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The temperature dependence of the sound velocity and the sound-attenuation coefBcient in single-
crystalline Lal 85Sro»Cu04 have been measured in the mixed state with an ultrasonic technique. An in-

crease in the sound velocity and an attenuation peak, due to the elasticity of the Aux-line lattice and the
Aux-pinning eftect, are observed at a temperature lower than the superconducting transition temperature
T, . The compression and tilt moduli of the Aux-line lattice are found to be softened in the case of Hlc.
The anisotropic activation energies that are necessary to depin the Aux-line lattice are separately evalu-

ated by measurements under various settings of the directions of the wave vector k, the polarization vec-
tor u, and the magnetic field H using an analysis based on the thermally assisted fIux-Aow model. The
estimated activation energies are 1140 K (at 0 K, 6 T) for Hlc, uIIc, 201 K (at 0 K, 14 T) for Hlc,
uII(cXH), and 93 K (at 0 K, 6 T) for HIIc, ulc. These results are consistent with the intrinsic pinning
mechanism. The activation energies determined by ultrasonic measurements are found to be smaller
than those determined by resistivity measurements.

I. INTRODUCTION

Investigations of the physical properties of high-T, ox-
ide superconductors (HTSC's) in the mixed state are as
interesting as attempts to find the mechanism of high T, .
Some characteristics of HTSC's, a short coherence length
and a layer structure for example, make their mixed state
distinctive. Because of the small coherence volume, the
Aux-pinning energy in HTSC's is relatively small and the
pinned Aux lines are easily depinned by small driving
forces with the assistance of the thermal energy. Since
the motion of Aux lines yields an energy dissipation, it is
important to find an effective Aux-pinning mechanism in
HTSC's. The first step to solve this problem is to deter-
mine the activation energy U which is necessary to depin
the flux-line lattice (FLL). Some characteristic phenome-
na in HTSC's, such as the large relaxation of the magneti-
zation' and the broadening of the resistive transition in
magnetic fields, are considered to be closely related to
the thermally activated motion of Aux lines. Therefore
analyses of these phenomena are frequently used to esti-
mate the activation energy U.

Regarding the layer structure of HTSC's, Campbell,
Doria, and Kogan have pointed out that the structure of
the FLL becomes anisotropic if an applied field is tilted
form the c axis, which is perpendicular to conducting lay-
ers. The Aux-pinning effect is also influenced by the lay-
er structure. In general, Aux pinning is caused by imper-
fections in a superconductor such as defects, impurities,
and grain boundaries. In addition to these, Tachiki and
Takahashi have proposed an intrinsic pinning mechanism
based on the layer structure. ' They have pointed out
that the layer structure brings the spatial variation of the
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FIG. 1. Schematic illustrations of the three patterns of Aux

motions in HTSC's. The lines and planes indicate the Aux lines
and the stack of the CuO& planes, respectively. The arrows indi-
cate the directions of the Aux motions.

order parameter along the c axis and the Aux lines which
lie in the c plane are naturally pinned at the position
where the order parameter is the smallest. This mecha-
nism is important only when Aux lines move along the c
axis. Therefore, in HTSC's, the Aux-pinning effect should
be anisotropic. To examine the anisotropy of the activa-
tion energy, it is important to understand the effective
pinning mechanism of this system.

If the uniaxial anisotropy is assumed in HTSC's, there
are three independent patterns of Aux motion as illustrat-
ed in Fig. 1. For the magnetic field applied along the c
axis, the direction of the Aux motion is unique and is al-
ways perpendicular to the c axis [Fig. 1(a)j. For the mag-
netic field applied perpendicular to the c axis, two in-
dependent directions of Aux motion are possible. One of
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these is parallel to the c axis [Fig. 1(b)], and the other is
perpendicular to both the applied field and the c axis
[Fig. 1(c)]. Hereafter, the patterns of the motions in Figs.
1(a), 1(b), and 1(c) are referred as the CA motion, the AC
motion, and the AB motion, respectively. The activation
energies U's in different patterns of the motions should be
different. The AC motion is related to the intrinsic pin-
ning.

For the purpose of investigating the anisotropy of the
FLL and activation energies, magnetization measure-
ments cannot separate the AC motion from the AB
motion. Although resistivity measurements can separate
them using appropriate directions of currents and fields,
it does not give us direct information about the nature of
the FLL itself.

Pankert and co-workers have developed a novel
method to study the FLL itself and the interaction be-
tween the FLL and crystal lattice (CL) using ultrasonic
technique. In a temperature region above the charac-
teristic depinning temperature T, the pinning of the
FLL vanishes effectively and one can regard the FLL as
almost independent of the CL. Therefore, in this temper-
ature region, the elastic constant measured by ultrasonic
measurements only rejects the elastic constant of the CL.
The depinning temperature T is governed by the fre-
quency of ultrasound and the activation energy U. The
latter depends on the magnetic field, temperature, and the
pattern of the motion of Aux lines. At temperatures
below T, since the FLL is pinned to the CL, the sum of
the elastic constants of the FLL and CL should be ob-
served. Consequently, a step and a peak at T& appear in
the temperature dependence of the sound velocity and
the sound-attenuation coefficient, respectively. The
height of the step in the temperature dependence of the
sound velocity reAects the elastic constant of the FLL,
and the shapes of the step and the peak are governed by
temperature and field dependence of the activation ener-
gy U.

Pankert ' analyzed this process within the framework
of the thermally assisted Ilux-Sow (TAFF) model' and
derived the temperature dependence of the sound velocity
and the sound-attenuation coefficient in terms of the dc
resistivity caused by the motion of Aux lines. Since
sound waves are polarized, not only the anisotropy of the
activation energies, but also various kinds of elastic con-
stants can be obtained if experiments are performed on a
single crystal. Furthermore, since ultrasonic measure-
ment is a bulk-sensitive technique, contributions from
minor but strong pinning centers (e.g., surface) to the ac-
tivation energies can be neglected. In spite of these ad-
vantages, ultrasonic experiments for the purpose of inves-
tigating the relation between the FLL and CL have been
performed only on polycrystalline samples. ' '" In this
paper we report ultrasonic investigations with respect to
the elastic properties of the FLL and the anisotropic ac-
tivation energies in single-crystalline Lai 85Sro»Cu04.

II. ELASTIC PROPERTIES OF THE FLL

First, we introduce the elastic moduli of the FLL. If
the FLL forms a regular triangular lattice, there are three

BH
~44 4

H, 2 (H/H, 2)(1 H/—H, 2)

4a 8a'

Here B is the magnetic induction, H is the applied mag-
netic field, H, 2 is the upper critical field, and K is the
Ginzburg-Landau parameter. The elastic constants
c» —c66 and c4& are determined from thermodynamical
arguments and are considered to be isotropic even in an-
isotropic superconductors. On the other hand, the shear
modulus c66 is affected by the structure of the FLL and
goes to zero if the FLL melts. Therefore c66 gives us in-
formation about the interaction between Aux lines.
Moreover, since the motion of a part of the FLL yields
the shear deformation of the FLL, the activation energy
U depends on the c~66.

"
If an applied field exceeds the lower critical field and a

magnetic penetration depth is long enough, one can as-
sume that the magnetic induction B in the superconduc-
tor is almost uniform and nearly equal to the applied field
H. In La 1 85Sro 15Cu04 these conditions are sufficiently
satisfied under magnetic fields above 1 T. In addition to
this, c» and c44 are at least 10 times larger than c« in
these fields. Therefore, in a good approximation, one can
rewrite the elastic constants of the FLL as

H
C 66 ((C 11 C 44
f f f

4~
(4)

Next, we show a procedure how to obtain the anisotropy
of the activation energies U's from ultrasonic measure-
ments. The sound velocity V, and the sound-attenuation
coefficient a in the mixed state can be written as

p V, (H, T) =c,'(H, T)+Ac/(H, T),
a(H, T) =a'(H, T)+Aa/(H, T), (6)

where p is the mass density. Here c,'. and a' are the elas-
tic constant of the CL and the sound-attenuation
coefficient of the CL, respectively. In general, both c,.'
and a' are magnetic-field dependent mainly due to the
suppression of superconductivity. In Eqs. (5) and (6), b,c/
and Aa are the contributions from the FLL and include
information about U. Pankert and co-workers adopted
the TAFF model to get definite formulas of Ac and
4o. . ' ' Within the framework of the TAFF model, the
motion of the FLL against the CL is described by a
diffusion-type equation with a relaxation constant I
which is related to U. ' Solving the equations of motion,
one gets the, following formulas for hc and ho, : for
uiiH,

Ac~=0, hu~=O '

independent components in the elastic constant tensor of
the FLL, ' namely, c» as the compression modulus, cd
as the tilt modulus, and c66 as the shear modulus. These
moduli are expressed as' '

B dH
C11 C66



9774 HANAGURI, FUKASE, TANAKA, AND KOJIMA

for ulH,

o- ——r —cf4m B
C

44 (10)

where c is the light velocity . The activation energy U is
related to cr ' by the Arrhenius-like formula

Uo. =poexp
B

Here po is the proportional coefficient. In general, both

po and U depend on both field and temperature. More-
over, U depends on the pinning energy of each pinning
center, number of the pinning centers, and the elasticity
of the FLL in a complicated way. ' For a real analysis of
the experimental data, therefore, the field and tempera-
ture dependences of po and U should be suitably assumed.
The model we have adopted will be described later.
Equations (10) and (11) represent the relation between I
and U.

Since the relaxation coefficient I should be different in
each pattern of the flux motion displayed in Fig. 1, the

COacf=c,f" ~2+(cfl k2)2

efI kbu= c;;
2pV, (M, T) co +(cfl k )

Here co is the angular frequency of the ultrasound. Equa-
tion (7) implies that the FLL does not couple to the
sound waves of which u is parallel to H. The TAFF
model can be applied when the current J used for the
measurement satisfies the relation J ((J,ks TIU. ' Here
k~ is the Boltzmann constant and J, is the critical
current above which energy gain, which is induced by the
Lorentz force, overcomes U and Bardeen-Stephen-type
flux flow occurs. Since the current J induced by the sound
waves is very small compared to the current used in the
other methods, such as resistivity measurements, the
TAFF region in ultrasonic measurements should be wide.
In the TAFF region, since a linear response is expected, '

one can check the validity of the TAFF model to confirm
that Ac is independent of applied sound power.

The relaxation coefficient I can be related to the Ohm-
ic TAFF resistivity o. ' caused by the flux motion by the
relation

anisotropy of U can be obtained from ultrasonic measure-
ments using various directions of u. We define Uc~,
U~c, and Uz~ as the activation energies which corre-
spond to the FLL motions of CA, AC, and AB, respec-
tively.

The elastic constants c and c;; also take different
values if the directions of u, k, and H are changed. The
values of c~, c;;, and UIJ for various configurations in
La& 85Sro &5Cu04 are listed in Table I. It is well known
that La& 85Sro &5Cu04 undergoes a structural phase transi-
tion from high-temperature tetragonal to orthorhombic
at a temperature Td above T, .' Below Td, the crystal-
line axes a and b are rotated 45 around the c axis. Since
the crystal takes a twin structure in the orthorhombic
phase, ' the symmetry of the crystal can be assumed to be
a quasitetragonal one even below Td. Therefore we adopt
the crystalline coordinates of the high-temperature
tetragonal phase to express the crystallographic direc-
tions with suffix t The [.100], axis is parallel to the diago-
nal line of the basal plane of the Cu06 octahedron, and
the [001],axis is perpendicular to the CuOi planes.

It is necessary to extract b,c and ha from Eqs. (5)
and (6) to obtain U. Since c' and a' depend on the mag-
netic field, it is necessary to compare the results of two
different configurations, namely u~~H and ulH. The
difference between these two results can be regarded as
the contribution from the FLL. In both configurations
the sound modes of the CL and the crystallographic
directions of H must be the same. Here it is assumed
that the effects of H on c' and a' only depend on the
crystallographic direction of H, but do not depend on the
relative angle between H and u. Possible combinations of
each pattern of the flux motion are listed in Table II.
Some combinations are not appropriate to estimate U's.
First, the c66 mode cannot be measured by ultrasonic ex-
periments because of the strong scattering of sound waves
at the twin boundary below Td. ' Second, although the
shear modulus of the FLL, c66, plays an important role in
U, ' it would be difficult to measure c66 because it is very
small. Conventional sound-velocity measurement sys-
tems have a resolution of 10 —10,while the ratio be-
tween c66 and the elastic constant of the CL may be
smaller than this value. Accordingly, we have measured
the sound modes of the CL, c44 for U&~, c44 for U~&,
and c

&&
for Uzz. In these modes the corresponding elas-

tic constants of the FLL are c44, c44 andc &&, respectively.

TABLE I. Elastic contents of the crystal lattice and the Aux-line lattice measured under various settings of k, u, and H.

nil [1OO],
CL FLL'

Hii [001],
ufo [010],

CL FLL'
u~~ [001],

CL FLL
uii [100],

CL FLL

Hii [100],
uii [010],

CL FLLb
u// [001],

CL FLL'

[ 100],
[010],

Uc~
b Ua~-
'U~c.

C

C

C
c44

c11

cf44

C

Cc11
C

c44
Cll
cf

C
c44

C
c44

C
C33

none
none
none

C

C
c44

none
none
none

C

Cc11
C

c44

cf44

Cll

C
c44

C
c44

C
C33

cf

c11
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TABLE II. Possible combinations of k and u to extract the contributions from the FLL, Ac and
Ae, in Eqs. (5) and (6). The elastic constants of the CL and FLL are also shown.

Type
of

motion

Hlu
FLL+CL CL only Elastic const.

CL FLL

[001],
[100],

CA
AC

[001],
[100],
[o1o](
[100],
[o1o](
[001],

[ 100],
[001],
[001],
[o1o](
[010],
[010],

[001],
[001],
[010],
[100],
[001],

[001],
[100]~
[100],
[ 100],
[100],
[100],

C44
C

c44

c44

C

C
c44

C44

C44

C44

C))
C66

III. EXPERIMENTAL DETAILS

A large and high-quality La, 85Sro»Cu04 single crystal
was grown by the traveling-solvent floating-zone tech-
nique. For ultrasonic measurements the grown crystal
was cut into a parallelepiped of which two pairs of planes
are perpendicular to the [100), and [001], axes. Each
pair of planes is polished carefully to be parallel and flat.
The dimensions of the sample are 4.501 mm along the
[100], and 4.146 mm along the [001],axis.

Sound waves were generated by LiNb03 transducers
glued on the polished planes by RTV (Shin-etsu silicone
KE347W). A Z cut one was used for longitudinal waves
and an X cut for transverse waves. The temperature
dependences of the sound velocity V, and the sound-
attenuation coefficient a were simultaneously measured
by the phase-comparison and pulse-echo methods, re-
spectively. The absolute value of V, was determined by
the pulse-superposition method at 4.2 K in the absence of
a magnetic field. The magnetic-field dependence of V, in
the normal state and the change of the sample length can
be neglected. The measuring frequencies were 21.7 MHz
for the longitudinal c &&

mode and 23.3 and 23.7 MHz for
the transverse c 44 mode.

Magnetic fields were generated by a 6-T superconduct-
ing magnet with a cancellation coil or a 15-T supercon-
ducting magnet. Temperature was monitored by plati-
num and germanium thermometers mounted at the posi-
tion of zero field of the 6-T magnet or a carbon glass ther-
mometer of which the magnetoresistance error has been
already corrected. All of the data were taken in the
warming process after field cooling. The superconduct-
ing transition temperature T, was determined to be
33.5+3 K by a previous measurement of V, in the c33
mode in which V, exhibits a clear jurnp at T, . '

For comparison, we also measured the resistivity along
the [110], and [001], axes by the standard dc four-probe
method under magnetic fields both parallel and perpen-
dicular to the [001], axis. Resistivity measurements were
performed on the crystals which were different from the
crystal used for ultrasonic measurements.

IV. RESULTS

Figure 2 shows the temperature dependence of the
sound velocity V, in the cd mode measured under two
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FICx. 2. Temperature dependence of the sound velocity V, in
the c44 mode measured under two settings of k, u, and H. In
both configurations, the FLL couples to the sound waves.

settings of k, u, and H. In both configurations sound
waves can couple to the FLL since the magnetic fields are
applied perpendicular to u. The flux lines move as CA
type in the configuration of Fig. 2(a) and move as AC
type in the configuration of Fig. 2(b). The elastic con-
stants of the FLL are c44 in both configurations. In the
absence of a magnetic field, V, is a smooth function of
temperature in the whole temperature range including
T, . Under magnetic fields, V, is enhanced in the low-
temperature region below T, in an anisotropic way.
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(a) AB motion
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FICr. 3. Temperature dependence of the sound velocity V, in
the c» mode under various magnetic fields. In the
configuration of (a), the FLL couples to the sound waves. In the
configuration of (b), the FLL does not couple to the sound
waves.

Since there are no anomalies in V, at T, in the absence of
a magnetic field, it seems that the strain e „correspond-
ing to the c~ mode, hardly couples to superconductivity.
Therefore it is expected that there are few magnetic-field
effects on c' and a' in the c44 mode. To confirm this the
elastic constant c44 was measured under magnetic fields
applied parallel to u. In the case of k~~ [001], and
u~~H~~[100]„we could not detect any magnetic-field
dependence in V, and o, up to 6 T. On the other hand, in
the case of k(([100], and u~~H~~[001]„V, slightly in-
creases below 10 K under magnetic fields. Although the
origin of this effect is not clear, we consider that the in-
crease in V, above 10 K measured under magnetic fields
perpendicular to u in the c~ mode is the inhuence of the
FLL elasticity.

In the case of the c» mode, V, exhibits a clear kink
just below T, and increases below T, even in the absence
of a magnetic field as shown in Fig. 3. Under magnetic
fields applied perpendicular to u, V, is enhanced at low
temperatures and is reduced in the vicinity of T, as
shown in Fig. 3(a). This feature is considered to be the
superposition of two effects, namely, the enhancement
due to the elasticity of the FLL and the reduction due to
the suppression of superconductivity. The pattern of Aux

motion in this configuration corresponds to the AB
motion, and the elastic constant of the FLL is c».

To evaluate the inhuence of the suppression of super-
conductivity in the c» mode, V, and a were measured in
a configuration in which magnetic fields were parallel to
u. The results are shown in Fig. 3(b). In this
configuration, V, monotonically decreases with increas-
ing magnetic field below T, . Below about 10 K, magnetic
fields have few effects on V, . ' Although the origins of
these phenomena are indistinct, the results of this
configuration can be used as a background to extract the
elasticity of the FLL by comparing to the results of the
configuration of Fig. 3(a).

The FLL contributions to V, can be extracted for all
patterns of Aux motions shown in Fig. 1. In the case of
the c44 mode, the data under magnetic fields are com-
pared with the data in the absence of a magnetic field. In
the case of the c» mode, the data of Fig. 3(a) are com-
pared to the data of Fig. 3(b). The temperature depen-
dence of the excess elastic constants Ac 's induced by the
FLL are shown in Fig. 4. The value of the mass density
6.99 g/cm was used to convert V, to the elastic constant.
Figures 4(a), 4(b), and 4(c) correspond to the fiux motions
of CA, AC, and AB, respectively. In each case, hc ex-
hibits a stepliiie anomaly at a temperature below T, and
comes to saturate in the low-temperature region as is ex-
pected from Eqs. (8), (10), and (11).

In order to confirm the validity of the TAFF model,
the power dependence of Ac was measured in the case of
the CA motion. Since it is difficult to measure the abso-
lute value of the applied power to the transducer, we
measured the relative power dependence of V, . Even if
the applied power is reduced to —,'„ there are no changes
in Ac except below 10 K where the background exhibits
some magnetic-field dependence. Therefore, at tempera-
tures above 10 K, the TAFF model can be safely used.

In addition to these experiments, we also measured V,
in the c 4& mode in the configuration of k

~ ~

[001 ]„
u~~ [100]„and H~~ [010], to detect the shear modulus of
the FLL, c66. However, we could detect no obvious
changes in V, up to 6 T (5V, /V, (—10 ) in this
configuration. Kogan and Campbell have pointed out
that there are three different shear moduli of the FLL in
an uniaxial superconductor. The elastic constant c66
which we have measured corresponds to the smallest one
among them and may be less than 10 of c44. Accord-
ing to their theory, c 66, which is measured in the
configuration of k~~ [100]„u~~[001]„H~~[010]„is strong-

ly enhanced. It is interesting to measure this mode to ex-
amine the interaction between Aux lines perpendicular to
the c axis.

The shear modulus of the FLL, c66, gives us direct in-

formation about the FLL melting. The FLL melting
should be pronounced for H~~ [001],. However, it is
difficult to measure c66 in this configuration. The reasons
are as follows: First, the expected value of c66 is very
small. [See Eq. (3).] Second, the c 66 mode or the
(c ii

—c tz )/2 mode (k))[110]„u)~[110],) have to be mea-
sured to detect c/66 in the case of H~~ [001],. However, the
elastic constant of the CL, c66, cannot be measured as we
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mentioned before. Moreover, since the (c
&&

—c &z )/2
mode is strongly affected by the superconductivity, ' it is
difficult to extract the contribution from c66.

V. DISCUSSION

C3

u
CD 1-

Lat, ssSro tsCu04

(a) CA motion

First, we mention the magnetic-field dependence of
Ac . At a sufficiently low temperature, the value of Ac
is considered to be c itself because the FLL is nearly
completely pinned to the CL. In Fig. 5 the values of Acf
at 10 K are plotted against magnetic fields with double-
logarithmic scales. The solid line indicates the theoreti-
cal curve expected from Eq. (4). When magnetic fields
are applied parallel to the c axis (open circles), Eq. (4)
holds well not only for the power of H, but also for the
absolute value. On the other hand, if the magnetic fields
are applied perpendicular to the c axis (solid squares and
solid triangles), Eq. (4) holds for the power of H; howev-

er, the absolute value is reduced to about 75% of that ex-
pected from Eq. (4).

As the extrinsic origin of this reduction, the difference
between 8 and H and/or an error in the absolute value of
V, are considered. However, the difference between B
and H is estimated to be negligibly small ( ~ 10 ) from
dc magnetization measurements. Furthermore, the error
in the absolute value of V, is estimated to be within a few

percent in our experiments. Therefore the origin of this
reduction, namely, the softening of the FLL, should be
intrinsic.

It is pointed out that the elastic constants of the FLL
are softened if the effective-mass anisotropy is taken into
account. This effect is remarkable in the AB motion.
However, this effect can be observed only when the wave-
length of the ultrasound reaches a value comparable to
the London penetration depth A,L,' namely, the nonlocal
effect becomes important. ' In La, 85Sr0, 5Cu04, A,L is
estimated to be on the order of 10 cm. In our experi-
ments the wavelength is on the order of 10 cm. Since
this value is much longer than A,L, the nonlocal effect is

negligible and the origin of the softening cannot be attri-
buted to the mass anistropy only.

As the other explanation of the softening, Aux motion
in a pinning center can be considered. This effect be-

2T

(b) AC motion

109

OJ

0s

C3

CO

CJ

C) 1-

2T

—108

C3

(c) AB motion

5-

1

C) 0
10'

1

MAGNETIC FIELD (T)
10

0
2T,

10 20 30
TEMPERATURE (K)

I

40 50

FIG. 4. Temperature dependence of the excess elastic con-
stant Ac induced by the FLL for three patterns of the Aux

motions illustrated in Fig. 1.

FIG. 5. Log-log plot of the magnetic field dependence of Ac
at 10 K. The open circles indicate the data in the case of the
CA motion (HIIc). The solid squares and solid triangles indi-

cate the data in the cases of the AC motion and AB motion, re-

spectively (Hlc). The solid line is the theoretical curve expect-
ed from Eq. (4). The dotted line indicates 75% of the theoreti-
cal value. Inset: the plot against H in a low-field region.
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U(T, H)=U(O, H)[1—T/T, (H)j" . (13)

comes important when the current induced by the ul-
trasound reaches a value comparable to the critical-
current density J, . In our experiment, since the ampli-
tude of the ultrasound is smaller than a few nm, the
current induced by the ultrasound is estimated to be
smaller than 10A/cm . Since J, exceeds 10 A/cm at
4.2 K up to 10 T, the Aux motion in a pinning center
should be very small.

Although the origin of the softening is not clear, we in-
troduce a correction factor y to describe the magnitude
of softening in following discussions. The factor y is
defined as

fc obs

H /4'.

where c,b, is the observed c;; (i =1 or 4). In our case,
y= 1 for H~~c and y=0. 75 for HJc. The value of c,I in
Eqs. (8) and (9) should be replaced by ycI.

Next, we discuss the temperature dependence of hc~.
Each pinning energy can be obtained by fitting the data
of Fig. 4 to Eq. (8) with Eqs. (10) and (11). The tempera-
ture dependence of po and U have to be assumed in Eq.
(11). Here we adopt the model in which po is temperature
independent. The temperature dependence of U is as-
sumed as follows:

E
C3 10-3 =--

10
I—
CQ

CQ
LLI

10

E
10

10
CQ

CO
LLj

10

E
10

I—
10

I—
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CO
LLI
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I // [001]i
H// [100],

3.4

If the exponent n is 0, U is temperature independent and
Eq. (11) is reduced to the simple Arrhenius formula. The
magnetic-field dependence of po and U can be evaluated
by fitting the data taken under various magnetic fields to
Eq. (8) with Eqs. (10), (11), and (13). To estimate the ex-
ponent n, we first analyze the resistivity data. Arrhenius
plots of the resistivity data are shown in Fig. 6 for each
pattern of the Aux motion. As seen in the figure, all of
the traces have negative curvature. This result implies
that the exponent n takes positive finite value. Low-
resistivity regions of the data are well expressed if n is as-
sumed to be 1.5. Here po, U, and T, (H) are used as
fitting parameters. Fitted curves using Eqs. (11) and (13)
are also shown in Fig. 6 by solid lines. The parameters
used in the fitting are listed in Table III. The activation
energies deduced from resistivity measurements are indi-
cated with a superscript r. The activation energies U;"'s
at 0 K decrease with increasing field. Suzuki has already
analyzed the resistivity of a Lai. ssSro. isCu04 thin film

2.6 2.8 3.0
T (10 K )

3.2

FIG. 6. Arrhenius plots of the resistivity data taken under
various configurations. The solid lines indicate the fitted curves
using Eqs. (11) and (13). The parameters used in fitting are list-
ed in Table III.

and reported that values of n are 3 and 2.5 in the cases of
H~ c and Hlc, respectively. The discrepancy between
his and our results may come from the different nature of
the effective pinning mechanisms between a thin film and
a bulk single crystal.

Using the exponent n = 1.5 and varying U and po, the
temperature dependences of hc are fitted. Typical fitted
curves with the experimental data are shown in Fig. 7. In
the case of the AC motion, experimental results are well
fitted by Eq. (8) as shown in Fig. 7(b). In other cases, al-

TABLE III. Fitted results of T, (II), po, and U;", (O, H) deduced from the resistivity data taken under
various magnetic fields.

CA motion
H T, po Uc~
(T) (K) ( 10 0 cm) (10 K)

T.
(K)

AC motion AB motion

po U~c po U~a
(10 0 cm) (10 K) (K) (10 Q cm) (10 K)

1 33.4
2 324
3 31.4
4 304
5 294
6 284

5.6
5.3
5 ' 1

5.2
5.1

5.0

30
13.5
8.52
6.22
4.66
3.59

35.2
3S.O
34.6
34.2
34.0
33.8

6.7

7.2

6.6

1.63

1.18

0.97

36.7
36.3
36.1

35.8
35.7
35.4

8.8
8.0
8.0
8.5
8.4
8.5

1.81
1.65
1.57
1.45
1.24
1.20
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though Eq. (8) holds well in the high-temperature region,
experimental results deviate from the calculated curves in
the low-temperature region as shown in Figs. 7(a) and
7(c). Since resistivity measurements do not have a
sufhcient resolution in the temperature region where the
deviation occurs, it is not clear whether this deviation is
only observed in ultrasonic measurements or not. The
origin of the deviation might be due to the change of the
effective pinning mechanism or the inhomogeneous defor-
mation of the FLL due to the distribution of the pinning
energies. In the latter case, the TAFF model should not
be appropriate because nonlinear effects may set in. This
is not contradictory to the power dependence of hc
below 10 K.

The parameters used in fitting are listed in Table IV.
The activation energies U's deduced from ultrasonic mea-
surement are indicated with a superscript u. The activa-
tion energies U,j s decrease with increasing field, similarly
to the case of the U;"'s. However, U,.

" is smaller than U
in each pattern of Aux motion. This result may imply
that the effective pinning mechanism in ultrasonic mea-
surements is different from that in resistivity measure-
ments. Therefore, it is possible to assume different tem-
perature dependences between U;". and U . For this
reason we also tried to fit the data in Fig. 4 with n =0
(simple Arrhenius formula). To fit the data with n =0
was also possible as in the case of n = 1.5. It was dificult
to determine the temperature dependence of U from ul-
trasonic data only. The activation energies in the case of
n =0 are 71 K at 6 T in the CA motion, 537 K at 6 T in
the AC motion, and 132 K at 14 T in the AB motion.
The order of magnitude and the anisotropy of the activa-
tion energies agree in both assumptions of n.

The difference between the results from resistivity mea-
surements and the results from ultrasonic measurements
are considered as follows: Since Aux lines move over a
macroscopic scale during resistivity measurements, they
are affected by pinned Aux lines and minor but strong
pinning centers including surfaces and cracks which are
not related to the bulk pinning. On the other hand, in
the case of ultrasonic measurements, Aux lines move only
around their equilibrium positions. Therefore Aux lines
only "feel" the influence of pinning centers close to their
equilibrium positions. Consequently, it is regarded that

CU

E

CD

CU

E

CD 1-
H=6(T)
y=0.75

po ——4.1 x10
U„(0,6T) =1

(b) AC motion

0 --------
15

CU«0-

CD

(c) AB motion

10 20 30 40
TEMPERATURE (K)

50

the real bulk pinning effect is rejected on U;"..
Next, we discuss about the anisotropy of the pinning

energies. In the case of resistivity measurements, U&& is
nearly equal to U~~ and Uz~ is the smallest among the
U"'s. This result implies that the intrinsic pinning mech-
anism is not dominant for resistivity measurements and

FIG. 7. Typical fitted results of the experimental data of Fig.
4 using Eqs. (8), (10), (11), and (13). The exponent n in Eq. (13)
is assumed to be 1.5. The open circles indicate the experimental
data, and the solid curves are the fitted curves. The arrows indi-
cate T, (0). The parameters used in fitting are listed in Table IV.

TABLE IV. Fitted results of T, (H), po, and U;,"(O,H) deduced from the sound-velocity taken under
various magnetic fields.

CA motion AC motion AB motion
H T, po Ug~ T, po UAc Tc p0 U~a
(T) (K) (10 0 cm) (10 K) (K) (10 0 cm) (10 K) (K) (10 0 cm) (10 K)

2 324
3 31.4
4 304
5 29.4
6 284
8

10
12
14

-3.5
7

3.3
4.6
3.6

-4.2 35.0
—1.5 34.6

1.47 34.2
1.40 34.0
0.93 33.8

10.9
4.1

4.6
3.9
4.1

1.50
0.77
1.22
1.09
1.14

33.1

32.5
31.9
31.3

1.4
1.1
1.1
1.1

2.70
2.08
2.28
2.01
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FIG. 8. Excess attenuation Aa induced by the FI.L with cal-
culated curves using Eq. (9) and the parameters listed in Table
IV. The open circles indicate the experimental data, and the
solid curves are the calculated ones. The arrows indicate T, (0).

U~& and Uzz are governed by some other pinning
centers. In the case of ultrasonic measurements, U~& is
the largest among the U"'s. Therefore it is suggested that
the intrinsic pinning mechanism works well for the bulk-
sensitive measurement. In other patterns of Aux motion,
Ucz is smaller than Uz~. In Ucz and Uzz, the pinning
centers should not be the intrinsic one, but be some im-
perfections. The anisotropy between Ucz and Uzz is
considered to be due to the anisotropy of H, z and/or the
anisotropy of the effective pinning center itself. In the
case of the YBa2Cu307 system, it is considered that twin
planes act as the effective pinning center. In
La, 85Sro»Cu04, since twin planes are parallel to the
(100), plane, they can contribute to both Ucz and Uzz.
For the purpose of making clear the role of twin planes,
the measurement of the (c» —c tz )/2 mode will be mean-
ingful. Comparing the two results in the cases of
H([[110],and H()[110]„the FLL contribution can be ex-
tracted by the same process which was mentioned before.
In this case, since the direction of FLL motion is not per-

pendicular to the twin planes, the value of U„"z which
does not include the effect of twin planes can be estimat-
ed. This experiment is now in progress.

Brandt calculated the TAFF diffusivity I (Ref. 31) us-

ing the scaling prescription proposed in Ref. 23. Accord-
ing to his result, the order of the activation energies,
namely, the order of I, is expected to be
U~c ) Uc~ ) Uzz if the effective-mass anisotropy only is
taken into account. Since this result is inconsistent with
our experimental result, the effective pinning center in

La~ 85Sro &gCu04 may have an anisotropic character to its
nature.

The temperature dependence of Aa is calculated using
Eq. (9) and the parameters listed in Table IV. The re-
sults are shown in Fig. 8 with experimental data. The in-
crease in Ao. below about 15 K in the AC motion comes
from the subtraction process of the background. Al-
though it is not clear whether this effect is intrinsic or
not, we have a feeling that this is an extrinsic effect, be-
cause the magnetic-field dependence of the attenuation is
not systematic in this temperature region, while the peak
at T systematically changes with changing magnetic
field. Near T, the agreement between experimental re-
sults and calculated curves is good except for absolute
values. More precise attenuation measurement is neces-
sary to discuss the shape of the peaks.

In summary, the FLL elasticity and its anisotropic pin-
ning have been investigated in a single-crystalline
La, 8~Sro, 5Cu04 by the ultrasonic technique. This
method is a bulk-sensitive measurement and is useful to
investigate the anisotropy of the FLL if the measured
elastic mode is suitably selected. The softening of the
FLL is observed when magnetic fields are applied perpen-
dicular to the c axis. The temperature dependence of the
excess elastic constant and the sound-attenuation
coefficient induced by the FLL are explained by the mod-
el based on the thermally assisted Aux-Aow model. Three
independent pinning energies Ucz, Uz&, and U„"z have
been evaluated separately, and it is found that
U„"c) U~~ ) Uz„. This result is consistent with the in-
trinsic pinning mechanism. The activation energies de-
duced from resistivity measurements are larger than
those deduced from ultrasonic measurements. Therefore
it is suggested that the effective pinning centers are
different between these two measurements.
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