %Z Jn,m(q - k) AE (k) E (k)
m,k m

tanh —~
an 2T,

(29)
where the exchange interaction

Jnn(Q) = J(Q) + Ja, Jn;ém(Q) = J(q) — Ja,

J(q) = 2J, cosgyb + 2J. cosg;c. (30)

In deriving equation (29) we neglected small contributions
of the order of (A,(q)A, 1/e(q)t1(q)) which appear in
the equation for the rung gap, A, ;.

5 Results and discussions

To calculate T, we should consider a linear system of equa-
tions (29) for the gaps by neglecting the gap contribution
in the quasipartical energy: E,(q) = €,(q). The highest
eigenvalue of this linear equation determines the supercon-
ducting temperature T,, while the eigenfunction should
give the symmetry of the order parameter of the super-
conducting state. However, a straightforward solution of
the problem is difficult to obtain. Instead we employ a
variational ansatz for the gap function suggested by the
g-dependence of the pairing interaction (30). This is a
conventional approach in the theory of superconductiv-
ity. Thus, we consider the following two band gap model
(n=1,2):

Apo(k) = Aycosky, + A, cosk, + Ay (—1)", (31)

where we used the dimensionless wave vectors: (—m <
ky,k. < m). By using this model in the linearized gap
equation (29) we obtain the following system of equations
for the parameters A¢ (€ =y, 2z, ) :

Ae =) Fe(T)A,. (32)

The function Fg,(T') is given by the equation

1 1
F&”(T) = N ,mzqf&l/(m,q) 25m(q) tan

em(q))
= (33)

where the matrix f¢, reads

f&u(na Q) =
Jy cos? gy Jpcos gy cosq, Jpcosgy(—1)"
Jecosg,(—1)"

1
27a

Je cos gy cos g, Jscos? q,
%Ja(—l)" cos qy %Ja(—l)" COS Q.
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Fig. 4. T.(p) for the model of hole doped CaCuz0s3, equa-
tions (1-4). Te and p are given in units of ¢ ~ 2500 K.
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The nonzero solution of the linear system of equations (32)
exists when the determinant of the matrix ||Fg,(T.) —
de || equals to zero. The results of a numerical solution
of this equation for T, as a function of the chemical poten-
tial u are shown in Figure 4 for the following parameters
of the model: #;, = t, t. = 0.3231, t, = 0.114¢, ¢ = 0.02t,
Jy, = 0.8t, J. = 0.11¢, J, = 0.22¢. T, and p are measured
in units of # = ¢,/2 ~ 2500 K. This renormalization by a
factor of two of the LDA hopping parameters takes into
account the band narrowing due to strong correlation as
follows from equation (15). It depends on the doping (in
the simple Hubbard-I approximation as 1 — n/2) which
has been ignored for the small doping range considered
here (close to half-filling, n = 1).

The maximum for 7, ~ 0.02¢ ~ 50 K occurs at p ~ 1.5
that corresponds to the doping § = 1—n ~ 0.12 as follows
from the n(u) dependence shown in Figure 5. We consider
this estimate of T, as an optimistic upper bound of the
superconducting temperature which should be suppressed
by ferromagnetic interladder interaction (in (a, b)-plane)
as well as fluctuation effects beyond the mean field ap-
proximation used here. The ratio of the gap components
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are: A,/A, = —0.1 and A./A, = —0.1 which shows
a weak coupling in the rung and along the c-axis. At
small doping the gap exhibits no nodes in both bands
as a consequence of strong anisotropy of the dispersion
and of the exchange interaction. In this context an ob-
servation of the Hebel-Slichter peak in the NMR exper-
iments [4]) in the related highly anisotropic ladder com-
pound Sry4_,Ca,;Cug40y4; is in accord with our finding. A
more comprehensive theoretical analysis of superconduc-
tivity within our approach for ladder compounds will be
given elsewhere.

To summarize, in the present paper we considered
a theory for superconducting pairing due to the ex-
change interaction in the doped “pseudo-ladder” com-
pound CaCuyOj3. The calculations show that in spite
of the large coupling along the chain direction (J, =~
170 meV) the anisotropy of electron spectra suppresses
T. which explains experimental findings that the highest
superconducting T, values are observed in cuprates with
an ideal square lattice as in the mercury compounds (see,
e.g., [12]). The maximum of T, is obtained at the highest
density of state close to the Van Hove singularity which
is achieved at relatively small hole doping. This might be
realized if one could partially substitute the divalent Ca?*
ions for monovalent alkaline ions, say e.g. Na™t, in our title
compound.
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