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Reanalysis of the magnetic field dependence of the penetration depth: Observation
of the nonlinear Meissner effect
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We examine recent high-precision experimental data on the magnetic field,H, dependence of the penetration
depth l(H) in YBa2Cu3O72d for several field directions in thea-b plane. In a theoretical analysis that
incorporates the effects of orthorhombic symmetry, we show that the data at sufficiently high magnetic fields
and low temperatures are in quantitative agreement with the theoretical predictions of the nonlinear Meissner
effect.
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The nonlinear Meissner effect~NLME! is potentially a
very important tool for the study of the pairing state in hig
temperature superconductors~HTSC’s!, as well as other ma
terials in the ever increasing list of those for which the p
posed order parameter~OP! leads to an energy gap wit
nodes. It is widely accepted1 that the symmetry of the OP in
HTSC’s is at least predominantlyd wave, vanishing at noda
lines approximately 90° apart in a quasi-two-dimensio
Fermi surface~FS!. Many details of the OP in these materia
remain quite unclear, however. Are the nodes exactly at r
angles? Are they true nodes or only very deep mini
‘‘quasinodes?’’2 Addressing these and similar questions
important for obtaining clues about the nature of the sup
conductivity. They are particularly difficult to answer for th
bulk OP, which may well differ3 from the more easily ob-
served surface state. To probe the bulk OP it is best to
electromagnetic techniques, since electromagnetic fields
etrate the sample over a depth of the order of the Lon
penetration lengthl, which is, in these materials, sever
orders of magnitude larger than the coherence lengthj that
characterizes the range of typical surface probes. Indeed
of the early key results4 in support of bulkd-wave supercon-
ductivity was the measurement of the linear temperature
pendence of the penetration depth in a high-pu
YBa2Cu3O72d ~YBCO! single crystal. However, such da
indicated only the existence of nodal lines without the an
lar resolution needed to identify their position. Consequen
intensive efforts to precisely determine the structure of
bulk OP have continued.

It was first pointed out years ago5 that nodes in the OP
yield distinctive and measurable nonlinear effects in the
gular and field dependencies of the penetration depth w
the superconductor is in the Meissner state. In subseq
theoretical work6–9 more emphasis was placed on the ex
tence, due to this NLME, of a component of the diamagne
moment normal to the applied field and on the torque as
ciated with this transverse component. These phenom
were deemed to be easier to measure than the changesl
itself. It was shown9 in this context that the NLME can b
used to performnode spectroscopy, that is, not just to infer
the existence of nodes, but tolocate their positionson the FS
and to determine whether they are true nodes. Yet, the
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perimental situation is rather confusing. The best experim
tal effort to measure the transverse diamagnetic moment10 in
YBCO was inconclusive. Subsequently, results11 for the
magnetic-field-dependent penetration depth to a precisio
;0.1 Å were reported.12 The NLME should be observabl
in such a high-precision experiment, more precise than
isting transverse moment measurements. Unfortunately
theory of the NLME contribution to the penetration depth f
orthorhomobic structures such as YBCO was available w
Ref. 11 was written. Only very recently13 have the necessar
calculations been performed. This has resulted in contra
tory claims as to whether observed results are in agreem
with NLME theory. Thus, a certain amount of skepticism h
developed as to the observability of the NLME.

In this paper we show that measurements of the fie
dependent penetration depthl(c,H) as a function of the
anglec that an applied fieldH in the a-b plane forms with
thea axis must be analyzed very carefully. The anisotropy
the linear penetration depth tensor has a drastic effect13 on
the NLME for l(c,H). This may have been overlooked b
cause the anisotropy effects in the transverse moment
known9 to be relatively minor. One must also contend wi
several other factors that may mask the signal at low fie
and high temperatures, and which are very difficult to a
count for theoretically. Thus we reanalyze here the best d
available for the penetration depth in YBCO. We find th
although some questions remain, the low-temperature
are in quantitative agreement with theoretical expectati
for the NLME in this material.

We focus here on YBCO, the most experimenta
studied10,11,14,15HTSC in this context. Hence, the releva
material parameters are well known, thus reducing the un
tainty in the fitting procedures. We perform our analysis p
marily on the most complete available high-resolution d
of Ref. 11, which includes results for four different dire
tions of the applied field in thea-b plane.

The angular- and field-dependent increase in the pene
tion depth due to the NLME for materials with orthorhomb
anisotropy of the YBCO type was first calculated in Ref. 1
The details will not be repeated here. The sample is assu
to have its larger faces parallel to thea-b plane~this is the
case for crystals grown by the usual methods! and thickness
©2001 The American Physical Society05-1
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large compared with the penetration depth. One has for
quantityDl(c,H)[l(c,H)2l(c,0)

Dl~c,H !5
1

6

H

H0
lY~c!. ~1!

Herel is the geometric mean of the two in-plane princip
valuesla andlb of the zero-field penetration depth tenso
H0 is a characteristic field of orderF0 /p2lj (F0 is the flux
quantum!, andY carries the angular dependence. The orth
hombicity, very important in this case, is incorporated intoY
through two parameters:13 one is the ratioL[la /lb , and
the other is the anglea that the Fermi velocity at the nod
located in the first quadrant forms with thea direction. Be-
cause of the orthorhombic distortion of the FS, this an
does not have to exactly equalp/4 even for a puredx22y2

state, while the quantityL, for YBCO, considerably exceed
unity. Here we take the zero-field quantitiesla andlb fixed
at their experimental16 values ~1050 and 1575 Å), giving
L51.5. In this case, the full expressions13,17 for Y(c) sim-
plify somewhat and can be written as

Y~c!5
18L

21L
cos2a sina cosc sin2c1

2

L2~112L!

3sin3a cos3cF112L1~4L21!S tanc

tanc1
D 3L/(L21)G

1
2L2~2L2210L21!

~21L!~112L!
cos3a sin3cS tanc

tanc1
D 3/(L21)

,

cP@0,c1#, ~2a!

Y~c!5
18

112L
sin2a cosa cos2c sinc12L2cos3a sin3c,

cPFc1 ,
p

2 G , ~2b!

where the anglec1 is given byc1[arctan(tana/L).
Because of the orthorhombicity, the angular depende

of Dl(c,H) is quite different13 for L51.5 than that found
for the tetragonal case (L51,a5p/4). This is unlike the
situation for the transverse magnetic moment,9 which from
symmetry considerations vanishes whenH is along thea or
b axes. Thus, moderate orthorhombic anisotropy indu
only a relatively minor distortion in the curve betweenc
50 and c5p/2 since these points are, so to speak,
chored. This is not the case forDl(c,H): when the field is
applied alongc50 the currents flow over a region of thick
ness determined bylb , while if c5p/2 the relevant skin
depth isla . The effect is nonzero, and different, in eith
case. This difference is compounded by the nonlinearity
the apparent overall symmetry ofY is p rather thanp/2 even
for moderate orthorhombicity. Failure to take this into a
count leads to erroneous conclusions concerning the ang
dependence ofDl(c,H).

To analyze data in terms of Eqs.~1! and ~2!, additional
considerations are needed. These expressions, indicating
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Dl is proportional toH, are valid at low temperature. Here
‘‘low’’ temperature is afield-dependentconcept. The char-
acteristic temperature separating the high- and low-T re-
gimes is6,7 T* (H)'D0(H/H0), whereD0 is the gap ampli-
tude. At any finiteT, the validity of the above equations wi
break down at sufficiently smallH. Further, the effect of
impurities is not included. For the clean samples used
experiments10,11,14 this should affect6,7 only the small field
results. The same is true of possible nonlocal effects.18 If
they are present at all in this geometry,19 they would affect
results at fields below20 20 g. Ideally, one would like to take
into account all of these effects by modifying the above f
mulas. However, it is not feasible at present to include all
these factorssimultaneouslyin a reliable manner. It is there
fore best to perform the analysis in a consistent manne
terms of data in the higher range of fields available, wh
these additional effects are all weak, and the above exp
sions are valid.

In Fig. 1 we show best straight-line fits to the 1.2-K da
of Ref. 11 forH along thea andb directions. All data in the
rangeH.60 g are included in the fit. The cutoff of 60 g wa
chosen as the point below which deviations from a strai
line begin and it will be shown below to lead to a consiste
interpretation. The straight line does not intercept the ori
of the original plot, which has to be shifted downward. Th
is as expected, since the experimentalDl includes the pre-
viously mentioned temperature,21 impurity, and possible
nonlocal effects that increase this quantity with respect to
theoretical, clean, zero-temperature local value. The shi

FIG. 1. Magnetic field~H! dependence ofDl ~see text!. The
straight lines are fits to the 1.2-K data~circles and squares! of Fig.
3, Ref. 11, forH.60 g. Top:H applied along theb axis. Bottom:
H along thea axis.
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small, of order 1 Å, indicating that the sample is clean a
any such spurious effects are small. The two slopes of
lines obtained from these fits are the quantitiesY(0)l/H0
andY(p/2)l/H0, respectively. From Eq.~2!, Y(0)/Y(p/2)
5(1/L4)tan3a. We have fixedL to its independent experi
mental value ofL51.5. We then determine thea that fits
this ratio and subsequently find the characteristic fieldH0
from either one of the slopes. The results are very sens
we obtaina5p/41p/17 andH055660 g. The value for
the angle between the Fermi velocity at the node and tha
axis exceedsp/4 by a small amount, as one would expect f
a puredx22y2 pairing state and a tight-binding FS with
slight orthorhombic distortion. The value of the character
tic field is consistent with expectations8,9 and also with our
cutoff choice for the field: in the range of fitting we hav
H/H0.0.01. This means that in this field range, the char
teristic temperatureT* (H) introduced above is of the orde
of 4–12 K. Hence the 1.2-K data included in the fitting are
the low-temperature regime and the procedure is consis

Up to now, we have, however, fit two quantities with tw
parameters, although the reasonable values obtained
these parameters are encouraging. To go beyond, we
use the obtained values ofa and H0 to plot the predicted
slope of the high-field data atucu5p/4 without any addi-
tional parameters. This is done in Fig. 2. Experimental
sults for fields applied in thec56p/4 directions are in-
cluded. These results ought to be identical~even with the
orthorhombic distortion! and their small discrepancy reflec
systematic errors in the experiment. Nevertheless, the fi
excellent in the high-field range. We also plot~inset! with
these parameter values the predicted angular dependen
Dl for YBCO. One can see that with the orthorhombici
this angular dependence differs considerably from that
tained for a tetragonal system, also plotted for comparis
The actual curve is not symmetric aboutp/4 and its maxi-
mum is much less pronounced than that for the tetrago
case, which is characterized5 by a factor of A2 between
maxima and minima. Because of these differences, the

FIG. 2. Dl(H) for H along c5up/4u. The straight line is the
theoretical result at higher fields with the parameters extracted f
Fig. 1. Diamonds and triangles are the experimental data withH
applied at c56p/4. Inset: predicted angular dependence~thin
curve! of Dl(c) including anisotropy. Bold curve: result for a te
tragonal system. The amplitudes of both curves correspond tH
5180 g.
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tempt made by the authors of Ref. 11 to reconcile the ang
dependence of their data with the theory of the NLME in
tetragonal system had to fail.

In Fig. 3 we compare the theoretical results with oth
more recent data14 on YBCO atT51.4 K. The parameters
used are exactly the same as previously obtained. No new
were performed. Results for the two directions availa
~field applied along the two principal axes! are shown. This
data is in a more restricted, lower-field range, and it h
considerably more scatter than that of Bidinostiet al.11 All
that can be said with certainty is that it is consistent with
NLME theory with the same parameter values.

In summary, the main result of the analysis presented h
is that the best low-temperature, high-field data11 on the non-
linear penetration depth in YBCO is in quantitative agre
ment, in its magnitude and angular and field dependen
with NLME theoretical expectations. Other data14 are also
consistent with theory. Failure to observe the NLME in t
transverse moment10 seems to be attributable to the actu
precision in that experiment being just slightly less than w
was in fact required.

Two remarks must be added. First, the crucial influen
of the orthorhombic anisotropy in the angular dependenc
Dl, which becomes very different~see Fig. 2! from that
found for tetragonal symmetry, must be emphasized. Sec
one sees the need to finesse the temperature, impurity,
possibly other problems associated with smaller fields
obtaining and analyzing data at the highest possible fie
below that of first flux penetration. Fortunately, this field
in the range 200–400 g~Refs. 10, 11, and 15! for typical
YBCO crystals.

m

FIG. 3. Dl as a function ofH. The straight lines are the theo
retical results with the same parameters found in Fig. 1. The s
bols are experimental data of Ref. 14. Top panel:H at c56p/2.
Bottom panel:H alongc50,p.
5-3



th
ul
er
e

te
m
ct
th

ta
s
in
es
n
d
e

n
e

ly
to

ount
ng
ting

robe

ry
his
nd,

RAPID COMMUNICATIONS

KLAUS HALTERMAN, ORIOL T. VALLS, AND IGOR ŽUTIĆ PHYSICAL REVIEW B 63 180405~R!
The question of the temperature dependence of
results11,14 is less clear and needs further discussion: res
obtained at 7 K for the same sample mainly discussed h
are11 not substantially different from those at 1.7 K. With th
characteristic temperatureT* (H) in the range estimated
above, it can be that the high-field results are not yet affec
by the temperature at 7 K while those at low fields are do
nated by largely temperature-independent impurity effe
Indeed, it appears that a straight-line fit to the 7-K data at
highest fields~see Fig. 4 of Ref. 11! has a larger~in absolute
value! vertical axis intercept than that for the 1.7-K da
which would be consistent with this scenario. Neverthele
the weak temperature dependence of the data will rema
puzzle so long as a rigorous calculation including impuriti
temperature, and possibly nonlocal and other effects is
feasible. It is possible that these effects combine to yiel
temperature dependence weaker than what the naive th
would predict.

Finally, our analysis indicates that there is no significa
is admixture to thedx22y2 gap, since such an admixtur
s
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would lead to quasinodes and to13 a considerable reduction
in Dl. Furthermore, the nearness ofa to p/4 is consistent
with the absence of a reals component as well.

It would be desirable to perform measurements ofDl in
YBCO at additional values of the anglec to verify in more
detail if the curve in the inset of Fig. 2 is indeed close
followed. The comments made here on the proper way
analyze experimental data should also be taken into acc
in any attempts to use the NLME to elucidate the pairi
states of other suspected unconventional superconduc
materials for which it is estimated13 that the sensitivity of
present penetration depth measurements is sufficient to p
the NLME.
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