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the material. To describe the thermodynamic
behavior of a real system, H or B must be re-
lated to the field outside the sample produced
by the external magnet. Thus a number of fac-
tors which have been omitted from the present
analysis (e.g., boundary conditions, depolar-
ization effects, etc.) will be important. Dis-
cussion of real systems will be taken up in
future work.
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The dc resistivity in the superconducting
mixed state is essentially zero unless l-jxﬁgl
Za., where J is the transport current densi-
ty, ﬁo is the magnetic field perpendicular to
a thin plate sample, and o, is a measure of
the strength of the flux pinning defects. For
larger currents the flux tubes flow over the
pinning centers giving a dynamic resistivity
pf:anO/ch where py, is the normal resis-
tivity.! For an “ideal” material (no pinning
centers), a.=0. At microwave frequencies
the resistance of all materials is that of the
“ideal” material, even for transport currents
several orders of magnitude below the criti-
cal value.? In this Letter a simple model for
the oscillatory motion of flux tubes in the pres-
ence of pinning centers is given, and the fre-
quency dependence of the flux-flow resistance
is calculated and is shown to be in reasonable
agreement with experiments on Pb-In and Nb-
Ta alloys. It appears that rf techniques will
prove valuable in studying the detailed nature
of flux pinning centers in the mixed state.

At fields well above H.1 the magnetic ener-
gy density required to change the flux-tube
lattice constant d is considerably greater than
that involved in pinning.® The lattice is there-
fore quite rigid, and, over a distance large
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compared to d, the flux tubes form a “single
crystallite.” The size of the crystallites will
be determined by the relative strengths of the
pinning and magnetic energies. These crys-
tallites are equivalent to the “flux bundles”

of Anderson and Kim.?® If a force (due to a
transport current) is exerted on these cystal-
lites, they will displace with respect to the
pinning centers. Since the displacement of

all of the crystallites is approximately the
same, the forces they exert on each other due
to the displacement will be small. Following
Anderson, we assume that they can slide read-
ily with respect to each other. The equilibri-
um position and orientation of these crystal-
lites will largely be determined by the poten-
tial energy due to the local pinning centers.

If there are many pinning centers in each flux-
tube crystallite, the potential energy or “pin-
ning potential” will be periodic in the flux-tube
lattice constant. It is reasonable to assume
that the pinning potential is a fairly smooth
function of x, well approximated by @ =Al1
—cos(2mx/d)]. The force ® exerts on each flux
tube is

F= =—ds1nd.
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By setting the maximum value of this force
equal to the maximum value of Lorentz force
per flux tube the pinning can withstand, we de-
termine 274 /d=a.@y/cH(, where ¢ is the
flux quantum %c/2e.

We can now write the equation of motion of
a typical flux tube of this rigid lattice as

ac¢0

cH

. 2mx Jgﬂo
sin——=——
c

d

mx +nx + s
[¢]

where m is the effective mass of the flux tube
per unit length and n=¢@gHc9/c%y,, the flow
viscosity.! We have neglected the forces be-
tween flux tubes which are a constant in the
rigid lattice and have assumed that ﬁo is per-
pendicular to J. For small displacements (cur-
rents well below the critical value),
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Setting J =J 2@ % =% %! we have for the
power absorbed per unit volume
_1 Jo*Ho . :I _ ng(poHonwz
Plw)=z Re[ ¢ o7 2c wn?+ (wim—k)2]

If w2n2> (wim—k)?
inate, then

i.e., viscous forces dom-

b
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which is just the dc result for the “ideal” ma-
terial. The effective mass of the flux tube has
been calculated by Suhl* and is so small that
the term is probably negligible even for the

most highly annealed material. The curve in
Fig. 1 is a plot of P(f)/Pjqea] 2t Hg=2H g VS
log(f/f,), where 21f,=w =k /n is the frequen-
cy where the absorption reaches half of its
“ideal” dc value.

Experiments were performed with rolled foils
of Pb, 4In, ,, and Nb, ,Ta, ., approximately
0.0005 in. thick over the frequency range from
zero to 100 Mc/sec. This thickness was small
enough that the rf field penetration was approx-
imately uniforn as soon as an appreciable frac-
tion of the normal resistance appeared. A mod-
ified four-point probe technique was used to
measure the voltage across the sample as a
function of current over this wide range of fre-
quencies. At frequencies greater than about
1 Mc/sec the reactance of a straight foil sam-
ple is usually much greater than the resistance.
The foils were therefore made in the “nonin-
ductive” shape shown in the inset of Fig. 1,
by photoetching techniques. The over-all large
dimension of the sample was approximately
1 in. At about 5 Mc/sec the reactance of the
structure was about equal to the 8- normal
resistance. In calculating the resistance the
reactive component of the voltage, determined
at H,=0, had to be considered. The resistance
was calculated with the assumption that the in-
ductance was independent of the magnetic field.
This is a good assumption since the geometric
inductance dominates over any electron iner-
tia, and for the field perpendicular to the sam-
ple surface, the internal field is quite uniform
and very close to the applied field, as long as
we are well above H.1. Since the long current
path made the normal resistance of the sam-
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FIG. 1. Power absorption in the mixed state for subcritical currents as a function of frequency. Points at very
high frequencies are microwave data taken on other samples of the same materials.
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ple comparable to transmission-line impedances,
a resistance of several thousand ohms was placed
in series with the current drive at the sample

to provide a constant-current source. A simi-
lar resistor was used to isolate the voltage
probe. The currents used were of the order

of a few microamperes, far less than the crit-
ical current at 3H.9. It was also verified that
this was a subcritical current by varying the
current and noting that the voltage curves scaled
perfectly.

The triangles and circles in Fig. 1 are exper-
imental points for two annealed samples of
Pb,_gIn,. ; (I and II, respectively) at 1.7°K.

The @, was somewhat magnetic field dependent,
but at Hy=3Hc9, oc1=1700 and 1= 2400 kOe
A cm™2, The crosses are experimental points
for an unannealed sample (III) of Nb, T2, o5

at 4.2°K. Heating due to the large critical cur-
rent forced us to determine a, at Hy=$H .9
where it was 7000 kOe A cm~2, The data have
been fitted to the theoretical curve by choosing
appropriate values of f,: fgr=3.9 Mc/sec, forg
=5.1 Mc/sec, forp= 15 Mc/sec. Within the ex-
perimental error, f, scales appropriately with
a.. The frequencies f(, calculated from the
experimental o, py,, and the cosinusoidal pin-
ning potential are about a factor of 2 larger
than the experimental values, but this is well
within the limitations of the model. Consider-
ably closer agreement with experiment can

be obtained with a parabolic pinning potential
®=3kx? for x between +d/2, and % is determined
by setting the force at x =d/2 equal to the max-
imum force. The cusps at odd multiples of
d/2 make this potential unrealistic for large
displacements. The frequencies fop calculat-
ed for the parabolic potential, in addition to
foc and the experimental values, are displayed
in Fig. 1.
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The shape of the voltage-versus-H, curves
differed from sample to sample, but for the
Pb-In samples (and to a large extent for Nb-
Ta) there was almost no increase in voltage
with H, below f,/3 until Hy~H 9. Above about
3f,, all samples showed essentially “ideal”
behavior independent of frequency. The details
of the shape of the V-H curves near f, should
reflect the nature of the pinning sites. Pinning
centers of different types in the same materi-
al should produce structure in these curves.
as well as in Fig. 1. Indeed, V-H, curves tak-
en on sample III showed a structure indicating
that a class of pinning centers with low f, be-
came ineffective at high magnetic field while
the dominant class with higher f, remained
effective. It is probable that the former is
a magnetic pinning center while the latter is
an order-parameter pinning center.®

We wish to thank G. D. Cody and A. Rothwarf
for valuable discussions, and H. Hanson for
performing much of the experimental work.
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