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We have measured the velocity of Rayleigh waves in a thin film of YBa,Cu;0; at low temperatures in
the presence of a magnetic field of 7 T. The angle between the c axis and the field direction was continu-
ously varied by 180° inside the cryostat at fixed temperatures. Below the superconducting transition tem-
perature the data show a sharp peak for a direction of the applied field that is perpendicular to the c axis.
We explain this phenomenon quantitatively as an effect of the anisotropy of the effective electronic mass.

INTRODUCTION

In the recent literature, quite a number of acoustic in-
vestigations of high-T, superconductors have been re-
ported. However, many of them do not give any results
that are directly related to superconductivity. The situa-
tion is more favorable for experiments in a magnetic field.
Vibrating reed' and more recently ultrasonic bulk wave
measurements’ have been used to detect characteristic
anomalies that are due to vortex pinning. A major prob-
lem of the ultrasonic experiments is the insufficient size
and quality of the high-T, superconductor monocrystals
that are available. Therefore several investigators have
performed surface acoustic wave measurements on thin
film samples.’ > One of them® tried to detect magnetoe-
lastic attenuation effects but did not find any within his
experimental resolution.

In the following paper we will show that with an im-
proved measurement technique it is possible to detect a
magnetoelastic anomaly of YBa,Cu;0; which is due to
properties of the vortex lattice. One can take advantage
of the strong anisotropy of the effect by measuring the ve-
locity of surface waves in a thin film sample that is slowly
rotated in the presence of a strong magnetic field at fixed
temperatures. Since to our knowledge no theoretical
analysis of magnetoelastic surface-wave effects in thin
films has been published in the literature we present a
general theory of the physical effects that can be observed
by our experiment. We show that a straightforward cal-
culation of the Rayleigh wave properties with magnetoe-
lastic bulk wave corrections applied to the elastic con-
stants of the thin film would lead to wrong results. The
dominant effects are due to an oscillating electromagnetic
stray field that is induced by the elastic wave. Its lateral
extent is independent of the layer thickness, it is roughly
given by the acoustic wavelength divided by . This field
perturbation leads to forces that act on the layer and
thereby modify the sound velocity.

Surface acoustic waves in the presence of a strong mag-
netic field are thus a sensitive tool for measuring elec-
tromagnetic properties of thin films. We will show in this
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paper that in the case of superconductors this method
can be used to obtain the anisotropy of the effective elec-
tronic mass and parameters which characterize the pin-
ning of vortices at low temperatures.

EXPERIMENT

Since acoustic surface waves are most easily generated
and detected on the surface of piezoelectric crystals we
have chosen Y-cut LiNbOj; as a substrate. Conventional
techniques for depositing YBa,Cu;0,; do not work well
on this material: diffusion and interface reactions during
the deposition are a major problem.® However, good re-
sults can be obtained by a particular dc magnetron
sputtering procedure.” The newly deposited films whose
thickness was 300 nm had a midpoint of the resistive
transition of 89 K, the width was 2 K. We have pat-
terned the films into a rectangular bar of 1 X8 mm? along
the z axis of the substrate and a 10-um-wide line with
four contacts for resistance measurements immediately
next to it. On both sides of the bar we have deposited in-
terdigital surface-wave transducers with a fundamental
frequency of 100 MHz. After these lithographic process-
es the critical temperature was somewhat reduced: the
midpoint was at 87 K and a small “foot” of the resistance
curve extended down to 84 K. The growth direction of
the film is unusual: the ¢ axis is strongly tilted with
respect to the surface normal. This orientation turned
out to be very useful for distinguishing between intrinsic
effects that are symmetric with respect to the ¢ axis and
effects due to the boundary geometry which are sym-
metric to the surface normal. A comparison of the values
obtained for the tilt angle by these symmetry arguments
with pole figure data will be given in the following sec-
tion. The measurements were performed in a cryostat
whose sample holder is placed in the field of a 7-T super-
conducting magnet and can be turned by 200° at low tem-
peratures. The measurement of the Rayleigh wave veloc-
ity was carried out at 100, 300, and 500 MHz by a stan-
dard phase-locked loop technique. At 4 K and for fixed
angles and fields the measured velocity varied by less
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than 1 ppm on the time scale of a typical angular sweep.
At 100 K the stability was somewhat reduced because
due to the well-known phonon anharmonicity effects the
sound velocity varies much more with temperature in
that case. In order to check possible phase changes due
to the deformation of the high-frequency cables that lead
to the sample holder we have performed angular sweeps
at fixed temperatures above the superconducting transi-
tion. No significant phase change was observed. The ab-
solute value of the magnetoelastic anomaly, that is, the
vertical offset of the curves presented in the following
section, is not very precise. The uncertainty of the mag-
netoresistance of the carbon glass resistors we used for
measuring the sample temperature corresponds to a shift
of the sound velocity of up to 5 ppm.

EXPERIMENTAL RESULTS

At 81 K and at higher temperatures the total angular
variation of the Rayleigh wave velocity in a field of 7 T
was less than 2 ppm in the entire investigated frequency
range.

At 76 K we have observed a sharp peak as can be seen
in Fig. 1. Zero field cooled and field cooled data did not
show any significant differences, neither did we detect
any angular hysteresis effects. The peak amplitude rapid-
ly increases with falling temperature as can be seen in
Fig. 2. Below about 69 K a qualitatively new angular
behavior sets in: this rapidly increasing contribution is in
a good approximation proportional to the square of the
cosine of the angle between the applied field and the film
surface. Figure 3 shows that it is dominant at 5 K. It is
interesting to note that the angular sound velocity anom-
aly at low temperatures is symmetric to the surface nor-
mal whereas the effect at temperatures close to T, is sym-
metric with respect to a direction that is 25°-30°
different. We could not determine this angle more pre-
cisely because our sample holder was not designed for ac-
curate measurements of absolute directions. The pres-
ence of the tilt angle made us think that the c axis of the
sample may be tilted with respect to the surface normal.

Av/v (ppm)

0 45 90 135 180
angle between field and ¢ axis (deg)

FIG. 1. Sound velocity anomaly at 100 MHz and in a field of
7 T at a fixed temperature of 76 K. The fitted curve is explained
in the text.
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FIG. 2. Peak amplitude of the sound velocity anomaly as a
function of reduced temperature. The circles and the squares
correspond to a decomposition into contributions whose angu-
lar variations are symmetric with respect to the surface normal
and to the c axis. The frequency is 100 MHz, the field strength
is7T.

This hypothesis was confirmed by a pole figure measure-
ment which turned out to be compatible with a tilt angle
of 35°. This is somewhat larger than the value that we es-
timated on the basis of the ultrasonic data; the difference
is probably due to the above-mentioned experimental
problem.

Figure 2 shows that at the onset temperature of the
second effect the first abruptly stops increasing and even-
tually diminishes at still lower temperatures. For the sep-
aration of the two components at intermediate tempera-
tures the above-mentioned symmetry criterion was used.

Close to the superconducting transition the sound ve-
locity variations measured at different temperatures
essentially differ by global scale factors. This can be seen
in Fig. 4 which shows a masterplot of sound velocity data
measured at 69 and 74 K at a frequency of 500 MHz. At
lower temperatures there are rapidly increasing devia-
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FIG. 3. Rayleigh wave velocity as a function of the angle be-

tween the surface tangent and an applied magnetic field of 7 T.
The frequency is 100 MHz, the temperature is 5 K.
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FIG. 4. This plot shows that the shape of the anomaly at a
frequency of 500 MHz and in a field of 7 T does not vary
significantly between 76 and 69 K. The data at 76 K were mul-
tiplied by a scale factor which was chosen such that the peaks of
the two curves coincide.

tions from this scaling behavior.

Sound velocity data measured at a fixed temperature
close to the superconducting transition at different fre-
quencies can also roughly be superposed in a masterplot,
however, even at 76 K there remain some small
discrepancies at angles far away from the maximum. The
peak amplitude as a function of frequency at this temper-
ature is shown in Fig. 5.

We have also measured the field dependence of the
anomaly at fixed angle and temperature values. At 4 K it
is strictly quadratic. We have increased and decreased
the field continuously and also in steps of one tesla. No
significant relaxation was seen within the experimental
accuracy. At 76 K it is difficult to determine the exact
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FIG. 5. Frequency dependence of the peak amplitude of the
angular sound velocity anomaly at a temperature of 76 K and in
a field of 7 T. As mentioned at the end of the experimental sec-
tion, these data may have a global offset of several ppm.
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field dependence because even at 7 T the variation is only
a few ppm. The data suggest a dependence that is weaker
than quadratic.

Finally, we have checked the dependence of the sound
velocity variation on the amplitude of the surface waves.
At low temperatures, no variation was detected within a
dynamic range of 20 dB.

THEORY

We will start by discussing the general question of how
the velocity of acoustic surface waves in a conducting
and magnetic thin film is modified in the presence of a
strong magnetic field. To our knowledge no quantitative
analysis of this experimentally important configuration
has been published up to now and it may be useful for a
variety of thin film physics problems. In a second section
we apply the general formulas to the particular problem
of a thin HTC superconductor film.

There are two basic mechanisms that lead to magne-
toelastic surface-wave effects in thin films. The first is
due to the magnetization of the layer: if the material has
a strong remanence or an anisotropic susceptibility the
surface deformation due to the acoustic wave induces an
oscillating stray field that will exert magnetic stress forces
on the thin film; they contribute to the effective elastic
constants and thus modify the Rayleigh velocity. The
second mechanism is due to transport currents perpen-
dicular to the sagittal plane; they are driven by Lorentz
forces that act on the electrons in the layer when it is
moved by the acoustic surface wave; the electromagnetic
forces on these currents modify the acoustic surface-wave
velocity. Throughout the discussion we will assume that
the substrate on which the thin film is deposited is non-
magnetic and isolating.

As a starting point of a quantitative analysis, it is use-
ful to consider the perturbation of the electromagnetic
field outside the layer whose thickness is taken to be
much less than the acoustic wavelength. Figure 6 illus-
trates the coordinates we use. The symmetry of the ex-
perimental configuration only permits solutions of the
form

s
8B=(a+pfBs)| O
—i
0
8E=%(as+3) i |exp[skz tilkx —wt)] .
0

exp[skz +i(kx —owt)],

The dimensionless parameter s is —1 in the upper and

C axis
z
e -
interdigital B
transducer X YBCO
/
LiNbO 4

FIG. 6. Coordinates and angles used in the calculations.
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1 in the lower half plane. In dielectric media its modulus
is slightly smaller than one, but since the correction is
given by the square of the ratio of the velocities of sound
and light, it can safely be neglected. k is the wave vector
and a and [ are the complex amplitudes of the two possi-
ble modes. Nonzero amplitudes imply currents in the
thin layer: the a mode is coupled to their component
which is symmetric with respect to the reflection z — —z,
the B mode to the antisymmetric part. Since we are as-
suming that the acoustic wavelength is much larger than
the layer thickness the latter contribution can be neglect-
ed.

We will now determine the mechanic stress T}; on the
layer due to the electromagnetic field. In particular we
need its oscillating part 87;; which contributes to the
effective elastic constants that determine the acoustic
surface-wave velocity. Using the Maxwell stress tensor
we calculate the flow of momentum through a surface
element due to electromagnetic fields and finally obtain

2aB?
8T, ,=— expli(kx —wt)] ,
Ho
0 (2)
6T, = ~explilkx —ot)] .

0

BC is the applied static magnetic field; higher-order
terms in a have been neglected. The influence of an ap-
plied field on the velocity of elastic surface waves can
now be calculated for a given a by taking account of the
magnetic stress forces in the boundary conditions of the
layer. Of course the forces are not really localized at the
surfaces, but since we are considering very thin films, the
resulting errors are negligible. To obtain the velocity v
one has to superpose acoustic surface-wave solutions for
the substrate and the layer that satisfy the various
mechanic boundary conditions.® This amounts to look-
ing for the zeros of the coefficient determinant of a sys-
tem of six linear equations. An exact solution of this
problem requires a numeric calculation. We have written
a program that uses standard methods® and tested it by
calculating the velocity of the surface waves in various
thin metal layers on lithium niobate in the absence of
magnetic fields. Results for these cases are available in
the literature; they are in excellent agreement with those
obtained with our program.

The problem of determining the Rayleigh wave veloci-
ty anomaly due to a thin conducting and magnetic film in
the presence of a strong applied magnetic field has thus
been reduced to the calculation of a single scalar parame-
ter, the electromagnetic perturbation amplitude a defined
in Eq. (1). As mentioned above it depends on the trans-
port and magnetization currents in the layer. Since the
magnetic field is taken to be in the xz plane and the elec-
tric field in the y direction the total oscillating current
density must be of the form

2a

explilkx —owt)]§
poh

i=Jjoexplilkx —wt)]§y=—

for |z|<h/2. (3)

In order to calculate a we have to determine j in terms
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of its physical origins:
+ VXM '
Ho

j=cE+o(vXB?) 4)

The first two terms describe transport currents driven
by electric fields: E is associated with the @ mode and
given by Eq. (1). The second term is due to the additional
field that arises when you transform B° into the local
frame of reference of the layer which is moved by the
Rayleigh wave with velocity v. The third term describes
oscillating magnetization currents. It can be shown that
in the approximation kh <<1 it reduces to —2i8M, /h.
To get a more explicit expression for the last term of Eq.
(4) we determine the magnetization in a local frame of
reference that is fixed with respect to the crystal axes at a
given point of the thin film. The layer will “see” a
periodic tilting of the applied field by a small angle 56.
We rotate the resulting magnetization to the global frame
which is fixed relative to the applied static field and sub-
tract the static part:

1 0

— 50
SM=|0 1 0 1M+%%I69l—M. (5)
560 0 1

Using the following expression for the displacement 8r
of the layer by the Rayleigh wave:

u)(
6r= | 0 |expli[kx—wt]),
uZ
(6)
80=iku,expli(kx —wt)],
and the three previous equations we finally obtain
_ (—ipgooh /2)(u,B2—u,BY)—ku,(M, +3M, /30)
@ 1+ipgowh /2k ’
(7

This general formula gives the electromagnetic field
perturbation in terms of the conductivity and the mag-
netic properties of the thin film that is deformed by the
acoustic surface wave. As mentioned above, the deter-
mination of the corresponding sound velocity change is
straightforward but it requires a numeric calculation.
However, some general features can be derived directly
from Eq. (7): for conductivities that are much smaller or
much larger than the “crossover value” 2k /wuyh there
are two qualitatively different types of behavior. If o is
small a will be dominated by the magnetic properties of
the film. However, if it has an isotropic magnetic suscep-
tibility, the derivatives of M, and M, cancel and there is
no magnetoelastic effect. Surface-wave measurements are
thus directly sensitive to the anisotropy of the susceptibil-
ity of a magnetic layer. We will now discuss the opposite
case where o is much larger than the crossover value
k /opgh. Any flux change through the surface will then
be screened off by transport currents and the magnetiza-
tion contribution in Eq. (7) is suppressed. The forces that
act on the surface become independent of the layer thick-
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ness and also of the conductivity. Only in the vicinity of
the crossover can the conductivity be obtained from
surface-wave velocity data. If both transport and magne-
tization currents are present the quantitative analysis will
generally be difficult but even in that case, the crossover
itself can be used to estimate o.

For the sake of completeness, we would like to mention
that if the substrate is piezoelectric, the elastic surface
wave induces an additional electric field that leads to
currents in the films. However, these fields are in the
sagittal plane and therefore do not couple to the modes
described by Eq. (1).

Having outlined a general theory of magnetoelastic
surface-wave effects in thin layers, we will now turn to
the particular case of high-T, superconductor films. Re-
cent results of pinning theory provide an explicit expres-
sion for the rf conductivity in the presence of vortices:'°

B? 1—i/wr
poar l1tior,

o '=iop |A2+ =iopAl, . (8)

A, is the London penetration depth for fields that are
parallel to the c axis, a; the Labusch parameter, 7 the re-
laxation time constant for vortices that move by thermal-
ly activated hopping, 7, the relaxation time constant for
vortices that move by viscous relaxation, and A, is the ac
penetration depth. It describes the exponential decay of
a small applied magnetic ac perturbation that penetrates
into the surface of a superconductor in the presence of a
strong static field. For a discussion of Eq. (8) we refer the
reader to the literature.!® The above-mentioned criterion
for the crossover to a material-independent behavior at
high conductivities can in the present case be expressed
in terms of three characteristic lengths: If the geometric
mean of the layer thickness and the acoustic wavelength
strongly exceeds A,., the ‘“‘universal” limiting case is
reached. This will occur at low temperatures since the
relaxation times and the Labusch parameter increase
with falling temperature.? If in addition w7,<<1, which
will be true at least for frequencies below 1 GHz accord-
ing to experimental data of high-T, superconductors,!!
the limiting case will first be reached at low frequencies.
Numeric calculations for the case of an YBa,Cu;0; layer
on LiNbOj; show that in the “universal” limit the anoma-
ly will essentially scale with Bf. If the crossover to this
characteristic behavior can clearly be identified in experi-
mental data, it can be concluded that under these condi-
tions |A,.|2=2k /h.

At temperatures close to T, and at high frequencies the
ac penetration depth is much larger than the crossover
value and the magnetization part of Eq. (7) becomes dom-
inant. There are two contributions to the dynamic mag-
netization of a high-T, superconductor: one is intrinsic
because it is due to the anisotropy of the effective elec-
tronic mass, the other is caused by pinning and therefore
strongly depends on the defects in the sample. For the
intrinsic contribution we use the results obtained in the
framework of the anisotropic London model.!?

R. HOHLER et al. 48

. msin(0) 1n(nB../B)

M=7 :/H(e) o |, =t
mm mcos(6) 8mpo( Ay )

9)

In this expression 77 is a constant of the order of unity
that depends on the vortex lattice structure and {1, ) the
geometric mean of the London penetration depths in the
a, b, and c directions. m; and m; are the effective elec-
tronic masses perpendicular and parallel to the ¢ axis
with a normalization m3m ;=1 and m(8) is given by

m(0)=m sin*(8)+m;cosX(H) , (10)

where 0 is the angle between M and the c axis. Before us-
ing these formulas we have to discuss to what extent they
are valid in a thin film of YBa,Cu;0,.

If the vortex lattice constant is much smaller than the
film thickness very general arguments'? show that for
fields in the range B,.; <<B <<B,, the shape-dependent
demagnetization field effects do not modify the magneti-
zation significantly. However, this analysis does not take
surface screening currents into account. More theoreti-
cal work is needed to resolve this problem, which is
planned to be the subject of a forthcoming paper. A
more fundamental question is to what extent the London
model can be applied at temperatures far below T,. Since
the coherence length of the superconducting wave func-
tion becomes smaller than the CuO, layer separation
below 0.9T7, (Ref. 13) the three-dimensional description
of the anisotropy in terms of a mass tensor is no longer
adequate at lower temperatures. Very recently, the mag-
netization of a layered superconductor has been calculat-
ed in the framework of the Lawrence-Doniach model.'*
For magnetic fields that are accessible by conventional
experimental techniques the corrections are predicted to
be negligible in the case of YBa,Cu;0,. We will therefore
only consider the London approach, even though it does
not provide a correct microscopic description of the vor-
tices at low temperatures. Inserting Eq. (9) into (7) we
get

—_ *
=) HE G gyk, . an

[(m(@)'>  4x g

Using the normalization condition for m; and m; it
can easily be shown that the maximum of a(8) is propor-
tional to (m3/m)*/® so that large effects may be expect-
ed for very anisotropic materials such as
Bi,Sr,CaCu,0O4 . The factor (m; —m,) clearly shows
that for isotropic superconductors there is no field pertur-
bation. The shape of the angular dependence of the re-
sulting sound velocity anomaly for the normalized peak
value depends only on m3/m; and can therefore be used
to extract this parameter from experimental data. Insert-
ing Eq. (11) into (2) shows that the field dependence of the
effect is linear. For kh <<1 the magnetic and the elastic
forces have the same frequency dependence, therefore the
sound velocity anomaly should be independent of fre-
quency.

To identify the regime that is dominated by intrinsic

a="lo
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magnetization effects in experimental data, the following
scaling test can be used.

Consider the angular sound velocity variation at two
slightly different temperatures. The influence of pinning
effects on magnetization and conductivity is negligible if
the two curves differ just by a scale factor. The criterion
works because the relevant pinning effects can be ex-
pressed as a function of the ac penetration depth which in
turn depends on the quantity w7 which rapidly rises with
falling temperature. Equation (8) shows that as soon as
w7 has exceeded the value 1, a further increase will no
longer have a strong influence on A,.. Experimental evi-
dence clearly shows that the activated relaxation time 7
has a strong angular dependence.! As a consequence, the
form of the angular dependence of A, and of all pinning-
related sound velocity anomalies will change qualitatively
with temperature.

If, on the other hand, the intrinsic magnetic anisotropy
is dominant, no qualitative change of the angular varia-
tion is expected unless the effective masses vary with tem-
perature or strong two-dimensional effects set in.

Of course the test will only work in a temperature re-
gion that is sufficiently close to T, so that o7 will not yet
be larger than one in the entire angular range.

DISCUSSION

As can be seen in Fig. 1, there is a sharply peaked mag-
netoelastic sound velocity anomaly at 0.97,. Its max-
imum coincides with the direction of the CuO, planes
which are not parallel to the surface in our sample. This
clearly shows the intrinsic nature of the effect which is
not directly linked to the sample geometry. The continu-
ous line is a fit that has been calculated using the London
model and the formalism described in the preceding sec-
tion. To make sure that effects that are related to pinning
do not contribute we have superposed data measured at
temperatures of 76 and 69 K and a frequency of 500
MHz in the masterplot shown in Fig. 4. The reasonable
agreement confirms the intrinsic nature of the effect.
Below 300 MHz, it is no longer possible to obtain a
masterplot down to 69 K. This is in agreement with
theory because below the thermally activated flux flow
transition the term that contains the ac penetration depth
in the denominator of Eq. (7) rises with falling frequency.
Thus there is substantial evidence that at least the data
measured at 76 K and above 100 MHz are dominated by
the intrinsic magnetization effect described in the preced-
ing section. The ratio of effective masses obtained from
the fit shown in Fig. 1 is 23 with an uncertainty of 4
which is in agreement with magnetization'> and some re-
cent torque magnetometry data'® as can be seen in Table
I

Strictly speaking the anisotropic London model cannot
be used for YBa,Cu;0, at 0.9T, which corresponds to 76
K for our sample because at this temperature, the coher-
ence length is comparable to the layer spacing. The fact
that we will obtain a reasonable fit with an anisotropic
mass model is in agreement with the calculations in the
framework of the Lawrence-Doniach model mentioned in
the preceding section and also with H,, measurements'!
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TABLE 1. Ratios of effective electronic masses parallel and
perpendicular to the CuO, planes of YBa,Cu;0; obtained by
different methods.

Method my/m, Reference

Measurement of H,,

via rf penetration depth 11.6 [11]
Measurement of H,, 28 [17]
Torque magnetometry 60 [13]
Torque magnetometry 22.5-27.5 [16]
Direct measurement of the

magnetization 25-35 [15]
Surface acoustic wave

velocity anisotropy 19-27 This paper

which are compatible with a mass ratio that is constant
down to low temperatures. On the other hand, Farrel
et al.’3 have reported torque measurements that show
deviations from anisotropic London theory below 0.9T,
at small angles between the CuO, layers and the applied
field. However, since these data were measured far below
the irreversibility line it is not entirely clear to what ex-
tent they are influenced by pinning effects. As the scaling
test mentioned above strongly supports the hypothesis
that our data at 0.97, are determined by the intrinsic
magnetization effect, it is interesting to perform a de-
tailed comparison with the torque magnetometry results.
We have therefore fitted the data for angles more than 8°
away from the orientation that corresponds to the sound
velocity peak with our calculations that are based on the
anisotropic London model. Figure 7 shows the resulting
curve together with the previously excluded data. The
measured peak is sharper than the curve obtained from
the London model fit, it even suggests a cusp. In agree-
ment with this general trend the mass ratios obtained by
fitting data close to the peak are significantly larger than
those obtained at larger angles. Analogous deviations
from anisotropic London theory have been observed by
Farrel et al.!> Before trying to analyze the discrepancy

+
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Av/v (ppm)
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82 84 86 88 90 92 94 96 98
angle between field and c axis (deg)

FIG. 7. High prediction data at a temperature of 76 K and a
frequency of 500 MHz. The field strength was 7 T. The con-
tinuous line corresponds to a fit that has been obtained with the
anisotropic London model by excluding data in the angular
range shown in the figure.
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using the Lawrence-Doniach model we think that it
would be very helpful to perform a series of measure-
ments on samples with decreasing oxygen content. The
resulting successive increase of the anisotropy should
clearly reveal increasing deviations from London theory.
The thin film geometry is particularly favorable for this
kind of study and indeed, we are planning such an experi-
ment.

Figure 2 shows that as expected the amplitude of the
magnetoelastic anisotropy effect rapidly increases with
falling temperature. At 0.87, the slope abruptly changes
and at the same time an effect that scales with B? sets in.
This is in excellent qualitative agreement with our predic-
tion: the phenomenon corresponds to the crossover
where the ac penetration depth becomes smaller than the
geometric mean of the layer thickness and the acoustic
wavelength. Using the formulas of the preceding section
we conclude that the Labusch parameter at 0.87, and 7
T is 5X 10! N/m*. Wu and Sridhar'' have obtained a
force constant per vortex of about 3 X 10* N/m? by means
of a rf penetration depth measurement on a single crystal
at 1072 T. Using the empirical relation a; < B? (Ref. 1)
this corresponds to a Labusch parameter which is about
one order of magnitude larger than our result. Since the
exponent of the scaling law is not known very precisely,
there is no significant difference between the results ob-
tained by the two methods. This is interesting because
critical currents J, measured on thin films are systemati-
cally higher than those obtained for bulk samples. The
relation a; s, =BJ,,! where s, is the range of the pinning
potential, suggests that the range of the potential and not
its attractive force are the origin of the different critical
currents. However, before drawing such a conclusion the
critical current of our films has to be checked. Further-
more very recent results of pinning theory!® show that
the analysis used in Ref. 11 which does not take into ac-
count the influence of image vortices and the nonlocal
elasticity of the vortex lattice may have to be recon-
sidered. A comparison with vibrating reed measurements
of the Labusch constant at fields comparable to those
used in our experiment would be very interesting, but we
are not aware of any such data for YBa,Cu;0,. The La-
busch parameter obtained for a slightly oxygen deficient
1:2:3 superconductor! is much lower than the ones we
have obtained.

The anomaly that we have measured at a temperature
of 5 K and a frequency of 100 MHz scales with B2, which
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is in excellent agreement with the predictions derived
from Eq. (3). As explained in the theory section, this lim-
iting behavior is interesting because it confirms our
analysis, but it does not give any additional information
about the properties of YBa,Cu;0,.

Thus we have shown that a measurement of the angu-
lar dependence of the velocity of Rayleigh waves in a thin
superconducting film gives information about the anisot-
ropy of the rf penetration depth and the intrinsic anisot-
ropy of the magnetization. Compared to other methods,
the new technique has the advantage that for small La-
busch parameters and at sufficiently high frequencies it
can give access to the intrinsic magnetization far below
the depinning line. Another important point is that it
can be used to investigate thin film samples which allow a
rapid and homogeneous change of the oxygen content.
Multilayer materials whose magnetic anisotropy is very
interesting are available only in this form.

CONCLUSIONS

We have presented a general theory of magnetoelastic
surface-wave effects in thin films which can be used to ex-
tract the rf conductivity and the magnetic properties of
the sample from experimental data. By applying it to our
measurements of the Rayleigh wave velocity of thin
YBa,Cu;0; films in the presence of a strong magnetic
field of variable orientation, we have obtained the anisot-
ropy of the effective electronic mass and the value of the
Labusch parameter at 0.87,. A detailed analysis has re-
vealed small but systematic deviations from the aniso-
tropic London model which confirm earlier results that
were obtained by torque magnetometry.!* The anomaly
can be explained qualitatively by a crossover from 3D to
2D vortices. By means of a scaling test we have shown
that in our experiment pinning effects can be ruled out.
However, more theoretical and experimental work is
needed to understand clearly the influence of the thin film
geometry on the vortex lattice and the dimensional cross-
over of the vortices.
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