PHYSICAL REVIEW B VOLUME 59, NUMBER 5 1 FEBRUARY 1999-|

Time-reversal symmetry-breaking superconductivity
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We study time-reversal symmetry-breaking superconductivity itk sz,yz(k)+ei °A, (a=s or dyy)
symmetries. It is shown that the behavior of such superconductors coujdatitatively different depending
on the minor componenta) and its phase at lower temperatures. It is argued that gualitatively different
behaviors in thermal as well as in angular dependences couldsbaraeof consequences in transport and
Josephson physics. Orthorhombicity is found to be a strong mechanism for the mixed(iphthgecase of
a=s). We show that due to electron correlation the order parameter is more like d,puye symmetry near
optimum doping{S0163-182699)05102-4

During the last several years, a great deal of effort hagonclusion may also be obtained based on the results of an
been devoted to determine the symmetry of the supercorangle-resolved phtoemission spectroscpiRPES experi-
ducting order paramete(SCOP of high-T, cuprate ment by J. Maet al.® in which a temperature-dependent gap
superconductors.While there is a strong concensus both anisotropy in the oxygen-annealed,8i,CaCuQ_, com-
from experiments and theory that the symmetry of the SCOPound was found. The measured gaps along both high-
in the cuprates could be,>_,2 type; recent studies provide symmetry directionsI(-M, i.e., Cu-O bond direction in real
increasing evidence that the pairing symmetry may be aspace and’'-X, i.e., diagonal to the Cu-O bojpdre nonzero
admixture with a minor component, likg d,, with pre-  at lower temperatures and their ratio is strongly temperature
dominantd,2_,2 symmetry. The pairing symmetry provides dependent. This observed feature cannot be explained within
clues to identify a pairing mechanism which is essential fora simple d-wave scenario(but is consistent withd,2_,2
the development of the theory of high-temperature supercon+ e'’« scenarip and has been taken as a signature of a two-
ductivity in cuprates, and still remains a challenge after acomponent order parametet,._,2-type close toT., and a
decade of its discovery. mixture of boths and d otherwise’ However, surprisingly

Several different types of measurements which are sensenough, the experimental resuttas never been reproduced
tive to the phase ofA(k) indicate a significant mixing of by any other equivalent experiments. In Josephson physics, it
swave components witld,2_,> symmetry. For example, was found that the current-phase relationship depends on
c-axis Josephson tunneling studies on junctions consisting dhe mutual orientation of the two coupled superconductors
a conventionak-wave superconductdiPb) and twinned or and their interfacéthe induced minor component then would
untwinned single crystals of Y-Ba-Cu-O indicate that thebe associated with any arbritrary phagg, This property is
SCOP of Y-Ba-Cu-O has mixedd*=s (or dz=is) the basis of all the phase-sensitive experiments probing
symmetry*? Recently, a class af-axis Josephson tunneling SCOP. Therefore, motivated by strong experimental evi-
experiments were reported by Kouznetsmal,* in which a  dences of a mixed order-parameter symmetry in Highou-
conventional superconductdPb) was deposited across a prates we present basic behaviors of superconductors with
single twin boundary of a Y-Ba-Cu-O single crystal. Theremixed order-parameter symmetries such @se'’a, a
measurements of critical current as a function of the magni=s, dyy, which is characterized by a local breakdown of
tude and angle of a magnetic field applied in the plane of theime-reversal symmetry. Clear evidence will emerge that the
junction provides a direct evidence for mixddands-wave time-reversal superconductivity at lower temperatures gives
pairing in Y-Ba-Cu-O. A series of high-resolution measure-rise tounusualbehaviors depending am and its phase.
ments on thermal conductivity«) in Bi,Sr,CaCyOg by Assuming a well-defined quasiparticle picture in the su-
Krishanaet al® show that thec at low temperature becomes perconducting(SC) state, the free energy of a supercon-
field independent above a temperature-dependent kink fielductor with arbritary pairing symmetry may be written as
H(T). This remarkable result indicates a phase transition
separating a low-field state where the thermal conductivity 1 _ppE
decreases with increasing field and a high-field one where it Fiw=- E kng In(1+e Nt @
is insensitive to the applied magnetic field. The authors argue T kk!
that this phase transition is not related to the vortex lattic§yhereE, = \/(e,— )2+ |A,|? are the energy eigenvalues of
because of the temperature dependence of the fig{d)  a Hamiltonian that describes superconductivity. It is gener-
(which is roughly proportional td'?) as well as its magni- ally believed that a single-band Hubbard model contains the
tude. Instead, they suggest a field-induced electronic transgssential ingredients to describe Cu-O planes where transport

tion leading to a sudden vanishing of the quasiparticle conprocesses takes place. Therefore, our model Hamiltonian
tribution to the heat current. Possible scenarios would be thgagds as

induction of a minore'’A,, (a=d,, or s) component with
dy2_y2 symmetry with application of a weak field. A similar H=Huyust+Hpar: (2)

A2
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‘ A mean-field superconductindSC) order parameter

HHUB:UEU tiJCioCJU+UEi ”iT”u_M% Nigs (3 A*(k)ZEk/vkw(CquiW allows us to solve the Hamil-
tonian (6) exactly to find the energy eigenvalué& and
hence minimization of the free energy) (i.e., 9F /A

Hpar= 2 Vi Chcl i Cow Cury, (4 =0) will result in the superconductinggC) gap equation as
Kk’
where the notations have their usual meanings. A= Vi A tam‘('BEk') @)
Treatment of the Hubbard on-site correlation is a known K K kk Ey 2 )

problem. We use the slave-boson theory of Kotliar and o )
Ruckensteifiin which the Hubbard model has a solution for Where the pairing potentiafyy. for a two-component order
any filling and any value of repulsion. The slave-boson for-Parameter with a separable form and the corresponding gap

mulation of Kotliar and Ruckenstéliintroduces four auxil- functions are obtained as

liary boson fields corresponding to the occupancy of a site, 1 1
namely empty ¢;), doubly occupied ¢;), singly occupied Vo= Viifl and Av= eili0A fi g
(Pis/Pi—,) With spin o, respectively. In terms of the kk jgo LAY k Jzo 1Tk ®

slave-boson field operators the single-band Hubbard mod .
takes the form P g ?Jor a mixedd,2_y2—d,, symmetry,vo(l)EVdXLyz (dey)
and f)M=cosk,—B'cosk,(2 sinksink,) and the corre-
sponding gap amplitudes am,q =44, ,(Agq )(B'<1
= ot el e 2 Tg. — e x2—y Xy
Hrus %t'lz'”c'”cl”zl"+u2i di'd 'U“% CioCio corresponds to orthogonal or tetragonal symmeBjmilarly
for a mixedd,>_,2—s symmetry,V,;=Vg, f&zconst and
+3 2 [1-efe—dfd — T A,;=A,. Substituting Eq(8) in Eq. (7) the gap equations for
Z ' o ; PioPic different components can be separated out as

, Afl2 E
£ N(cl,0i,—dldi—pl,pi,), ©) A=V, S ant] 22K ©
o T 2E, 2
where The two coupled gap equationf8), a number conserving

equation to fix chemical potentiaj(), and a sixth-order al-

gebric equation in(=e-+d) (to get correct values dj for

—1/2 any value ofu,d) are solved self-consistently for a fixed
cutoff parametef).=500 K around the Fermi level beyond

and the boson field operators are not independent of eadhhich SC pairing does not exist.

other but are constrained by the requirements of complete- In Figs. 1@ and Xb) phase diagrams of superconductors

ness and local charge conservation at a site, hence the foutfith Ay=A,2_,2(k) +e'’a where a=A,(k) (a) and =A

and fifth terms are added in the Hamiltonian with the help of(b) are obtained for a fixed band filling=0.80 and in a

Lagrange multipliers X; and\/). The values of the boson tetragonal square lattice. The phase diagrams comprise the

field operators and Lagrange multipliers are determined b@mplitudes of pair condensates, evaluated at 5 K, in different

minimizing the free energy in the saddle-point approxima-channels as a function of the ratio=Vq, ,/V,. The mi-

tion. This approximation diagonalizes thé term whereas nor components appear at the same value pirrespective

renormalizes the hopping term @s; with q=2'z; q usually ~ of the phase in the predominand,e_ 2 phase. But the rate
being complicated function af (=U/U,), dopant concen- Of growth of the minor component is different depending on
tration (5), andx(=e+d) carries the necessary information ¢- For =0, i.e., for a real order parameter with) d,2_2
of electron correlation. In this approach solutions are ob-+dy, or (b) dy2_2+s-wave symmetry, both the minor as
tained for the paramagnatic state for all valuesiahd band ~ well as thed,2_,> component increases with a decreasg,in
fillings’ that reproduce the correct Brinkman-Rice result forthereby inducing each other. In the casedafs symmetry
the metal-insulator transitiorl);) at half-filling. this phenomena is very pronounced. However, for any finite
As a consequence the total Hamiltoni@htakes the form  6(#0) the d,2_,2 component is suppressed with the en-
hancement in the isotrop&component at some values of
depending ory resulting in a puresswave phase. This fea-

Z,=(1— ddei - pi-ropia)_llz(ei-rpio+ piT—odi)

><(:I-_eiTei_ p?—fa'pifo)

- = t =2 Tt .
H—% (qfk_M)Ck(erlr+2, 4V Ci k| € kv | Cicry ture is absent in the\,=A,2_,2(k) +e'?A,, (k) scenario.

kk For 7/2< <0, the minor component has two parts, real

+ bosonic terms, (6) and complexthereby giving rise to the most probable mix-

) ) 5 ) ing), that couples to the,2_,2. A close look at Fig. 1 there-
where the band dispersiog.=2_,C;7;(k) are obtained fore, would suggest that the mixing of a minor reair d,,
from the angle-resolved photoemission ~spectroscopytomponent will stabilize thel,2_,> symmetry, whereas in-
(ARPES results® on Bi,S,CaCuQ. In deriving Hamil-  clusion of a complex minor componesivave tends to sup-
tonian(6) fluctuations of the bose-field operators aotcon- press thed,2_,2 gap. Thed,, minor component with a com-
sidered[a consequence of on-site correlation has shown Uplex phase has hardly any influence ondhe > symmetry.
in Eq. (6) as ex— qe, and Vi — Viger = 9?Vige ] Thesequalitatively differentbehaviors in different classes of
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Y FIG. 2. Thermal behavior of superconductors wit) A,

. —Ae_yo(K)+ €A (K) (y=0.195) and (b) Ag=Ae_2(K)

FIG. 1. Phase diagrams of superconductors with Ay  4gifA_(y=0.18) symmetries for various values 6f(u=0.4).
=Asz-y2(k) +e€'A,y(k) and (b) A=A,z \2(k)+€'’A; symme-  The minor & or d,,) components, although having tisame T,
tries. Amplitudes of thed2_y2, dyy-, ands-wave pairing conden-  theijr thermal growth inside the component igjualitatively differ-
sates(at 5 K) are plotted as a function of the ratio of pairing ent. Consequently, the predominaitomponent is influenceg.g.,

strengths in the respective channejszVy, ,/Vq for u=0.4.  fyrther stabilized fori=0 and suppressed far=90) very differ-

Note the qualitative differencein (a) and (b); the onset of the ently,

swave component influences th._,» amplitude very strongly ) o ]

(suppresses or enhances depending on the phasehereas the With SO“d_C'rC'e symbo, yv_her_eas the change in tllecom-

onset of thed,, component has no influence on thg . ampli-  Ponent with orthorhombicity is rather dependent @nFor

tude except for thel,>_,2+d,, phase. example, the predominantl component increases with
orthorhombicity for 6< 6<0.22 or 1.787< <27 and de-

mixed order-parameter symmetries are also responsible f¢feases oth_erW|{daoth cases being small, Cf: FigiaBl. The .
s, with respect to thermal dependency. corresponding changes mdxy and the associated change in
It is evident from Figs. @) and 2b) (for p=0.8) that at Aq, . are negligibly smallcf. Fig. 3b)] for such orthor-
lower temperatures the minor component plays a significartiombicity. Therefore, orthorhombicity could be an intrinsic

role to the predominard wave. For example, when the mi- mechanism fod and s mixing (with an arbritary phase be-
nor component mixes with théwave with a real coefficient tween them, the d+s state being the most favorable.

(i.e., =0), the minor component has a very fast growth In Figs. 4a) and 4b) we demonstrate the role of electron
with lowering in temperature and it alwaysducesthe correlation on mixed pairing symmetry. It is shown that the
d-wave component by further stabilizing it. On the otherminor component is always minimum at the optimum doping
hand, mixing of the minor component with a complex coef-and is suppressed largely due to electron correlation, explain-
ficient (i.e., #=90°) suppresses tlilewave component when ing the features observed in the ARPES experiniéfhis is

the minor component is wave and has no effect when the based on the study of the amplitudes of the different compo-
same isd,,. These behaviors arfgoundto have immense nents for the case of==/2 (i.e., thed+is state and for
influence on thermodynamic quantities which are sensitive tdixed T¢=45 K atu=0 as a function of density (=1—4).

the thermal gradient of the SC gap. For instance, the specifithe amplltudes are normalized with respect to the value of
heat will then have two jumps, dt. and atT;<T. where the d component at optimum dopindhe d wave also gets
the minor component«) vanishes and the nature of the suppressed withi but at a slower raje Note, the electronic
secondump can be very different depending on the phése correlation suppresses the minor component very largely
providing the signature of a trusecondtransition below close to half-filling, whereas it hardly has any effect at lower
T..t densities(the d-wave boundary shrinks a hitAlso, this be-

In Figs. 3a) and 3b) we present the angular correlation havior with density is similar for any other arbritrary value
between the amplitudes of different channels evaluated at 6f 9.1 Apparently, therefore, close to the optimium doping
K andp=0.8. For any finite mixing of the minor component the order parameter will be more pudgz_,2 like. Further-
with thed,2_,2 wave thus produces states that spontaneouslynore, no mixing is found within a wide range of densities
break time-reversal symmetry. A further interesting point tobetween thed wave with other probable minor components
note is that with small orthorhombicitg’ =0.98 (in the lat-  like s,2,2,8,, (e.g., these components have maximapat
tice as well, thes component gets enhanced largétyrves  ~0).
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FIG. 4. Amplitudes of different components ofa) Ay
=A,2_yo(K)+iAg and (b) Ay=A,2_2(k)+iA,, superconductors
at 5 K. The minor § or dy,) component ati=0 hasT¢(0)=45 K.
The electron correlation minimizes the mixing of the minor compo-
nent at optimum doping.

FIG. 3. Amplitudes of thel,z_, and the minor gaga) sor (b Krishanaet al,> This scenario also has a strong potential to
d,, as a function of the phase of the minor componéot u have_ a natural explanatlon for the_ _experlment_al obsenvhtion
=0.4 andT2=14 K). The curves with solid circles represent the as discussed earlier, because mixing of a minor component
orthorhombic phase witi8’=0.98 whereas the curves with open (S Or dyy) with a predominantd,._,>. wave would change
squares correspond to the tetragonal lattice. sign across the twin boundarhence the situation is de-

scribed in Fig. 3 yielding a dramatically different angular

Therefore, we have presented basic consequences of tim%(_apendence.
' P q In particular, this study provides a significant understand-

::/aetresdaltr?e)l/tmmr?;tnry-g;eaalr(r:ri]r?oflé%?r:cgrr]glrﬁt;nl%vvl;rlstedn?meor;jng of the nature of the thermodynamic transition to a gapped
. ng P ) PETa, " coherent phase from an ungapped or incoherent pfiase.
tures can give rise tanusualthermal behaviors depending

on the nature of the minor component as well as the phas\\(%/e also pointed out the shuttle role of electronic correlation
associated with it. In théully gappedphase at lower tem- ith number density prohibiting the mixing of the minor

peratures, as described by thQ:AXz,yz(k)nLe‘ A, sce- component at optimum doping.

nario, the number of quasiparticles will be exponentially The work was supported by the Brazilian Funding
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conductivity(and in any other transport propertieshis sce- thank M. Mitra and S. N. Behera for their contributions in
nario therefore can justify the experimental observation bysing the slave-boson technique in the work.
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