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Ultrasonic Attenuation by the Vortex Lattice of High-T, Superconductors
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Measurements of the transverse sound attenuation and velocity in a ceramic Bil6pbp. 4Sr2CapCu30y
superconductor (T, -110 K) were performed with and without a magnetic field. Pronounced peaks in

the field-induced attenuation and an increase of the velocity at low temperatures were observed. These
eA'ects can be attributed to the transition of a rigidly pinned flux-line lattice into a depinned state. A
quantitative explanation is presented within the framework of thermally assisted flux flow and without

any adjustable parameter.

PACS numbers: 74.30.Gn, 74.60.6e, 74.70.Vy

The properties of the flux-line lattice (FLL) in the
mixed state of high-T, superconductors are among the
most extensively studied aspects of high-T, superconduc-
tivity. During the last two years, a great number of new

phenomena have been observed including the most prom-
inent effects such as "giant flux creep", ' broadening of
the resistive transition in a magnetic field, ' or frequen-

cy and field dependence of the ac susceptibility. While
there is now a general agreement that flux motion is at
the origin of all of these eA'ects, the exact nature of the
mixed state is still a matter of considerable debate.
Many new ideas have been put forward in the literature,
such as, for instance, FLL melting as a property of
the FLL itself or vortex-glass phases as a consequence of
pinning in conjunction with disorder. " Experimental
evidence for both of these phenomena is discussed con-
troversially' ' and even the interesting crossover phe-
nomena observed in the I-V characteristics of
YBa2Cus07 thin films' cannot be considered as an ulti-

mate proof for a nondiffusive motion of flux lines, as was
recently pointed out by Esquinazi' and Griessen. '

In spite of this intense research, the experimental ac-
cess to these problems is rather limited. The most fre-
quently used approach is the evaluation of the resistive
transition in a magnetic field. ' Here, flux-line motion
is studied in a stationary dissipative state where flux lines
move from one side of the sample to the other. The reso-
lution of these experiments requires current densities
typically of the order of 10-10 A/cm . ' A second ap-
proach consists of magnetization measurements either in

the ac or dc mode. ' Here the interpretation is usually
more difficult because of large inhomogeneities in the
spatial distribution of flux lines. With the vibrating-reed
measurements, a third approach has been introduced re-
cently. ' '

The main purpose of this Letter is to present ultrason-
ic attenuation as a novel means of access to the static
and dynamic properties of the FLL. In ultrasound ex-

periments, sound waves are coupled to the FLL via pin-
ning. This coupling leads to a modified attenuation and
dispersion of sound which allows us to extract detailed
information about the mixed state. We shall demon-
strate that this method has clear advantages over the
above-mentioned approaches in several respects: First,
ultrasonic measurements are real bulk measurements
which implies that surface or grain-boundary eff'ects are
of minor importance. This is particularly interesting for
granular samples in which resistive measurements cannot
evaluate the flux-line dynamics because of grain-
boundary resistances. Second, once the flux lines have
attained their equilibrium position, ultrasound waves will

move them away from equilibrium by at most 10 nm

which is the typical sound amplitude. With a magnetic
field of 1 T and a wavelength of 200 pm, this amounts to
current densities of less then 0. 1 A/cm; i.e., orders of
magnitude smaller than in resistive measurements.
Sound measurements are therefore best suited for the
evaluation of the near-equilibrium dynamics of the FLL.
Third, this method allows a direct measurement of the
elastic constants of the FLL. This is important in aniso-
tropic superconductors, where there is some controversy
about the value of the tilt modulus C44. Finally, we

mention the possibility of varying the sound frequency
over a broad range and of studying the diA'erent modes
which could provide otherwise inaccessible information
on anisotropies of the mixed state.

Here, we present results for Bil 6Pb04Sr2Ca2Cu30y
ceramic. The sample was prepared by a sol-gel pro-
cess. X-ray-diftraction analysis showed a single super-
conducting phase with T, =110 K (determined from
ac-susceptibility measurement [inset of Fig. 1(b)]). The
density was po=4. 5 g/cm, i.e., 72% of the theoretical
density. Flat, parallel faces were prepared on two ends
of the sample (5X5X5 mm ). Ultrasonic waves were

generated by LiNb03 transducers ' ' with resonance
frequencies of 3 and 10 MHz. The pulse-echo technique
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FIG. 1. (a) Attenuation and (b) velocity of a 3-MHz trans-
verse sound mode with and without a magnetic field (klIB) in

the Bil 6pb0. 4Sr2Ca2Cu30~ high-T, superconductor. Inset: The
ac susceptibility.

FIG. 2. Difference attenuation ha=a(B) —a(0) and rela-
tive velocity shift Ic&(B)—c, (0)l/c, (0) of the data of Fig. 1.
Solid curves are theoretical predictions without any adjustable
parameter.

and an automatic phase-comparison method were used.
The absolute transverse sound velocity was 1.944X10
cm/s at 4 K which implies wavelengths of -200 pm at
10 MHz, much larger than the typical grain size (-10
pm). The magnetic field was applied in the field-cooled
mode in order to ensure that the FLL had established its

equilibrium position. Magnetic fields were always much

larger than the lower critical field such that the internal
field 80 was almost identical with the applied field. In
this Letter, we restrict ourselves to the discussion of the
transverse sound mode with the propagation direction
parallel to the magnetic field which implies that the dis-

placement vector u of the crystal is perpendicular to the
flux lines.

In Fig. 1, the results for the attenuation and velocity
are shown for the 3-MHz transverse sound mode in zero
field and in fields of 3 and 5 T. The zero-field attenua-
tion is a structureless function with barely no change at
T, . Such a behavior seems to be a common feature of all

high-T, superconductors. ' When applying a magnet-
ic field, the curves split at T, and a reach a maximum
excess attenuation at T=62.9 K (5 T) and T=69.1 K
(3 T) [Fig. 2(a)]. At the same temperatures the velocity

increases by a certain fraction. The corresponding
differences from the zero-field velocity are displayed in

Fig. 2(b). We have performed the same measurements
at different frequencies (2.855, 3, 9.044, 10, and 10.65
MHz) and at fields ranging from 1.5 up to 6.5 T. The
positions of the corresponding attenuation peaks are
shown in Fig. 3.

We shall demonstrate that all of these effects can be
interpreted in a quantitative way within the framework
of thermally assisted flux flow (TAFF). In the con-
text of sound attenuation, this was discussed in detail by
one of the authors. The basic assumptions and results
are the following: Any small distortion of the FLL will

relax into equilibrium. Considering only tilt distortions,
this can be expressed by a relaxation equation for the
displacement vector v =(v„v~) of the FLL (with
8=Be, ),

I C448 v,

where C44=pBc/4x is the tilt modulus and p is a factor
to correct for the empty space in a porous sample. In
our experiment p =po/po""'=0. 72. Equation (1) is valid

for wavelengths larger than the London penetration
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FIG. 3. Temperatures of the attenuation maxima of the

transverse sound mode as a function of frequency and magnetic
field (0, 1.5 T; o,a, 3 T;O,O, 5 T; A, a, 6.5 T). Solid curves are
theoretical predictions, adjusted at the 10-MHz results (solid

symbols).

u-c, 'a,'u+(I/pn)r '(u —v) =0,
—C44e,'v+r -'(v —u) =0,

(3)

where c, is the sound velocity and where, for simplicity, a
background damping has been ignored in (3). The crys-
tal lattice and the FLL are coupled by the viscous drag-I ' caused by the relative motion of u and v. The
dispersion relation of (3) and (4) reveals for the excess
attenuation h, a, and for the relative velocity shift
Act/c,

C424I k 2

h,a=
2pnc, co +(C44I k )

hc C44co
2

2pnc, to + (C44I k )

with co/2tr being the frequency and k the wave vector.
Inserting the expression (2) for I into (5) and (6), we

find an attenuation peak at T=U(8)/ln(c pk /4irto)
and a step in the velocity at the same temperature. This
is qualitatively in perfect agreement with our experimen-
tal results in Fig. 1. For a quantitative comparison we

depths and only in the immediate vicinity of the equilib-
rium state of the FLL. It is easy to show that (1) is

identical to the diffusion equation of the magnetic field
studied in TAFF. Hence the diffusion constant is

nothing but the dc resistivity p,

p=(4z/c')C441 =pexp[ —U(8)/T],

where the last equation in (2) represents the empirical
Arrhenius form of the resistivity as discussed in Ref. 3.
U(8) is a temperature-independent activation energy
and p a constant. In the presence of sound waves one
has to study the combined motion of the crystal lattice
and the FLL which for the transverse sound mode is de-
scribed by

2

need to know the resistivity p, i.e., the values of p and
U(8). Since we are not aware of any such measurement
in the Bi~ 6pbp4Sr2Ca2Cu30~ phase, we have to adopt a
somewhat different strategy. For p we choose as a
reasonable guess the value of the Bi22Sr2Cap gCu20g+p
phase, i.e., p=0. 1 0cm. Since this quantity enters our
results only logarithmically, this choice is certainly not
very critical. Next, we determine the activation energy
U(8) from the position of the attenuation maxima of the
10-MHz measurements (see Fig. 3). The resulting
values of U(8) are 643 K (1.5 T), 548 K (3 T), 510 K
(5 T), and 495 K (6.5 T). They are surprisingly close to
the corresponding values of the BizzSrzCapgCuzOg+b
phase. '

With p and U(8) fixed, we are now left with no ad-
justable parameter for the explanation of the 3-MHz
data in Fig. 2. The resulting theoretical prediction is
shown by the solid curves in Fig. 2. The agreement be-
tween theory and experiment is remarkable both in

height, shape, and position of the attenuation peak as
well as the velocity shift. The only significant deviation
occurs in the low-temperature regime, where the at-
tenuation stays at a temperature-independent level. This
is probably due to hysteretic losses which also occur in

vibrating-reed experiments. ' ' In Fig. 3, we have plot-
ted the positions of the attenuation peaks of the other
measurements not shown in Fig. 2, and find almost per-
fect agreement with the predicted positions (solid
curves).

This excellent agreement between theory and experi-
ment excludes other possible explanations (such as, for
instance, FLL melting' ) of the attenuation peak. We
therefore conclude from these results that for sufficiently
small driving forces, flux-line motion is mainly diffusive
in character. In order to substantiate this point, we have
reduced the power of the ultrasound by a factor of 25
and find almost no difference in our results. This implies
that nonlinear contributions to the attenuation are negli-
gible. As a further result we find that the tilt modulus

C44 is not reduced by the anisotropy or the granularity of
the superconductor. Otherwise, the step height in Ac,
and the height of ha would have to be reduced as well.
We consider this as a direct proof of Brandt's conjecture
that the long-wavelength limit of C44 is solely given by
the Maxwell energy density of the magnetic field. ' In
fact, finite-wavelength corrections to C44 of anisotropic
superconductors are given by

C44(k)/C44(0) = I/(I+k~A, , +kfX,b),
where k, and k,b are the London penetration depths in
the c and ab directions and k &, k

~~
are the corresponding

components of the wave vector. For X,b =1500 A,
and an anisotropy k, /X, b = 55, we find X, = 8 pm
which is indeed very large, but nevertheless much small-
er than all wavelengths used in our experiments.

In summary, we have shown that the ultrasound
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method provides a new approach to the study of the
mixed state of high-T, superconductors. It can be used
as a measure of the elastic and the pinning properties
and as a sensitive probe of the activation energies in bulk
samples. An interesting extension of our work would
be to go to much higher frequencies in single-crystalline
samples (e.g. , by Brillouin scattering). Then one can ex-
pect to observe directly the crossover to the short-
~avelength limit, ~here the "pancake" structure of the
vortices becomes relevant and where the superconductor
is two dimensional in character. " Lastly, it also opens
the possibility to measure the large shear moduli predict-
ed by Kogan and Campbell.
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