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We examine recent high-precision experimental data on the magnetidfiaié@pendence of the penetration
depthA(H) in YBa,Cu;O;_; for several field directions in tha-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 effe€NLME) is potentially a  perimental situation is rather confusing. The best experimen-
very important tool for the study of the pairing state in high- tal effort to measure the transverse diamagnetic moffent
temperature superconductdi$TSC's), as well as other ma- YBCO was inconclusive. Subsequently, restitéor the
terials in the ever increasing list of those for which the pro-magnetic-field-dependent penetration depth to a precision of
posed order parametéOP) leads to an energy gap with ~0.1 A were reported® The NLME should be observable
nodes. It is widely acceptédhat the symmetry of the OP in in such a high-precision experiment, more precise than ex-
HTSC's is at least predominanttywave, vanishing at nodal isting transverse moment measurements. Unfortunately, no
lines approximately 90° apart in a quasi-two-dimensionaltheory of the NLME contribution to the penetration depth for
Fermi surfacéFS). Many details of the OP in these materials orthorhomobic structures such as YBCO was available when
remain quite unclear, however. Are the nodes exactly at righRef. 11 was written. Only very recentfhave the necessary
angles? Are they true nodes or only very deep minimacalculations been performed. This has resulted in contradic-
“quasinodes?? Addressing these and similar questions istory claims as to whether observed results are in agreement
important for obtaining clues about the nature of the superwith NLME theory. Thus, a certain amount of skepticism has
conductivity. They are particularly difficult to answer for the developed as to the observability of the NLME.
bulk OP, which may well diffet from the more easily ob- In this paper we show that measurements of the field-
served surface state. To probe the bulk OP it is best to usdependent penetration depi{,H) as a function of the
electromagnetic techniques, since electromagnetic fields peangle ¢ that an applied fieldd in the a-b plane forms with
etrate the sample over a depth of the order of the Londotthea axis must be analyzed very carefully. The anisotropy of
penetration length\, which is, in these materials, several the linear penetration depth tensor has a drastic éffect
orders of magnitude larger than the coherence leggtmat  the NLME for A (#,H). This may have been overlooked be-
characterizes the range of typical surface probes. Indeed, omause the anisotropy effects in the transverse moment are
of the early key resulfsn support of bulkd-wave supercon- knowr? to be relatively minor. One must also contend with
ductivity was the measurement of the linear temperature deseveral other factors that may mask the signal at low fields
pendence of the penetration depth in a high-purityand high temperatures, and which are very difficult to ac-
YBa,Cu;0,_ 5 (YBCO) single crystal. However, such data count for theoretically. Thus we reanalyze here the best data
indicated only the existence of nodal lines without the anguavailable for the penetration depth in YBCO. We find that,
lar resolution needed to identify their position. Consequentlyalthough some questions remain, the low-temperature data
intensive efforts to precisely determine the structure of theare in quantitative agreement with theoretical expectations
bulk OP have continued. for the NLME in this material.

It was first pointed out years agythat nodes in the OP We focus here on YBCO, the most experimentally
yield distinctive and measurable nonlinear effects in the anstudied®!*1®HTSC in this context. Hence, the relevant
gular and field dependencies of the penetration depth whematerial parameters are well known, thus reducing the uncer-
the superconductor is in the Meissner state. In subsequetdinty in the fitting procedures. We perform our analysis pri-
theoretical worR™® more emphasis was placed on the exis-marily on the most complete available high-resolution data
tence, due to this NLME, of a component of the diamagnetiof Ref. 11, which includes results for four different direc-
moment normal to the applied field and on the torque assaions of the applied field in tha-b plane.
ciated with this transverse component. These phenomena The angular- and field-dependent increase in the penetra-
were deemed to be easier to measure than the changes intion depth due to the NLME for materials with orthorhombic
itself. It was showfiin this context that the NLME can be anisotropy of the YBCO type was first calculated in Ref. 13.
used to perforrmode spectroscopyhat is, not just to infer The details will not be repeated here. The sample is assumed
the existence of nodes, butlmate their position®n the FS  to have its larger faces parallel to theb plane(this is the
and to determine whether they are true nodes. Yet, the excase for crystals grown by the usual methoaisd thickness
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large compared with the penetration depth. One has for the
quantity AN (¢,H)=\(¢,H) =\ (4,0)

1H 4
AN, H)= 5 AW, (1) s
0
3
Here \ is the geometric mean of the two in-plane principal 5
valuesh, and )\, of the zero-field penetration depth tensor, 2 OoooO
H, is a characteristic field of ord@b,/ w2\ & (P is the flux PP

guantum, and)’ carries the angular dependence. The orthor- 1
hombicity, very important in this case, is incorporated ipto

through two parameters:one is the ratioA=\,/\,, and i\r/ 0
the other is the angle that the Fermi velocity at the node 2
located in the first quadrant forms with tledirection. Be- N A
cause of the orthorhombic distortion of the FS, this angle
does not have to exactly equal4 even for a pured,2 2 3
state, while the quantityx, for YBCO, considerably exceeds
unity. Here we take the zero-field quantities and\, fixed 2
at their experimentd! values (1050 and 1575 A), giving I
A=1.5. In this case, the full expressidid’ for J(y) sim- g
plify somewhat and can be written as
18A o . 5 0 60 120 180
W) 2+ACO a Sina cosy sint i+ AZ112A) H
tany | 3M(A-1) FIG. 1. Magnetic field(H) dependence oA\ (see text The
X sirfa coSy| 1+2A+(4A—1) straight lines are fits to the 1.2-K dafaircles and square¢®f Fig.
tany, 3, Ref. 11, forH>60 g. Top:H applied along thé axis. Bottom:
2A%(2A*~10A-1) . [tang \¥A-1  Halong thea axis.
(2+A)(1+27) cosassiry tany, ’
AN\ is proportional toH, are valid at low temperature. Here,
pe[0y1], (28 “low” temperature is afield-dependentoncept. The char-
acteristic temperature separating the high- and Towe-
18 gimes 8 T* (H)~Aq(H/H,), whereA, is the gap ampli-

_ . . 2 .
A= 1+ 2A5|r12a cosa cos'y sinyr+ 2Acos’asiry, tude. At any finiteT, the validity of the above equations will

break down at sufficiently smal. Further, the effect of

T impurities is not included. For the clean samples used in
pe ‘ﬁl'ﬂ' (2D experiment¥ 111 this should affeé’ only the small field
results. The same is true of possible nonlocal eff&tis.
where the angle), is given by, =arctan(tar/A). they are present at all in this geometfthey would affect

Because of the orthorhombicity, the angular dependenceesults at fields belof? 20 g. Ideally, one would like to take
of AN(¢,H) is quite different® for A=1.5 than that found into account all of these effects by modifying the above for-
for the tetragonal caseA(=1,a=/4). This is unlike the mulas. However, it is not feasible at present to include all of
situation for the transverse magnetic momenthich from  these factorsimultaneouslyn a reliable manner. It is there-
symmetry considerations vanishes whténs along thea or  fore best to perform the analysis in a consistent manner in
b axes. Thus, moderate orthorhombic anisotropy inducegerms of data in the higher range of fields available, where
only a relatively minor distortion in the curve betweén these additional effects are all weak, and the above expres-
=0 and ¢=m/2 since these points are, so to speak, ansions are valid.
chored. This is not the case fan (#,H): when the field is In Fig. 1 we show best straight-line fits to the 1.2-K data
applied along/=0 the currents flow over a region of thick- of Ref. 11 forH along thea andb directions. All data in the
ness determined b, while if = m/2 the relevant skin rangeH>60 g are included in the fit. The cutoff of 60 g was
depth ish,. The effect is nonzero, and different, in either chosen as the point below which deviations from a straight
case. This difference is compounded by the nonlinearity antine begin and it will be shown below to lead to a consistent
the apparent overall symmetry fis 7 rather thanm/2 even interpretation. The straight line does not intercept the origin
for moderate orthorhombicity. Failure to take this into ac-of the original plot, which has to be shifted downward. This
count leads to erroneous conclusions concerning the angulér as expected, since the experimertal includes the pre-
dependence oA\ (i,H). viously mentioned temperatuf&,impurity, and possible

To analyze data in terms of Eqggl) and (2), additional  nonlocal effects that increase this quantity with respect to the
considerations are needed. These expressions, indicating thheoretical, clean, zero-temperature local value. The shift is
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FIG. 2. AN(H) for H along #=|w/4|. The straight line is the
theoretical result at higher fields with the parameters extracted from
Fig. 1. Diamonds and triangles are the experimental data Mith
applied aty=* /4. Inset: predicted angular dependentein
curve of AN(¢#) including anisotropy. Bold curve: result for a te-
tragonal system. The amplitudes of both curves correspord to
=180 g.

small, of order 1 A, indicating that the sample is clean and -100 -50 0 50 100
any such spurious effects are small. The two slopes of the
lines obtained from these fits are the quantif®)\/H,

and Y(m/2)AIH,, respectively. From Eq(2), J(0)/d(7/2) FIG. 3. A\ as a function oH. The straight lines are the theo-
=(1/A*tar’a. We have fixedA to its independent experi- retical results with the same parameters found in Fig. 1. The sym-
mental value ofA=1.5. We then determine the that fits  bols are experimental data of Ref. 14. Top pahelat = =+ /2.

this ratio and subsequently find the characteristic fldil  Bottom panelH along y=0,.

from either one of the slopes. The results are very sensible: )
we obtaina= 7/4+ w/17 andH,=5660 g. The value for tempt made by the authors of Ref. 11 to reconcile the angular

the angle between the Fermi velocity at the node andathe ?etfendr(]anlce Otf tnrleri]r gattafwiilth the theory of the NLME in a
axis exceedsr/4 by a small amount, as one would expect for etragonal system nhad fo fail. . .

- ) S . In Fig. 3 we compare the theoretical results with other
a pured,2_y2 pairing state and a tight-binding FS with a

liaht orthothombic distortion. Th | f the ch eri more recent datd on YBCO atT=1.4 K. The parameters
S.'gf. |8r' ornombic |s.or: ion. the .\é?ée 3 Ie ¢ gtr]ac eMSysed are exactly the same as previously obtained. No new fits
ftic field Is consistent with expectatidfisand also with our yere performed. Results for the two directions available

cutoff choice for the field: in the range of fitting we have (fig|q applied along the two principal ayeare shown. This
H/Hy>0.01. This means that in this field range, the characyata is in a more restricted, lower-field range, and it has

teristic temperaturd™ (H) introduced above is of the order considerably more scatter than that of Bidinasttial'* All
of 4-12 K. Hence the 1.2-K data included in the fitting are inthat can be said with certainty is that it is consistent with the
the low-temperature regime and the procedure is consistenfy_ME theory with the same parameter values.

Up to now, we have, however, fit two quantities with two  |n summary, the main result of the analysis presented here
parameters, although the reasonable values obtained f@that the best low-temperature, high-field datn the non-
these parameters are encouraging. To go beyond, we nolkear penetration depth in YBCO is in quantitative agree-
use the obtained values of and H, to plot the predicted ment, in its magnitude and angular and field dependence,
slope of the high-field data aty|==/4 without any addi- with NLME theoretical expectations. Other d4tare also
tional parameters. This is done in Fig. 2. Experimental reconsistent with theory. Failure to observe the NLME in the
sults for fields applied in they= =+ /4 directions are in- transverse mometftseems to be attributable to the actual
cluded. These results ought to be identitaen with the  precision in that experiment being just slightly less than what
orthorhombic distortiopand their small discrepancy reflects was in fact required.
systematic errors in the experiment. Nevertheless, the fit iS Two remarks must be added. First, the crucial influence
excellent in the high-field range. We also platsep with  of the orthorhombic anisotropy in the angular dependence of
these parameter values the predicted angular dependenceof, which becomes very differersee Fig. 2 from that
A\ for YBCO. One can see that with the orthorhombicity, found for tetragonal symmetry, must be emphasized. Second,
this angular dependence differs considerably from that obene sees the need to finesse the temperature, impurity, and
tained for a tetragonal system, also plotted for comparisorpossibly other problems associated with smaller fields by
The actual curve is not symmetric abomt4 and its maxi-  obtaining and analyzing data at the highest possible fields
mum is much less pronounced than that for the tetragonajelow that of first flux penetration. Fortunately, this field is
case, which is characterizedhy a factor of 2 between in the range 200-400 (Refs. 10, 11, and 25for typical
maxima and minima. Because of these differences, the a¥BCO crystals.
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The question of the temperature dependence of thevould lead to quasinodes and@ considerable reduction
resultd™*is less clear and needs further discussion: resultin AX. Furthermore, the nearness @fto 7/4 is consistent
obtained &7 K for the same sample mainly discussed herewith the absence of a realcomponent as well.
areu not Substantially different from those at 1.7 K. With the It would be desirable to perform measurement\af in
characteristic temperatur&*(H) in the range estimated yBCO at additional values of the angieto verify in more
above, it can be that the high-field results are not yet affectedletail if the curve in the inset of Fig. 2 is indeed closely
by the temperature at 7 K while those at low fields are domitg|owed. The comments made here on the proper way to
nated by largely temperature-independent impurity effectsanalyze experimental data should also be taken into account
Ir_ldeed, i_t appears t_hat a straight-line fit to the _7-K data at they, any attempts to use the NLME to elucidate the pairing
highest fieldgsee Fig. 4 of Ref. 1]lhas a largefin absolute  giates of other suspected unconventional superconducting
valug vertical axis intercept than that for the 1.7-K data, naterials for which it is estimaté¥ithat the sensitivity of

which would be consistent with this scenario. Neverthelessyresent penetration depth measurements is sufficient to probe
the weak temperature dependence of the data will remain @e NLME.

puzzle so long as a rigorous calculation including impurities,

temperature, and possibly nonlocal and other effects is not We thank C. P. Bidinosti and A. Bhattacharya for very
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