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The frequency of a vibrating reed made of a superconducting suspension of isolated micrometer-size
grains of low- and high-7. superconductors in a magnetic field directly measures the elastic pinning
force on the flux line. Four different types of field and temperature dependences of the attenuation
caused by moving flux lines are observed and explained. In particular, the shift to lower temperatures of
the dissipation peak of small high-T, grains perfectly agrees with the prediction by thermally activated

depinning.

PACS numbers: 74.60.Ge, 62.40.+i

The physics of vibrating superconductors in the mixed
state is a fascinating and, in general, difficult problem. A
solvable special case is the superconducting vibrating
reed (VR).'"? This technique and its variations,*> even
as recently reported ultrasonic attenuation,®’ use
mechanical measurements to provide information on the
interaction of the flux-line lattice (FLL) with the atomic
lattice via pinning. With the sensitive (low amplitude)
VR technique it is possible to measure the elastic pinning
force or Labusch parameter a(B,,T) (B, is the applied
magnetic field and T the temperature), i.e., the curvature
of the average pinning potential.®®

In this work we present novel results obtained with
micrometer-size superconducting grains in the mixed
state embedded in an insulating matrix and performing
small rotations relative to B,. This case is of particular
interest for a number of reasons. Two advantages are
immediately recognized: There are no limitations on the
shape of the superconducting material, and the usually
large dissipation® by flux jumps is drastically reduced,
allowing measurements at very high fields. Since the rel-
ative displacement of the FLs in the rotating grains is ex-
tremely small, we are able to measure, instead of the
usual hysteretic dissipation in bulk reeds, purely viscous
damping. A main result of this paper is that, again due
to the small FL displacements relative to the pins, vibrat-
ing reeds made of a superconducting suspension directly
measure the elastic pinning forces. The change in the
resonance frequency of the reed with field and tempera-
ture is due only to the field and temperature dependence
of a(B,,T).

We further show that the FLL dynamics in high-T,
superconductors near and above the depinning tempera-
ture Tp is governed by the diffusion'®!! of FLs in agree-
ment with the thermally assisted flux flow (TAFF) pic-
ture.!> As a consequence of the diffusive character of
TAFF, small grains of a high-T, superconductor should
show a clear decrease in Tp as compared with much
larger bulk polycrystalline reeds at similar resonance fre-

quencies, because a smaller characteristic diffusion
length leads to maximum damping. To our knowledge,
the implication of this thermally activated effect in
ceramic superconductors with decoupled grains has not
been recognized yet in the literature.

We have measured granular reeds with both conven-
tional and high-T,. superconductors. NbgsTizs powder
was prepared by arc melting followed by a homogeniza-
tion heat treatment and powdering after hydrogenation.
After dehydrogenation, the powder sample showed a
critical temperature of 7.=10 K.'*> For the granular
reed an appropriate sieve fraction of the powder was
mixed with acrylic powder (Resin 3 by Struers). Thin
slabs were cut after thermal polymerization. The high-
T, granular sample was made after mechanical powder-
ing of the ceramic sample of composition Bi; sPbg sSr,-
CaCu,0, with 7.,=70 K (sample No. 2 of Ref. 14
without any heat treatment). The granular reeds showed
approximately Gaussian distributions of the grain dimen-
sions, with =37 um average grain size and =20 um
standard deviation.

The frequency enhancement of the flexural vibration
of a cantilevered superconducting vibrating reed, suffi-
ciently thin and of constant cross section, formally may
be ascribed to a line tension P exerted on the ends of the
reed by the applied field B,.'? In the following we con-
sider reeds of length /, width w, and thickness d
(I>w>d) made of (or containing a suspension of) a
superconductor with negligible magnetization. This re-
quires a large Ginzburg-Landau parameter x>>1, not
too small applied field B,> B.), where B, is the lower
critical field, and weak static pinning such that the ap-
plied field penetrates almost completely.

In general, one may distinguish four types of line ten-
sion pulling at the reed. In cases 1-3 the flux lines are
completely pinned dynamically, i.e., the very small tilt
angle ¢ <10 ~* of the reed during its flexural vibration
does not suffice to unpin the vortices when they tend to
stay parallel to B,. The flux lines thus curve with the
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reed during the vibration. This means that the internal
field stays constant and the reed behaves as if it were in
the Meissner state. Then in a longitudinal field (case 1)
the line tension P; is caused by the complete shielding
from the reed’s interior of the small transversal field
component B,¢, which thus has to flow around the reed
like a fluid in laminar flow around a plate. The resulting
large stray field causes a line tension

P =(w?/4)B2/uo. (1)

In a transverse field (case 2) this shielding does not
occur since the small field component B,¢ here is paral-
lel to the tilted reed (the ac perpendicular component is
«¢? and therefore negligible). In this case the line ten-
sion P, is the tilt modulus of the flux-line lattice, ca4
=BB,/uo= BZ/uo, times the cross section of the reed,

Py=wdB2/uo. )

The same line tension P, applies also to reeds consisting
of isolated superconducting grains for arbitrary field
orientation. If the grains are embedded in an isolating
matrix with filling factor f <1 (case 3), the line tension
of the reed is reduced by this factor,

Py=wdfB2/ . 3)

The tension Pj; applies to arbitrary shape of sufficiently
large grains since our assumption of negligible magneti-
zation assures that B = B,; demagnetization effects may
thus be disregarded.

Elastic instead of rigid pinning leads to small correc-
tions in cases 1-3 which slightly reduce P,, P,, and P;
and from which the Labusch parameter a may be deter-
mined. -

In case 4, the grains are so small that the flux lines are
bound elastically to the pinning sites, even if the flux
stays parallel to B,. In this case elastic pinning gives the
main contribution to the frequency enhancement with
field, in contrast to cases 1-3. The elastic energy density
of a vortex lattice displaced by a distance u with respect
to the pins is au?/2. Integrating this over a sphere with
radius R using u(z) =¢z (B, along z, sphere centered at
z=0) the elastic energy is (a¢?/2)(4x/3)R>/5. Thus,
for small spherical particles embedded with filling factor
fin a resin matrix we get a line tension

Ps=wdfalR>)/5(R?>, 4)

where ( - - - ) denotes the average over all particles. For
cubic particles, the factor + in P4 is replaced by +.
Note that P4 a, whereas P < P, Py oc B2.

With P, replaced by P, P3, or P, the expressions for
the frequency enhancement of the reed obtained in Ref.
2 can be applied to any of these cases. In particular, for
a small enhancement of the resonance frequency v=aw/

2r from its field-free value vo=wo/27 we get for a reed
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with small superconducting spheres
0 /wd—1=(4.65/*pwd)afg , (5)

where p is the density and g =(R>)/5(R?) the geometri-
cal factor of the grains.

The condition for the radius of the particles is R>>A44
for case 3 and R < As4 for case 4, with Asq="(cas/a) "%
This follows from the minimization of the elastic plus tilt
energy of the vortex-pin system, which per unit area per-
pendicular to B and for flux lines of length 2R is

R
U=J " lalu@)1 2+ calu' ()13 dz . ®)

The resulting displacement u(z) = —u(—z) of the flux
lines with the appropriate boundary conditions u'(z) =¢
at |z| =R (the flux lines at the surface are parallel to the
applied field) and ©#(0) =0 (the z axis is fixed to the ma-
terial) is

sinh (Z/}»44)
cosh(R/Aas)

From (7) follow the limits

u(z) =ph44 (7)

u =ohgqsgn(z)expl — (R — |z])/\44l

for R>M\44, and u =¢z for R < A44 used in (4).

Figure 1 shows the frequency enhancement w?2(B,)
— 4 [wo=w(B, =0)] for granular samples with differ-
ent filling factors 0.025 < f < 0.6 of NbTi alloy versus
applied field at constant temperature. In the same figure
we show the result for the bu/k sample of the same com-
position. At B, <0.8 T the bulk sample’s frequency
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FIG. 1. Deviation of the resonance frequency from its B, =0
value vs applied field at constant temperature. (O) NbgeTiss
bulk reed at 7=8 K. Granular reeds with filling factors 0.025
(#), 0.1 (x), 0.3 (+), 0.6 (%) at T=8 K. The resonance fre-
quencies at B, =0 are between 0.2 and 0.6 kHz. The dashed
line has a B'® dependence. (O) High-T, granular reed (T,
=70 K) with filling factor 0.1, T=10 K, and wo/27=1.42
kHz. Inset: Frequency deviation as a function of f/pl/? at
B, =0.1 T and T=8 K normalized to the f=0.025 reed.
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FIG. 2. Normalized Labusch parameter as a function of re-
duced field. For NbTi grains; at T=6 K: f=0.3 (%),
f£=0.025 (x) with B.,=5.8 T and a(b=0.5)=7.8x10'"* N/
m* at T=8 K: £=0.3 (O), f=0.025 (A) with B.,=3.0 T and
a(b=0.5)=7.8%x10'> N/m* For the bulk reed at T=8 K
(0), a(h=0.56)=6.5x10'3 N/m*. Inset: Double-logarithmic
plot of a vs B, for the bulk reed.

enhancement shows the expected B? dependence accord-
ing to (1); the deviation from this dependence due to
nonrigid pinning can be recognized in Fig. 1 at B> 1 T.

In contrast, the granular samples show an approxi-
mate B;? dependence for B, <1 T, independent of the
filling factor. This remarkable difference is strong evi-
dence that now the line tension P is not described by
cases 1-3, but governed by the Labusch parameter a as
expected from (5). Indeed, the absolute value of a and
its field dependence obtained for the bulk reed, '’ see Fig.
2, using the standard procedure described in Refs. 2 and
3 are in agreement with those obtained (without adjust-
able parameter) for the granular samples using (5) with
the calculated parameter g==1.3x10 ~° m?. Additional
support for this interpretation comes from the fact that
the relative frequency increase squared scales with f/pl?
as expected from (5) for samples with different dimen-
sions, filling factors, and densities for constant grain-size
distribution at fixed field and temperature; see the inset
of Fig. 1.

Figure 2 shows the dependences of a on the reduced
field b=B,/B., at two different temperatures and for
two samples with different filling factors and for the bulk
reed. As already observed in amorphous Zr7oPd3o, a
scales with field and shows a maximum at 5==0.5.3 For
the NbTi grains we obtain a==1.7x10'2B.,(T)33%02
Nm 4T3 at b=0.5.

In high-T. superconductors ao B2T021617  Thjg
dependence is also observed in the high-7, granular sam-
ple, Fig. 1. For this granular sample we obtain values of
aleg., a(1 T, 10 K)=4.3x10'® N/m*] which are in ex-
cellent agreement with those determined for bulk
reeds.'®!” This agreement illustrates that the VR tech-
nique probes the pinning of intragranular vortices in
polycrystalline materials. '*
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FIG. 3. Temperature dependence of the total damping for
the granular NbTi reed with f=0.1 at B,=0 T (*), 0.71 T
(A, T.=9.8 K), and 2.8 T (x, T.=8.3 K), and for the bulk
reed at B, =0.42 T (O, right y axis).

We will now discuss qualitatively the dissipation
mechanisms in the vibrating reed. Four cases may be
distinguished: (a) In low-T. superconducting bulk
mechanical oscillators a peak in the damping I'(T’) is ob-
served near T.(B,) if the damping is governed by hys-
teresis losses. This is the usual dissipation mechanism in
bulk VRs caused by irreversible flux-line displace-
ments.>'® The hysteretic damping can be expressed by
Ihocu(l)"/a™, where u(l) is the amplitude of the reed
tip and the exponents n,m = 0 depend on the area of the
force-displacement hysteresis loop.? Since the pinning
forces vanish at T.(B), the peak in I' shown in Fig. 3 is
due to the depinning of the FLs before the superconduc-
tor turns normal. Below the peak the nearly constant
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FIG. 4. Depinning lines obtained for the granular (f=0.1)
and ceramic reeds of BiisPbosSr.2CaCuO, with 7.=70 K.
v(B,=0) =1.42 kHz (0.36 kHz) for the bulk (granular) reed.
The length of the bulk reed is / =0.8 cm. Inset: Temperature
dependence of the reduced damping at B, =0.42 T for the bulk
(®) and granular reed (O) with I'(peak) =123 and 0.2 s 7', re-
spectively.
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dissipation is amplitude dependent with n=0.3.'°

(b) A similar peak is observed in bulk high-T. reeds;
see inset in Fig. 4. This peak occurs, however, at the de-
pinning temperature Tp(B,) < T.(B,) and marks the
transition from hysteretic (pinned) to viscous (unpinned)
damping.'*'"” The peak occurs when the resonance fre-
quency equals the reciprocal diffusion time 7, ie., at
w=1""=D(B,,Tp)x*/1*?, where D(B,,T) is the FL
diffusivity and /* a characteristic sample length which in
bulk reeds in longitudinal B, is proportional to the reed
length.'®!" The field dependence of T yields the depin-
ning line shown in Fig. 4.

(c) For low-T, granular reeds, a monotonic decrease
of damping with increasing temperature is observed in-
dependent of the filling factor, as illustrated in Fig. 3 for
a granular sample with f=0.10 at different applied
fields. This result and the amplitude independence of
I'(B,,T) indicate purely viscous dissipation. Near
T.(B,), T depends only on the FL viscosity n(B,,T)
« B.,(T),? which explains its monotonic decrease.
With the obtained values of a(B,7T) we find that Aus
> 50 um= R. Deviations from the behavior shown in
Fig. 4 may be expected at lower temperatures or higher
fields where large values of a(B,T) could reduce A44 and
thus affect the temperature dependence of I'.

(d) In the high-T, granular reeds I'(T) is nearly am-
plitude independent (n < 0.03) but it shows a maximum
not observed in the low-7, granular reeds which is due to
thermally activated depinning of the FLs in the high-T.
grains. This maximum in I is observed when D(B,,Tp)
=4R*w/7? now the grain size 2R = 40 um, and not the
length of the reed as in case (b), is the relevant length
for the FL diffusion. Since 2R = 10 ~2/*, the thermally
activated peak in I' occurs at low temperatures, see inset
in Fig. 4, or at

woD (B, Tp)=p(B,Tp)~10"*u0cm

instead of typically 1 4 @ cm in bulk reeds. '’

Large shifts to lower temperatures and broadening of
the dissipation with field are commonly observed for
low-density ceramics in ac susceptibility and VR experi-
ments, as well as a considerable sensitivity of I or y" to
the amplitude of the reed or the ac field.'>?° These
effects are likely related to the diffusion and dissipation
of FLs on a smaller length scale (grain size) when the
superconducting grains are decoupled.
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