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The angular dependence of the nonlinear transverse magnetic moment of untwinned high-quality
single crystals of YB&Cw;Og95 has been studied at a temperature of 2.5 K using a low frequency ac
technique. The absence of any signature at angular perigd is analyzed in light of the numerical
predictions of such a signal for a pueg._,» order parameter with line nodes. Implications of
this null result for the existence of a nonzero gap at all angles on the Fermi surface are discussed.
[S0031-9007(99)08921-8]

PACS numbers: 74.25.Ha, 74.72.Bk

Measurements of the low energy quasiparticle excitain the energy gap in the (110) direction in YBCO and
tion spectrum of high temperature superconductors arBSCCO (BySr,CaCuOg) [1,8], but have a resolution of
crucial in elucidating the nature of the pairing state andonly about 5 meV [ meV = 11.62 K) and thus cannot
gap function in these materials. Fordg,. order pa- resolve excitations or an underlyingwave gap at the
rameter, the gap function varies Asp) = |Agcod2¢)|, lowest energies. Inelastic neutron scattering shows evi-
riding on a cylindrical Fermi surface in momentum spacedence in support of gap anisotropy [9], but there, too,
with zeros or line nodes ap = (7/4 + nw/2). Here, the resolution is not nearly enough to distinguish be-
Ay is about 25 meV [1] for YBaCu;Og95 (YBCO), and  tween a pured-wave gap, and one with quasinodes at
¢ is the angle measured from the crystallographior  the level of a few meV or less. Thus, these experiments
b directions. The density of states for quasiparticle eximay at best set ampper bound;i.e., they cannot dis-
citations near these nodes on the Fermi surface increastisguish between nodes and quasinodes with a minimum
linearly with energy. In a two fluid model, this results in gap at a level of 3% or less of the maximum gap,
the superconducting condensate densifyf’) decreasing and one can safely say that the overall picture is quite
linearly with increasing temperature from its zero tem-ambiguous regarding the possibility of an underlying gap
perature value:;(0) [2]. In conventionals-wave super- below 1 meV.
conductors, there is a nonzero gap everywhere on the In this Letter, we describe an experimental technique
Fermi surface for quasiparticle excitations, and the deplefor distinguishing nodes from deep minima (quasinodes)
tion of the condensate is exponentially small at the lowesin the order parameter that also provides information
temperatures. about the angular position of these nodes or quasinodes,

The temperature dependence of the in-plane Londohy probing the existence of low lying excitations in
penetration depth [SP(T) in these materials has been response to an applied magnetic field in the Meissner
widely cited as evidence in support of the presence ofegime. Here, the kinetic energy of the superflow of the
line nodes in the gap function, though at the lowest temscreening currents provides the energy for quasiparticle
peratures there is some deviation from the expected linea@xcitations. Our null result for this probe rules out the
behavior, even in the best samples [4]. Measuremenigxistence of nodes, and allowing for quasinodes, sets a
of the magnetic field dependence of the low temperalower boundon the size of the underlying gap.
ture specific heat have also been interpreted as evidenceFor a type-ll superconductor in a magnetic field in
for the presence of nodes, but the analysis is subject tthe Meissner regime, screening supercurrents flow in
the limitations of a many-parameter fit [5]. Data from a volume near the surface given approximately by the
later experiments, taken over a wider range of temperapenetration depthh. For the condensate participating in
ture and field do not yield the same conclusions uporthese currents, the quasiparticle excitation spectrum is
analysis [6]. Recent studies on the scaling of specifignodified by a semiclassical “Doppler shift” tB(k) =
heat data has also been cited as evidence in support g{A7 + €7) + v, - vF [10], wherev, is the superfluid
nodes [7], but the scaling works poorly, and only over aflow field and v is the Fermi velocity. For a gap
limited temperature range. Among experiments that profunction with nodes, this leads to quasiparticle excitations
vide angular information, angle-resolved photoemissioreven at zero temperature [11]. Because of the linear
experiments can be interpreted as showing a minimundensity of states near a line node, the depletion of the
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condensate due to quasiparticles is proportionaluto-  amplitude 300 Oe, this yield% = 0.0375, and requires
vr)?. These quasiparticles create a “backflow” whichthat7 < 10 K.
is then responsible for a nonlinear contribution to the To measuremy, an ac magnetic field is applied in
magnetization that goes #° A%, whereH is the applied the a-b plane of a mm size single crystal of YBCO.
magnetic field, andv;, ~ HA. In the case of al,.-,»  The field is modulated at 12 Hz, and the transverse
order parameter, the gap function has a fourfold angulamagnetic moment at 36 Hz is detected by the transverse
symmetry, and this gives rise to an intrinsic nonlinearcoil of a quantum design SQUID susceptometer. The
transversemagnetization, superimposed on the nominalsignal is expected at the third harmonic because~
diamagnetic response [12]. Since this effect is felt only bysgn(H#)H?. The sample is maintained at 2.5 K with
a fraction of the condensate within a thickness\aff the  continuous cooling throughout the measurements. The
surface, the nonlinear magnetic moment is proportional tguperconducting magnet is operated with its persistent-
the surface area of the sample, and not the full sampleurrent switch open, and the ac magnetic field is generated
volume. Also, sinceA > £, where § is the in-plane by driving a very low distortion € —110 dB in higher
coherence length, this is a bulk effect. harmonics) and low-noise ac current through the magnet
We are interested in the nature of the gap functiorcoil, with a maximum amplitude of 300 Oe. The sample
for supercurrents flowing within the Cu-O planes of thejs placed in the center of the magnet coil and aligned
superconductor, which consists of layers of these planegptimally with the transverse flux detection coils. The
The YBCO crystals are flat with the axis oriented analog output from the transverse SQUID is fed directly
perpendicular to the crystal plane which is thé plane.  to a phase sensitive detection system. The large 12 Hz
The magnetic field is applied parallel to the crystal planepackground from the fringing field of the magnet and
and the transverse magnetic moment is measured in thfaometric demagnetization fields from the sample are
crystal plane perpendicular to the applied field. As therejected by a high-pass filter section. The signal at 36 Hz
crystal is rotated in the applied magnetic field aboutdhe s then detected with a phase sensitive detector locked to
axis, the screening currents flow in different directionss  of the current generator. The sample is rotateslitu
relative to the in-plane gap function, which is pinned topetween measurements in steps 6f sing a custom
the crystal lattice. This leads to an angular modulation obyilt sample holder that allows fan situ detection of
the nonlinear transverse magnetic moment that providege angular position of the sample at low temperatures.
angle-resolvedhformation about the low lying excitations This system has been described in detail elsewhere
in YBCO. [15]. It allows for precision in angular positioning
Numerical calculations of the nonlinear transverse magof about 0.2 between steps and accuracy of better
netic momentmr) of a sample with a finite disk shaped than T in an entire rotation. The sample holder and
geometry have been carried out for pufewave and associated angular detection systems are designed to
mixed order parameters. For purewave, the calcu- provide minimal magnetic background.
lation predicts the amplitude of the expected fourfold The detection setup has been calibrated and tested by
modulation ofmr with angular periodr /2 [12], a con-  “simulating” a real magnetic moment in an environment
sequence of the symmetry of the gap and angular pqgentical to that of the actual experiment. This is done
sition of the nodes. The presence of a smaivave by running an ac current through a copper coil mounted
component as inl + s changes the angular position of on the sample stage at a frequerky, referred to the
the line nodes, and introduces a component in the angulafequency f = 12 Hz of the oscillating magnetic field,
modulation ofmr with period [13]. However, the an- hich has an amplitude of 300 Oe. The ac moment of
gular period 7 /2 component is not adversely affected 1.5 x 1078 emu rms amplitude aif is detected in the
by small additions ofs wave. Anisotropy of the Fermi presence of the large background signal at frequency
surface and anisotropy if, and A, have also been con- due to the fringing field of the magnet. This calibration
sidered, and have very similar consequences. For expefjyas done at 2.5 K, with just the bare sample holder. The
mentally determined values of such anisotropy [14], thergneasured amplitude is shown in Fig. 1 as a function of
is a small additional angular periogt component, but the angular orientation of the coil. The angular Fourier
the periods /2 component is essentially unchanged. Ontransform of these data (inset) shows the amplitude at
the other hand, for @-wave-like order parameter, with angular period27z. The “noise floor” in the Fourier
varying levels of a nonzero quasinode, asfin-\: + is  transform of the calibration signal at higher angular
andd—y: + id,, symmetries, the amplitude of the pe- frequencies corresponds to an amplitude less thaf
riod 77 /2 component is suppressed. In addition, to pre-10—1° emu.
vent the nonlinear Meissner effect (NLME) from being The angu|ar dependence of the NLME has been mea-
thermally washed out, the temperature has to be such thafired in a number of untwinned single crystals of YBCO,
i < 4, whereH, = ﬂ?;)\g ande, is the flux quantum. including a very high-quality crystal (UWHC), grown in a
For A, = 1400 A and &,, = 20 A, which are typical YSZ crucible by the Argonne group. This crystal, which
values,H, = 8000 Oe. For measurements in a field of is 99.95% pure, has been cut into a disk shape with
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diameter 1.5 mm, and i67 um thick. The high qual- However, even with the concentration of unitary scatter-
ity of the crystal is borne out by a rocking curve with full ers needed to produce the required curvature, the non-
width at half maximum of 0.08for the 006 peak of a high linear transverse magnetic moment effect may only be
resolution x-ray scan, and there were no twins observableeduced to about 90% of the full value [11], and our
in repeated area scans over different parts of the crystallata indicate a much stronger suppression. This same
The superconducting transition of this crystal has an onseatata for A(T') for UBCyca [18] can be fit at the lowest
of 93 K and a width of less than 2.5 K as measured magtemperatures by a model which contains quasinodes, i.e.,
netically with a 10 Oe field applied in theb plane. The where theAgﬂi” is 2.5%, Amin being the residual gap in
field of first flux entry was measured to be about 300 Oahe nodal direction. Such a fit is significantly better at
in thea-b plane at 2.5 K, the lowest temperatures than the fit for a purevave
Measurements ofir are shown in Fig. 2 as a function order parameter. The suppression of the nonlinear trans-
of the angular orientation of the sample with respeciyerse magnetic moment in all our measurements is con-
to the applied magnetic field, with thes™ direction  sistent with M peing at least2%—3%. In the event
being initially oriented along the field. The sine Fourier that the\(T) and photoemission results can be explained
transform of the data is shown in the inset. For a purgyy something other than a minimum in the gap, our ex-
d-wave order parameter, we are interested in the angulgferiment is also consistent with@a+ s order parameter
period 277 /4 component ofmr, the predicted value for \yherea, > A,.
which is 1.7 X 107 emu according to the calculations  Recently, other experiments that have attempted [19,20]
in Ref. [12]. This component is clearly in the noise of tg see the NLME in measurements of the field dependence
the data, belows X 107'% emu. This “noise” is in part  of ) at low temperatures, but have not obtained conclusive
due to residual trapped flux, and also due to the noisgesyits. According to theory [11], for a purkwave or-
floor of the measurement apparatus, as has been verifiggr parameter) should vary linearly with# at the lowest
in repeated measurements. This imposes an upper bouﬂgnperatures whergT— < 2 These most recent mea-
on the size of the nonlinear Meissner effect, which, if,,ements were done at a very high level of sensitivity,
there, is less than 30% of the predicted value. ldenticaly,q 1 100 times better than an earlier effort [21]. In one
measurements have also been carried out on a very highs inese experiments done at UIUC [19], a significant field
quality rectangular crystal (UBCyca) grown by the UBC yenendence in was observed, but this was attributed to
group in a BaSZ crucible [4]. It has the same surface areftapped flux, as the field dependence was closeyh
as our disk shaped crystal (UWWHC) and the results wergq the temperature dependence was not as predicted by
essentially the same. theory. The experimental effort at UBC [20] observed a

This null result has to be examined in the light of mea-fq 4 dependence in, and also measured the effect as
surements of the penetration depth. Scrutiny of data 04 f,nction of the in-plane angular orientation of the ap-

the temperature dependence of the penetration de@th  jieq field. However, they report that the field dependence
indicates that there is always some curvature away from

the pured-wave result at the lowest temperatures. This

is found in all published data on the cleanest bulk single AP T P RAREL AL LA
crystals [3,4], and has been attributed to the presence of = 20 33 3
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FIG. 1. Sensitivity of the measurement apparatus to a magat angular perio®s /4 modulation for pured wave is shown

netic moment ofl.5 X 107% emu at3f. The amplitude at pe- as a horizontal line at7 X 107 emu. The level predicted

riod 27 is shown in the cosine Fourier transform (inset) and isfor Anmin/A, = 2.5% is shown by the horizontal line & X

2.2 uV. 107'% emu, near the noise floor.
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measured at-45° to the crystal axes were not identical us confirm our results with one of their very high-

as would have been expected from theory, and the tenguality crystals of YBCO (UBCyca), and also for freely

perature and field dependence of the effect could not bsharing their data o\(7T) and A(H) for this and other

understood within the current picture for the NLME [11]. crystals with us before publication. The early stages of
Earlier attempts at measuring the angular dependendbis work were supported in part by the AFOSR under

of the nonlinear transverse magnetic moment using a dérant No. F49620-96-0043. One of us (A.B.) thanks

technique [22] were less sensitive by more than 2 orderthe Graduate School of the University of Minnesota for

of magnitude than the present work due to the very largéinancial support.

linear background in a dc measurement, and the analysis

overestimated the size of the effect significantly. In our

experiments, trapped flux may produce a signal, but the

angular dependence of this effect has the largest amplitud
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