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Absence of nonlinear Meissner effect in YBaCu30g o5
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We present measurements of the field and temperature dependence of the penetration )dieptiigh
purity, untwinned single crystals of YB&u;Og o5 in all three crystallographic directions. The temperature
dependence of is linear down to low temperatures, showing that our crystals are extremely clean. Both the
magnitude and temperature dependence of the field dependent correctigrhéavever, are considerably
different from that predicted from the theory of the nonlinear Meissner effect vave superconductor
(Yip-Sauls theory. Our results suggest that the Yip-Sauls effect is either absent or is unobservably small in the
Meissner state of YB&ZU;Og 95. [S0163-182009)50322-9

The identification of a strong linear term in the tempera-ghifted by an amoungeocljs.,}f, Wherle is the Fermi ve-

ture dependence of the magnetic penetration dep)hof  |ocity. In a d-wave superconductor at low temperature, this
YBa,Cu;Og 95 Was a key development in identifying the effect changes the occupancy of the gapless states near the
d-wave symmetry of the order parameter in high-temperatur@odes of the order parameter, resulting in the creation of a jet
superconductors.The linear increase ok with increasing  of quasiparticles moving in the opposite direction to the su-
temperature in al-wave superconductor reflects a decreaseperflow, thus reducing the effective superfluid density. In an
in superfluid density caused by thermal excitations near thgwave superconductor the effect is absent at low tempera-
nodes in the order parameter, and is insensitive to the diredure because the finite gap prevents the shifted states from
tion of the superflow. Yip and Sadl$proposed that a much bPeing occupied. Yip-Sauls calculate the field dependence in a
more sensitive test of the order parameter symmetry can b&Wwave superconductor to be
made by measuring the field dependencé dh the Meiss-

- AN(H) H
ner state. They argued that at sufficiently low temperature, a —a—, (1)
pured-wave superconductor should have a weak, linear field A (0) Ho

dependgnce, the magnij[ude_of which depends on the re""‘ti‘(fvahereHo is of order the thermodynamic critical fie(Xu et
orientations of the applied field and the nodes in the ordel, 3 ostimated it to be 2.5 T for YBEU,Og 40, and a de-

parameter. _ . pends on the relative orientation of the nodes and the field.
Although the linear temperature dependenca ¢ now  For a field directed along an antinode, we calculate from this
well established in many materials, the field dependence hagrmula that the slopel,(H)/dH=4.5x10"2 A /Oe for
proved much more difficult to isolate. There is to date Nn0YyBa,Cu,0445.# The Yip-Sauls effect is very sensitive to
conclusiveevidence as to the presence or absence of thiemperature and sample purity. At finite temperatiibe is
effect in the Meissner state in any material. In this paper weynly linear in H above a crossover fielt* =k, THq/2A,
present measurements of both the field and temperature dghich exceedd., for T=3 K [hereA, is the maximum
pendence ok below H¢; in high purity, untwinned single energy gap~1.9T, (Ref. 3]. Below H*, AX~H? and
crystals of YBaCu;Os g5, in all three crystallographic direc-  d)/dH is much reduced. This high sensitivity on tempera-

tions (H[a,b,c). We find that in some crystals there is a tyre can be used to distinguish the Yip-Sauls effect from
relatively Strong field dependence Xowhich mlght naively other possib|¢nonintrinsio contributions.

be attributed to the Yip-Sauls effect. However, a closer ex- To measurex(T,H) we utilize a resonant LC circuit
amination reveals that it is almost certainly of extrinsic ori- driven by a tunnel diode operating at 13 MHz, with fre-
gin. Our cleanest crystal shows a field dependence\ of quency stability better than 1 part in ¥QHz)2 Well be-
which is up to a factor of 6 lower than that eXpeCtEd from the|0W Tc' Changes in the resonant frequency are direct|y pro-
Yip-Sauls theory and is not suppressed by increasing tenportional to changes in the effective screening volume of the
perature. This suggests that the Yip-Sauls effect is eithesagmple. For a typical crystal with 1 nfnsurface area, we
absent or unobservably small in the Meissner state 0Ofptain a noise level il of ~0.1 A . This resolution is
YBa,CusOg gs. about 100 times better than previous measurenters.

In the Yip-Sauls theory the field dependencenoét low  static, dc field(up to 1000 Ogis provided by a supercon-
temperature is a direct consequence of the presence of thgicting solenoid which is collinear with the RF probe field.
nodes in Ehe order parameter. In the presence of a finite Stshe complete experiment was placed inside a mumetal
perflow () the quasiparticle energy levels are Dopplershielded Dewar; the remnant field was measured, using a
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1.00 ~~+rrrr———r—r——r—r—r—r— 150 temperature measurdd.4 K). A fit to the dirty d-wave in-
o L= A terpolation formula of Hirschfeld and Goldenfétd A (T)
- =aT?/(T+T*)] yields values ofT*<1 K for both direc-
£ 0951 1 100 tions. The anisotropy im\/d T at low temperatures is only
< | > ~3% (d\,/dT=4.34 A/K and d\,/dT=4.23 A/K)
= 0.90 L & which is somewhat less than that reported by Betral®
= ] E This may reflect a lower anisotropy in the zero temperature
— 50 values of A in our crystals. We note that our values for
! ossL 1 dps/dT are within 5% of those in Ref. 6. The values Bf
a” N for this crystal are among the lowest reported to date, show-
L 1 ing that our crystal is extremely clean. This property is ex-
080 Lt vy N0 tremely important as the Yip-Sauls theory predicts that even
0 5 10 15 20 25 30 small amounts of impurities depress the field dependence
T [K] of \.

A major problem in measuring the field dependenca of
FIG. 1. Temperature dependence Xf and N, for our un- py the method described above, is isolating changes in the
twinned single crystal of YBiLUO; 65, in zero dc field. The su- | ondon penetration deptt() from other effects which also
perfluid density ps; = (A (0)/Ai(T))"] is also shown. increase the effective penetration depth. The most obvi-
ous extrinsic contribution is caused by the motion of vorti-
fluxgate magnetometer, to be2 mOe. The RF probe field ces. In the mixed state the additional field penetration caused
to which the sample is subjected is estimated to be alsby vortex motion is given by Campbell penetration depth
=<2 mOe. These very low field values help keep to an abA,=Bd¢o/uokp (kp is the pinning force, anay, is the flux
solute minimum the number of vortices trapped in thequantum. The contributions add in quadratudfe\2(H)

sample as it is cooled through, . =)\E(H)+)\2, and if \y<\_ then
The sample is located on a sapphire rod, the temperature
of which is varied independent of the rest of the apparatus. Boo
The sample rod may be drawn out of the measurement coil at ANg=AN_+ 2oLy Ap<<hp. @

low temperature so that the background field dependence of
the apparatus can be measuiadsitu. We found that this Using values of«,, taken from Ref. 13 we find that at low
background was highly reproducible at low temperature, butemperature the vortex contribution would be25 A in
could change markedly upon thermal cycling, makingiran 100 Oe(for H||ab) if H.; was zero and flux was free to enter
situ measurement vital. There was a further backgroundhe sample. FoH less tharH; the sample is in the Meissner
originating from the sapphire sample holder, which was temstate and should, in principle, be free of vortices. However,
perature dependent, but highly reproducible between rungn practice vortices may enter well befokg,, at sharp cor-
This was therefore measured in a separate run with theers and surface imperfections and so in these regigns
sample removed. These backgrounds typically give a fre>\_ . In the measurement configuratibtic this problem is
quency shift corresponding te3 A equivalent change in  likely to be intensified as the field lines are highly distorted
for a 1 mnt single crystal in 100 Oe. due to the flat plate geometry of the sample. Another contri-
The effective volume of the sense coil was calculated bybution may come from weak links at the surface. An applied
measuring the shift in frequency when a small sphere ofield may dramatically suppress the critical current of any
aluminum was inserted. In tHgfa,b geometry the measured weak link thus causing an increase k. Finally in the
frequency shifts are then easily related to changes in penetrgonfigurationH|ab part of the supercurrent flows along the
tion depth simply by measuring the area of the faces of the axis, and\gx\ p+t/I\; (Wheret and| are the dimensions
sample. For theB|c geometry a calibration factor is rather of the sample along the anda,b axes, respectively Be-
more difficult to calculate and so it was estimated by com-cause of the relative weak anisotropy of Y,BakrOg g5 this
paring the temperature dependence of the frequency shifts introduces only a small correction to the measured tempera-
this orientation to that foB||a,b. This factor was then used ture dependence of for thin samples. However, the contri-
to relate the field dependent shifts Ao\ (H). bution of A to the field dependence af may not be negli-
The single crystals measured were grown in yttria stabigible. From the above it is clear that the measured field
lized zirconia crucibles as described in Ref. 8. They werdnduced changes in can only set an upper limit for the
annealed so as to give optimal doping. The crystal used fontrinsic field dependence of_, in all field configurations.
the bulk of the measurements described here had dimensions The field dependence of for our YBaCuzOg g5 Crystal
axXbxc=0.80x0.51x0.011 mm and had &, of 91.4 K.  in thea andb directions at our lowest temperatuie4 K) is
The crystal was untwinnethpart from a small region near shown in Fig. 2AX(H) is approximately linear in field, with
one cornex. X-ray diffraction was used to identify the,b  a slope of 2625x10 3 A/Oe (i.e., ~2 A in 100 Og in
axes. both directions. The data were not hysteretic within the scat-
The temperature dependencexoénd the superfluid den- ter. Although the measured\ (100 Oe) is a factor of 2
sity {psliz[)\i(O)/)\i(T)]z} for the field applied along tha  smaller than the theory prediction foar=0 K, it is compa-
andb axes is shown in Fig. £\ (0) values were taken from rable with what is predicted a&i=1 K. However, the data
Basovet al%1°[\,(0)=1600 A and:r,(0)=1200 A].It seem to better follow a straight linear dependence rather than
can been seen that is essentially linear down to the lowest the rounded finite temperature theory curve.
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FIG. 2. Field dependence afin thea andb directions at 1.4 K.
The dashed and solid lines show the theory predictiaré & and FIG. 4. Field dependence af, for a second sample, at several
1.0 K, respectively. fixed temperature@ndicated on figure H was||b. The inset shows

the temperature dependencepmf, andp, for the same sample.
Data for the changes in the average in-plane penetration
depth Q\,p) in the third field configurationHi|c) are shown geometry, the field at the surface of the sample is clearly
in the upper panel of Fig. 3A\,,(H) is linear up to the very different from the applied field. We have estimated the
maximum field measurefla decrease in slope was seenfield at the edge of the sample by multiplying the applied
above ~20 Oe (not shown]. Again no hysteresis was ob- field by a demagnetizing factgd/(1—N)], derived from an
served at these low field values. For this flat sample, in thisnscribed ellipsoid approximation. This “demagnetizing”
factor was within 20% of that estimated by comparing the
H/(1-N) known volume of the sample to the measured apparent
2300 -200 -100 O 100 200 300 shielding volumgas measured in a zero field cooled dc mag-
R R T E e B e o netization measurementThe actual field on the edge of the
: ; sample will not be constant over the whole width, however
this “demagnetizing” factor is a rough estimate of the aver-
age field. Using 1/(+N)=36, we estimate the slope
d\,,/dH=6.3x10"2 A /Oe, which is ~3 times smaller

= than for theH|a,b measurements and more than 6 times
(<'§ smaller than the Yip-Sauls prediction at 300 Oe. We note
g that with this demagnetizing factor that the change in slope

atH~20 Oe corresponds roughly t.; in this direction.

The lower left panel of Fig. 3 shows the evolution of the
slope,d\ ,p/dH as temperature is increased. There is almost
no change irdA,,/dH up to 50 K, in sharp contrast to the

0 predictions of the Yip-Sauls theory. AE. is approached
H [Oe] BN [0¢] d\ ,,/dH increases substantially. There was no indication of
100 50 0 50 100 the predicted change from\(H)xH to AN(H)xH? as
C ' temperature was increased. We conclude from these obser-
vations that the small field dependence that we see does not
originate from the Yip-Sauls effect. If we interpieh (H) as
originating from vortex motion, the above results would im-
ply that at low temperaturex, is almost constant in our
samples.
ol v Y A close examination ok ,,(H) in Fig. 3 shows that the
0 10 20 30 40 50 60 70 80 4 2 0 2 4 apparent noise on top of the linear dependence is reproduc-
TIK] HI0e] ible with a pattern which is approximately symmetric about

FIG. 3. Top: Field dependence af,, with the field applied H=0. In fact these modulations in,,, are quite reproduc-
alongc at 1.4 K. The dashed line is the theory prediction Tor iblé and become more pronounced as temperature is in-
=1 K. Bottom left: The evolution ofi\,,/dH with temperature. creased. In another sample we observed much bigger modu-
Theory curves are the average slapk(H)/H with H=100 Oe lations which resembled closely the type of Fraunhofer
and 300 Oe from Ref. 3. Bottom right: Fraunhofer-like oscillations pattern typical of the field dependence of the critical current
in N(H) in another sample. The data are highly reproducifilte ~ in weak links(see the lower right panel in Fig).3We con-
field sweeps are shown clude that these effects indicate the presence of weak links

d\ /dH [A/0¢]
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on the edge of the crystal, the critical current of which isapparent absence of the Yip-Sauls effect beldy. One
modulated by the static dc field. We note that this structure ipossibility could be the effect of nonlocal electrodynamics.
only observable because of the extremely low modulatiorKosztin et al** have pointed out that the usual assumption
fields used in our experiment. that\> ¢ does not hold at the nodes ofdawvave supercon-
Finally in Fig. 4 we show data for a second sample ofductor, and have shown that this has serious consequences
optimally doped, untwinned YB&U;Og o5 (T,=93.6 K). for the low T excitations. Liet al'® have recently made cal-
p«(T) (inset Fig. 4 for this sample is linear down to only culations of theA\(H) which include both the nonlocal and
~4 K, showing that it is dirtier than the first samplef. nonlinear effects, and they conclude that the nonlocal effects
Fig. 1). AN(H) however is larger by around a factor 2 and is drastically reduce\A(H) at fields=<H.,, rendering the ef-
linear up to a field of approximately 50 Oe. Again no hys_fect essentially unobservable in the Meissner state. _
teresis was observed over the field range in the figete (" Summary, we have presented measurements of the field
<100 Oe). This linear slope increases slightly with increas-dependence ol on very high-purity single crystals of

ing temperature in sharp contrast to the predictions of the B22CUsOs 95, at temperatures down BT =0.015. In our

Yip-Sauls theory. From this fact we conclude that this IinearCIeaneSt sample we observe a very weak field dependence in

contribution is again of extrinsic origin. The larger magni- all three crystallographic directions. In thic geometry the

tude of AN(H) probably reflects more flux leaking into this slope is around six “me? small_er than our estimates Of what
sample. we would expect to see if the Yip-Sauls theory was valid. In

the H|ja,b geometryA\(H) is comparable in magnitude to
The weak temperature dependencedaly,/dH shown theory although no indication of finite temperature rounding

here is consistent with the results of Maegtaal® for their .
samples of YBaCu;Og o5 and BLSr,CaCyOg. In their work is seen. A SeC(_)nd sample shows a larger effect even though
6.95 2 8 IfES purity level is lower. In all cases, however, the observed

the lowest temperature at which experiments were performe Y1d dependence of is not diminished by increasing tem-
was 10 K, and little change was founddih/dH as tempera- P . y Sing
erature and so we conclude that it does not arise from the

}ure was mcrea_sed. However, these authors report mu ip-Sauls effect. The sample dependént(H) we observe
arger changes in(H) than are found here or are indeed . e .
most likely originates from vortex motion.

predicted by the Yip-Sauls theory. The large size of these
effects and the fact that they are not damped out by increas- We acknowledge useful conversations with P. J.
ing temperature leads us to conclude that they do not origiHirschfeld, M. R. Li, D. M. Ginsberg, A. Goldman, |. Kosz-
nate from the Yip-Sauls effect, and probably arise from vor-tin, A. J. Leggett, and J. A. Sauls. This work was supported
tex motion. by the National Science Foundatig@Grant No. DMR 91-

The large body of evidence collected thus far shows fairly20000 through the Science and Technology Center for Su-
convincingly that YBaCu;Og o5 is ad-wave superconductor perconductivity, and by DOE Grant No. DEFG02-91-
and so other possible reasons must be considered for tl€R45439.

*Present address: Laboratory of Superconductivity, FO.R.T.H.- our crystals the error i\ (T=30 K) is estimated to be less

I.E.S.L., 711 10 Heraklion, Greece. than 1%(Ref. 6).

'W. N. Hardy, D. A. Bonn, D. C. Morgan, R. X. Liang, and K. 8S. E. Stupp and D. M. Ginsberg, Physical Properties of High
Zhang, Phys. Rev. Let70, 3999(1993. Temperature Superconductors,liédited by D. M. Ginsberg

23, K. Yip and J. A. Sauls, Phys. Rev. Lef9, 2264(1992. (World Scientific, Singapore, 1992

8D. Xu, S. K. Yip, and J. A. Sauls, Phys. Rev. ®, 16 233 °D. N. Basovet al, Phys. Rev. Lett74, 598 (1995.
(1995. WAN(T)=AN(T)+\(T=1.45 K). We estimated(T=1.45 K)

4Yip and co-workers(Refs. 2 and Bdefine = —[d In B/dx] . by linearly extrapolating ouA\(T) data toT=0.
However, in our experiment the changes in the effectivare  1'P. J. Hirschfeld and N. Goldenfeld, Phys. Revd® 4219(1993.
related tof BdV, which reduces theia\ (H) values by 2. 12M. W. Coffey and J. R. Clem, Phys. Rev.45, 9872(1992.

SA. Maedaet al, Phys. Rev. Lett74, 1202(1999; Physica (263 BD. H. Wu and S. Sridhar, Phys. Rev. Le6, 2074(1990.
438(1996; J. Phys. Soc. Jpr&5, 3638(1996. 141, Kosztin and A. J. Leggett, Phys. Rev. Let9, 135(1997.

D. A. Bonnet al, Czech. J. Phy16, 3195(1996. M.-R. Li, P. J. Hirschfeld, and P. Wie, Phys. Rev. Lett81,

"The data were not corrected for the sn@#ixis contribution. For 5640(1998.



