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We examine the effects of nonlocal electrodynamics for ad-wave superconductor on the fiel
dependence of the magnetic penetration depth. The linear field dependence predicted in th
limit, commonly known as the nonlinear Meissner effect, is instead found to be quadratic,dl , H2

for fields below a crossover scaleHp describing the competition between nonlinear and nonlocal eff
in the Meissner state. This crossover is shown to be geometry dependent and for most orienta
the screening currents is of the same order as or greater thanHc1, implying that the nonlinear Meissne
effect cannot be observed in this situation. For special orientations where the current flows alo
nodal directions, however, the nonlinear Meissner effect may be recovered. [S0031-9007(98)07

PACS numbers: 74.25.Nf, 74.20.Fg
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Measurements of the linear term in the tempera
dependence of the electromagnetic penetration depth
dlsT d ; lsT d 2 ls0d , T played a pivotal role in the
identification of thed-wave symmetry of the cuprate s
perconductors. It was always clear, however, that t
were sensitive only to the depletion of the superfluid fr
tion by the thermal excitations of quasiparticles with m
menta near the order parameter nodes and hence pro
information only on the energy gap on these regions of
Fermi surface. Furthermore, in ad-wave superconducto
with tetragonal crystal symmetry, the penetration dept
independent of the angleu the supercurrent makes with th
crystal axes since the linear response tensor is isotropic
gapshapeis thus not directly reflected in the angle depe
dence of the effect.

Yip and Sauls [2] argued, however, that informati
about the gap shape in an unconventional supercond
with line nodes could be obtained by measuring
nonlinear (magnetic-field-dependent) penetration de
dlsHd ­ lsHd 2 ls0d and predicted an unusual fie
dependence

dlsHd
ls0d

.
zup

2

H
H0

, (1)

wherezu is a (weak) angle-dependent function,H is the
applied magnetic field, andH0 ­ 3F0ysp2j0l0d is of the
order of the thermodynamic critical field of the syste
(F0 is the flux quantum,j0 the coherence length, an
l0 the penetration depth). Later, it was shown [3] t
impurities alter this prediction, leading to an asympto
dl , H2 dependence, but only at concentrations s
that the linear term in theH ! 0 temperature dependen
dlsTd , T is replaced bydlsTd , T2 [4–6].

From an experimental standpoint, the search for c
firmation of this fundamental manifestation ofd-wave
symmetry has been controversial. In 1995, Maedaet al.
reported the first observation of a linearH term on
Bi2Sr2CaCu2O8 (BSCCO-2212) films [7], but the resul
were questionable since they were obtained at relati
0031-9007y98y81(25)y5640(4)$15.00
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high temperatures, where the Yip-Sauls theory predic
dl , H2. The cleand-wave nonlinear Meissner effec
should be obtained, according to the simple theory, o
for temperatures below a crossoverT ø Enonlin, with
Enonlin ­ yskF . sHyH0dD0 andD0 the gap maximum,
giving typically Enonlin . 1 K for the cuprates, for fields
close to Hc1, the lower critical field. Measuremen
of a linear-H term was also claimed at much highe
temperatures for YBa2Cu3O72d (YBCO) samples [8]. It
is important to recall that several extrinsic effects c
give rise to spurious field dependences, most importa
contributions from trapped vortices which enter ne
sample edges. An extrinsic contributiondl ,

p
H to

the effective penetration depth can arise from coupl
of the rf field used in resonant coil experiments to t
pinned vortices [9]. Such dependences were also fo
in measurements at much lower temperatures and
higher quality single crystals of YBCO by Carrington an
Giannetta [10]. Finally, a measurement to detect high
harmonic nonlinear modes in the ac response predic
on the basis of Yip-Sauls theory by̆Zutić and Valls [11],
apparently less sensitive to the effects of trapped fl
failed to observe the predicted signal [12].

We therefore take the point of view that the availab
experimental data do not support the existence of a n
linear Meissner effect in the best cuprate samples, and
why. Our answer is that the effects of nonlocal electrod
namics, neglected in the work of Yip and Sauls, serve
cut off the (local) nonlinear Meissner effect as the field
lowered, replacing the linear-H response with a quadrati
one below a crossover fieldHp. In most experimental
geometries, this crossover is of the order of the low
critical field Hc1, meaning thedlsHd , H behavior can-
not generically be observed in the Meissner state. Ho
ever, we show that nonlocal effects are negligible
geometries with currents parallel to a nodal direction.

Nonlocal electrodynamics.—The Yip-Sauls description
of the nonlinear Meissner effect is performed in the loc
© 1998 The American Physical Society
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limit, i.e., the d-wave Cooper pairs, although extend
objects, are assumed to respond to the electromag
field at a single point at the center of the pair. Su
an approximation is normally justified in classic typ
II superconductors, wherel0 is much larger thanj0.
Although the cuprates are strongly type-II supercond
tors, with small in-planej0 . O s15Ad and large in-plane
l0 . O s1500Ad, effects of nonlocal electrodynamics a
to be seen in several special situations, as a result o
gap nodes, along which the “effective coherence leng
yFypDk diverges [13]. Such effects were shown to s
nificantly suppress the shielding supercurrents in meas
ments of the ac Meissner effect [14] in unconventio
superconductors with line nodes, with application
heavy fermion materials. In the context of the cupra
it was shown by Zucarroet al. [15] that significant varia-
tions in the electromagnetic response of cleand-wave su-
perconductors were to be expected when nonlocal eff
were included. But it was Kosztin and Leggett [13] w
first pointed out that the very signature of a superc
ductor with line nodes, the linear-T term in the dc pene
tration depth, was modified at the lowest temperatu
[16]. The crossover temperature below which this occ
is Enonloc . k21D0, wherek ; l0yj0 is the Ginzburg-
Landau parameter. The characteristic crossover field
fined by Enonloc ­ Enonlin is given by Hp . k21H0 .
Hc1. One might therefore expect that nonlocal effe
“cut off” the nonlinear Meissner effect. This observ
tion needs, however, to be supported by a full calculat
which we now sketch.

General current response.—The current response fo
a d-wave superconductor may be derived from a f
calculation of the BCS free energy for fixed extern
field H corresponding to vector potentialA. We have
performed such a calculation (including both nonlocal a
nonlinear effects analytically) under the assumptions
(i) negligible spatial variations of the amplitude of th
order parameter,Dksrd; and (ii) slow spatial variations o
the superfluid velocityvs. The details of the derivation
will be given elsewhere [17], but the final result for th
Fourier component of the current in an infinite system
constantvs is jsqd ­ 2Ksq, vs, T dAsqd, where
Ksq, vs, T d
cys4pl

2
0d

­ 1 1
2T
nm

X
vn ,k

k2
k

z2
k 1 j1j2 1 D1D2

fz2
k 2 E2

1g fz2
k 2 E2

2g
,

(2)

with l0 ­
p

mc2y4pne2 the local penetration depth a
T ­ 0 in linear response theory,n the electron density
m the electron mass,c the speed of light,kk the projec-
tion of k onto the surface,zk ; ivn 1 vs ? kF , E2

6 ;
j2

6 1 D2
6, j6 ; jk6qy2, and jk ­

k2

2m 2 m (m the
chemical potential). This is the standard linear respo
result with all quasiparticle Matsubara energiesvn modi-
fied by the semiclassical Doppler shiftvs ? kF [18]. For
the real physical system in the Meissner state, a sur
boundary is present andys decays with the distanc
from the surfacey. In the linear, local approximation
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yss yd ­ sel0Hymcd exps2yyl0d decays exponentially
andyss y ­ 0d is proportional to the external field, neithe
of which hold generally. But we may imagine the syste
to be subdivided into many layers, in each of whichys

is roughly constant. Furthermore, we assumespecular
scattering surface boundary condition on the quasipart
wave functions. In this case, the response is given
Eq. (2). The geometry which we study first is such th
the magnetic field is along thec axis and thusvs lies in
the ab plane; the normal of the boundary planeq̂ is also
in the ab plane, forming an angleu with the b axis. We
will discuss later the situation whereH is perpendicular
to thec axis.

To a first approximation, we neglect the space dep
dence ofys and replace it by its value at the surfa
ys . yss y ­ 0d ­ el0Hymc as given by the solution to
the linear, local electrodynamics problem. Now we se
rate out theT ­ 0 local, linear response asKsq, vs, T d ­
cys4pl

2
0d 1 dKsq, vs, T d and thendefinethe nonlinear,

nonlocal penetration depth to be

lspec ­
Z `

0

Hs yd
Hs0d

dy

. l0 2
8
c

Z `

0
dq

dKsq, vs, T d
s 1

l
2
0

1 q2d2
. (3)

This expression has the virtue of reducing exactly
the nonlocal expression of Kosztin and Leggett [13]
the vs dependence is neglected and (qualitatively) to
nonlinear expression of Yip and Sauls [2] if theq
dependence is neglected. It is worthwhile reviewing
latter case. WhenT ø yskF we obtain

dKsq ! 0, vs, T d
cys4pl

2
0d

­ 2
zup

2

yskF

D0
, (4)

wherezu ­ 1
2

P
l­61 j cosu 1 l sin uj3. Thus,

dl
slocd
spec

l0
­

l
slocd
spec 2 l0

l0
.

zu

2
p

2

yskF

D0
.

3
2

zup
2

H
H0

.

(5)

We recall that Yip and Sauls [2] and Xuet al. [3]
defined penetration depth from its initial decay:l ­
2Hs0dyfdHs ydydygjy­0, which is equivalent to the defi
nition in Eq. (3) only in the linear limit. Using their defi
nition we find that the prefactor 3y2 in Eq. (5) is modified
to 3. At this stage, we may improve our approximati
by restoring the spatially varying nature ofys. We follow
Yip et al. to solve directly a nonlinear London equation

=2vs ­
4p

c
K s01, vs, T dvs ­

vs

l
2
0

√
1 2

zup
2

kF

D0
ys

!
,

(6)

under the boundary conditiondysydyjy­0 ­ seymcdH.
Using the relation dysydy ­ seymcdHs yd and their
definition for the penetration depth again, we see t
dlyl0 ­ 2 zup

2
H
H0

. So in the local limit we get qualita
tively the same nonlinear correction to the penetrat
5641
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depth as Yip and Sauls [2], comparing to Eq. (1), but w
a larger prefactor. This deviation arises from the per
bative treatment of the response of the superconducto
theAsq fi 0d modes in the present theory. The nonline
effects obtained atT ø yskF , due to the Doppler shif
coming from the coupling of theAsq ­ 0d mode to the
quasiparticles, are nonperturbative results. A discus
of this point can be found in Ref. [17].

Low-energy scaling properties.—Explicit analytical re-
sults for the full response in the approximation of const
ys may now be obtained by expandingdK for low ener-
gies,yskF , qyF , T ø D0. A 2-parameter scaling relatio
may be derived,

dKsq, ys, T d ­ 2
c

8pl
2
0

T
D0

X
l­61

u2
ulFl

√
awul

T
,

´uul

T

!
,

Flsz1, z2d ­
p

4
z1 1 flnsez2 1 1d 1 lnse2z2 1 1dg

2
Z z1

0
dx f fsx 2 z2d 1 fsx 1 z2dg

3

"
1 2

√
x
z1

!2#1y2

, (7)

with a ­ yFqys2
p

2 d, ´ ­ yskFy
p

2, uul ­ j cosu 1

l sin uj, wul ­ j sin u 2 l cosuj, and fsxd ­ 1y
s1 1 exd. We consider primarily the limitT ø a, ´. It
is straightforward to see that forz2 ¿ 1

Flsz1, z2d .
Ω

z2, z1 ø z2 ,
pz1

4 1 z2sz2
2 1 p2dys6z2

1d, z2 ø z1 .

(8)
The scaling form (7) may now be inserted into (3) to fi
the penetration depth. Its field dependence turns ou
be determined by the ratioawuly´uul , with a typical q
set to1yl0 in (3) by the denominator. If we define tw
new dimensionless parametershul ­ suulywuldh, l ­
61, with h ; mysl0 ! s3ypdkHyH0, we getdlspec ­P

l­61 dl
sld
spec, where

dl
sld
spec

l0
.

p

4
p

2
u3

ulk
21h 1 cul1k21 1

h2 1 cul2k
1
h4

T2

D
2
0

for hul ¿ 1 , (9)
with cul1 ­ 0.008w3

ul andcul2 ­ 0.006w3
ulyu2

ul, and

dl
sld
spec

l0
.

p

8
p

2
dul1k21 1 dul2k21h2 1 dul3k

T2

D
2
0

for hul ø 1 , (10)
with dul1 ­ 0.5u2

ulwul, dul2 ­ 1.1u4
ulywul, and dul3 ­

0.47u2
ulywul . The singularity which leads to the linea

term in Eq. (9) if nonlocal effects are simply neglect
is seen to be cut off by the constant term in Eq. (1
This happens athul , 1. For u not too close to a noda
value, wul and uul are of order unity for bothl ­ 61,
and the crossover field may be simply determined fr
h ­ 1, Hp , k21H0. The thermodynamical critical field
Hc . H0 is the geometric mean

p
Hc1Hc2 of the upper

critical field Hc2 ­ F0ys2pj
2
0d and the lower critical
5642
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field Hc1 ­ F0ys2pl
2
0d. Thus the crossover fieldfor

such geometriesis of the same order as the lower critic
field, Hp . Hc1. Since the Meissner state is unstable
the Abrikosov vortex state for fields aboveHc1, the linear-
H term in dl is asymptotically unobservable in thes
geometries. In the Meissner state it is, in fact, replaced
a quadratic variation, as seen in Eq. (10). In Fig. 1,
have plotted the penetration depth calculated in Kos
and Leggett’s geometryu ­ 0, according to the exac
scaling function given in Eq. (7), to explicitly exhibit thi
effect.

When u is near any node, however,uul can be much
larger thanwul and the nonlocal energy scale much sma
than the nonlinear one, leading to a very small crosso
field Hp . Hc1wulyuul ø Hc1. We conclude that the
nonlinear Meissner effect may be observable in su
special geometries, e.g., a sample with a dominant (1
surface andH k c.

There is another special situation in the quasi-
cuprates in which the characteristic energy of nonlo
effects becomes very small and the previous discus
might not be expected to apply. If we assume that
quasiparticles are strictly confined to theab plane and if
the experimental configuration is dominated by a (00
surface with H k ab, then E

sabd
nonloc ­ q ? vF ­ 0. In

this case, however, the magnetic field is not scree
(l ! `) [19]. Whenever the quasiparticles are allow
to move along thec direction we expect nonzeroE

sabd
nonloc

[20]. This can be demonstrated directly for any mod
of coherent transport along thec axis. The materials of
greatest current interest are the cuprate materials YB
and BSCCO-2212. In the YBCO case, it is reasonable
treat the system as weakly 3D. The characteristic nonlo
energy is thenyFcq . j0cD0yl0 much smaller than in the
(010) case since thec-axis coherence length isj0c . 3A

sv
aθb

q

H

FIG. 1. Normalized penetration depth correctiondlyl0 vs
normalized magnetic fieldHyH0 at T ­ 0 for a sample with
H parallel to a (010) surfacesu ­ 0d and Ginzburg-Landau
parameterk ­ 102, hence lower critical fieldHc1 . 1022H0.
Squares: full response; solid line: nonlocal effects neglec
Inset: T ­ 0.1Tc. Circles: full response; solid line: nonloca
effects neglected. Dashed line:Hp . Hc1.
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as opposed to the in-plane coherence length ofj0 . 15A.
On the other hand, the lower critical field is also mu
smaller for this geometry,H

sabd
c1 . F0ys2pl0l0cd. Using

l0c . s0.5 0.8d 3 104A, we again find a large crossov
field Hpsabd . sj0cyj0dHp . 0.5 2 1H

sabd
c1 , making it

still impossible from a practical point of view to extract
linear-H term [21].

The BSCCO system is so anisotropic that it is questi
able whether the above argument applies. A full treatm
of this problem awaits a generally accepted theory of
(incoherent)̂c-axis transport in the normal state.

In conclusion, with the exception of the claim b
Maedaet al. [7,8], all attempts to measure the nonline
Meissner effect, a fundamental consequence ofd-wave
symmetry, have failed. As the order parameter symm
is by now well established in these materials, an exp
nation is required. To this end, we have considered
interplay of nonlinear and nonlocal effects in the ele
tromagnetic response of ad-wave superconductor in th
Meissner regime. This situation differs from the sim
lar problem considered by Aminet al. [22] in the vortex
phase due to the fact that the nonlinear and nonlocal e
giesEnonlin andEnonloc are not independent in their cas
as a consequence of the fluxoid quantization condit
By contrast, in the Meissner state, while the nonlocal sc
is set by intrinsic normal-state parameters, i.e.,Tc andk,
the nonlinear energyEnonlin . yskF is effectively tunable
by an external field. We have shown that the nonlo
terms in the response generically cut off the nodal sin
larity in the nonlinear response, eliminating the linearH
term in the penetration depth.

Neither the current theory nor the Yip-Sauls resu
both based on a consideration of the shielding curre
in the Meissner phase, can explain the results of Ma
et al. Maeda’s results were obtained on samples wh
did not clearly exhibit adlsT; H ! 0d , T behavior in
any range and therefore should not show nonlinear
fects even according to the Yip-Sauls theory. Furth
more, they were performed at temperatures of 9 K
above, and a linear-H behavior was reported up to 50 K
As we show in Fig. 1, even for temperatures as low
0.1Tc, no linear termshould be visible even if nonlo-
cal effects are neglected. Therefore we must concl
that Maedaet al. observed an extrinsic effect, probab
related to trapped vortices. Very recently, new hig
resolution resonant coil measurements [10,23] on v
clean YBCO samples observed (in some geometr
linear H terms with magnitudes close to the Yip-Sau
prediction [10,23] but simultaneously measured qual
tively inconsistent temperature dependence. These
thors also observed effects attributed to trapped vort
[10], and we therefore conclude that the linear term m
be of extrinsic origin. Clearly, a test of the nonlinear
fects which is independent of trapped flux is desirab
The harmonics of the nonlinear response predicted
Z̆utić and Valls in principle provide such a test, but
h

n-
nt
e

r

ry
a-
he
-

-

er-
,
n.
le

al
u-

t,
ts
da
h

f-
r-
d

s

de

-
ry
s)

s
-
u-

es
st
-
e.
by

date, a high resolution nonlinear transverse magne
tion experiment designed to observe these resonance
failed to do so [12]. This null result is consistent wi
the current theory, but by itself cannot confirm it due
uncertainties regarding the identification ofHc1 [12].

Finally, in all experiments up to now the orientation
the supercurrent was along the crystal axes. Our ana
suggests the best possibility to observe the effect is
geometries withys along the nodal directions.
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