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We calculate the penetration depth A(T) for a model of the high-7. superconductors based upon

proximity coupling between one superconducting (S) and one normal (N) layer per unit cell.

The

linear, low-T region of the A,,(T) data of Bonn ef al. on YBa,Cus0;_; is fitted quantitatively for both

s-wave and d,2_,2> order parameters.

However, these fitted models give very different predictions for

A.(T), which may serve as a new test for the order parameter, or at least for the role of N layers.

PACS numbers: 74.25.Ha, 74.72.Bk, 74.80.Dm

Recently, there has been a raging controversy regard-
ing the orbital symmetry of the order parameter (OP)
in high-7, superconductors. Most of the experiments
have been performed on YBa,Cu3;O;-s5 (YBCO) or on
Bi;Sr,CaCu;y054+5 (BSCCO). Low-temperature 7 pho-
toemission experiments [1] on BSCCO and corner SQUID
and Josephson junction experiments [2] on YBCO were
interpreted in terms of Ag(7) having the d,2_,. form,
A4(T)cos26x. For a two-dimensional superconductor
without normal layers, such a gap function would ex-
hibit line nodes at k, = *k, on the cylindrical Fermi sur-
face [3]. On the other hand, Josephson junction tunneling
along the ¢ axis [4] and across grain boundaries [5], plus
H L & torque measurements [6] on YBCO, were consis-
tent with s-wave symmetry, Ax(T) = A(T). Of these,
[5] and [6] were inconsistent with any OP anisotropy
within the CuO, layers exceeding 25%. More confus-
ing are the penetration depth A measurements [7—10] on
YBCO, which yielded low-T A,,(T) curves which were
linear [7], two-gap-like [8], and quadratic [9,10]. While
the experiment of [8] was interpreted in terms of an
s-wave OP, that of [7] was interpreted in terms of a
d-wave OP. Meanwhile, measurements of A and the
surface impedance in Nd,;gsCeq;5CuO, (NCCO) were
quantitatively in agreement with BCS theory [11].

In view of the above discrepancies, it would be
interesting to see if a single theory could be made to
be consistent with all of the above results. One of
us (R.K.) [12] argued recently that the corner SQUID
and Josephson junction experiment could be consistent

|

with s-wave OP symmetry, due to a corner effect. In
addition, we [13] showed that the surface states present in
this model can explain both the apparent gap anisotropy
observed in photoemission experiments [1] and the variety
of tunneling data obtained from break junction, point
contact, and junction tunneling experiments on YBCO
and BSCCO. In this Letter, we shall show that the linear
low-T A, (T) behavior observed in [7] can be fitted
quantitatively with either s- or d-wave superconductivity,
provided that one properly takes account of the normal
CuO chain layers. The same model could be used to
fit the other data of [8—10]. Since NCCO has only
one layer per unit cell, a simplification of our s-wave
model is completely consistent with the observed BCS
A(T) behavior [11]. In addition, we calculated A.(T") for
our model with both s- and d-wave pairing, and show
that a simultaneous measurement of A, (7) and A.(T) can
distinguish between these models.

We assume two conducting layers per unit cell, in
which the quasiparticle propagate freely. The supercon-
ducting pairing only takes place within the superconduct-
ing (S) (CuO,) layers, and the other conducting layers are
nominally normal (N). The effective masses m; and m,
in the S and N layers differ by the factor 8 = m;/m, = 5,
to account for two strongly correlated S layers per unit
cell. Between the S and N layers, the quasiparticles
hop with matrix elements J; and J, across the insulating
barriers of thickness d and d’ = s — d, respectively.
Choosing units in which Z = ¢ = kg = 1, the model
Hamiltonian is H = Hy + V, where

% 2
Hy = /erZZ< Z l/’jfnrr(r) [(‘lv + eA)z/zmn - Mn]l/’jn(r(r)
o j=1\n=1
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My = k§”/2mn is the chemical potential of the nth layer per unit cell, e is the quasiparticle charge, o is the spin

index, and j indexes the unit cells.

d’k’
2m)? <

1 d’k

v 2y

forms either s-wave pairs with Ax x = Ao or dy2—y2 pairs with A g = 24 c0826y c0s26y within the S (n =

energies within wj of Ep.
[16] was only qualitative.
We may Fourier transform to momentum space, using

Yine(®) = V23 exp(ifk - r + k[js + (n — Dd] F
k

where k = (k, k,), the upper (lower) sign refers to n = 1
(2), "V is the sample volume, and ¢ (k) is given by
Josin(k,d") — J; sin(k,d) )
Jocos(k,d') + Jy cos(k,d)

The quasiparticle Green functions are then defined in the
usual temperature-ordered way,

Gk, 7 — 7') = (T ke, T o (ks 7)),
an’(ks T — T,) = <T[¢’n(r(ka T)l;[/n’,*o'(_k, 7'/)]>a (6)

etc., where (---) represents the thermodynamic average,
and the spin indices have been suppressed. The OP Ay
for both the s-wave and d,:..,> cases is given by

B &k
Ay =T Z m/\k,kan(k,w),

|w|£w"
where w represents the Matsubara frequencies and
[d = [d?k [T, dk,. In this notation, the zero-field

/s
Green function is a 4 X 4 matrix, the inverse of which is
[14-16]

tand’ (kz) =

@)
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This form for w, conserves k = (ky,k,) at the Fermi energy Er = u, before
and after interlayer tunneling. The vector potential A(r) =
semiclassical approximation, and we have neglected the Zeeman energy splittings.

(A, A,) is introduced in gauge-invariant form, assuming the
The interaction term

3)

1) layers for

This s-wave model has been studied [14—16], although the anisotropy of A(T) obtained in

¢ (k)/ 2D o (k) (4)

The London penetration depth is obtained from the
current-current correlation function in zero external fre-
quency and momentum [17]. For this model, the dc con-
ductivity tensor is diagonal with elements

t
= 262T Z [ (277)3 vx,,vx,,r(G,,,,/G,,r,, + an’Fn'n) .

nn'=1

)]

d3k
2 2
. = 2e TZ/ ) v}

t t
X Z (GrmGn’n/ + anFn’n’ + Gnn’Gnn’ + an'an’) P
n#n!

(10)

and o, is analogous to o, where all of the G,, and
F,. are functions of k, w, and v,, = kg cosfx/m, and
v, = de€, /dk, are the Fermi velocities along % within the
nth layers and normal to the layers, respectively.

It is straightforward to obtain the exact
io — £ —€, Ay 0 forms for the G,y and F,,. Letting [d’%k =
&1 —€, iw — &p2 0 0 27N10) fdéor J7,, dbk |7, dn, where & = Béo, m =
o Ak 0 iw + &o €, ’ k,s, and N,(0) = m,/2s is the single spin density of
0 0 €, w + &pn states at Er in the nth layer, we can integrate Eqgs. (7), (9),
®) and (10) over &g, exactly. Since sin’g) = %(1 — cos26y),
etc., integration over Oy leads to o, = o, = 0, and
where &y, = (k? — k?p")/Zm,, and e, =[J? + I3+ o, = o, for both the s-wave and d,._,> cases. We

2J1J, cosk,s]'/2. | obtain

aty \ of @ = Bl o’ | 2B°ER + 0 + )
Tab = C”T‘ |Z f f 2 1Al [ ok T ar? ' a3R? ’ b
w|=w) .
T dOy sin’n|Ag)? | @?(a? + 48€3) 5 o
=C J,T —_— + 2 s 12
+hiJ2 |w|§<:w",[ —x 27 €2a3R R + w? + €2 Bel (12)
T 46y Ax(BR + w?)

Ax = 7N, (0)T j — Ak ——————————, 13
k= 7N (0) w.é.. o | o Ak R (13)
R =[(0” + €1)* + 0?|A]"?, (14)
a =[1+ BHw? + BAkI> + 2B8(R — €2)]'/2, (15)
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CL = 27TN1(0)(€S)2J1J2, C“ = 7T62N/m|, and N = k,z,—”/
2ms is one-half the total number of quasiparticles per
unit cell. The Matsubara sums and 7 integrations must
be performed numerically, as must the d-wave 6y inte-
grations. The penetration depths A;(T) = [47 /0 (T)]'/?,
as in [17]. The bare T, value, T.9, is given by setting
Ax = 0and €, — 0in Eq. (13). For finite €, 7. < T,o,
as shown for 8 = 5 in Fig. 1. With the forms of Ak
used, both T,y and T, are identical for the s-wave and d-
wave models. Equations (11)—(15) are exact within the
standard BCS mean-field approximation.
The density of states (DOS) is found as in [15]

f(Z )3 ImGon (k. @) 0——iQ+S (16)

It is straightforward to evaluate the
integral over ¢y exactly, and to make the analytic
continuation [15]. For the s-wave case, the 0 integral is
trivial. A resulting s-wave plot of Ns(Q)/N,(0) vs Q/T.o
is shown in the inset of Fig. 1. For the d-wave case (not
pictured), Ns(Q) is always linear in |Q] for small |].

In the limit €, — 0, the d-wave A,4(T) and o, reduce
to the clean limit d-wave forms of [3], and the s-wave
A(T) and o, reduce to the standard BCS forms. How-
ever, for both the s- and d-wave cases, o, in Eq. (12) does
not reduce to these forms, since it explicitly contains hop-
ping to the N layers. We have thus also calculated the
conductivity &;; for a layered superconductor with only
one (S) layer per unit cell, with interlayer hopping matrix
element / = J; = J, and c-axis band dispersion 2J cosk,s

[18],
L -
/ﬂ 27 [w? + |Ag2P2” an

Ns(Q) =

where 6 = O+.

(1) — C;T Z
lol=w)
where C, = C, = Ne?w/m,, C, = 4wN,(0)e?J%s%, and
N = k,%” /2ars is the total number of quasiparticles per
unit cell. In the limitJ, = J, = Jand s — 2s, N — N/2,
C, — C,,and C) — C,/2 = C,/2, as expected. Clearly,
for both OPs, one obtains the BCS or standard d-wave
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FIG. 1. Plots of T./T. vs log,,(J1/T0) for B =5, A¢N,(0) =
0.1, J5/J; = 1 (solid) and 0.1 (dashed). Inset: Plot of T =0
s-wave Ng(w)/Nl(O) \A) w/Tco for B =35, Jl/TC() = 3, Jz/T‘-() =
2.6. |: =A(0), A(0) = 1.558T. =~ 1.967T..

T-dependence for all field directions, with a constant
anisotropy ratio &../&,, = C./C,. We note that this
d-wave o.(T) differs substantially from that obtained with
a spherical Fermi surface [19].

Measurements of A,,(0) in single crystal YBCO have
been made by a variety of techniques. Among these,
high-field muon spin rotation [20,21], low-field rf [22],
and low-field dc magnetization measurements [23] all
gave A, (0) results consistent with 1400 = 100 A. Hence,
this range of values does not depend substantially upon
the measurement techniques, fields, and frequencies used.

In Fig. 2, we have presented the microwave cav-
ity YBCO A,,(T) data of Bonn et al. [24], which is
very similar to that of [7]. We have normalized the
data relative to that at the lowest measurement tempera-
ture Tp = 1.35 K. The data (solid diamonds) are pre-
sented as A2, (To)/A2(T) vs T/T. for Ag(To) = 1400 A.
Also shown are the YBCO data (triangles) of Yethiraj
et al. [25] obtained from neutron scattering of the vortex
lattice with H || ¢ above H.; ;. Since the lowest T in that
data set was 11 K, for comparison the raw intensity data
[proportional to o2, (T)] was adjusted by extrapolating the
linear, low-7T regime to 7y, and then taking the square
root. Also shown in Fig. 2 are the predictions of our
best low-T fits (s-wave: 8 = 5,J,/Tco = 3,J./Tco = 2.6,
solid curve; d-wave: B8 = 5, J1/Tco = J2/T.0 = 9, dashed
curve) for Ay (Tp) = 1400 A, and the standard d-wave
model [Eq. (17)] (dotted curve). Varying the choice of
Aap(To) from 1300 to 1500 A causes comparable changes
in the fitting parameters J; and J,. It is readily seen
that the data of [24] and [25] are consistent. The de-
tails of our fits to the low-7 region are shown in the
inset of Fig. 2. The (adjusted) data of [25] are also
shown. These two low-T points correspond to a best
choice of A, (To) =~ 1600 A, as claimed from 11 K abso-
lute intensity measurements in [25]. The s-wave choice
of parameters 8 = 5, J /Ty = 3.4, and J,/T.o = 3.0 fits
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FIG. 2. Plots of A2,(To)/A%,(T) vs T/T.. #: data from [24]
with A, (To) = 1400 A, Ty = 1.35 K = 0.0145T,.. A: data from
[25]. Solid: s-wave model with 8 = 5, J,/T.o = 3, J2/Teo =
2.6. Dashed: d-wave model with 8 =5, J,/T.o = J2/To =
9. Dotted: standard d-wave model. Inset: Low-T region of
[)‘ah(T) - A(/1b(T())]/)‘ab(TO) Vs T/T('~
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these two low-7T data points quite well. The standard
d-wave curve could be made consistent with the data by
allowing for strong coupling effects [19].

While the fits in the low-7T regime of our theory with
both OPs to the data of [24,25] are excellent, the fits in
the vicinity of 7, are poor. Such discrepancies could
arise from either strong coupling effects or from critical
fluctuations [26].

Since the fitted s-wave and d-wave A,,(T) curves are
rather similar, it would be most interesting to compare the
corresponding predicted curves for A.(T). In Fig. 3, we
have plotted A2(T,)/AX(T) for the same s- and d-wave
parameter choices used in Fig. 2, along with the stan-
dard d-wave model. The details of the low-T behav-
iors are plotted in the inset as [A(T) — A.(T0)]/Ac(To),
for Ty = 0.145T,, as in Fig. 2. The predictions for A.(T)
are strikingly different. We conclude that while measure-
ments of A,,(7T) alone cannot conclusively distinguish be-
tween the various models, measurements of both A, (T)
and A.(T) on the same sample should be much better at
distinguishing between the models.

Neutron scattering data involving A.(T) were also ob-
tained in [25]. At general 6, T, the scattering intensity is
proportional to 4 (T)[ 04 (T) cos?0 + o.(T)sin’0]. Us-
ing the experimental ¢ and I'(0) = A.(0)/A.,(0) values
[25], neither the s- nor the d-wave fits predicted any ob-
servable difference in the 7 dependence of the scattering
intensity, consistent with the rather large error bars in the
data of [25]. However, neutron scattering at field angles
much closer to parallel to the layers should be able to dis-
criminate between these theories. Also, microwave cav-
ity measurements of both A.(T) and A, (T) are possible,
but have not yet been published. We propose these mea-
surements as a new test for the orbital symmetry of the
superconducting order parameter, or at least as a test of
the relative importance of the N layers.

Finally, we note that the DOS curve (in the inset of
Fig. 1) of our s-wave fit is different from that of the
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FIG. 3. Plots of A%2(Ty)/AX(T) vs T/T,. for the same models
and parameters as in Fig. 2. Inset: Low-T region of [A.(T) —
/\((TO)]//\¢<TO) Vs T/T(
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standard d-wave model, even though the predicted A, (T)
are very similar. Our s-wave DOS is nearly gapless, with
a quasilinear energy dependence, and a slope that is less
than that for the standard d-wave model. However, the
penetration depth is not simply related to the DOS, except
in single layer models. For two layers per unit cell, there
are additional terms in A, (T), arising from the G,Gs
and Fi,F4, terms in Eq. (9).
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