Carrier pairing in spin-liquid state of doped 2D
antiferromagnet

Ya.l. Kogan"andD.V. Khveshchenko
L. D. Landau Institute of Theoretical Physics, Academy of Sciences of the USSR

(Submitted 30 June 1989)
Pis’ma Zh. Eksp. Teor. Fiz. 50, No. 3, 137-140 (10 August 1989)

An effective infrared theory which describes the dynamics of charge carriersina
planar CuQO, antiferromagnet is discussed. This theory reduces to a gauge theory
with a topological mass term. The condensation mechanism, the competition
between the s-wave and p-wave pairing, and the effective Ginzburg-Landau
Lagrangian are discussed.

The discovery of high-T, superconductivity in quasi-2D CuQ, ceramics' has sti-
mulated a stream of theoretical papers on alternative superconductivity mechanisms.
One direction, originally pointed out by Anderson,” starts from the existence of an
antiferromagnetism in CuO, planes. In the absence of doping, there is a Mott insulator
which can be described by a model of highly correlated electrons, in the simplest case
by the Hubbard model with a filling of 1/2 and a Néel order. At a low doping level
(on the order of 1%) the Néel order is destroyed, and a new phase becomes possible:
resonating valence bonds (RVB), which can be described in the infrared region by a
gauge theory.®* In the present letter we derive the interaction Lagrangian of free
charge carriers (electrons or holes, depending on the deviation of the filling from 1/2)
with gauge degrees of freedom, and we analyze the pairing mechanism.

1. We start with the Hamiltonian of the Hubbard model:
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In the limit of pronounced Coulomb repulsion, with ¢ /U<« 1, and in the case of a slight
doping, one can derive an effective Hamiltonian which describes the magnetic and
charge degrees of freedom:

- ~ 1
Heff = %-tij X;a Xja + §Jlj ninj(l —Pi)(l —p].), J /U . (2)

The factors (1 —p,), where p,y. y,,, reflect the fact that only sites with a single
electron participate in the antiferromagnetic exchange. Free carriers correspond to
sites without electrons (holes) or sites having two electrons (free electrons). Follow-
ing Ref. 4, we find from (2) the Lagrangian
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in which the last term describes the constraint (1 + n, &)y, = 0, which allows a trans-
fer of only charge, not spin. To solve this constraint, we use a parametrization for n;
and y,,:

no = (- )P"ga3g’1 Zy 2, (4)
i ' g =( - > € SU(2)
—Zy Zj
P,=0,i€d; P,=1,i€B.
Xio = 2,45 i€eAd; X]'a=eozﬁvaj’ j € B.

Here A4 and B are two sublattices. After an integration over the fast variables and
renormalizations, we find an effective infrared Lagrangian in which the boson degrees
of freedom are described by gauge fields 4,,, which are composite fields at short range,
A, = izd,z. We thus have .¥ = ., + £, where

1 e
fn = T g T )
d 1 > 10
L, =X (— — +irtA)X + — X' (V +irPA Yx; = : (6)
p = XT(= o F T AN = X ) (o—1

In the continuum limit, a single isotopic spinor y = (u/v) arises from two fermions u
and v on sublattices 4 and B; m is the effective mass of a free carrier (Kane ef al.,’
have shown that we have m ~y~J ~'). The presence of the second term in (5) means
that the magnetic system is in a phase of a chiral spin liquid® (CSL) with broken P and
T parities. Wiegmann® has found & = 27 in this phase.

2. Using the correlation function
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we find the amplitude for the scattering of two particles, ignoring retardation (the
static limit) (Fig. 1):
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where the potentials ¥, U, and W are given in the x representation by

Y )
vir) = 2—}1(0(/-”), Ur) = = (1= wrky @),

W(r) =

urky(ur))?

Expression (8) is a particular case of a more general expression which also contains
structures of the type 7+ ® 7. These structures arise in models in which jumps of
clectrons occur not only between copper atoms but also to oxygen atoms (Emery’s
model”). In the process, a charge- -carrier interaction y with an SU(2) triplet of fields
A ﬂ,c.?’,,,, gy + Ay g 2myT A 4 Ty, a=1,2,3 arises. Again in this case there
is a pairing, similar to that which we derive below for example (8).

The Bethe—Salpeter equation for bound states near a singularity in the total ener-
gy of the pair, E, is (Fig. 2)
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FIG. 2.
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Equations (9) split into an isospin-symmetric part ¢ and an isospin-antisymmetric
part ¥, and an attraction of particles with opposite isospins arises in each channels:
73 + 75 = 0. If the carriers had a spin, a spin attraction would have arisen in addition
to the isospin attraction.® From (8) and (9) we find

1~n n_g pAq
=3 q
vy 50 B) 2 tea-7e, {[V(p q) +U(p - q)( e

-~ W(p —9)]

tla>=q]} ¥, s(a.E). (10)

Because of the long-range potentials W and U[pAq/(p — q)*], which fall off as 1/
the usual solution ¥ = const on the Fermi surface |q] = ¢, is incorrect. These terms
essentially lead to a shift of the effective angular momentum in the two-particle prob-
lem; this effect must be taken into account before taking the limit of the many-particle
problem near the Fermi surface. It is easy to show that at distances greater than u '
there is a shift of 25 in the angular momentum, where s = 77/24 is the effective spin
(“spin transmutation™®), and in the case ¢ =27 we find'"’ s=1/4. After some
straightforward manipulations, we find equations for the harmonics ¢,, (¢) (m =2k
for ¢, and m =2k + 1 for 95 ):

2

w 1-2n q
Unlp)= | :‘i A Ve Al = e (1
q

where V., (p,q) = §57(de /2m)V(p — q)exp(i(m + 2s)@).  Substituting  in
V(ip — q) from (8), we find

Y Pq m + 251
Vm+2S(p' ‘U";{(uz +p2+q2 . (12)
Equation (11) has a singularity at E= — A, , where
w2
A~ epexp {~ 4n(u/m)® ( ~yimesly (13)

“mep
determines the gap for pairing with an angular momentum m at absolute zero.

3. We would like to call attention to a remarkable fact concerning degeneracy:
Condensates with angular momenta m and — (m +4s) [ — (m + 1) in our case]
arise simultaneously as the temperature is lowered. This competition is a direct conse-
quence of the spin transmutation. An important point is that a competition between an
s wave and one of the p waves arises in a realistic case; the sign of the projection of the
angular momentum is determined by sgnd. The degeneracy is lifted when the short-
range interaction is taken into account, and in the case of a repulsive core (a screened
Coulomb interaction) the condensate will form in the p wave. By virtue of m = sgnd,
the P and T parities of the ground state will be broken. In other words, a macroscopic
breaking of these symmetries will occur.
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Under conditions such that bound states exist even in the two-particle problem
(see Ref. 8, where pair formation in the p wave in the weak-coupling case is dis-
cussed), the scenario of a Cooper instability is realized only if there is a sufficiently
high carrier density, n = me. /2. In the case n'/? < L, !, where L, is a characteristic
size of the pair in the two-particle problem, the system can legitimately be treated as a
nonideal Bose gas. The binding energy exceeds the degeneracy temperature, and a 2D
superfluidity arises in the system of charged bosons at the temperature'' 7, = 7n,/
minlnu®/ny, where the density of bosons is #; = n/2 at small values of # and de-
creases substantially at n~L , ?, leading to a transition to T, ~A,=A4,,,, [see
(13)].

Introducing the resultant momentum of the pair, Q, in Eq. (10), and carrying out
a gradient expansion in the external electromagnetic field A, , Q—>Q — 2eA.,, we find
a Ginzburg-Landau functional. It contains, in addition to the standard terms, a P-odd
term which is proportional to sgn duy (J/£)|¥|? curl A),. The source of this term is
the orbital current of the condensate (the p wave). This term leads to an additional
magnetic moment (per site) on the order of n(J/t)uz ~ 10’3,u » and also to several
experimentally observable effects, such as a Faraday effect (a rotation of the polariza-
tion plane of reflected light) and a directional dependence of the lower critical field
H ;. One might say that by virtue of this term a situation which would be favored
from the energy standpoint in a layered bulk sample would be an alternation of the
signs of ¥ in neighboring layers, so that no macroscopic magnetic field would be
generated in the sample. A detailed discussion of the scenario outlined here will be
published separately.
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