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Order-parameter symmetries in high-temperature superconductors
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We present two representations of the order-parant®@r eigenfunctions for tetragonal cuprate supercon-
ductors, and for orthorhombic YB&u;0;_ s and B, Sr,CaCyOg, s (BSCCO. Recent BSCCQ@-axis twist
Josephson junction experiments ofdtial. demonstrate that the tunneling is strongly incoherent, and that the
OP contains an isotropigwave component, but not art._,.-wave component. We proposecaxis twist
tetracrystal ring experiment.

Several developments have reopened the question of the For a tight-binding band structure, we use the real-space
symmetry of the order paramet@dP) in the high transition representation, in which the paired quasiparticles are located
temperature T, superconductors.® Although phase- on distinct lattice sites, their separations along the Cu-O
sensitive tricrystal experiments were interpreted in terms opond directions counted by the quantum numberam).

an OP in YBaCu;O;_ 5 (YBCO) dominated at low tempera-
ture T by ad,2_2-wave componerft,other YBCO experi-
ments indicated a substant&ivave component,or even a

The wave vectork= (k,,k,) are within the first Brillouin
zone (BZ) given by |k,|,|k,|<m/a. The respective four
eigenfunction bases are represented as a constank,aos(

—cosk,a), sinka)sinka), and sinka)sinka)[cosk.a)
—cosk@a)], each multipied by some function
21 m=oAnmcosfika@)cosfnka) with A=A, behaving as
a constant undeCy,, .

In orthorhombic YBCO, theéb (or y) axis is longer than
the a (or x) axis. TheC%D crystal point group of the CuO©
planes only allows the group operatiogs oy, o, and
C,. The two allowable OP eigenfunctions denotésl
+dy2_y2) and|dy,+gyyx2—y2)) are listed for both represen-
tations in Table I. In YBCOs- andd,2_2-wave functions
are compatible.

In BSCCO, the orthorhombic axes are tléagonals
d; (a) andd, (b). The bc plane containing the periodic
lattice distortion Q forms a crystallographicoy, mirror
plane?* The C32 point group of the Cu@planes allows the

nodeless OP?® c-axis Pb/BjSr,CaCyOg. 5 (BSCCO Jo-
sephson demonstrated the existence otaave OP com-
ponent in BSCCO at low.2

In BSCCO c-axis twist experiments, the critical current
densities)] andJ? of each twist junction and of the constitu-
ent single crystals werthe sameregardless of twist angle
$o.r As shown in the following, this implies that BSCCO
has strongly incoheremtaxis tunneling, and its OP contains
an isotropic swave component forT<T., but no
dy2_y2-wave component.

The CuQ plane bands cross the Fermi enefgy.®° The
crystal point group of a tetragonal Cu@lane isC,, .'° The
group operations are the identigy mirror reflectionso, , o,
in theac,bc planes, respectively, mirror reflectiong;, o4
in the d,c,d,c planes containing the diagonats ,d,, re-
spectively, and rotation€;*, and C,=C3 by +90° and TABLE I. Spin singlet OP eigenfunctions in the FS restricted
180° about thet axis, respectively’ The bases of spin sin- and real spacen(m) representations, their IR notations, and char-
glet functions belonging to the one-dimensional irreducibleacter table for the orthorhombic point gro@3, , appropriate for

representations (IR's) I' of C,, are denoted|s), YBCO.
|dx2_y2), |dyy), @and|gyyx2—y2)). Under a given symmetry
operation®;, each functiorjf) within a given basis satisfies 'R - OoP Tx. 0y
O f)=N\¢|f), wherer; is the corresponding group charac- Eigenfunction €a.0n)
ter or eigenvalue. Functions within the same basiscara- A |s+dye_y2) +1
patible Elements of different bases arecompatible

We use two representations of the OP basis sets. For = ag+ 22 1 cos(2¢y)
Fermi-surfacegFS) restricted pairingBCS) on a cylindrical = 37 oaumcosfka)cosmky)
FS, the intralayer-paired quasiparticle momenta are de- nmo
scribed by¢, , wherekg=kg(cos¢,,sing,). The OP basis A, Ay Gy y2) 1

is then described using angular momentum quantum num-
bers|. The respective four eigenfunction bases are repre-
sented as a constant, co$(®, sin(24y), and sin(4p,), each

multiplied by some functiorx,” ,A cos(4¢y), behaving as a
constant unde€,, .

= \237_,b sin(@¢,)
|
= 37 _ibamsinfka)sin(mkb)

n,m
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TABLE Il. Spin singlet OP eigenfunctions in the FS restricted
() and real spacen(m) representations, their IR notations, and
character table for the orthorhombic point groﬁbi, appropriate

for BSCCO, whereky,a=k,+k, andkg,b=k,—k, . k, andk, are

dimensionless coefficients of the appropriate basis vectors of th

reciprocal lattice, which point along the Cu-O bond directions.
IR oP T
Eigenfunction ob)
Ay |s+dyy) +1
? ay+ 23" ,a cos[2l(¢— 7/4)]
n::n 3 m=0@nm COSfiky;@)cosnkyb)
Az |dy2—y2+ Quyx2—y2)) -1

= 23 1b; sif2(¢y— m/4)]
|

= 2} n=obnmsin(kyga)sin(mky,b)
n,m

symmetry operationg&, o4, and C,. The OP eigenfunc-
tions|s+dy,) and|dy2_,2+ gyyx2—y2)) are represented both
ways in Table Il. In BSCCOs- andd,2_2-wave OP func-

tions areincompatible

The orthorhombic crystal symmetry requires the interac-

tion for spin singlet pairing to have the form

Az
A(k,k')zz > eir(KNij rejr(k’), (1)
ij I'=A;

where eachp;r is a basis element from either Table | or II.
An OP A(k,T)=Ei2:1Ai(T)goiAi(k) with two incompatible
components arises when one eIermam; appears from each
IR basisA;, or \jj r=N\ii a i . The Ginzburg-LandauGL)
free energyF,, from which theC numbersA;(T) can be
determined, is

2

fozz,l Foi+€|A 1A |2+ SRe(A2AL?), 2)

where ]—'Oizai|Ai|2+,8i|Ai|4 and a’i(T):a’io(T_Tci). In
weak coupling(BCS) theory, the bare transition tempera-
turesT,; are obtained from th@n,Ai, and the constants sat-
isfy 8;>0, €>6>0. AssumingT:,>T,,, the § regime,

H=T<T.=T., has |A{(T)|#|Ax(T)|=0. In regime
S,, T<Tg,, both|A,|#0 and|A,|#0, and the OP is the
nodelessA; +iA, state. Thisonly occurs below the second
phase transition af, .
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FIG. 1. Plot ofl.(¢g)/1.(0) for the case considered in Ref. 14
of a dominant,2_.-wave and subdominanl,-wave OP, the rela-
tive amounts varying with layer index away from the twist junction.
The parameters for these curves am,/T.=0.2, T/,
=0.1304,€/68=0.5, 6/68=0.1, and the curves fofy= 7;=0.1

and 74=7(=0.001 are indicated. Curves fort=T/T,
=0.99,0.9,0.5 are presented.
2
Fi=Fot RAAA7) 2, il Aif?. &)
=

The compatible OP components mix two ways. First,
the original basis function&iAa(k) mix via the linear trans-

formation which diagonalizes\(k,k’). Second, the sub-
dominant OPA, is coupled taA; just belowT.= T, via the
m1 term. Depending upon the sign pf;, the phases oA,
and A, differ by 0 or , and |Ay(T)|e<|A(T)|3(T,
—T)%? just belowT.. This modifies the relativd depen-
dences of\;,A, in the “A;+ A," state. Both mixings occur
withouta second phase transition. Thus, khdependence of
A(k,T) changes smoothly witf.*®

We now consider the case of a high-temperature super-
conducting(HTSC) Josephson junction formed by twisting
bicrystal halves an anglé, about thec axis, as pictured in
Fig. 1 of Ref. 14. For weak tunneling between adjacent lay-
ersn and I’]/, ‘]It::|4emw<fi(k_k,)Fn(ki)Fn’(kil»nﬁn’l
for i=J,S, whereks=k, ks=k', butk;=k, andkj=k"
are rotated by= ¢4/2 about thec-axis, respectively(- -
“Innn’ IS an integral over the overlapping first BZs, and
f'(q) is the spatial average of the quasiparticle tunneling
matrix element squared. For J. to O(f'), F,=A,/[w?
+£2+|A,|?], etc., wherew is a Matsubara frequency, and
the quasiparticle dispersiogg and OPsA, areindependent
of f'. In this limit, Bloch’s theorem and group theory require
each component of th&,(k; , T) and theA . (k{ ,T) to lock
onto the local Cu-O bond orientation. Thug,(k,T)

An OP having two compatible components arises wher= EleAnj(T)zijj(k) for two incompatible OP components

both basis elementsj=1,2 belong to thesamelR, A,,

where a« is either 1 or 2. Then, A(k,k")
:Eiz,jZI(PiAa(k))\ij,Aa(lD]Aa(kl)’ where )\ij,Aa:)\ji,A“' Di-
agonalizing Nk, k"), we obtain N(k,k")

=37 10ia (K)\iia_@ia, (k') and the OP eigenfunction,
Ak, T)=37_,A{(T)¢ia (K). The GL free energyF; then
acquires a term additional t&,, Eq. (2),

on thenth layer. Althoughf'(q) can contain both coherent
(g=0) and incoherentd arbitrary parts, for purely incoher-
ent tunneling(AB), f'(q)=fy, (F.)=(F,), and eachJ}
=0, exceptfor an s-wave OP, projecting out its FS average
nearT,.'?

If the FS were cylindrical and’(q) were coherent, then
the twist experiments would infer an isotropevave OP.
However, this scenario is unlikely, since the FS is tight
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1.0

binding®°® The dominant coherent tunneling processes in-
volve quasiparticle states near the FSs on each side of th
junction. For both the BCS and most strong coupling models,
A,=0, except for a narrow region of the BZ near the FS.

0.8

Since the intersection of tight-binding FSs twistedp/2
about thec axis is vanishingly smallg-axis twisting reduces
such coherent processes, caus]é@bo)/Jg(O) to be largest
for ¢o=0,90°, even for an isotropisswave OP. The twist
experiments thus imply strongly incoherent tunnefing.

Previously, we investigated whether in the GL regime

tunneling to higher order in th&€ might allow a dominant

dy2_2-wave OP to twist, by locally mixing in a subdominant
s and/ord,,-wave OP component by the proximity effect,

thereby compensating for the junction twiwe found that
such OP proximity twisting is possible, allowin@(qbo)
#0 for all ¢. However, the amplitude of the, OP com-
ponent is very small foT>T_,, and T, must be so low as

to be unobservable. Also, the proximity effect locally sup-

presses the dominant OP component, redudi(gbo) for
The amplitude of thed,, OP component is determined
somewhat by the ratid@/T_,, but mostly by thed-wave
Josephson coupling strengthg and 74 obtained from the
(k=K @i, (K)@jra, (K ))nan With ,j'=1,2 atEg for
i=J,S, respectively. The weaker thg,, the lower theT at
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FIG. 2. Plots of A+ cos(25,) + Bcos(4po)|/|1+A+B|, along with
theA,B values, of the lowedtcontributions taJ2(¢0)/J2(0) in Eq.
(4). Upper two curvesA, states. Lower three curve8; states.

coefficients in the FS restricted representation in Tables | and
Il. Most important,aq=a3(1+ 7,) can be finite for theA;
states, but for thé\, states,ay=0!

For pure l-wave states,J2($o)/J2(0)=|cos(¢y)|, as
shown forl=0,1,2 in Fig. 4 of Ref. 1. For an isotropid (
=0) swave state,J}(¢o)/J2(0)=1, consistent with the

which OP twisting can partially compensate for the junctiondata! The other purd-wave states have somgf at which

twist. For T,/T.=0.2 and strong §4= 14=1) coupling,
we found a small but finited)(45°) att=T/T.=0.7. How-
ever, reducingp to 0.01 with 4=1 dramatically reduced
J)(45°) att=0.71

Moreover, since BSCCO is highly anisotropityve have
recalculated)?( ¢,)/J2(0) for 4= 74=0.1,0.001, and plot-
ted the results fot=0.5,0.9,0.99 in Fig. 1. Fomy=0.1,
these effects are small but clearly visible. Bgr=0.001, the
suppression of the dominamt._,>-wave OP component
would be noticeable only very close 1. For T below the
fluctuation regime, J(¢)/J2(0)=|cos(2p,)|. Clearly,
d-wave OP twistingcannotexplain the twist experiments.

We therefore consider only one OP eigenfunction CON-.0) then the |d

structed fromcompatiblefunctions. A full calculation in the
real space representation will be presented elsewfidre.
the FS restricted representatiofr)(q) contains coherent
|3]26@(k—k’) and incoherent =} yf,ocodl(d— dy:)]

parts*1® For either YBCO or BSCCO, when the OP eigen-

functions belong to the same IR; or A, in Tables | and Il,
J)($o)/32(0) is the same. Just beloW, the integrals can

be performed exactly. Since the single crystal and twist junc

tions are chemically identical, with identicedaxis spacings,
we take|J|? and thef|, to be independent of,.*** We
define noc=entfoo/ (4T,) and m="F0/foo
+C|J|?/(mfyoT,) for 1=0, whereC=7{(3)/(27°) andm
is the planar effective mass. We note thgtc 7 in Fig. 1.
We find

I o) pi°= a0+|§1 a, €092l ¢)|, (4)

where forl=1, a,=nyaf, 7, b? for the A A, states, re-

JAPE)=0. For 1=2, ¢pt=45°, and for |=4, ¢*
=22.5°,67.5°. Including highet compatible components
will not change these qualitative results. As shown in Fig. 2,
anA, state always has som#f at whichJ)(¢%)=0. If the
isotropic component of al\; state were nearly negligible,
then J2(¢,)/J2(0) could also be highly anisotropic. Other-
wise, anA; state gives the least anisotrop@i ¢o) behavior.
Thus, the observatiod(¢)/J=1 at and belowT, in
BSCCO isprima facieevidence that the dominant OP|is
+dyy), with an isotropic componernt.

In addition, if the tunneling across the twist and intrinsic
junctions were equal and purely incoherert,y{~0 for |
x2—y2F Oxyx2—y2)) State would have
JU o) =J5=0¥ ¢y, and the |s+d,,) state would have
J)(#0)/I3=1, as observed, provided that it had an isotropic
swave component.An example of an OP consistent with
many experiments is the “extendedswave” OP,
{[cosk,a)—cosk,a) >+ €42 which is expandable as a te-
tragonals-wave function with near nodes fer< 1. Although
the c-axis tunneling in BSCCO must be strongly incoherent,
it need not be purely incoherent. If it is not purely incoher-
ent, however, then the OP must be isotropic.

Since the c-axis twist and tricrystal experiments are
incompatible'® we propose an experiment to settle the issue.
The new geometry is the tetracrystal ring shown in Fig. 3. A
single crystal of BSCCO is cleaved twice into three pieces,
shown as dark, medium, and light. The medium piece is cut
into two equally thick pieces, which are placed across the
dark crystal, forming angle$,, and¢,3. The light crystal is
then placed atop the medium ones, forming a straight (0° or
180°) angleg¢s, with one of them, andb,,= =+ @3, with the
other, the sign depending upaby,. Then, the entire trian-

spectively. Thea, andb, are the OP eigenfunction expansion gular ring is fused together.
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@23 to a ring of c-axis junction€ The self-inductancé. should
satisfy the requiremenB=LI1/®,>1 with large single
& crystals, wherd? is the minimum junction critical current
31 valuel” However, for high flux detector sensitivity, the area
1800 inside the ring should be sufficiently small. If tesevave OP

component dominates, there would be #gunctions in the
ring, and integral multiples of the flux quantudn,=hc/2e
would be trapped inside. However, if tigz_,> OP compo-
nent dominates, then if all threg;; satisfy cos(asu-)<0 (as
in an equilateral triang)e the ring would contain an odd
number of 7 junctions, trapping half-integral multiples of
D12 ®,. Other OP scenarios can be studied by varyingdfje
T)/' Thus, thec-axis twist experiments provide strong evi-
dence that the OP is+ dyy), With a nonvanishing isotropic
FIG. 3. Proposed configuration of@axis version of the tric- component, and that theaxis tunneling is strongly incoher-
rystal ring experiment. Dark crystal: bottom. Light crystal: top. Me- ent. In addition, either the OP is isotropic or tb@xis tun-
dium shading: equal thickness crystals. Arrows indicate the direcneling is purely incoherent, as in AB.We propose &-axis
tion of a given single crystal axis. tetracrystal experiment to settle the conflict with the tricrys-
tal experiment.

One calculates thé (¢;;) for each OP eigenfunction.  The authors thank G. Arnold, A. Bille, R. C. Dynes, K.
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[Ic| whenl.<O0. But, for the tetracrystal, the relative junction tive Research Grant No. 960102, and by the DFG through
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The equations for a ring ab-planar junctions also apply per.”
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