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Magnetic Induction of d,:—: + idy, Order in High- T, Superconductors
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| propose that the phase transition in,8>,CaCuyOg recently observed by Krisharet al. [Science
277, 83 (1997)] is the development of a smadll, superconducting order parameter phased{2
with respect to the principal,>_,> one to produce a minimum energy gap The violation of both
parity and time-reversal symmetry allows the development of a magnetic moment, the key to explaining
the experiment. The origin of this moment is a quantized boundary currehf ef 2¢A/h at zero
temperature. [S0031-9007(98)06047-5]

PACS numbers: 74.25.Bt, 74.25.Dw, 74.25.Fy

In a recent paper Krishanet al.[1] have reported a | propose that the new high-field state is the parity and
phase transition in B6nCaCuOg induced by a mag- time-reversal symmetry violating-—,> + id,, supercon-
netic field and characterized by a kink in the thermal con-ducting state proposed long ago by me [2], which has many
ductivity as a function of field strength, followed by a properties in common with quantum hall states, includ-
flat plateau. The high-field state is also superconductingng particularly chiral edge modes and exactly quantized
They argued from the existence of this plateau that hedioundary currents. The essential point of my argument
transport by quasiparticles was zero in the new state and that the state must have a magnetic moment in order to
that this probably indicated the development of an energwccount for the experiment, and this is possible only if it vi-
gap. The transition has the peculiarity of being easily in-olates both parity and time-reversal symmetry. The devel-
duced by small fields. Krisharet al. report the empirical opment ofs + id order, for example, or high-momentum
relation T, = +/B, although over the limit field range of Cooper pairing [3] are both ruled out for this reason, as is
0.6 T < B < 5T, and also that the transition sharpens asa restructuring of the vortex lattice.

T, is reduced. My hypothesis leads, through reasoning described be-
| low, to the model free-energy functional
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whereA is the induced energy gap awd= . /v,v; is the | Fo 1 A 3)
root-mean-square velocity of thkwave node. There are L? 37 (hv)?’

three key steps leading o th's. functional: (1) The adOpAt finite temperature | find a weakly first-order transition
tion of conventional quasiparticles at four nodes as th?o a state withA = 0 at

low-energy excitation spectrum of the pareit-,- state.

(2) The derivation of a relation between the minimum en- kgT, = 0.52A,. ()]
ergy to inject a quasiparticle in the bulk interior and a
quantum-mechanical boundary current. (3) A guess as

ine temperatur depedence of s bundarycurentbas 2221 12 SEcoLL or bl e octonal o of e
on legitimate but model-dependent calculations. The las P 9

of these, which | shall defend below, is pure phenomenolf"ldjusvJlble parameters. . L
The assumption of conventional quasiparticles at

ogy, so this is a theory of energy scales anud a theory d-wave nodes leads to the repulsiie’ and free-

of the transition. The value of the node velocity is fixed uasiparticle entropy terms in Eq. (1). The model here is
by experiment, in particular, photoemission bandwidth [4]q Pe . Py g- (L.
t critical, since only the node matters, so let us use the

and the temperature dependence of the penetration de S Hamiltonian
in yttrium barium copper oxide [5,6]. Following Lee and
Wen [7] | shall use the values; = 1.18 X 107 cm/sec
and v, /v, = 6.8, or fiv = 0.30 eVA. The uncertainty

his is plotted against the experiment in Fig. 1. It will

T t 1
H = ZSkaSCkS + kak’ckTC—le—k’lck’T- (5)

in this number is about 10%. At zero temperature the free o _ . kk./
energy is minimized by As usual we consider variational ground states of the form
eB
Ay = hv ZE—C, (2) W) = l_[{uk + kaZTCiuHO),
k
and has the value lugl> + |lw* =1, (6)
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is
(Ol H | Wi) = (PIH W) + Vel + [AJ*.  (13)
The prototypicakd,>—» + id,, state is
er = —2t[cogk,b) + cogk,b)], (14)
Ay = Ap_2[codk,b) — codk,b)]
+ iAy, sin(k,b) sin(kyb) . (15)

The velocity in Eq. (1) is related to the model parame-
ters by

hvy = V8ib vy =V2Ap_pb v =Jv;. (16)

FIG. 1. Comparison of measured transition temperature verAssuming now that the extremal condition requices,

sus magnetic field (diamonds) with Eq. (5).

and minimize the expected energy
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to obtain
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Ap = D Vipuvop), 9)
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Ap = - (10)

1 Ay
5 ka’ TS0
2 % \/8%, + |Ak’|2

Equivalently we may take Egs. (8) to defin&) in terms
of A, and minimize the expected energy

V| H W) = 1——L}
(W|H |P) §3k|: EEaTWE
1
+ = Y V| e
4% k{\/siﬂAkP}

(11)

to be zero, so that the native ground state has dply,-
order, and then forcing the minimum quasiparticle energy
to beA, one finds that the energy is minimized when

A2 _ [A% = (q/mv)* g = A/hv,
*y 0; g > A/hv,

wheregq is the distance to the node in symmetrized units,
and equals

o nsl L
SWIFHIY) = =3 (o} + 1Al )B[W}

= —thzf |:— - —vj|q3dq
aT 0 q A

L? A3
= ——. 18
6 (hv)? (18)
The quasiparticle contribution to the finite-temperature
free energy under these circumstances is

Fquasi 4
A = kT
L2 T

X fmln{l + exd — BV (hig)* + Aiv Ttq dqg.
0 )
(19)

Let us next consider the zero-temperature magnetic mo-
ment, which is due to a circulating boundary current of

(17)

Is =2 % Ao. (20)
This works out td).13 wA for a gap of 1.64 meV induced

by a field 1 T. Boundary currents of this magnitude are
known to result from the development of Zaviolating
order parameter of this size [8], so the issue is not the
existence of these currents or their disappearance when the
second-order parameter vanishes but rather their specific
functional dependence ot and sense of circulationT

to obtain Eq. (10). Regardless of whether the extrema"fmdp must both be violated for the boundary currents to

condition is met the expected energy of the quasiparticle

|Wep) = (u,tc,er + vic—x) P) 12)

generate a moment. The+ id state, for example, will
not work because its reflection symmetry about.theis
forces the currents at theé y and —y edges to flow in
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the same direction, whereas flow in opposite directions isvith €; andm; denoting thex andy coordinates of the

required to generate a moment. jth lattice site, interpolates betweddyr atd = 0 and a
Thed,-—,» + id,, state differs fundamentally from + lattice Landau level Hamiltonian &t = /4, all the while

id conventionals-wave states imot being continuously having the same eigenvalue spectrum due to the unitarity

deformable to a Fermi sea on a sample with edges, abf U(#) [10,11]. More specifically, since

though it can be so deformed on a torus. This is the et e = ilﬂr " (25)

property underlying Wiegmann'’s concept of a “topological _ A CE jravi _

superconductor” [9]. On a torus we may write the site transformations repeat with the pattern shown in
Fig. 2, where

@) = [Texdiw{Oem W ]lde), (21 _ A\ 1—ir
k Ul(—> -1, w(—) =—2,
4 4 V2

C*kl 3 4 \/E 5 4 4 2

i s e so we have for the transformed bond Hamiltonian from
Pl oo] 0 Polo -1 ) i i
! site 2 to site 1

where

) .(22) t{ 73 + 1 T3 + 7 1—im
as usual, and thus continuously deform the Fermidga U, NG U, = NG NG =73,
into any BCS superconducting std¢e) we like by appro-
priate choice of the functiofl,. On a sample with edges, (27)
however, this makes no sense becduisanot a good quan- and so forth for the other bonds. The transformation on
tum number. The best we can do is substitute the timethe diagonal bonds giveirs, as appropriate for magnetic
reversed orbital pairs exprikx) sin(nary/L), whereL is  bands on a lattice.
the sample width and is an integer, for the plane waves  Let us now imagine wrapping a ribbon af._,» +
exp(=ik - r) in the above expression, in which case weid,, superconductor into a loop and adiabatically inserting
find the order parametey, to beevenunder parity in the magnetic flux 4c/e through this loop following the
y direction, a property fundamentally incompatible with procedure used in a quantum hall thought experiment
d + id pairing. Thus we confront a problem similar to [12]. This insertion commutes with the rotation of the
the one encountered in the vortex lattice—the solution obuperconductor into the quantum hall state by virtue of
which was the invention of the Bogoliubov—de Gennesthe gap and therefore has the same effect in the two
equations—namely, that excitation of Cooper pairs intccases, i.e., to “pump” onand one| quasiparticle from
time-reversed orbital pairs makes no sense in a magnet@ne edge to the other. The edge currents in either case
field. In this case, of course, the violation of parity andmay be identified by separating this spectral flow into
time-reversal invariance comes not from an external magfl) transfer of a state from the chemical potential at
netic field but from the vacuum itself. the left edge to thdowestavailable energy in the bulk
Thed..—,» + id,, State is, however, continuously de- interior and (2) the mirror image of this at the right edge.
formable into a doubly occupied Landau level. ThisOnly the lowest-energy bulk state matters because the
is demonstrated with the following simple lattice ex- anticrossing rule prevents any higher-energy states from
ample. Let flowing to the chemical potential. The edge current is
. + then given by Eq. (20), wherd is the difference in
Hur = 21 %{[cos(kxb) + cosky b) Wi 73 energy between this lowest-energy bulk excitation and the
+ chemical potential.
+ [codk:b) — codk,b) Wi T ¥ Flux addition also induces bulk supercurrent, formal
+ 2m sin(kx)sin(ky)‘lf,frg\lfk} (23) gauge transformations being not so innocuous in a su-
be the Hartree-Fock Hamiltonian ford: > + id,, Su- perconductor, but this is easily removed by causing the
perconductor on a square lattice, wheteis a constant

characterizing the size of the energy gap. Then the Hamil-
tonianUt(8) HurU(6), where

3 T3+7 4 Ut 3 - 213 4

ue) =1]u;® T BT V21 V21
J
0
= F[ex”l?[l —2(=1)5 + (~1)5m) Lmtn 2y 1 gy 2
! - FIG. 2. lllustration of unitary transformation between the
X (CjTle — lecﬁ)], (24) gﬁzgzla:rtiégfy superconducting state and a filled Landau level
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ring circumference. to diverge, since the energy in ques- is expected on general grounds because there is no other

tion is energy scale in the problem.
2 {27\ The complete absence of thermal transport abbye
SEpux = o (T) f ((F)dF (28) in the experiment is not explained by thermal activation

to a gap of ordel\, as this is simply too small to freeze
where n, is the superfluid density, which falls off as out all the quasiparticles. This criticism, however, applies
1/L. Equivalently, one may say that there is a physicalequally well to any theory of the effect one would care to
difference between current already present and curremonsider, for it is physically unreasonable for a gap much
induced by the injected flux. larger thankpT, to develop spontaneously. | therefore
The final matter for consideration is the reduction ofbelieve that absence of transport is an effect of enhanced
this moment by thermal excitation of quasiparticles. Thisscattering and trapping of quasiparticles in the new state
is, unfortunately, sensitive to details and thus difficult toand is a detail to be worked out once the symmetry of the
calculate with sufficient accuracy to describe the phassecond-order parameter is established. There is certainly
transition. It can be understood simply in terms of the fluxthe potential for violent scattering in thé._,: + id,,
Hamiltonian obtained by rotating Eq. (23) By= =/4.  state given the inhomogeneity of the magnetic field due
This consists of upper and lower quantum hall bands withio the vortex lattice and the possibility that the transition
opposite quantizations, these being manifested primariljs weakly first order, but it is a mistake to use this as
in the states of energy near = 4tm. Evaluating the a criterion for deciding whether the symmetry | have
Hall conductance of this model by the Kubo formula in identified is the right one.
the limit of smallm we find that [11] | express special thanks to C. M. Varma for alerting me
o2 [ BA dx to the large moment carried by this class of supercon-
Oxy = — ] tan}{—x/l + x]—3/2' (29) ductor, and to N.P. Ong, F.D. M. Haldane, J. Berlinsky,
hJo 2 (1 +x) C. Kallin, and A. Balatsky for helpful discussion and criti-
The strong quenching effect &7 = A occurs because cism. This work was supported primarily by the NSF
free quasiparticles contribute a Hall conductance oppositénder Grant No. DMR-9421888. Additional support was
to that of the ground state. Assuming now thataries provided by the Center for Materials Research at Stan-
slowly in space and equals zero at the sample edge, wierd University and by NASA Collaborative Agreement
may integrate in from the edge to obtain NCC 2-794.
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