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The propagation of waves similar to helicon waves has been studied in the superconducting
intermediate state of lead in polycrystalline samples and in single crystals of varying quality.
The theories of Noziéres and Vinen and of Andreev were found to agree well with the results

from the highest-quality specimen.

The behavior of the other specimens, although resem-

bling in some respects that predicted recently by Maki for impure systems, is probably due

to pinning effects.
indium and tin.

I. INTRODUCTION

Interest in the properties of the intermediate
state in type-I superconductors has been revived
by the work on vortex models of type-II supercon-
ductors. ’? The intermediate state® occurs when an
arbitrarily shaped piece of superconducting ma-
terial is placed in a uniform external magnetic field
of magnitude smaller than the critical field H,. The
magnitude must be large enough so that owing to the
diamagnetic distortion of the field lines the mag-
netic induction reaches H, at some points inside the
material. In an ellipsoidal spécimen, the inter-
mediate state occurs when the external field lies
between (1 -n)H, and H, where » is the demagnetiz-
ing coefficient of the ellipsoid. The specimen
achieves thermodynamic equilibrium by dividing
into a large number of superconducting and normal
domains (typically of dimensions about 0.01 ¢cm or
smaller in directions perpendicular to the field).

It is easy to show that in equilibrium the field in the
normal regions is equal to H,.

The existence of the intermediate state was first
demonstrated by Meshkovsky and Shalnikov, * who
found that the domain structure was very compli-
cated. In spite of this, some of the early magnet-
ization experiments were interpreted using models
in which the specimen was assumed to break up into
a regular array of alternately normal and supercon-
ducting laminae. This approach provided a reason-
able quantitative description of the experimental
results so long as the demagnetization factor was
not close to unity, Other experiments, notably those
using the “powder-pattern” technique?’® have shown
that the structure is not generally laminar although
such a structure can be produced with the magnetic
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The results in lead are compared with those obtained in earlier work on

field inclined to the normal to the large faces, by

use of a'rotating field, 7 or by passing a sufficiently
strong current perpendicular to the magnetic field. ®
Another particularly simple structure was observed

by DeSorbo® in very pure indium and by Triuble and

Essman'? in lead at fields much less than critical.
The regions containing flux were found to be cylin-
drical with circular cross sections. Such regions
are usually called flux tubes.

Studies of the structure of the intermediate state
of lead have shown that the domains are long and
meandering, '° rather than laminar or cylindrical.
However, because of the rather gross averages
involved in the present experiments, the details
of the flux distribution are not expected to be im-
portant.

Other experiments employing a wide variety of
techniques have been carried out to examine, in ad-
dition to the structure, thermal and electrical trans-
port properties of the intermediate state.™!! Part-
ly because of its connections with flux motion in
type-II superconductors, 1'% interest has arisen re-
cently in another nonequilibrium phenomenon, that
of the propagation of displacement waves of the in-
terphase boundary along the steady magnetic field
direction. '* Such waves can be induced by applying
small-amplitude pulsed or oscillating magnetic
fields to a specimen in the intermediate state. The
method for studying the resulting wave motion is
similar to that used in the study of helicon waves
in metals'®! since, on a macroscopic scale, the
average electromagnetic fields in the specimen re-
semble those in a medium through which a helicon
wave propagates. In essence, the experiment in-
volves setting up standing waves in a thin plate and
measuring a resonant frequency and damping factor.
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The choice of lead for the present experiments
was made for a number of reasons. In order to ob-
tain easily detectable resonances, one wants the
highest possible value of the ratio RB/p, where R
and p are the Hall coefficient and resistivity of the
metal in its normal state and B is the magnetic in-
duction (here, as we shall see, equal to H;). A high
value of this ratio corresponds to the cyclotron fre-
quency of the carriers being large compared to the
collision frequency. High-purity lead is readily
available so that small values of p can be achieved
at low temperatures. The relatively large critical
field of lead also helps to increase the ratio RB/p.
The high transition temperature is useful in making
it easy to work at low reduced temperatures where
the present theories are most likely to be applica-
ble. By using single crystals of knownorientation,
it was also hoped that correlations between the in-
termediate-state properties and the anisotropic
magnetoconductivity tensor of the normal state could
be found.

II. THEORIES

There have been two different theoretical ap-
proaches to the low-frequency electrodynamic prop-
erties of the intermediate state. Noziéres and
Vinen? have given a macroscopic formulation of the
hydrodynamics of the electron superfluid, taking in-
to account its interaction with the normal region of
a flux tube. A microscopic treatment has been giv-
en by Andreev‘z; it is based on the time-dependent
Bogoliubov equations!* which describe the excita-
tions in a normal region in the vicinity of the bound-
ary of the superconducting region.

Noziéres and Vinen? consider a circular cylindri-
cal normal region surrounded by superconducting
material. The cylinder is assumed to contain mag-
netic flux of density H, so that the material within
the cylinder is in the normal phase. The radius of
the flux tube is assumed to be much larger than the
width of the interphase boundary layer which is of
the order of the coherence length £ and the penetra-
tion depth X.'® (We shall not be concerned here with
cases where £ and X differ by as much as an order
of magnitude.) A flux tube represents a single do-
main of the sort that might be found at the lowest
fields at which the intermediate state could form.

The equation of motion of a flux tube, at 7=0°K,
is found by Noziéres and Vinen, % from a generaliza-
tion of the Magnus effect of classical hydrodynam-
ics, tobe

F +Ne (Vg = V;)X d/c =0, 1)

where F is the external force on the electrons in the
flux tube, N is the density of electrons in the flux
tube, ¢ is the magnetic flux in the tube, ¥, is the
superfluid velocity outside the tube, and Vv, is the
velocity of the tube. (Gaussian units are used
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throughout. ) By assuming mechanical equilibrium
on the interphase boundary, it is shown that Vy,, the
velocity of the normal electrons in the tube, is equal
to Vg,; i.e., the current is continuous across the
core boundary. Assuming that the only external
force on the (normal) electrons in the flux tube is
due to lattice scattering, the equation of motion be-
comes

e (Vo= V)X Hy/c =mg/T=0, 2)

where 7 is the electronic relaxation time in the nor-
mal phase. A clear interpretation of Eq. (2) fol-
lows from rearranging it in the form

E=pJ-RJIxH,, 3)

where J=neV,,, - v, xH,/c =E is the electric field
induced in the flux tube by virtue of its motion, p
is the resistivity, and R is the Hall coefficient in
the normal region.

Formally, then, this approach yields the same
constitutive equation as if the material were com-
pletely normal. When flux tubes (normal regions)
move, currents must flow through the normal re-
gions; the superconducting regions do not provide
zero-resistance paths as they do if the normal re-
gions are stationary. Recall, however, that Eq.
(3) is derived for an isolated flux tube, thatis, a
single normal domain in a superfluid background.
Hence, Eq. (3) describes fields and currents on the
scale of a flux-tube diameter. In order to calculate
the response of a large specimen, Eq. (3) must be
averaged in some appropriate manner. If the flux-
tube boundaries are very sharp, then a given vol-
ume of freely moving flux tubes contains the same
amount of moving flux as a similar volume of nor-
mal material without superconducting boundaries.
The specimen response is then determined by the
fraction of the material that is normal. This des-
cription should be valid well below H, where the
normal regions are well isolated. It may also ap-
pear near H, even though isolated normal regions
no longer exist, because the influence of supercon-
ducting boundaries becomes less important.

Equation (3) is just the constitutive equation on
which the Chambers and Jones'® theory for helicon
waves is based. Adding the assumption of small-
amplitude waves traveling along the axis of the flux
tube and taking a time dependence of e~*“*  we ob-
tain the same dispersion formula as for helicon wave
propagation, namely,

w=2ﬂf=kzcz(pxy"ipxx)/4w ’ (4)

where p,,=RH, and p,,=p depend only on the proper-
ties of the material in the normal regions and not

on the relative sizes of these regions. In a sym-
metrically excited thin plate of thickness 2a, the
resonant frequencies are obtained by inserting %
=nm/2a (@ =0dd integer) into Eq. (4). The funda-
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mental resonance (2 =1), is then given by
fR =Cz(p§y+pazcx)1/z/32a2 . (5)

In the experimental arrangement used here, the
magnetic field was kept fixed and the frequency of
the waves was varied continuously through the res-
onance. We thus obtained f; and Af, the width of
the resonance at half-maximum of the in-phase re-
sponse. p,, and p,, were found from the relations
derived by Chambers and Jones,

Q=fr/Af, (6)
u=(4Q*~1)"*=p/p,, (7)
pax=16a% Af/c? . (®)

These formulas are only valid for an infinite thin
plate. However, corrections for specimens of finite
size can be calculated from the work of Légendy. '’
Although the corrections may be many percent, they
have a negligible influence on the field and temper-
ature dependences reported here.

The work of Andreev'? leads to results similar to
those of Noziéres and Vinen.? By averaging the
microscopic electromagnetic fields over regions
larger than the scale of the domain structure, he
obtained the following macroscopic equations for
T=0°K:

divB = 0, curlE =

B - = . -
Cat, (H'V)H—47TJ1XH/C,

- (9)
’H| =H.,

E-H=0, B=vH,
where 31 is the projection of the current density in
a plane perpendicular to the static field and vy is the
fraction of normal material.

Equations (9) canbe used to derive a wave equation
whose dispersion formula is the same as the heli-
con dispersion law. The solution given by Andreev'?
for an infinite plate turns out to be almost identical
to the normal-state helicon results, the only differ-
ence being that the amplitude of the resonance is
proportional to y.

Although both the Noziéres-Vinen and Andreev
theories have been developed for T=0 °K, they
should remain valid at higher temperatures so long
as (i) the interphase boundary remains as “sharp”
as has been assumed, and (ii) the quasiparticle den-
sity in the superconducting regions remains small.
Above T=0°K, p and R should then be replaced by
p(Hc(T)9 T): R (Iic(T)r T)-

In the present experiments, @ in the intermediate
state and at fields just above H, was no greater than

0.55. Taking @ to be constant, Eq. (6) reduces to
fr=c*Qp/16a?, (10)
so that

frEo, T)/frl (T))=pHo, T)/pHE(T), T) . (11)

The voltage across the pickup coil at the maximum
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of the in-phase response is
Ve=1Q% (2Q +1)]H.RG/4a?,

where G is a geometrical factor which can be deter-
mined experimentally. From this it follows that

Ve(Ho, T)/ Vel (T))=v R (Hy, T)/RH(T), T) ,
(13)

(12)

where H, is the external field.

In considering the solution to the Bogoliubov equa-
tions, Andreev'? found some novel features of quasi-
particle reflection at the boundary between the su-
perconducting and normal phases. If the tempera-
ture of the system is small compared with T, then
only a negligible fraction of the excitations have en-
ergies greater than the energy gap A. Thusan elec-
tron impinging on the boundary from the normal side
cannot pass through and exist as an excitation in
the superconducting region. The electron forms a
Cooper pair with another electron, thus leaving a
holelike excitation in the normal region with momen-
tum opposite to the momentum of the incident elec-
tron. The electron is thus reflected as a hole. The
unusual aspect of this process is that all three com-
ponents of the velocity of the excitation are reversed
upon reflection; the quasihole moves away from
the boundary along the incident electron trajectory.
Thus, in a material whose electron mean free path
is much greater than the dimensions of the normal
regions, an excitation can oscillate back and forth
between the interphase boundaries many times be-
fore being scattered. From these considerations,

a size effect will be expected to occur when the
thickness becomes comparable with the transverse
dimensions of the normal regions and not with the
electronic mean free path, as is the case in normal
metals. A similar description of quasiparticle re-
flection has been given by McMillan. 1

III. EXPERIMENTAL TECHNIQUES

The experimental techniques used in our two lab-
oratories differed only slightly and will be designated
C or R whenever it is necessary to refer to any
feature not common to the two arrangements.

A. Specimen Preparation

Both polycrystalline [P] and single-crystal speci-
mens were used in these experiments. All speci-
mens were prepared from Cominco 69-grade lead.
The polycrystalline specimens were pressed to the
desired thickness between clean steel rollers and
then etched to remove any surface contamination.
The single-crystal specimens were cut from ingots
either by electrical spark cutting (R) or by acid cut-
ting (C) (using 80% glacial acetic acid and 20% hy-
drogen peroxide as the cutting fluid). The ingots
were all grown using a modified Bridgman tech-
nique. !® Chlorine-treated graphite (R) and pyrolytic
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boron nitride (C) were used for the crucibles. The
lead did not adhere to the crucibles, so that strain-
ing on cooling was not a serious problem. From
extrapolation to zero field of the resonant frequen-
cies at 4. 2 °K measured in fields greater than H,
(4. 2 °K), resistance ratios of the single crystals
grown in graphite were estimated to be about 13 000,
and those grown in boron nitride in excess of 20 000.
The ratio for the polycrystalline specimen was
8700. All specimens will be designated according
to the orientation and laboratory where the experi-
mental work was done; for example, [100]R refers
to a single crystal whose axis normal to the largest
faces of the specimen was along the [100] direction
and which was run at Rutgers.

The orientations of the crystal axes of the ingots
were found from back-reflection Laue photographs.
In this experiment we wanted the large faces of the
plate to be normal to the [110] axis because pre-
vious studies of the magnetoresistance had shown
that this was a singular field direction in lead. (The
damping of helicon waves is expected to be least if
they propagate along such a direction. '®) However,
the main reason for using single rather than only
polycrystalline specimens was to eliminate the
scattering of electrons at the crystalline boundaries
and so increase the mean free path. At such low
fields as are required to produce the intermediate
state, the collision frequency even in a good single
crystal is expected to exceed the cyclotron frequen-
cy so that no sharp anisotropy near the singular
field direction would be expected. For the purpose
of comparison, crystals having plate normals along
the [100] and [111] directions were also prepared.

Surfaces produced by the spark-erosion process
have a roughness of the order of 10 u. The heavily
damaged layer was removed with a chemical etch
and subsequent polish. Specimens prepared by acid
cutting were given a light etch to smooth the sur-
faces. All specimens were in the form of approxi-
mately rectangular plates of area about 1 cm? and
thickness about 0. 2 mm (R) or in the range
0.65-0.90 mm (C). The specimen thickness varied
as much as 3% in any given specimen.

B. Methods of Generation and Detection

The methods of generation and detection used
here were similar to those used for helicon waves
by Taylor, Merrill, and Bowers.?® A pickup coil
was wound closely around the specimen and then
either surrounded by a single drive coil (R) or else
placed between two separate drive coils (C) so that
in either case a small-amplitude oscillating field
was produced parallel to the specimen surfaces for
the purpose of inducing the wave motion. The axis
of the pickup coil was perpendicular to the drive-
coil axis, thus minimizing direct coupling. A useful
feature of the twin-drive coil specimen housing was
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that the pickup signal could be nulled in zero exter-
nal field while the apparatus was immersed in the
liquid helium. This was usually necessary for much
of the small-signal data because the lack of electri-
cal orthogonality can give an appreciable frequency-
dependent signal having the same phase relationship
to the reference signal as the phenomenon under
study. Typical drive-field amplitudes were 0.5 G
(R) and 2 G (C).

A general swept-frequency phase-sensitive detec-
tion system was used for these measurements. This
feature was almost essential because one must study
broad resonances in a limited field range, since
the applied magnetic field must be less than the
critical field H,, In addition, in the normal state
the resonance parameters change with magnetic
field so it is more convenient to keep the field con-
stant and sweep the frequency. For the purpose of
these measurements, it was sufficient at fixed val-
ues of magnetic field to determine the frequency
dependence of the component of the pickup voltage
that was in phase with the excitation current. The
output of the phase-sensitive detector was applied
to the y axis of an x-y recorder, the x axis of which
was driven by a voltage proportional to either the
frequency or to the external field, depending on
which of the two quantities was being varied.

C. Magnetic Field and Temperature Measurement

The static magnetic field was produced by either
an electromagnet or a solenoid calibrated to an ab-
solute accuracy of 1%. The field was kept constant
to within 0. 1% during any given set of swept-fre-
quency measurements.

The detailed measurements between 1. 2and 4. 2 °K
were carried out with the specimen immersed in
the liquid helium, the temperature of which could
be accurately controlled to 0. 01 °K by maintaining
the vapor pressure above the liquid helium through
a self-regulating diaphragm valve. In order to be
able to raise the temperature of the specimen up to
the superconducting transition at 7.2 °K, a double
cannister enclosure was constructed. The speci-
men and coils were enclosed in the inner can around
the outside of which was wound a heating coil. The
larger can served to keep the liquid helium from
contact with the inner can. The inside can and the
space between the two cans contained helium gas
maintained at pressures of 50 and 1 u Hg, respec-
tively. With these amounts of exchange gas, it took
about 15 min for the temperature to reach equilib-
rium after a change in the heater current. The
temperature of the specimen was measured with a
three-lead germanium resistance thermometer to
an accuracy of 1%.

D. Experimental Procedure

Figure 1 shows a typical set of resonance curves
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Fig. 1. Typical resonance curve,

for specimen [110]C. Data were taken for both nor-
mal and reverse field directions so that components
of the pickup voltage even in the field could be sub-
tracted out. Various parameters of a resonance
curve are defined in Fig. 1. When the resonance
curves were not symmetrical, the resonant frequen-
cy was taken to be the frequency where the normal
and reversed field curves crossed. The peak fre-
quency fp and peak voltage V, were obtained by
averaging the values for the two field directions.
Because of hysteresis effects, the voltage ob-
tained at a given static field depended on whether
the field had been increased or decreased to reach
that value. In order to obtain reproducible results,
data were taken with the field always increasing in
steps through the intermediate state. It was found
that data obtained in this way were quite reproduc-
ible. Other consistent prescriptions also gave re-
producible results, for example, when the magnetic
field was reduced monotonically. However, al-
though such data were reproducible, they were not
exactly the same as those obtained by the first pro-
cedure using an increasing field. Nevertheless,
the resonant frequencies did not depend upon the
magnetic history. We believe that this reflects the
fact that the normal regions contain an induction
B =H_ (as will be pointed out in Sec. IVE, this im-
plies that the “pinning” effects were negligible).
On the other hand, signal amplitudes did depend on
the magnetic history, the effect being greatest at
low fields. In a decreasing field, the signal voltage
was larger than in an increasing field. This hap-
pens because any flux trapped in the specimen in-
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creases the average induction. The hysteresis pat-
terns could be reproduced even without warming
the specimen above T, thus indicating that the
trapped flux in zero applied field (due primarily to
pinning by defects) was quite small.

The demagnetization coefficient of an ellipsoid
inscribed inside any specimen is very near unity
so that one might expect that flux should start to
enter the specimen at external fields very close to
zero. This in turn would give y=B/B,=Hy/B,. In
fact, however, it was always found that flux did not
enter until an external field of Hp ~ 0. 3H, was
reached. This can be readily understood from con-
sidering the field configuration before flux penetra-
tion begins. The ends of the plate are flat and not
nearly as sharp as the edges of the inscribed ellip-
soid. If we assume the distortion of the field by a
square plate to be approximately the same as that
caused by a sphere of diameter equal to the length
of the plate, then Hp should be given by the value
of the external field for which the field at the equa-
tor of the sphere just reaches H,, i.e., Hp =%Hc,
close to the observed value for a wide range of
thickness-to-width ratios. The data for Hp<H,
<0.6H, suggest that v= (Hy— H,)/(H,— Hp), but that
for 0.6 H,<Ho<H, v~Hy/H,

IV. RESULTS AND DISCUSSION

A. Field Dependence of f

Figure 2 shows how the resonant frequency f; at
different temperatures depended on the external
field H, for samples [110]C, [110]R, and [100]C.
The results for [P]C and [P]R were qualitatively
similar to those for [110]R and [100]C. At fields
greater than 0.4 H,, the asymmetry referred to in
Sec. IIID was less than 1% for specimen [110]C.
The greatest asymmetry was observed in specimen
[100]C, but even in this case it was less than 8%.
Note that for most specimens, Fig. 2 shows that the
resonant frequency at low temperature (~ 1.2 °K)
increased as the external field was reduced below
H_ but that the opposite was true at higher tempera-
tures. In specimen [110]C the dependence on ex-
ternal field was quite small, as can be seen in Fig.
3 where all the data for that specimen are plotted
in reduced units, i.e., frHg, T)/frE(T)) vs
Hy/H (T). Note that the original experimental data
may be recovered by referring to the table in the
figure.

The results in Fig. 3 are very close to both the
prediction of Andreev’s theory (that fr should be in-
dependent of Hy) and the results of the Nozidres
and Vinen flux-tube model (although with H, close
to H, the intermediate state no longer resembles in-
dependent flux tubes). As can be seen from Fig. 2,
the agreement is less satisfactory in the other
specimens. [110]R, because of its method of prep-
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Data for

aration, was not as pure as [110]C and, in addition,
was probably not as free from strain and other crys-
tal damage. Possible causes of the change of res-
onant frequency with external field are discussed in
Sec. IVF.

B. Temperature Dependence of fr

The resonant frequency is related to the resistiv-
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FIG. 3. Data at different external fields and temper-

atures for [110]C and [110]R plotted in reduced units.
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ity tensor elements by Eq. (5). In the normal state,
Py and p,, are functions of magnetic field and tem-
perature. Experiments of Phillipsz1 have shown
that lead obeys Kohler’s rule, namely,

[pxx(B’ T)"' pxx(oa T)]/pxx(os T):ZP(B/D(O’ T)) ’

where it is found that ¥ (w) =Cw? and C is a constant.
This implies that the temperature dependence of
P@B #0, T) is not of the same functional form as
pxx(ov T); in faCt,

Pex(B, T)=CB?/p(0, T)+pu(0, T) . (14)

Borovik® has found that p,,(0, T)= @ +8T*. In the
intermediate state, B =H(T)= (1 - t)H ,(0) approxi-
mately, so that p,,=p,H(T), T)=p(T). For all
resonances studied here, @ <0. 55 so that p,,<0. 5p,,.
To a first approximation the resonant frequency is
therefore governed by p,,. Some allowance for the
temperature dependence of p,, can be made by sup-
posing that the Hall coefficient R is independent of
temperature; thus the temperature dependence of
Pyy is given by p,,=R(1 - {*)H (0).

At low temperatures, the second term in Eq. (14)
can be neglected and p,,(B, T) should then be propor-
tional to (1-#?). For temperatures approaching T,
the second term begins to increase rapidly, and p,,
(B, T) will increase correspondingly. These pre-
dictions are confirmed by the data in Fig. 4. The
initial decrease in fy at low temperatures was found
to be parabolic, and this was followed by a steep
rise in fr as T approached T..

That a qualitatively correct explanation of the
temperature dependence of f; can be obtained by
considering the temperature dependence of only the
normal regions will be true only so long as the num-
ber of quasiparticles excited in the superconducting
regions is small. In lead, the minimum single-
particle excitation energy A at T7=0 is 15°K. Thus
at 4.2 °K, the probability of occupation of an ex-
cited state just above the gap is only e3*®,

Data taken under conditions different from those
applying in Fig. 4 showed the same general char-
acteristics. Owing to heavy damping, it was not

Ho=350G Pb [IO]R

frkHz)
@
T

T (°K)

FIG. 4. Resonant frequency versus temperature.
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possible to obtain results above about 5. 25 °K.

C. Field and Temperature Dependence of V),

The field dependence of the pickup voltage Vp(Hy)

for specimens [110]C, [111]C, and
in Figs. 5 and 6.

[100]C is shown

For convenient comparison we

plot Vo (H,. T)/ValH,(T)) against Hy/H (T). 1t can
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FIG. 6. Peak in-phase secondary voltage versus ex-

ternal magnetic field for [110]C at different temperatures

in reduced units.
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be seen in Fig. 6 that all data for specimen [110]C
fall on the same curve, which is close to a straight
line of slope H (T)/[H (T)- Hp(T)]. It appears as
though Hp(T)/H(T) is independent of T and that the
amount of flux, in units of H,(T), is independent of
T for a given value of Hy/H (T). Such results might
be expected for an ellipsoid of well-defined demag-
netization coefficient, but is surprising to find such
behavior in a rectangular parallelepiped. However,
it can be seen that the scaling between different
specimens is not as good as the scaling with tem-
perature of any given specimen. The discrepancies
are greatest for [100]C, which, in addition, does
not have a linear field dependence near H,. These
discrepancies, probably of the same origin as the
field dependence of f;, are discussed in Sec. IVF.

D. Hall Angle

In high-@ helicon resonances, the Hall angle can
be obtained from direct measurements of €. This
was not practicable in the present experiments,
where @ ~0.55, because a small error in @ produces
a large error in u(H,). However, by using the
obvious relation

ulo)/ulll)=VolHo)frMHe)/vVeH)fHy) ,

it is possible to obtain an estimate of the Hall angle
in the normal regions. Both fr(H,)/fr@H,) and Vp(H,)
were obtained from direct measurement, while y
was determined from the variation of V,(Hy)/Vp(H,)
with Ho/H,. The accuracy of using this procedure
to determine # (Hy) is limited by the difficulty in ob-
taining an accurate estimate of u(H /)~ 0. 1.
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Fig. 7. In-phase secondary voltage versus primary

current amplitude.



3 INTERPHASE BOUNDARY WAVES IN THE INTERMEDIATE STATE...

E. Dependence on Amplitude of Exciting Field

Because the theories described in Sec. II all pro-
duce a linear constitutive equation, it is expected
that the amplitude of the secondary coil voltage
should vary linearly with the amplitude of the cur-
rent in the primary coil. It can be seen from Fig.
7, however, that for a small primary current this
is not the case. Experience with flux flow in the
mixed state of type-II superconductors suggests that
the nonlinearity is due to “pinning” of the phase
boundary. This prevents some of the flux within
the specimen from responding completely to the ac
field. Pinning phenomena are well known in type-II
superconductors, 2 where vortex lines become
trapped in potential wells caused by inhomogene-
ities. The passage of a direct current through the
vortex array in the mixed state does not result in
flux motion unless the current is strong enough to
overcome the pinning forces. The situation with
an alternating current is slightly different. Even
though the amplitude of the current is less than the
minimum direct current required to overcome pin-
ning, the vortices may still be able to undergo os-
cillations within their potential wells (although the
amplitude may be smaller than if the vortices were
free).? Pinning effects in direct current flow have
been observed in the intermediate state of polycrys-
talline lead by Chandrasekhar et al.?® Further pos-
sible effects of pinning in the present experiments
are discussed in Sec. IVF.

F. Deviations from Theory

The dependence of the resonant frequency on ex-
ternal field in the intermediate states of specimens
[100]R, [100]C, P[C], and [P]R may be analogous
to the effect in impure type-II superconductors re-
cently discussed by Maki, 2 except that the varia-
tion of the effect with temperature is opposite from
what would be expected from that theory. However,
it is also possible that the field dependence arises
from pinning of the phase boundary by inhomogene-
ities.

In the intermediate state, the effect of pinning on
a moving phase boundary is to enable the magnetic
field in the normal region to exceed the critical
value. The potential barrier adds an additional
force to the boundary so that the normal region is
no longer in equilibrium with the adjacent super-
conducting region. An increase in the field raises
the magnetoresistance of the normal material to
pH’,T), where H' >H,. The resonant frequency,
which is approximately proportional to p(H’, T) is
therefore raised above the value expected for
pH(T), T). At the lowest temperatures, the reso-
nant frequency passes through a maximum at
Hy=~3H_ because at such fields the interphase bound-
ary area is a maximum (and hence pinning effects
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will be largest). As the temperature is raised, the
phase boundary becomes less sharply defined and
the pinning forces correspondingly smaller.

As mentioned earlier, comparison of the mea-
sured secondary voltage amplitude V, with theory
depends strongly on the demagnetization effects; no
obvious discrepancy exists here.

G. Comparison with Tin and Indium

Figure 8 shows typical results obtained in indium
and tin in earlier work.? As can be seen, the be-
havior in tin follows closely the predictions of the-
ory. The deviations in indium are probably due to
the size effect expected from Andreev’s treatment
of the scattering of excitations at the interphase
boundary. In the normal state there is a large con-
tribution to the resistivity from scattering at the
surface of the specimen. However, once the inter-
mediate state forms and the transverse dimensions
of the normal regions become smaller than the plate
thickness, most of the excitations rarely encounter
the surface and so the effective resistivity drops to
the bulk resistivity. Hence, the resonant frequency
falls sharply.

The apparent absence of the pinning effects in in-
dium and tin in contrast to lead has been previously
noted by DeSorbo® in connection with his optical
studies of the intermediate state. Pinning is favored
in lead by the relatively small coherence length and
the tendency (observed experimentally) for the do-
main structure to be more finely divided than in
either indium or tin.

H. Conclusions

The dependence of the resonant frequency of heli-
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FIG. 8. Resonant frequency versus external magnetic

field for indium (Kushnir, Ref. 27) and tin (Hays, Ref.27).
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conlike standing waves in the intermediate state
on both external field and temperature appears to
be well accounted for in good quality pure specimens
by the microscopic theory of Andreev'? and also by
the model of Noziéres and Vinen. 2

Deviations from the theory in the lower-quality
specimens appear to follow the trends attributed in
earlier work to pinning of the interphase boundary
by inhomogeneities rather than being explainable in

KUSHNIR, McLEAN, KASDAN, AND MAXFIELD 3

terms of the impurity effect recently discussed by
Maki. %
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