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Time-reversal symmetry-breaking superconductivity
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~Received 14 October 1998!

We study time-reversal symmetry-breaking superconductivity withDk5Dx22y2(k)1eiuDa (a5s or dxy)
symmetries. It is shown that the behavior of such superconductors could bequalitativelydifferent depending
on the minor component (a) and its phase at lower temperatures. It is argued that suchqualitatively different
behaviors in thermal as well as in angular dependences could be asourceof consequences in transport and
Josephson physics. Orthorhombicity is found to be a strong mechanism for the mixed phase~in the case of
a5s). We show that due to electron correlation the order parameter is more like a puredx22y2 symmetry near
optimum doping.@S0163-1829~99!05102-4#
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During the last several years, a great deal of effort
been devoted to determine the symmetry of the superc
ducting order parameter~SCOP! of high-Tc cuprate
superconductors.1 While there is a strong concensus bo
from experiments and theory that the symmetry of the SC
in the cuprates could bedx22y2 type; recent studies provid
increasing evidence that the pairing symmetry may be
admixture with a minor component, likes, dxy with pre-
dominantdx22y2 symmetry. The pairing symmetry provide
clues to identify a pairing mechanism which is essential
the development of the theory of high-temperature superc
ductivity in cuprates, and still remains a challenge afte
decade of its discovery.

Several different types of measurements which are se
tive to the phase ofD(k) indicate a significant mixing of
s-wave components withdx22y2 symmetry. For example
c-axis Josephson tunneling studies on junctions consistin
a conventionals-wave superconductor~Pb! and twinned or
untwinned single crystals of Y-Ba-Cu-O indicate that t
SCOP of Y-Ba-Cu-O has mixedd6s ~or d6 is)
symmetry.2,3 Recently, a class ofc-axis Josephson tunnelin
experiments were reported by Kouznetsovet al.,4 in which a
conventional superconductor~Pb! was deposited across
single twin boundary of a Y-Ba-Cu-O single crystal. The
measurements of critical current as a function of the mag
tude and angle of a magnetic field applied in the plane of
junction provides a direct evidence for mixedd- ands-wave
pairing in Y-Ba-Cu-O. A series of high-resolution measu
ments on thermal conductivity (k) in Bi2Sr2CaCu2O8 by
Krishanaet al.5 show that thek at low temperature become
field independent above a temperature-dependent kink
Hk(T). This remarkable result indicates a phase transit
separating a low-field state where the thermal conducti
decreases with increasing field and a high-field one whe
is insensitive to the applied magnetic field. The authors ar
that this phase transition is not related to the vortex lat
because of the temperature dependence of the fieldHk(T)
~which is roughly proportional toT2) as well as its magni-
tude. Instead, they suggest a field-induced electronic tra
tion leading to a sudden vanishing of the quasiparticle c
tribution to the heat current. Possible scenarios would be
induction of a minoreiuDa (a5dxy or s) component with
dx22y2 symmetry with application of a weak field. A simila
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conclusion may also be obtained based on the results o
angle-resolved phtoemission spectroscopy~ARPES! experi-
ment by J. Maet al.,6 in which a temperature-dependent g
anisotropy in the oxygen-annealed Bi2Sr2CaCuO81x com-
pound was found. The measured gaps along both h
symmetry directions (G-M , i.e., Cu-O bond direction in rea
space andG-X, i.e., diagonal to the Cu-O bond! are nonzero
at lower temperatures and their ratio is strongly tempera
dependent. This observed feature cannot be explained w
a simple d-wave scenario~but is consistent withdx22y2

1eiua scenario! and has been taken as a signature of a tw
component order parameter,dx22y2-type close toTc , and a
mixture of boths and d otherwise.7 However, surprisingly
enough, the experimental result6 has never been reproduce
by any other equivalent experiments. In Josephson physic
was found8 that the current-phase relationship depends
the mutual orientation of the two coupled superconduct
and their interface~the induced minor component then wou
be associated with any arbritrary phase,u). This property is
the basis of all the phase-sensitive experiments prob
SCOP. Therefore, motivated by strong experimental e
dences of a mixed order-parameter symmetry in high-Tc cu-
prates we present basic behaviors of superconductors
mixed order-parameter symmetries such asd1eiua, a
5s, dxy , which is characterized by a local breakdown
time-reversal symmetry. Clear evidence will emerge that
time-reversal superconductivity at lower temperatures gi
rise tounusualbehaviors depending ona and its phase.

Assuming a well-defined quasiparticle picture in the s
perconducting~SC! state, the free energy of a superco
ductor with arbritary pairing symmetry may be written as

Fk,k852
1

b (
k,p56

ln~11e2pbEk!1
uDku2

Vkk8

, ~1!

whereEk5A(ek2m)21uDku2 are the energy eigenvalues o
a Hamiltonian that describes superconductivity. It is gen
ally believed that a single-band Hubbard model contains
essential ingredients to describe Cu-O planes where trans
processes takes place. Therefore, our model Hamilton
reads as

H5HHUB1HPAIR , ~2!
3357 ©1999 The American Physical Society
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HHUB5(
i j s

t i j cis
† cj s1U(

i
ni↑ni↓2m(

is
nis , ~3!

HPAIR5(
kk8

Vkk8ck↑
† c2k↓

† c2k8↓ck8↑ , ~4!

where the notations have their usual meanings.
Treatment of the Hubbard on-site correlation is a kno

problem. We use the slave-boson theory of Kotliar a
Ruckenstein9 in which the Hubbard model has a solution f
any filling and any value of repulsion. The slave-boson f
mulation of Kotliar and Ruckenstein9 introduces four auxil-
liary boson fields corresponding to the occupancy of a s
namely empty (ei), doubly occupied (di), singly occupied
(pis /pi 2s) with spin 6s, respectively. In terms of the
slave-boson field operators the single-band Hubbard m
takes the form

HHUB5(
i j ,s

t i j zis
† cis

† cj szj s1U(
i

di
†di2m(

is
cis

† cis

1(
i

l i S 12ei
†ei2di

†di2(
s

pis
† pisD

1(
is

l is8 ~cis
† cis2di

†di2pis
† pis!, ~5!

where

zis5~12di
†di2pis

† pis!21/2~ei
†pis1pi 2s

† di !

3~12ei
†ei2pi 2s

† pi 2s!21/2

and the boson field operators are not independent of e
other but are constrained by the requirements of compl
ness and local charge conservation at a site, hence the fo
and fifth terms are added in the Hamiltonian with the help
Lagrange multipliers (l i and l i8). The values of the boson
field operators and Lagrange multipliers are determined
minimizing the free energy in the saddle-point approxim
tion. This approximation diagonalizes theU term whereas
renormalizes the hopping term asq̃t i j with q̃5z†z; q̃ usually
being complicated function ofu (5U/Uc), dopant concen-
tration (d), andx(5e1d) carries the necessary informatio
of electron correlation. In this approach solutions are
tained for the paramagnatic state for all values ofu and band
fillings7 that reproduce the correct Brinkman-Rice result
the metal-insulator transition (Uc) at half-filling.

As a consequence the total Hamiltonian~2! takes the form

H5(
ks

~ q̃ek2m!cks
† cks1(

kk8
q̃2Vkk8ck↑

† c2k↓
† c2k8↓ck8↑

1 bosonic terms, ~6!

where the band dispersionek5( i 51
5 Cih i(k) are obtained

from the angle-resolved photoemission spectrosc
~ARPES! results10 on Bi2Sr2CaCuO8. In deriving Hamil-
tonian~6! fluctuations of the bose-field operators arenot con-
sidered@a consequence of on-site correlation has shown
in Eq. ~6! asek→q̃ek andVkk8→Ṽkk85q̃2Vkk8].
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A mean-field superconducting~SC! order parameter
D!(k)5(k8Ṽkk8^ck8↑

† c2k8↓
† & allows us to solve the Hamil-

tonian ~6! exactly to find the energy eigenvaluesEk and
hence minimization of the free energy~1! ~i.e., ]Fk,k8 /]Dk
50) will result in the superconducting~SC! gap equation as

Dk5(
k8

Ṽkk8

Dk8

2Ek8

tanhS bEk8
2 D , ~7!

where the pairing potentialVkk8 for a two-component orde
parameter with a separable form and the corresponding
functions are obtained as

Vkk85(
j 50

1

Vj f k
j f k8

j and Dk5(
j 50

1

ej ~ iu!D j f k
j . ~8!

For a mixeddx22y22dxy symmetry,V0(1)[Vdx22y2 (Vdxy
)

and f k
0(1)[coskx2b8cosky(2 sinkxsinky) and the corre-

sponding gap amplitudes areD0(1)[Ddx22y2(Ddxy
)(b8<1

corresponds to orthogonal or tetragonal symmetry!. Similarly
for a mixed dx22y22s symmetry,V1[Vs , f k

1[const and
D1[Ds . Substituting Eq.~8! in Eq. ~7! the gap equations fo
different components can be separated out as

D j5(
k

Vj

D j f k
j 2

2Ek
tanhS bEk

2 D . ~9!

The two coupled gap equations~9!, a number conserving
equation to fix chemical potential (m), and a sixth-order al-
gebric equation inx(5e1d) ~to get correct values ofq̃ for
any value ofu,d) are solved self-consistently for a fixe
cutoff parameterVc5500 K around the Fermi level beyon
which SC pairing does not exist.

In Figs. 1~a! and 1~b! phase diagrams of superconducto
with Dk5Dx22y2(k)1eiua wherea5Dxy(k) ~a! and 5Ds
~b! are obtained for a fixed band fillingr50.80 and in a
tetragonal square lattice. The phase diagrams comprise
amplitudes of pair condensates, evaluated at 5 K, in differ
channels as a function of the ratiog5Vdx22y2 /Va . The mi-

nor componentsa appear at the same value ofg irrespective
of the phaseu in the predominantdx22y2 phase. But the rate
of growth of the minor component is different depending
u. For u50, i.e., for a real order parameter with~a! dx22y2

1dxy or ~b! dx22y21s-wave symmetry, both the minor a
well as thedx22y2 component increases with a decrease ing,
thereby inducing each other. In the case ofd1s symmetry
this phenomena is very pronounced. However, for any fin
u(Þ0) the dx22y2 component is suppressed with the e
hancement in the isotropics component at some values ofg
depending onu resulting in a pures-wave phase. This fea
ture is absent in theDk5Dx22y2(k)1eiuDxy(k) scenario.

For p/2,u,0, the minor component has two parts, re
and complex~thereby giving rise to the most probable mi
ing!, that couples to thedx22y2. A close look at Fig. 1 there-
fore, would suggest that the mixing of a minor reals or dxy
component will stabilize thedx22y2 symmetry, whereas in-
clusion of a complex minor components wave tends to sup-
press thedx22y2 gap. Thedxy minor component with a com
plex phase has hardly any influence on thedx22y2 symmetry.
Thesequalitatively differentbehaviors in different classes o
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mixed order-parameter symmetries are also responsible
so, with respect to thermal dependency.

It is evident from Figs. 2~a! and 2~b! ~for r50.8) that at
lower temperatures the minor component plays a signific
role to the predominantd wave. For example, when the m
nor component mixes with thed wave with a real coefficien
~i.e., u50), the minor component has a very fast grow
with lowering in temperature and it alwaysinduces the
d-wave component by further stabilizing it. On the oth
hand, mixing of the minor component with a complex co
ficient ~i.e.,u590°) suppresses thed-wave component when
the minor component iss wave and has no effect when th
same isdxy . These behaviors arebound to have immense
influence on thermodynamic quantities which are sensitiv
the thermal gradient of the SC gap. For instance, the spe
heat will then have two jumps, atTc and atTc

a,Tc where
the minor component (a) vanishes and the nature of th
secondjump can be very different depending on the phasu
providing the signature of a truesecondtransition below
Tc .11

In Figs. 3~a! and 3~b! we present the angular correlatio
between the amplitudes of different channels evaluated
K andr50.8. For any finite mixing of the minor compone
with thedx22y2 wave thus produces states that spontaneo
break time-reversal symmetry. A further interesting point
note is that with small orthorhombicityb850.98 ~in the lat-
tice as well!, thes component gets enhanced largely~curves

FIG. 1. Phase diagrams of superconductors with~a! Dk

5Dx22y2(k) 1eiuDxy(k) and ~b! Dk5Dx22y2(k)1eiuDs symme-
tries. Amplitudes of thedx22y2, dxy-, ands-wave pairing conden-
sates~at 5 K! are plotted as a function of the ratio of pairin
strengths in the respective channels,g5Vdx22y2 /Vdxy

for u50.4.
Note the qualitative differencein ~a! and ~b!; the onset of the
s-wave component influences thedx22y2 amplitude very strongly
~suppresses or enhances depending on the phaseu) whereas the
onset of thedxy component has no influence on thedx22y2 ampli-
tude except for thedx22y21dxy phase.
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with solid circle symbol!, whereas the change in thed com-
ponent with orthorhombicity is rather dependent onu. For
example, the predominantd component increases wit
orthorhombicity for 0,u,0.22p or 1.78p,u,2p and de-
creases otherwise@both cases being small, cf. Fig. 3~a!#. The
corresponding changes inDdxy

and the associated change

Ddx22y2 are negligibly small@cf. Fig. 3~b!# for such orthor-
hombicity. Therefore, orthorhombicity could be an intrins
mechanism ford and s mixing ~with an arbritary phase be
tween them!, thed1s state being the most favorable.

In Figs. 4~a! and 4~b! we demonstrate the role of electro
correlation on mixed pairing symmetry. It is shown that t
minor component is always minimum at the optimum dopi
and is suppressed largely due to electron correlation, expl
ing the features observed in the ARPES experiment.12 This is
based on the study of the amplitudes of the different com
nents for the case ofu5p/2 ~i.e., thed1 is state! and for
fixed Tc

a545 K atu50 as a function of densityr ~512d).
The amplitudes are normalized with respect to the value
the d component at optimum doping~the d wave also gets
suppressed withu but at a slower rate!. Note, the electronic
correlation suppresses the minor component very larg
close to half-filling, whereas it hardly has any effect at low
densities~the d-wave boundary shrinks a bit!. Also, this be-
havior with density is similar for any other arbritrary valu
of u.11 Apparently, therefore, close to the optimium dopin
the order parameter will be more puredx22y2 like. Further-
more, no mixing is found within a wide range of densiti
between thed wave with other probable minor componen
like sx21y2,sxy ~e.g., these components have maxima ar
;0).

FIG. 2. Thermal behavior of superconductors with~a! Dk

5Dx22y2(k)1eiuDxy(k) (g50.195) and ~b! Dk5Dx22y2(k)
1eiuDs (g50.18) symmetries for various values ofu (u50.4).
The minor (s or dxy) components, although having thesame Tc ,
their thermal growth inside thed component isqualitativelydiffer-
ent. Consequently, the predominantd component is influenced~e.g.,
further stabilized foru50 and suppressed foru590) very differ-
ently.
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Therefore, we have presented basic consequences of
reversal symmetry-breaking superconductivity. It is dem
strated that mixing of a minor component at lower tempe
tures can give rise tounusualthermal behaviors dependin
on the nature of the minor component as well as the ph
associated with it. In thefully gappedphase at lower tem
peratures, as described by theDk5Dx22y2(k)1eiuDa sce-
nario, the number of quasiparticles will be exponentia
small and hence will contribute negligibly small to therm
conductivity~and in any other transport properties!. This sce-
nario therefore can justify the experimental observation

FIG. 3. Amplitudes of thedx22y2 and the minor gap~a! s or ~b!
dxy as a function of the phase of the minor component~for u
50.4 andTc

a514 K!. The curves with solid circles represent th
orthorhombic phase withb850.98 whereas the curves with ope
squares correspond to the tetragonal lattice.
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Krishanaet al.,5,7 This scenario also has a strong potential
have a natural explanation for the experimental observat4

as discussed earlier, because mixing of a minor compon
(s or dxy) with a predominantdx22y2 wave would change
sign across the twin boundary~hence the situation is de
scribed in Fig. 3!, yielding a dramatically different angula
dependence.

In particular, this study provides a significant understan
ing of the nature of the thermodynamic transition to a gapp
or coherent phase from an ungapped or incoherent pha13

We also pointed out the shuttle role of electronic correlat
with number density prohibiting the mixing of the mino
component at optimum doping.

The work was supported by the Brazilian Fundin
Agency FAPERJ, Project No. E-26/150.925/96-BOLSA
thank M. Mitra and S. N. Behera for their contributions
using the slave-boson technique in the work.

FIG. 4. Amplitudes of different components of~a! Dk

5Dx22y2(k)1 iDs and ~b! Dk5Dx22y2(k)1 iDxy superconductors
at 5 K. The minor (s or dxy) component atu50 hasTc

a(0)545 K.
The electron correlation minimizes the mixing of the minor comp
nent at optimum doping.
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