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Nonlinear Microwave Effects and the Switching Speed of Superconducting Tin
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The nonlinear response of various superconducting tin surfaces has been observed when both a high-
amplitude rf magnetic field at 9200 Mcjsec and a dc bias field were applied to such surfaces. Harmonics
at 18 400 Mc/sec were generated because of the change of the superconducting surface resistance with field
during the rf cycle. Data are presented on the variation of this harmonic output with temperature, with
dc bias magnetic field, and with the rf power level. Results are given for the surfaces of pure bulk specimens,
of alloy bulk specimens, and of thin films of various thicknesses. The amount of harmonic power observed
is never more than a few percent of that which is calculated under the assumption that the surface resistance
changes instantaneously and completely from its superconducting value to its normal value when the total
applied field changes from less than to more than the critical value. The conclusion is drawn that the switch-
ing between states is only partial or incomplete at such high frequencies. A discussion is given which appears
to qualitatively account for most of the salient experimental facts. For the alloy and thin film specimens and
for the pure specimens near T„ this discussion is based on consideration of the Ginzburg-Landau order
parameter. For the pure specimens at lower temperatures, a new approach is proposed which is based on spa-
tial e8ects: The switching Geld is confined to such a small skin depth that the presence of the large amount of
adjacent unswitched material inhibits the transition from taking place. In neither case is it found necessary
to include any purely temporal limitation on the switching speed in order to explain the experimental
observations.

I. INTRODUCTION induced by the pulse. An analysis of such thermal
eGects has been given and velocities of such thermal
switching waves of 10' cm/sec have been observed. '
Somewhat similar efIects, but at much lower speeds,
have also been observed elsewhere. ~ A pulse measure-
ment in which such thermal switching e6ects should
have been absent' has shown that the nonthermal
switching speed is at least as fast as 1.5&(10 sec.
These pulse techniques are difFicult to extend to times
much shorter than 10 ' sec.

It is much easier to obtain information at higher
frequencies if the impressed magnetic field is made an rf
sine wave, H,gsincot, and if some nonlinear effect is
measured. Since the resistance in the normal state, E~,
is considerably greater than that in the superconducting
state, Rz, various types of nonlinear effects should be
observable if switching takes place during a cycle. An
early experiment' in which a rectiGed voltage was
measured when a direct current and an alternating
current were simultaneously applied to a supercon-
ducting wire was performed in 1941. The highest
frequency used was 10 cps and the authors concluded
from this work that the switching speed was faster than
2)&10 sec. A more recent paper' gives other references
and describes an experimental method of investigating
the switching by measurement of the instantaneous
Aux penetrating a bulk cylindrical specimen of tin. The
frequencies used were on the order of 100—+ 10 000 cps

~ERTAIN nonequilibrium properties of super-~ conductors, such as the speed of the magnetic field
induced transition between the normal and super-
conducting phases, are of considerable interest since
such effects are, at present, not directly derivable from
the microscopic theory of superconductivity. Those
transition speed experiments are well understood which
involve the quasiequilibrium growth of a pre-existing
superconducting nucleus by the motion of the super-
conducting-normal boundary. ' ' However, at very high
frequencies such superconducting-normal boundaries
will not have time to move an appreciable distance and
the switching mechanism will instead depend primarily
on the process of nucleating the new phase rather
uniformly over the surface of the sample. The purpose
of this paper is to describe some experiments bearing
on such processes and to give a theoretical basis for the
qualitative discussion of the observed effects.

Other somewhat similar experiments have previously
been performed, but not at as high a frequency. Several
investigations of the switching speed have been made
by pulse techniques. In these experiments the rate of
growth of resistance was studied as a function of time
after a step function of magnetic Geld was applied to
the superconductor. Switching speeds as short as
1.5)&10 "sec have been reported in such experiments. '
In this case it is possible that the switching should be
ascribed to a thermal mechanism, namely, that th
temperature of the superconducting element is raise
above the transition temperature by the eddy current

' A. B.Pippard, Phil. Mag. 41, 243 (1950).' T. E. Faber, Proc. Roy. Soc. (London) A219, 75 (1953).
s W. B.Ittner, Phys. Rev. 111, 1483 (1958).
4 A. J. W. Duijvestijn, IBM J. Res. Develop. 3, 132 (1959).
s D. Abraham, Solid State Electron. 1, 340 (1960).

e
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Eksperim. i Teor. Fiz. 11, 573 (1941).' A. A. Galkin and P. A. Bezuglyi, Zh. Eksperim. i Teor. Fiz.
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and most of the effects were attributable to the motion
of the superconducting-normal boundary inward from
the surface. Even so, the authors conclude that at
T'=3.62' the "time for the formation of a supercon-
ducting nucleus" is 10 4 sec, while that for the
"formation of a normal nucleus" is shorter than 10
sec. These times may be those relevant to the process
of covering rather uniformly the surface with the new
phase by the nucleation and subsequent lateral growth
of small nuclei, rather than to the process of imitiatieg
this new phase uniformly over the surface with no
lateral growth involved.

A somewhat related experiment" has also been
performed by observation of the difference frequency
produced when two magnetic fields alternating at
diferent frequencies were simultaneously applied to a
thin superconducting Glm. Input frequencies ranging
from 240 to 840 Mc/sec were used with a constant
difference frequency of 40 Mc/sec. One input frequency,
s &, was applied to only one side of the thin Glm. The
other input frequency, v2, was applied to both sides of
the film and served to switch the film from normal to
superconducting and vice versa. Since the frequency s &

can reach the output loop only when the 61m is normal,
the difference frequency v2 —v& should be present at the
output loop. It was found that this difference frequency
power (and, hence, the conversion loss) was relatively
independent of frequency for values of v& between
240~840 Mc/sec. The conclusion drawn from this
fact was that the switching speed is faster than 0.6&(10 '
sec. However, the absolute value of the conversion loss
was found to be quite large. This conversion loss should
have been small if, as was expected, the degree of
shielding by the 61m in the superconducting state were
always large for H &H,. A separate measurement
show'ed that this shielding was in fact not large and that
it varied only slowly w'ith Geld rather than abruptly at
B=B.. This behavior was ascribed by the authors to
impurities or strains in the thin films. Their results on
switching speeds may therefore have been specific only
for such strained or impure films.

The present paper describes a somewhat different
method of assessing the nonlinearities. Also, the experi-
ments were performed at the much higher frequency of
9200 Mc/sec. In this method harmonics at 18400
Mc/sec were observed; these harmonics were produced
when a steady dc bias Geld plus the large amplitude rf
Geld at 9200 Mc/sec were applied to the superconduct-
ing surface. Some preliminary results have previously
been given. "The major advantages of this method are
the following: Calculation of the amount of harmonics
expected is much more straightforward than calculation
of the conversion loss for the mixer; both thin films and

"D. L. Feucht and J. B. Woodford, Jr., J. Appl. Phys. 32,
1882 (1961).

n A. H. Nethercot, Jr., in Proceedings of the Seventh International
Conference on Lose Temperature Physics, 1NO (University of
Toronto Press, Toronto, 1960), p. 231.

the more reproducible and better understood surfaces
of bulk samples can be investigated; the distribution of
the Gelds in the interior of the bulk samples is well
known; heating effects are much less for the bulk
surfaces; and, 6nally, relatively simple structures can
be used.

From the amplitude of the observed harmonics it can
be said that none of the samples studied give evidence
that the switching is more than very partial or in-
complete at a frequency of 9200 Mc/sec. Thus, the
switching speed appears to be considerably slower than
v=1/2sv=2X10" sec. The samples studied include
pure bulk specimens, alloy bulk specimens, and thin
61ms of various thicknesses. Data are given on the
dependence of the harmonics on the temperature, on
the bias 6eld, and on the switching field.

Finally, a model for the switching speed is developed
which appears to account for most of the experimental
observations. A preliminary account of this approach
for T&(T, has previously been given. " In addition, a
new discussion will be given for the thin Glm and alloy
samples and for the pure bulk samples near T, on the
basis of the Ginzburg-Landau theory.

II. DESCRIPTION OF THE EXPERIMENT

The magnitude of the microwave surface resistance
of a superconductor, R„ is a function of both the
temperature and the magnetic field. If a dc Geld is
applied to a superconductor and if the temperature is
below T„ the specimen will remain superconducting if
this 6eld is everywhere less than the critical value, H, .
If an additional field from a microwave source is applied
parallel to the dc bias Geld and if the total field exceeds
the critical 6eld during some part of the cycle, the
surface resistance will tend to assume the normal state
value, R~, duririg this part of the cycle. Since the change
in resistance may take place quite steeply over a small
range of values of H near H., the change from Rg to R~
would be very rapid if the surface resistance follows the
field instantaneously. This abrupt change of resistance
would lead to an unequal absorption of the incident
wave for the two parts of the cycle. Thus, a distorted
wave should be reQected from the surface and harmonics
should be present in the output.

The experimental arrangement is shown schematic-
ally in Fig. 1. Microw'ave power at 9.2)&10' cps is
coupled through the iris into the rectangular cavity.
One end of the cavity is closed by the superconducting
sample. The microwave power, augmented by the Q of
the cavity, is incident on this sample approximately as
a plane wave. The smaller waveguide is beyond cutoG
at the fundamental frequency. It thus closes the other
end of the cavity. However, harmonics generated by
the superconducting sample can enter this smaller wave-
guide through the tapered section and can, thus, leave
without being reQected or suffering a mode change.

!sA. H. Nethercot, Jr., Phys. Rev. Letters 7, 226 (1961).
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These harmonics are subsequently detected with a
crystal detector.

A Fourier analysis shows that the second harmonic
produced will have its largest amplitude when the bias
6eld, Ho, is such that Hp=H, . With the tin sample
considered as a variable resistance, EI., at the end of the
waveguide (reactive effects are for the moment ignored),
the following transmission line equation holds:

I'= V2/V&=1 —2&l,/&0=1 —,

c 2e
V2= Vo~ singlet ——sinet+ —cos2+t+ (2)

The rejected power is

V 9p
P=

~
(sin'cot), —e(sin'+t),

zo k
4'

+ cos'2~t . ~ i. (3)]
The sum of the Grst two terms gives the rejected power
at the frequency co, and the third the reQected power at
the frequency 2'. Consideration of the nonlinear

where F is the voltage reQection coeKcient and it is
assumed that El.(&Zp. Zp is the characteristic impedance
of the waveguide and V~ and V2 are the incident and
reQected equivalent" voltages, respectively. If switch-
ing is instantaneous and Hp=B„EJ„=E&during one
half of the cycle and EI.=E~ during the other half. For
the moment, it will be assumed that the temperature is
su%ciently low that EB(&E~. The reBected voltage
varies with time as V2= (1—e) V~ for 0&t&~/s& and as
V2= Vq for 7r/cv&t&2x/co If Vq= Vo sin. cot, the result of
a Fourier expansion is

reactance would increase this harmonic power by less
than a factor of 2. Equation (3) can conveniently be
written in the form of the ratio of second harmonic
power to absorbed power, or

P(2&v)/P ((u) =4e/9''.

The value of the surface resistance of bulk tin at
10'0 cps has been measured" to be 0.007 0/square in the
normal state. Since in a waveguide the terminating
total surface resistance and the guide characteristic
impedance are proportional to each other (their ratio
is independent of waveguide dimensions), the value of
e/2 at 9200 Mc/sec is given by 0.0065/377. The
harmonic power relative to the absorbed power is thus
P(2co)/P (&a) =1.6X10 '. Relative to the effective
power incident on the surface, the eSciency of harmonic
production for perfect switching is only 6)&10 ".
Clearly, a rather large incident power must be used and
a fairly sensitive detector employed.

In the present experiment, a cavity of Q0=3000 and
of length 3X,/2 was used. An input power from the
magnetron of 680 W should produce a held, II,q, of
33 G at the tin surface (70 000 W would be necessary
if no cavity were used). The harmonic power produced
under these conditions would be 4)&10 ' W for perfect
switching. This power would give an observed signal to
noise of about 1500 with a good 1 Mc/sec bandwidth
video amplifier. Under these conditions, the power
absorbed by the tin would be about 2.5 W. To reduce
the absorbed energy, the 2J51 rnagnetron was operated
in pulses of about 1-p,sec duration repeated at a 60 cps
rate. The size of the rf 6eld predicted above was experi-
mentally checked since harmonics were observed only
when (Eo H, q) &EI, if EIO) H—,. It should be mentioned
that all surfaces of the cavity except the tin sample were
made of brass. Since much more power was absorbed
by the brass than by the tin the Q of the cavity and,
hence, the size of II,f did not change signi6cantly during
a cycle.

Several advantages can be encountered for the
particular cavity design used. The small output wave-
guide completely blocks the large amplitude funda-
mental power from reaching the detector. The non-
resonance of the cavity at 2' simplifies the design. It
also simplifies the analysis of the results since the
harmonic power does not return to the superconducting
sample where it might cause higher order eGects. A very
important feature is that the cavity acts as a 6lter to
prevent the very strong magnetron harmonics from
reaching the detector: The size of the coupling iris is
adjusted for critical coupling of the waveguide to the
high-Q resonance of the cavity at the frequency &v; at
2~, since the cavity is nonresonant at this frequency,
the coupling is very small.

The magnetron was operated at a low-duty cycle and

'4 C. J. Grebenkamper and J. P. Hagen, Phys. Rev. 75, 673:
(1952).
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FIG. 2. Over-all block dia-
gram of the experiment. The
large waveguide carries the 9.2
kMc/sec (X band) power and
the small carries the 18.4 kMc/
sec (X band) harmonics.
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the average power absorbed by the sample was less than
10 4 W/cm'. A calculation shows that this would cause
a temperature rise of the sample of less than 10 "K if
the thermal contact between bath and sample limited
the average heat loss. The peak power during the
magnetron pulse will cause a somewhat greater heating
in general. If the thermal diffusion equation is used, it is
found that the surface of a semi-infinite bulk sample
heats up during a pulse by about 10 "K for pure bulk
tin. For the alloyed tin-indium samples the correspond-
ing temperature rise would be about 0.2'K. The thin
61m samples were deposited on single-crystal quartz
substrates to minimize this temperature rise. Even so,
this rise is expected to be 10 "K or more. Obviously,
the thin 61m and alloy samples could not be operated at
values of H, g as great as for the pure bulk tin. It can also
be shown that the temperature changes due to the latent
heat of the transition are always small compared to the
above effects.

In addition to the 6ltering action of the cavity on the
magnetron harmonics, two additional filters were used
which consisted of tee sections with adjustable plungers
to short out these harmonics. Despite these added pre-
cautions, these leakage harmonics were still large
enough to be bothersome. Therefore, it was decided to
use magnetron harmonics as local oscillator power in a
mixing arrangement; this increases the detection
sensitivity and also gives phase information about the
signal. An additional amount of harmonic power w'as

introduced to the 1N26 detector crystal through a
directional coupler, the amplitude and phase of this
power being adjustable. The total local oscillator power
was the sum of the leakage harmonics plus this addi-
tional power. The low-frequency video signal from this
superheterodyne (or homodyne) detector was amplified

in a shielded video amplifier (voltage gain= 100) and
presented on an oscilloscope.

An over-all schematic view' of the apparatus is shown
in Fig. 2. The dc bias field of up to 350 G was produced
by water cooled Helmholtz coils. The cavity and tin
sample were cooled by liquid helium contained in a
standard set of Dewars. A manostat was provided for
control of the operating temperature. The cavity was
evacuated to a pressure (5)&10 ' mm Hg to prevent
any sparking that might be caused by the very strong
rf electric 6eld.

The early data were taken with the tin sample
cemented by epoxy resin to the end of the cavity. The
back of the sample was thus in direct thermal contact
with the liquid helium. It was dificult to make tight
seals consistently by this method of mounting and it
was later abandoned in favor of another method that
could also be used for thin film samples. In this method
the sample was held inside a demountable vacuum
chamber. A spring-loaded cold 6nger pressed against
the back of the sample. This provided good thermal
contact to the bath. Although this arrangement did
somewhat increase the size of heating effects, it provided
much more Qexibility in the handling of various types
of samples.

III. EXPERIMENTAL RESULTS

A. Pure Bulk Tin

The initial experiments were done with pure bulk tin.
This tin was specified as 99.999%%uo pure and was ob-
tained from the Vulcan Detinning Company. Samples
of several geometric shapes were used since it was
originally thought that the intermediate state pattern,
which would depend on the shape, might inQuence the
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switching behavior. These shapes were a cylinder 4 in.
long and 1 in. in diameter, a rectangular plate
1 in. X2 in. X~~ in. , and several disks 1 in. in diameter
by 2 or 3 mm thick. The disks were run frequently
during the course of the experiment and served as
checks on the consistency of the data. All these samples
were formed by casting the metal in air or in a vacuum.
They were polycrystalline with crystallite dimensions
on the order of a millimeter. The surface exposed to the
microwaves was polished on successively finer grades of
emery cloth up to No. 4j0. Finally, a dull mirror finish
was achieved by polishing with soft cardboard. The
samples were usually left at room temperature for
several days before being used; no additional annealing
was done since the polishing method should not have
introduced serious deep strains. Values of R~ for some-
what similarly prepared surfaces' were used.

Data were taken as follows: A standard amount of
second-harmonic magnetron power, ALo', was intro-
duced into the crystal detector. Then harmonics from
the tin, AB, were introduced in addition to this local
oscillator (LO) power. This altered the height of the
pulses appearing on the oscilloscope. The total ampli-
tude at the detector is given by Ar=ALo+AB»»,
where 6 is the relative phase of the two signals. The
signal on the oscilloscope, W, is proportional to Ar'.
I et V3f be the diGerence between the values of 8' for
8=0' and 5= 180'.Thus, V~ 0(:A LpA g. It is particularly
convenient to observe values of V~ since a reversal of
the direction of the bias Geld changes the phase 6 by
180' (the effect is that of a half-wave rectifier rectifying
on either the positive or negative half of the cycle). The
value of V~ is found by continuously reversing the bias
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FIG. 4. Observed values of the bias Geld for maximum harmonic
output versus temperature. Data are shown from a large number of
samples. The solid curve is the critical 6eld versus temperature.

Geld while the phase 6 is being adjusted. The maximum

value of V found is just V~. This procedure ensures that
only harmonics caused by the switching of the tin are

measured since spurious or leakage signals will not

change on reversal of the bias Geld.

In order to obtain the absolute value of the harmonic

power, the detection system was calibrated with the

strong second-harmonic output of the magnetron: This

power was sent unattenuated to a thermistor and power

bridge and was also sent through a series of calibrated

attenuators to the crystal detector; comparison of these

two signals furnished the calibration of the detector.
In general, the temperature and input power were

set at some predetermined value. The bias Geld Bp,
was then changed and values of V~ versus Bo recorded.
This procedure was then repeated for a diferent
temperature or input power level. The data were alw'ays

taken starting from HO=0 since any possible Qux trap-
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ping effects would thus be minimized. All samples and
geometries under all operating conditions showed less
than 1 or 2/q as much harmonic power as would be
predicted for perfect switching. Thus, none of these
samples show'ed any evidence for more than very partial
switching in times on the order of 1/co=2X10 " sec.
Since the observed switching effects were so small, it is
likely that the switching time is actually much longer
than this value.

Figure 3 shows schematically the kind of results ob-
tained for pure bulk samples. The main 6gure is a
contour map of harmonic amplitude versus bias field
and temperature. Cross sections of this pro61e at con-
stant temperature are shown in the insets. The insets,
thus, correspond to the way in which data were taken.
Since the harmonic amplitude should be proportional
to the degree of switching, it is seen that switching is
essentially completely absent both at low temperatures
if Hp(H, and also at T=T, if Hp)H, .

Figure 3 shows the ubsollte value of the harmonic
amplitude, but the phase of this signal is not included.
It was found that the phase changes rapidly by about
120' when the bias Geld changes from Hp(H to
Hp)H. . The reasons for the occurrence of this phase
change are not very clear; but due to the basic lack of
syounetry, there is no particular reason to expect the
phase to be the same when the rf 6eld switches the
specimen from fully superconducting to slightly less
superconducting (Hs(H, ) as when it switches the
specimen from normal to only slightly superconducting
(Hs)H„,). In fact, under certain circumstances, it is
possible for the surface resistance in the superconduct-
ing state to be greater than that in the normal state."
If it is speculated that this can occur when the switching
is from normal to only slightly superconducting, this
would lead to a phase change of 180' between the two
cases. Also, nonlinear reactive effects are present and
would lead to similar changes in phase, but probably
not as large as 120'.

Within the fairly large scatter of the data, the results
for all pure bulk specimens w'ere the same, independent

12—
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INOICATES POSITION
l OF PHASE CHANGE 2.8

IO5 I40
Ho(GAVSS)

FIG. S. The observed harmonic output versus bias Geld for a
number of temperatures. These are smoothed curves for the
cylindrical bulk sample.

"P.B.Miller (private communication).
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FIG. 6.The observed maximum harmonic output at 3.1'K versus
input rf power. The solid curve is drawn for the harmonic power
proportional to I',f.

's B.Serin (private communication)."A. L. Schawlow, Phys. Rev. 101, 5'l3 (1956).
' Even for quite accurate alignment of the surface of the disk

parallel to the bias Geld, such a pattern should be observed. See
also M. D. Reeber, IBM J.Res. Develop. 5, 140 (1959).

of the shape of the specimen or of its method of prepara-
tion. It might have been conjectured that the sample
shape w'ould be of considerable importance since the
effect of the intermediate state on the switching be-
havior would be large if switching took place by move-
ment of the boundary regions separating the normal
and superconducting phases. "If these boundaries could
move a substantial distance during a microwave period,
the total surface area transformed from superconducting
to normal w'ould be proportional to the number of such
boundaries. In the case of the long cylinder with axis
perpendicular to Hs (face parallel to Hs and to H, t), the
intermediate state pattern would be fairly widely spaced
and, for perfect symmetry, would also be perpendicular
to the axis. ' Therefore, very few of these boundaries
would be found on the surface even if the experimental
alignment were not perfect. If motion of the boundaries
is necessary for harmonics, this geometry should then
show practically no harmonics. The Rat disk would have
a much more 6nely spaced pattern and this pattern
should intersect the surface exposed to the micro-
waves. ""Thus, a much larger amplitude of harmonics
w'ould be expected. The two geometries showed the
same harmonic amplitude, thereby ruling out boundary
motion as the switching mechanism at these high
frequencies. Further evidence on this point is given by
the fact that no increase of harmonics was observed
when an additional bias field was applied perpendicular
to the disk since this should also increase the number of
boundary regions. In addition, later experiments on
thin films, where the intermediate state pattern should
be very Gnely divided, also showed roughly the same
magnitude of harmonics.

Figure 4 shovrs values of the bias field for which
maximum harmonics were observed plotted against
temperature. The points are for several specimens of
pure bulk tin of various shapes. The solid curve is a
plot of H, versus T. It is seen that the points lie closely
on this curve as would be expected from the simple
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3.5% Tn

to decrease the over-all thermal resistance by a decrease
of the thickness of the high-resistivity alloy material.
This foil was mounted on a block of pure tin. It was
either cemented on or pressed on by a hydraulic press.
The latter method gave a better thermal contact be-
tween the foil and the block. It was found experiment-
ally that this construction led to less heating than w'as

found for a thin block completely composed of 3.5%
indium alloy. In addition, a 1%sample was made in the
form of a thin disk by melting and mixing together the
correct amounts of the metals in a vacuum: the sample
was then rapidly cooled. Both these samples were
checked for the correct percentage of indium by x-ray
Quorescence measurements. Also measurements of the
lattice parameter by x-ray diffraction techniques
indicated that the 3.5% sample was probably single
phase and homogeneous.

Heating effects were dificult to avoid with these
samples, both because of their greater pow'er absorption
and because of their lower thermal conductivity. This
made it difficult to obtain detailed information on the
harmonic output versus bias field. No harmonics were
observed from the 3.5% sample with Hp) H, . Heating
may have been in part responsible for this fact, but, as
will be explained later, one would not expect to observe
harmonics for Ho&H. if the Ginzburg-Landau theory
applies (as it should for short electronic mean free
paths). At fields slightly less than H„data could be
obtained only in a transient manner since the heating
appeared to build up enough over a number of micro-
wave pulses to make the sample normal. If the tempera-
ture of the sample is estimated by equating the field for
maximum harmonic production to the critical field,
H, (T), it is found that the data indicates that tempera-
ture shifts relative to the bath of up to —,

"occurred for
an rf field of 10 G. The actual peak temperature rise
might have been greater than this since the temperature
was changing during a pulse.

Values of the surface resistance, R~, were estimated

hl
A

n —5.0—I

-X
XoCg
Qo

2$

BULK TIN

2.5
I

2ZS
I

3.2S

FIG. 10.The observed maximum harmonic output
for thin 61m samples of various thicknesses.

from the data of Sturge. "His values of r=Rs/R~ a—t
4800 Mc/sec for samples of 0, i, 1, and 2% indium
concentration were extrapolated to 3.5% with the aid
of the classical skin-effect theory (corrections for the
anomalous skin effect are small except for the 0%
sample). The values for the 1 and 3.5% samples were
than scaled upwards in frequency by the semiempirical
relationship r(v)/r(v') = v/v', which should be valid for
the range v=5-+10 kMc/sec. The values of E~ for
the 1 and 3.5% samples are then found to be 1.6X10 '
and 3.1 X10 ' 0/square. R~ for pure bulk tin is 0."/X 10 2

and therefore it would be expected simply from the
increased surface resistance that the alloy samples
should give an harmonic amplitude 2.3 and 4.4 times
larger.

Some of the data on harmonic amplitude versus
temperature for alloy samples are shown in Fig. 9. It is
seen that at low temperatures the harmonics are in-
creased by factors of 1.7 and 3.0 over that for the pure
samples (the 1% curve is less reliable because of the
much smaller number of points). This increase is
slightly less than was predicted above from the increased
surface resistance alone. Thus, no evidence is found for
a faster switching speed in these alloys. Near T„ the
results are probably unreliable because the heating is
too great. There is also some evidence that the increase
in harmonic amplitude with input pow'er is less than
for the pure bulk samples. This is again probably
evidence of heating and the correct harmonic amplitude
may be underestimated somewhat for this reason. Some
effects of heating are even evident in Fig. 9 for the pure
bulk sample in this sample holder. In summary, the
data on alloys do give at lower temperatures a fairly
reliable indication of the amount of harmonic output,
but the results cannot be trusted as to the finer details.

C. Thin Films

2.5
I

275
I

3.0
T(iK)

I

525 3.5 375

Data were also taken on a number of thin tin films.
The original expectation was that, as for the tin-indium
samples, the reduced electronic mean free path and

FxG. 9. The observed maximum harmonic output
versus temperature for bulk alloy samples.

"M. D. Sturge, Proc. Roy. Soc. (London) 246, 570 (1958),
and private communication.
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other effects might increase the switching speed. How-
ever, no evidence was found for an increased switching
speed for any Glm and, further, it was found that films
thinner than about 2000 A showed almost no evidence
of harmonic output.

All the films investigated were evaporated on s-cut
single crystal quartz substrates which were carefully
precleaned (quartz was used for its good low-tempera-
ture thermal properties). The tin charge was outgassed
before evaporation and the substrates were cooled to
liquid-nitrogen temperatures. Some of these films were
supplied by R. H. Blumberg and were deposited under
highest vacuum conditions. The others were evaporated
when the vacuum was at least 5&&10 ~ mm Hg before
the evaporation was begun. The film thicknesses were
measured by standard interferometry methods. All the
6lms had no obvious imperfections and had good mirror
surfaces, but they were not individually examined in
detail.

The dc bias 6eld was applied to both sides of the film.
The rf field was applied to only one side. Under these
conditions, the rf field should decrease to a very small
value on the other side. ' This should be true in the
normal state as well as in the superconducting state:
The normal skin depth, 8&, is simply substituted for the
penetration depth, ), in the results of Ref. 20. The
presence of a copper surface on the other side of the thin
quartz substrate should further ensure that this 6eld
is small.

The heating was rather large and was comparable in
magnitude to that for the tin-indium alloy. Other un-
certainties might arise from the effects of strains,
defects, occluded gas, grain structure, and crystal
orientation. Except for such effects, the data for the
thicker films should approach that for bulk tin samples.

In Fig. 10 curves are shown for the harmonic ampli-
tude observed for a number of these Glms of different
thicknesses, d. The temperatures shown are not the
bath temperatures, but (as for the alloys) are the values
of temperature derived by equating the bias Geld for
maximum harmonic output to the critical 6eld. The
shape of these curves is quite different from that for
bulk specimens and indeed the shape even varies some-
what from specimen to specimen. This latter is probably
an effect of heating. In addition to the results shown
in Fig. 10, similar power outputs were observed for
several other 6lms of the following thicknesses: 2000,
3500, and 3600 A. It can be seen that the maximum
harmonic output is comparable to that observed for the
pure bulk samples. Therefore, there is no evidence for
an increased switching speed for these films.

Also, a number of thinner 6lms of the following thick-
nesses were investigated: 800, 1280, 1420, and 1780 A.
Practically no harmonics were observed from any of
these 6lms and it might therefore be concluded that the

~ E. Erlbach, R. L. Garstin, and M. P. Sarachik, IBM J.Res.
Develop. 4, 107 (1960).

switching of 6lms thinner than approximately 2000 A
at these high frequencies is even more dif6cult than for
the other types of samples. However, it will be seen
later that the explanation for this lack of harmonics
probably lies elsewhere.

IV. THEORY AND DISCUSSION

It is obvious that the usually discussed limitation on
the switching speed, namely, the grow'th of domains as
limited by eddy currents, has no relevance when the
switching fields are confined to a distance small com-
pared to the coherence distance and when the frequency
is so high that any lateral motion of any pre-existing
domains must be small. For the pure bulk specimens at
the lower temperatures, the switching can be discussed
on the basis of a nucleation mechanism which has been
proposed in a previous paper. "In brief, this mechanism
is that the switching speed is limited by a spatial rather
than by a purely temporal effect: At fast switching
speeds and, hence, at high frequencies, the skin depth
becomes so small that this thin layer is prevented from
changing its state by the presence of the large amount
of unswitched adjacent material. This mechanism leads
to the prediction of a rather long switching time

( 10 " sec). Hence, any purely temporal restrictions
on the switching speed would probably not be observ-
able in the presently described experiments.

The Ginzburg-Landau phenomenological theory of
the behavior of superconductors in applied magnetic
Gelds" should correctly describe the effects observed for
the pure bulk samples at temperatures near T, and for
the alloy samples to rather lower temperatures. It will
be seen that consideration of the variation of the order
parameter vt'ith field, particularly in the metastable
supercooling and superheating regions, does provide a
good qualitative understanding of the observations.

A. Pure Bulk Specimens

(1) At the lower temperatures, a straightforward
treatment of the high-frequency, high-field behavior
from the Bardeen-Cooper-Schrieffer (BCS) theory of
superconductivity is presently not possible. Therefore,
the subterfuge will be adopted here of considering as a
normal metal all parts of the superconducting metal in
which a current or field greater than the critical value
is present. If this hypothesis is made, the results of
theories directed at the analysis of layers or sandwiches
of superconducting and normal, metals ' can be used.

The approaches of Parmenter and Cooper lead to
substantially the same results in this application. Since
the latter can be more intuitively explained, our
considerations will be limited to it here. The BCS

' V. L. Ginzburg and L. D. Landau, Zh. Eksperim. i Teor. Fiz.
20, 1064 (j950).

~ R. H. Parmenter, Phys. Rev. 118, 1173 (1960)."L.N. Cooper, Phys. Rev. Letters 6, 689 (1961).
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e=2(%to), exp
(br+4)

X(0)Vs ts

(The factor involving electron reflection at the interface
is absent in our case since only one metal is involved. )

The factor (trv+ts)/ts will be different in the two
cases where the normal metal is being switched to
superconducting or the superconducting metal is being
switched to normal, that is whether the bias field is such
that Hp&H, or Hp&H. . In the 6rst case, t~ ——8~, where

8~ is the skin depth in the normal material. The value
of (tiv+ts) is determined by letting (tiv+ts)=go (It is
assumed that the switching frequency is high enough
that the switching is only partia1. and therefore that the
spatial configuration of the magnetic field does not vary
during the switching cycle. ) It is necessary to establish
a criterion for whether or not switching has taken place.
It will be assumed that switching does take place if the
surface resistance changes at least from E~ to
(Rs+Rtv)/2, that is by one-half as much as it would for
perfect switching )if Ho(H. , the change must be at
least from Rs to (Rs+Rsi)/2]. It can be shown from
inspection of experimental data on Rq versus T that Eg
at 10 000 Mc/sec becomes equal to (Rs+Riv)/2 for an
energy gap e=kT. This is approximately equivalent
to e=eo/5 for the temperature range of interest. This
size of gap is predicted when t~/ts is such that

1
exp

E(0)Vs ts 5-
This equation is satisfied, for E(0)Vs= 0.30 and
Ps= 2500 A, by ts =err = 1700 A. The normal skin depth
has this value at approximately 5000 Mc/sec, which
corresponds to a switching speed of 1/2s. v=0.3&(10 's

sec. Thus, at 10 000 Mc/sec and at low temperatures the
switching would be only incomplete or partial, as is
observed experimentally.

The amount of switching for the second case, Hp&H„
would be very much smaller than this, Since ttr=X

theory shows that the energy gap for a pure super-
conductor is determined by

co=2(ttco), expL —1/E(0) V7, (5)

where X(0)V is the density of electrons at the Fermi
surface multiplied by the negative of the interaction
energy per electron pair. E(0)V should clearly vary
from metal to metal. It is positive for superconducting
electron pairs in a superconducting meta1. Since it is
energetically unfavorable to find such superconducting
pairs in a normal metal, X(0)V should be negative (or
at the least zero) in this case. Cooper has assumed that
E(0)V is zero in this case. Thus, the effect of a layer of
normal metal on a superconducting metal is to just
dilute K(0)V according to the relationship

t E(0)Vj„=LE(0)U) $t /(t +t )j. (6)
Thus

=500 A, the field changes tr Jtf(0) Vj~~s only from

$(0)Vs to sS(0)Vs in a switching cycle; this increases
Ez only slightly from its already small value. Thus,
practically no harmonics should be observed for
Hp&H, at j.ow temperatures, in agreement with experi-
ment. It might be objected that this approach leads at
jlow temperatures to a frequency independent limitation
on switching. However, at su%.ciently low frequencies
new eRects can occur such as motion of S-X boundaries
and nucleation and growth of new sites. These eRects
will then allow switching to take place.

The above treatment could in principle be improved
in one respect: the assumption that 1V(0)V is zero for
H= H p+H t)H, is obviously incorrect. In the pre-
sently used sense, N(0) V is probably zero for H=H„
but it may become increasingly negative as H becomes
greater than H, .ss However, the way in which E(0)V
might vary with H is unknown. Even if some arbitrary
variation were assumed, this would bring at least one
new parameter into the theory which could not be
evaluated from presently available experimental infor-
mation. Thus, improvements over the present simple
assumption that X(0)V=0 for H) H, probably cannot
be made until the microscopic theory is extended to
:inc1ude both high field and spatial variation eRects.

(2) Although at the lower temperatures, harmonics
are observed primarily only whenHo) H, (as is expected
from the above considerations), at T T, the situation
:is reversed and harmonics are observed mainly for
Hp&H . Tllis can be understood by reference to the
Ginzburg-Landau (G-L) theory. One condition for the
validity of the G-L theory is that X(T))$o. For pure
bulk tin, this is strictly true only if 3.68&T&3.72'.
.However, use of the 0-L theory gives fairly reasonable
results in other contexts to rather lower temperatures
and it does not appear unreasonable to discuss the
switching behavior down to 3.4' at least qualitatively
from the 0-L theory.

A discussion of the dependence of the G-L order
parameter, tt, on magnetic field for thin films has
recently been given. " A similar discussion has been
given"' for the case of the semi-infinite bulk super-
conductor. The type of variation obtained for such
semi-infinite specimens is shown in Fig. 11, where P,
and H, are the values at the surface of the specimen

u Similar considerations have recently been discussed (D. H.
Douglass, Jr., Phys. Rev. Letters 9, 155 (1962)g in a treatment of
layers of dissimilar metals. In this treatment, the negative free
energy of the superconducting metal was averaged spatially with
the positive free energy of the normal metal in the superconducting
state, the magnitude of the latter being difI'erent for different
normal metals. For very thin normal metal layers, the spatial
averaging of the free energy is identical with the averaging of
$(0)V as suggested by Cooper. For thicker layers these procedures
are not identical and, because of the cooperative nature of the
superconducting state, the latter is perhaps to be preferred."P. M. Marcus, in ProceeCkngs of the Ecghth Internatconal
Conference on Lore Temperature Physics (to be published).I P. M. Marcus (private communication).

sr V. L. Ginzburg, Zh. Eksperim. i Teor. Fiz. 34, 113 (1958)
I translation: Soviet Phys. —JETP 7, 78 (1958)).
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F&G. 11.The approximate dependence of the G-L order param-
eter, @, at the surface of a pure bulk specimen versus the value of
the bias field at the surface. H.I is the value of the field for maxi-
mum supercooling and H.g that for maximum superheating. A
value of a=0.165 is assumed.

2P T. E. Faber, Proc. Roy. Soc. (London) 241, 531 (1957).

(H,~ is the critical field for bulk material). For static or
slowly varying 6elds, the order parameter follows the
heavy curves as the field is changed as lorIg as H is not
between H, r&H &H, p(in this range the supercon-
ductor will, in general, enter the intermediate state).
However, for rapidly varying 6elds there will be insufB-
cient time available for the superconductor to enter the
intermediate state and the order parameter will aheays
follow one of the heavy lines depending on whether
Hp)H, or whether Hp&H, (in the latter case we
consider only the superconducting fraction of the
surface area). The lack of harmonics for Hp) H, is now
readily understood. In this range of bias fields the order
parameter and hence the energy gap remains stri c]ly zero
as long as H=HO&H, &&H,&. Since both theoretically'~
and experimentally" H, i=H, /4, large rf fields are
necessary before the gap could begin to develop at all.
Even then the surface resistance would be decreased
only at the peak of the rf cycle, thus producing only a
small harmonic output. In fact, it is not clear that such
a first-order phase transition for H(H, i can take place
at all in the very short time available. Thus, the
pronounced supercooling effectively prevents switching
from taking place for Ho&H, .

The conditions for a change of the gap are not so
stringent if Hp&H. . In this regime, 8&./BHWO and
there is always some change in surface resistance with
field. This change is not large because even the maxi-
mum possible change in P, is only 1—P, '=0.35 (the
surface resistance changes from Rs to R& only if p,
changes from 1 to 0). It should be noted that the full
range of superheating can be traversed by the rf field in
contrast to the case for a dc 6eM. Again, it is not clear
that a 6rst-order phase transition can occur in these
very short times even if H&H, 2.

It should be recognized that the type of switching
discussed above should not be thought of as a permanent
change of state. The surface of the metal is still super-
conducting, but the energy gap at the surface has been

substantially reduced and this increases the microwave
surface resistance for a part of the rf cycle.

The above discussion gives a good qualitative under-
standing of how the harmonic power output for pure
bulk samples depends on temperature and on bias field.
The only apparent difEculty is in the dependence of the
harmonic amplitude, A2, on the power level of the
switching field, I',g. The solid curves in Figs. 6 and 7 are
drawn for A2 ~I',~'~' and these curves appear to 6t the
experimental data reasonably well. This is the depend-
ence that would be expected if the switching were
complete. It corresponds to an abrupt change of the
surface resistance between a constant value character-
istic of the superconducting state and a constant value
characteristic of the normal state. The experimental
data are most reliable for T«T, . Theoretically, in this
range whether the surface resistance changes abruptly
or not with H depends on whether LX(0)Ujpi+s
changes abruptly or not. The experimental data thus
indicates that L1V(0) Uj&+s does change rather rapidly
with field in the neighborhood of H, . However, very
near T T, there appears to be no reason for the order
parameter to change in this abrupt manner and there-
fore A2 should in principle be proportional to I',g.

Heating effects and the scatter of the data near T, Inay
make such detailed comparisons based on the experi-
mental data unwarranted.

B. Alloy Bulk Specimens

The results for the 1 and 3.5% indium samples di6'er
from those for the pure tin samples in two respects. The
harmonic power produced is greater and it is generated
primarily at Ho(H, at all the temperatures investi-
gated (the data for the 1% sample may not be quite
complete on these points). Since the electronic mean
free paths of the 1 and 3.5% samples should be about
2)& 10 ' cm and 0.5X 10 cm, respectively, " the
coherence distance, $p, will be considerably reduced from
its bulk value of 2.5X10 5 cm in both cases. Thus, the
condition, X(T))Pp, for the validity of the G-L theory
is satis6ed down to much lower temperatures and,
therefore, harmonics are expected over a wide range of
temperatures only if Ho(H„as is observed.

The amount of harmonics expected for the alloy
samples should be greater just on the basis of their
higher surface resistance. In fact, the observed power
is near that predicted from the results for pure samples
by use of existing experimental data on the surface
resistance of tin-indium alloys. However, the G-L
theory predicts that relatively more harmonic power
than this should be expected for these alloys. The shape
of the curve of Fig. 11 depends on a parameter, ~, where

Xp/$p. «=0.2 for tin and it increases with increasing
alloying since ) p is increased and fp decreased.
H.p/H. cc1/Q«and also Brb,/BH cc« for small H.'r Thus,
an increase in «should increase the change in gap (and
hence in surface resistance) for a given H, r. This increase
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should be quite substantial for the 3.5% alloy, but
experimentally this increase is not observed.

The fact that less power is observed from the alloy
samples than is predicted could be caused by experi-
mental difhculties, especially heating, as described
previously. It is also slightly possible that presence of
the mixed state is responsible since the interphase
surface energy becomes negative in the region of
3~3.5% indium. However, it is not clear that the
mixed state would behave very differently from the
intermediate state except at HpWH, .

RMAL

C. Thin Film Syecimens

The thin 61m specimens show a behavior rather
similar to that of the alloy samples if the 61m thickness
is such that 2000 A &d&10000 A. However, films
thinner than 2000 A show practically no harmonic
output. The 6rst of these facts is rather dificult to
explain, while the second (although it seems the more
unexpected) does have an explanation from the G-L
theory.

It would be expected that the thicker samples would
behave rather similarly to the pure bulk samples since
for these samples )s&d(4)s. These films were carefully
evaporated and presumably should not be sufriciently
contaminated to make the G-L theory apply. Thus,
except near T„harmonics should be expected only for
Ho&H„while experimentally harmonics apparently
are present as well for Hf)&H. . It is conceivable that
heating effects for these thin films are suKciently great
to make the experimental result unreliable (especially
since, for the reasons previously described, H, is
essentially de6ned as the bias field for which maximum
harmonic output is observed) or that sufKcient gas is
present in the 61m that the G-I theory applies.

If the G-L theory applies for the thinner films (there
is some uncertainty as to whether boundary scattering
effects can be treated identically to impurity scattering
effects in determining $s), the lack of harmonics for
d(2000 A can be understood by reference to Fig. 12,
which is reproduced from Ref. 25. This 6gure gives the
locus of points for which @ becomes zero for various
values of the field applied to the two sides of a thin film.
In the present experiments, the bias field was applied
equally to both sides of the 61m, so that H&=H2=HO.
Maximum harmonic output was observed when Ho= H,
and these bias points are shown by the two crosses for
the two film thicknesses. The rf field was applied to only
one side of the film and, thus, varied only the value H&.

Thus, H~=HO&H, g. For the thicker films an increase
of H~ tends to make the film normal and a decrease
makes it more superconducting. For the thinner 6lms,
both an increase and a decrease tend to make the film

more normal. Even if Ho(H„ it can be seen that the
change in order parameter and hence in surface resist-
ance is fairly symmetric about Ho and, thus, the second
harmonic output should be greatly decreased (the third

FIG. 12. The stability limits of the superconducting state for
thin films of different thicknesses as functions of the magnetic
Gelds at the two surfaces of the film. (Ref. 25) The crosses show
preferred values of the bias field, H0=H„ for the two films, and
the arrows show the range of fields then covered by the rf magnetic
field.

harmonic should still be present, but probably is at too
low a level to be detected).

Thus the lack of harmonic output does not necessarily
mean that the film is not switching. If the switching
signal were unidirectional, switching would take place
and the amount of switching might be comparable to
that observed for the bulk specimens and for the thicker
61ms. It would also be expected that for the very thin
films harmonics would be observed if the rf 6eld were

applied in phase to both sides of the 61m since in that
case H& is always equal to H2 and the arrows denoting
H, f shouM be drawn at 45' to the axes. Such experi-
ments have not been performed.

In recapitulation, the above discussion does give a
good qualitative description of almost all the salient
experimental facts. The few exceptions seem to be for
cases in which heating effects may make the experi-
mental findings not completely trustworthy. The
discussion does not include any purely temporal limita-
tions on the switching speed. This should not be con-
strued to mean that such limitations do not exist, but
only that they are not necessary to explain the results
of the presently described experiments.

Eofe added t'ts Proof. Production of the third harmonic
of 9400 Mc/sec waves by thin tin films has recently been
reported by K. Rose and M. D. Sherrill LBull. Am.
Phys. Soc. 8, 233 (1963)j.The size of the film and the
microwave tuning structure were adjusted for optimum
impedance matching. This greatly increased the sensi-

tivity since the microwave power absorbed by the film

and hence the harmonic power radiated were both
maximized. It is not yet clear whether the amount of
third harmonic power observed corresponded to com-

plete or partial switching. However, it appears that this
experiment would not be limited by the same physical
phenomena that are discussed above. Thus, their ex-
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periment may indicate whether or not there is a purely
temporal limitation on the switching speed. This is seen
by reference to Fig. 12 above. The rf held would carry
the film during one rf cycle from the origin 6rst approxi-
mately in the direction —45' and later at +135' to the
H1 axis. The G-L order parameter therefore should
change from its maximuln value to zero twice during
the cycle. There thus would appear to be no spatial or
symmetry limitations on the third harmoliic production,
and this experiment may therefore be able to reveal any
purely temporal limitations on the switching speed of
fairly thin films. However, for thicker films and for bulk
material where the critical fields are large and the
transition may be a first-order one, the ultimate speed

is probably always limited by nontemporal eRects
similar to those discussed above.
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Iron films have been evaporated in ultra-high vacuum onto substrates cooled to liquid-helium tempera-
ture. Contrary to the results of Mikhailov et a/. , no evidence of superconductivity was found in these films.
Vanadium films evaporated under similar conditions had superconducting transition temperatures of
approximately bulk value. A low-temperature structure modification was indicated for very thin films of
iron as well as vanadium. Measurements on oxygen-doped films showed that the low-temperature structure
was greatly stabilized by gaseous impurities.

HE detection of superconductivity in a ferro-
Inagnetic superconductor is complicated by the

masking effect of the spontaneous magnetization.
Ginzburg' and others' have shown that this masking
eRect might be considerably reduced for samples in the
shape of thin films. Thus, it was of interest to look for
superconductivity in thin ferromagnetic 61ms; and in
fact, Mikhailov et a/. ' have reported the existence of
superconductivity in thin films of iron evaporated onto
liquid helium-cooled substrates. In a more recent in-
vestigation Lazarev et al.4 did not confirm this result. In
view of this disagreement and the general interest in the
relation between superconductivity and ferromagne-
tism, we felt it would be desirable to repeat the experi-
ment under carefully controlled conditions.

EXPERIMENTAL

Figure 1 shows our evaporation chamber. The inner-
most Dewar is Pyrex and was filled with liquid helium.

' V. L. Ginzburg, Zh. Eksperim. i Teor. Fiz. 31, 202 (1956)
Ltranslation: Soviet Phys. —JETP 4, 153 (1957)g.

s G. F. Zharkov, Zh. Eksperim. i Teor. Fiz. 34, 412 (1958)
ftranslation: Soviet Phys. —JETP 7, 286 (1958)j.' Yu. G. Mikhailov, E. I. Nikulin, N. M. Reinov, and A. P.
Smirnov, Zh. Tekhn. Fiz. 29, 931 (1958) Ltranslation: Soviet Phys.—Tech. Phys. 4, 844 (1959)j.

4 B. G. Lazarev, E. E. Semenenko, and A. I. Sudovtsov, Zh.
Eksperim. i Teor. Fiz. 40, 105 (1961))translation: Soviet Phys. —
JETP 13, 'l5 (1961).

The lower end of this Dewar is flattened and polished.
It serves directly as the substrate. Thus, liquid helium
is in direct contact with the upper surface of the sub-
strate. This design ensures that radiation from the hot-
evaporation source will not cause appreciable heating of
the lower substrate surface. Platinum electrodes were
painted and fired onto the substrate to serve as contacts
for resistance measurements.

The evaporation source was a series of three parallel,
independent 0.4-mm-diam iron wires. Evaporation took
place by sublimation of the wires by resistance heating.
The iron wire as purchased was 99.999% pure with
respect to all elements except carbon, oxygen, and
nitrogen. The wire was fired by us in hydrogen to remove
most of these remaining impurities before being placed.
in the vacuum system.

To reduce film contamination caused by the residual
gas in the vacuum system, ultra-high vacuum tech-
niques were used. Pressures in the 10 '4 Torr range have
been measured prior to film evaporation. Durieg
evaporation of iron a pressure of 5)&10 "Torr could be
maintained at an evaporation rate of approximately
10 A/min. Details of the vacuum technique have been
published elsewhere. '

J. C. Suits, in Transactions of the Ninth National Vacuum
Symposium, 1962 (unpublished) .


