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Is the Nonlinear Meissner Effect Unobservable?
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We examine the effects of nonlocal electrodynamics fod-wave superconductor on the field
dependence of the magnetic penetration depth. The linear field dependence predicted in the local
limit, commonly known as the nonlinear Meissner effect, is instead found to be quadiatie, H>
for fields below a crossover scat&" describing the competition between nonlinear and nonlocal effects
in the Meissner state. This crossover is shown to be geometry dependent and for most orientations of
the screening currents is of the same order as or greaterrthaimmplying that the nonlinear Meissner
effect cannot be observed in this situation. For special orientations where the current flows along the
nodal directions, however, the nonlinear Meissner effect may be recovered. [S0031-9007(98)07993-9]

PACS numbers: 74.25.Nf, 74.20.Fg

Measurements of the linear term in the temperaturdiigh temperatures, where the Yip-Sauls theory predicts a
dependence of the electromagnetic penetration depth [JA ~ H>. The cleand-wave nonlinear Meissner effect
SAMT) = AMT) — AM0) ~ T played a pivotal role in the should be obtained, according to the simple theory, only
identification of thed-wave symmetry of the cuprate su- for temperatures below a crossover< Eonin, With
perconductors. It was always clear, however, that the¥,onin = vskr = (H/Hy)Ap and Ay the gap maximum,
were sensitive only to the depletion of the superfluid frac-giving typically E,onin = 1 K for the cuprates, for fields
tion by the thermal excitations of quasiparticles with mo-close to H.;, the lower critical field. Measurement
menta near the order parameter nodes and hence providefl a lineard term was also claimed at much higher
information only on the energy gap on these regions of théemperatures for YBLw0;-5 (YBCO) samples [8]. It
Fermi surface. Furthermore, indawave superconductor is important to recall that several extrinsic effects can
with tetragonal crystal symmetry, the penetration depth igive rise to spurious field dependences, most importantly
independent of the angtethe supercurrent makes with the contributions from trapped vortices which enter near
crystal axes since the linear response tensor is isotropic; tteample edges. An extrinsic contributighA ~ H to
gapshapeis thus not directly reflected in the angle depen-the effective penetration depth can arise from coupling
dence of the effect. of the rf field used in resonant coil experiments to the

Yip and Sauls [2] argued, however, that informationpinned vortices [9]. Such dependences were also found
about the gap shape in an unconventional superconductor measurements at much lower temperatures and on
with line nodes could be obtained by measuring thehigher quality single crystals of YBCO by Carrington and
nonlinear (magnetic-field-dependent) penetration deptkBiannetta [10]. Finally, a measurement to detect higher-
SAH) = AMH) — A(0) and predicted an unusual field harmonic nonlinear modes in the ac response predicted

dependence on the basis of Yip-Sauls theory tuti¢ and Valls [11],
SA(H) — do H (1) apparently less sensitive to the effects of trapped flux,
A(0) V2 Hy’ failed to observe the predicted signal [12].

where , is a (weak) angle-dependent functidi,is the We therefore take the point of view that the available

applied magnetic field, antl, = 3®,/(7>&yAg) is of the  experimental data do not support the existence of a non-
order of the thermodynamic critical field of the systemlinear Meissner effect in the best cuprate samples, and ask
(®y is the flux quantumg, the coherence length, and why. Our answer is that the effects of nonlocal electrody-
Ao the penetration depth). Later, it was shown [3] thathamics, neglected in the work of Yip and Sauls, serve to
impurities alter this prediction, leading to an asymptoticcut off the (local) nonlinear Meissner effect as the field is
81 ~ H? dependence, but only at concentrations suchowered, replacing the linedi- response with a quadratic
that the linear term in th& — 0 temperature dependence one below a crossover fielf*. In most experimental
SAMT) ~ T is replaced by6 A(T) ~ T? [4—6]. geometries, this crossover is of the order of the lower
From an experimental standpoint, the search for coneritical field H.;, meaning theSA(H) ~ H behavior can-
firmation of this fundamental manifestation @fwave not generically be observed in the Meissner state. How-
symmetry has been controversial. In 1995, Maetlal. ever, we show that nonlocal effects are negligible in
reported the first observation of a line&f term on  geometries with currents parallel to a nodal direction.
Bi,SnCaCuy0Og (BSCCO-2212) films [7], but the results  Nonlocal electrodynamics=-The Yip-Sauls description
were questionable since they were obtained at relativelgf the nonlinear Meissner effect is performed in the local
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limit, i.e., the d-wave Cooper pairs, although extendedv(y) = (eAoH/mc) exp(—y/Ag) decays exponentially
objects, are assumed to respond to the electromagnetmdv,(y = 0) is proportional to the external field, neither
field at a single point at the center of the pair. Suchof which hold generally. But we may imagine the system
an approximation is normally justified in classic type-to be subdivided into many layers, in each of which

Il superconductors, wher@, is much larger thané,. is roughly constant. Furthermore, we assuspecular
Although the cuprates are strongly type-ll superconducscattering surface boundary condition on the quasiparticle
tors, with small in-plang, = O (15A) and large in-plane wave functions. In this case, the response is given by
Ao = O(15004), effects of nonlocal electrodynamics are Eq. (2). The geometry which we study first is such that
to be seen in several special situations, as a result of tibe magnetic field is along the axis and thuw, lies in

gap nodes, along which the “effective coherence lengththe ab plane; the normal of the boundary plafés also
vr/m A, diverges [13]. Such effects were shown to sig-in the ab plane, forming an anglé with the b axis. We
nificantly suppress the shielding supercurrents in measurevill discuss later the situation wher® is perpendicular
ments of the ac Meissner effect [14] in unconventionalto thec axis.

superconductors with line nodes, with application to To a first approximation, we neglect the space depen-
heavy fermion materials. In the context of the cupratesgdence ofv, and replace it by its value at the surface
it was shown by Zucarret al. [15] that significant varia- v; = v,(y = 0) = eA¢gH/mc as given by the solution to
tions in the electromagnetic response of cldawave su- the linear, local electrodynamics problem. Now we sepa-
perconductors were to be expected when nonlocal effectate out thel’ = 0 local, linear response &K (q, v, T) =
were included. But it was Kosztin and Leggett [13] who ¢/(47A3) + 6 K (q,v,, T) and thendefinethe nonlinear,
first pointed out that the very signature of a superconnonlocal penetration depth to be

ductor with line nodes, the linedf-term in the dc pene- * H(y)

tration depth, was modified at the lowest temperatures Aspec = W Yy

[16]. The crossover temperature below which this occurs 8 [* 6K T)

iS Enonloc = kK 'Ag, Wherex = Ao/& is the Ginzburg- ~ A — 2 dg 2D Vs 1) 3)

T . . 1
Landau parameter. The characteristic crossover field de- ¢ Jo (Tg + ¢%)?

fined bY Enontoc = Enontin IS given by H* = «'Hy = . . . .
H.;. One might therefore expect that nonlocal effectsTh'S expression has the virtue of reducing exactly to

“cut off” the nonlinear Meissner effect. This observa- :Eg nog(la‘ocee:: diﬁ%f?iizz (I)écrt(eodszf:]r:j angahg%%gt [%g]trilfe
tion needs, however, to be supported by a full calculationh r‘ P . fg Vi d S(q s [2 'fy)t
which we now sketch. onlinear expression of Yip an auls [2] if the

General current response-The current response for dependence is neglected. It is worthwhile reviewing the

a d-wave superconductor may be derived from a fulll"’ltter case. Whel' < v,kr we obtain

calculation of the BCS free energy for fixed external dKW@—0,v,T) _ o vskr @)

field H corresponding to vector potentidl. We have c/(4mA3) V2 Ay

performed such a calculation (including both nonlocal and g .13

nonlinear effects analytically) under the assumptions ofVN€r€¢s = 33 —=;lcosé + Isinfl*. Thus,

(i)dnegligible tsp;;ti?l)varizllti(c_)_;]sIof the tan?plitgdtg of tr;e 5)\5{)053 B Aglpoecc) “ o & vke 34 H

order parameterk (r); and (ii) slow spatial variations o = = .

the superfluid velocity,. The details of the derivation Ao Ao 22 Ko 2 V2 Ho 5

will be given elsewhere [17], but the final result for the ©)

Fourier component of the current in an infinite system aWe recall that Yip and Sauls [2] and Xet al.[3]

constantv, is j(q) = — XK (q, vy, T)A(q), where defined penetration depth from its initial decay:=
K(q.v;. T) 2T 22k T Eré + ALAL —H(0)/[dH(y)/dy]ly~o, Which is equivalent to the defi-
— o = — T2 2712 _ m1° nition in Eq. (3) only in the linear limit. Using their defi-
c/(dm o) mm G Lak = Exllac — E2] nition we find that the prefactor/2 in Eq. (5) is modified

@) t03. Atthis stage, we may improve our approximation

with Ao = \/mc?/4mne® the local penetration depth at by restoring the spatially varying nature @f. We follow

T = 0 in linear response theory; the electron density, Yip et al. to solve directly a nonlinear London equation

m the electron mass; the speed of lightk; the projec- . v L k

tion of k onto the surfacezk = iw, + vy - kr, E% = Vi, = TK(OJr,Vs,T)VS = A—Sz (1 - 5 —Fvs>,

£+ A2, €= égeqn, and & = 5, — u (u the

chemical potential). This is the standard linear response

result with all quasiparticle Matsubara energigsmodi-  under the boundary conditiodv,/dyl,—o = (e/mc)H.

fied by the semiclassical Doppler shift - ky [18]. For Using the relationdv,/dy = (e/mc)H(y) and their

the real physical system in the Meissner state, a surfacgefinition for the penetration depth again, we see that

boundary is present and, decays with the distance 6A/A¢ = 2%,% So in the local limit we get qualita-

from the surfacey. In the linear, local approximation, tively the same nonlinear correction to the penetration
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depth as Yip and Sauls [2], comparing to Eq. (1), but withfield H,; = ®,/(27w ). Thus the crossover fielfor
a larger prefactor. This deviation arises from the pertursuch geometries of the same order as the lower critical
bative treatment of the response of the superconductor field, H* = H.,. Since the Meissner state is unstable to
the A(q # 0) modes in the present theory. The nonlinearthe Abrikosov vortex state for fields abo¥®, the linear-
effects obtained af’ << v kr, due to the Doppler shift H term in §A is asymptotically unobservable in these
coming from the coupling of th(q = 0) mode to the geometries. Inthe Meissner state it is, in fact, replaced by
quasiparticles, are nonperturbative results. A discussioa quadratic variation, as seen in Eq. (10). In Fig. 1, we
of this point can be found in Ref. [17]. have plotted the penetration depth calculated in Kosztin
Low-energy scaling properties- Explicit analytical re- and Leggett's geometry = 0, according to the exact
sults for the full response in the approximation of constanscaling function given in Eq. (7), to explicitly exhibit this
v, may now be obtained by expandiadK for low ener-  effect.
gies,vskr, qup, T < Ay. A 2-parameter scaling relation ~ When# is near any node, howeveiy, can be much

may be derived, larger thanvy; and the nonlocal energy scale much smaller
¢c T 2 awg; €ug; than the nonlinear one, leading to a very small crossover
8K (q,vs,T) = _877/\3 Io l_zlumFA T 1 |’ field H* = H.iwg;/ug; < H.1. We conclude that the

nonlinear Meissner effect may be observable in such
Fa(z1,22) = lzl +[Ine™ + 1) + Ine™= + 1)] special geometries, e.g., a sample with a dominant (110)
4 surface and{ || c.

2 There is another special situation in the quasi-2D
- ]o dx[f(x — z2) + f(x + 22)] cuprates in which the characteristic energy of nonlocal
291/2 effects becomes very small and the previous discussion
% [1 _ (i) } i (7)  might not be expected to apply. If we assume that the
21 quasiparticles are strictly confined to thé plane and if
With @ = vrq/(2V2), & = vikp/N2, ug = |cosg +  the experimental configurationb is dominated by a (001)
Isin@|, wy =|sind —lcosd|, and f(x)=1/ surface withH || ab, then Ex(fm)mc =q-vp=0. In
(1 + ¢%). We consider primarily the limiT < «,e. It  this case, however, the magnetic field is not screened
is straightforward to see that fas > 1 (A — =) [19]. Whenever the quasiparticles are allowed
22, 71 << 72, to move along the: direction we expect nonzerBffffl?l(,C
Fi(z1,22) = {% + 22(z5 + 72)/(62]), 2 < z1. [20]. This can be demonstrated directly for any model

@8) of coherent transport along theaxis. The materials of
greatest current interest are the cuprate materials YBCO
and BSCCO-2212. In the YBCO case, it is reasonable to
fleat the system as weakly 3D. The characteristic nonlocal
energy isthemr.q = &y.Ag/ Ao much smaller than in the
(010) case since the-axis coherence length &, = 3A

The scaling form (7) may now be inserted into (3) to find
the penetration depth. lIts field dependence turns out t
be determined by the ratiawy,;/sug,;, with a typical g
set tol/Xg in (3) by the denominator. If we define two
new dimensionless parametets; = (ug;/wo)h, | =
=1, with h = mvsAg — 3/7)kH/Hy, We getd Agpec =

D 6/\§Qec, where N
(1) 2 S |oo0ss— ' '
5)lspec T 3 1 ~1 1 1T | T=0
o = a2 upik h + conk n” + conk A A_(% %0": | 6=0
for hg; > 1, ) OooO‘f :
B o
with cg;1 = 0.008wj; andcgn = 0.006w;,/u3,;, and <5 loosz . | ]
0 0.02
5/\£Qec w d -1 +d ,lhz +d T2 g © | a
~ — K K K->
Ao 82 11 012 13 A(z) 53 | pa i
for hgr < 1, (10) 00 > e | H 59/
with dg;i = 0.5ugwer, dorn = 1.1ug;/wer, and dgiz = . Y .

o
o
0.47u3,/wg;. The singularity which leads to the linear %ooo 0.005 0010 0015 0020
term in Eq. (9) if nonlocal effects are simply neglected ‘ ‘ H/H ' '
is seen to be cut off by the constant term in Eq. (10). 0
This happens aky; ~ 1. For 8 not too close to a nodal FIG. 1. Normalized penetration depth correctién/\A, vs
value, wg; and ug; are of order unity for both = =1, normalized magnetic fieldl /H, at T = 0 for a sample with
and the crossover field may be simply determined fronfl parallel to a (010) surfaced = 0) and Ginzburg-Landau

_ -1 . . . parameterx = 10%, hence lower critical fieldd,; = 1072H,.
h=1H «x~"Ho. The thermodynamical critical field Squares: full response; solid line: nonlocal effects neglected.

Hc = Ho is the geometric mear/H. He, Of the UPPer inset: 7 = 0.17,.  Circles: full response; solid line: nonlocal
critical field H., = ®y/(27&;) and the lower critical effects neglected. Dashed ling* = H.,.
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as opposed to the in-plane coherence lengtfyof 15A.  date, a high resolution nonlinear transverse magnetiza-
On the other hand, the lower critical field is also muchtion experiment designed to observe these resonances has
smaller for this geometryii.‘fb) = ®y/(2m Aoro.). Using failed to do so [12]. This null result is consistent with
Aoe = (0.5-0.8) X 10*A, we again find a large crossover the current theory, but by itself cannot confirm it due to
field H*@) = (&./E0)H* = 0.5 — 1HY", making it uncertainties regarding the identification/sf, [12].
still impossible from a practical point of view to extract a _ Finally, in all experiments up to now the orientation of
linear-H term [21]. the supercurrent was alo_n_g the crystal axes. Our anqusls
The BSCCO system is so anisotropic that it is questionSUggests the best possibility to observe the effect is in
able whether the above argument applies. A full treatmer@@0metries withy; along the nodal directions.

of this problem awaits a generally accepted theory of the 1he authors are grateful to M. Franz, W. Hardy, and
(incoherent-axis transport in the normal state. N. Schop_ohl for helpful communications, anq partlpularly
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Meissner effect, a fundamental consequenceiofave Vided by NSF-DMR-96-00105 and the A.v. Humboldt
symmetry, have failed. As the order parameter symmetr{roundation.
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