REFLECTION OF SLOW ELECTRONS 9

In general the work of a surface is determined ex-
perimentally by the use of electrons with a phase
wavelength of the order of a few tens of angstroms,
while at the same time diffraction patterns are
measured by using electrons with wavelengths of
only a few angstroms. Because of this, surfaces
with the same average work function may give dif-
ferent diffraction patterns, depending upon their
degree of homogeneity. Hence it must be con-
cluded that the change A¢ in work function is not
by any means a single-valued function of the state
of a composite monatomic surface.

In conclusion, I wish to express my thanks to
Prof. N. D. Morgulis for suggesting the subject,
and for his constant interest in the work.
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The surface impedance of several superconductors has been measured at a frequency of 9400

Mcs.

The temperature dependence of the surface impedance of thin films of Sn and Hg has

been studied. The penetration depth was investigated for these films and found to be in accord
with the critical magnetic field measurements. The effective conductivity of the films in the
superconducting state increases as the temperature is reduced. An investigation was also made
of the relation between the impedance of thin Sn and Hg films and the magnetic field at T < T,.
The dependence of penetration depth on field strength is in satisfactory agreement with the

Landau-Ginzburg theory.

].. A knowledge of the complex impedance of a
superconductor at frequencies on the order of 101
cps makes it possible to find the dielectric permit-
tivity of the metal:

e =g, — "/ (1)

Determining the penetration depth of the magnetic
field 6, from static measurements, it is then pos-
sible to estimate the value of €; due to the pres-
ence of bound electrons in the superconductor.!»?
On the other hand, if €, « c?/w?3, it is possible,
using these measurements, to find the penetration
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depth 8, of the static magnetic field into the super-
conductor. Since in a high-frequency field the
superconducting electrons do not completely screen
the effect of the electromagnetic field on the nor-
mal electrons, impedance measurements also fur-
nish data on the normal conductivity of a supercon-
ducting current. On the basis of the data reported
by Pippard and Simon,3:* who measured the total
surface resistance of lead at 9400 Mcs, it may be
assumed that € = 2 X 10% cgs esu at T = 3°K and
that below T, the ratio of normal-electron con-
ductivity to free path length oy/t falls off as the
temperature is reduced. Khikin has investigated
the surface resistance of thin, superconducting tin
layers at the same frequency.®® However, the ac-
curacy of these experiments was mot sufficient to
justify the conclusion which was reached, namely,
that ¢, is large (~ 10°).

The present work is an extension of experi-
ments in this same subject based on a new and
more comprehensive method proposed by Khaikin.

2. The method of investigating the surface im-
pedance Z = R + iX is based on the study of the
properties of a hollow, copper, cylindrical reson-
ator, the bottom of which is made from the mate-
rial being investigated. Since the cavity is excited
in the TE(;; mode, no current flows across the
joint between the bottom and the walls of the res-
onator; thus the nature of the contact between the
sample and the copper walls of the resonator is
unimportant.

FIG. 1. Block diagram of the system used for measuring
the frequency width of the resonator and shift in resonant fre-
quency. A) GSS-6; B) Sawtooth generator; C) EPP-09; D) Out-
puts I and II; E) Amplifier; F) Detector; G) Standard Cavity
Resonator; H) Attenuator; I) Cavity Resonator: J) K-19.

In the experiment, direct measurements are
made of the widths of the frequency characteristics
and of the change in the resonant frequency of the
resonator (Fig. 1). The frequency of the K-19
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klystron is modulated periodically by a sawtooth
voltage which is applied to the repeller. When the
klystron frequency passes through the cavity res-
onance, a signal is observed at the detector; this
signal is proportional to the power transfer co-
efficient, i.e. it corresponds to the resonator fre-
quency characteristic. The same oscillator excites
a standard resonator made of lead and maintained
at liquid helium temperature (4.2°K). Since lead
is a superconductor below 7°K, this resonator has
an extremely narrow pass band (approximately

1 kes).

The signal from the standard resonator is used
as a reference, relative to which the frequency
shift of the test cavity is measured. To obtain an
absolute frequency scale, a radio~frequency voltage
(500 —5,000kes ) from a standard signal generator
is applied to the repeller of the klystron in addition
to the sawtooth voltage. Because the klystron is
frequency modulated, its spectrum contains side
bands and the signal from the standard resonator
has three narrow peaks. The distance between
these peaks is determined by the frequency of the
standard signal generator and serves as an abso-
lute frequency scale with which the shift of the res-
onant frequency and the width of the frequency
characteristic of the resonator can be measured.

A more precise determination of these quanti-
ties is obtained by the use of a special circuit with
which the frequency characteristic of the resonator
is differentiated twice, producing the following:

(a) a voltage proportional to the spacing between
the reference point and the point at which the first
derivative changes sign, characterizing the change
of the resonance frequency of the resonator; (b) a
voltage proportional to the distance between the
points at which the second derivative of the fre-
quency characteristic change sign, yielding the
width of the frequency characteristic of the res-
onator. Both voltages are recorded by an EPP-09
recording potentiometer. The total accuracy of the
measurement circuit is one per cent. To find R
and X it is necessary to determine two different
quantities: the shift of the resonance frequency of
the resonator as the sample makes the transition
into the superconducting state and the change in
half-width of the resonance curve due to the losses
in the sample. The error in the determination of
these quantities is about 2 per cent and depends on
the proximity to the transition temperature. The
probable errors in the determination of e, O‘N/!Z
and o offr are shown in the appropriate figures.

The resonator is a copper cylinder with an in-
ner diameter of 43 mm. The resonator is coupled
to the K-19 oscillator and the detector through two
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circular irises 5 mm in diameter cut out of the
upper (copper) cover of the resonator; the irises
are located symmetrically along a diameter, at a
distance of one-half the radius from the center.
The irises are terminated by two lengths of circu-
lar wave guide with diameter smaller than the
critical value; these are used as limiting attenu-
ators between the resonator and the outer coaxial
lines. To avoid effects due to motion of the coup-
ling loop on the resonator frequency, the lengths of
the attenuators are not changed during the experi-
ment; for this reason the coupling coefficient
varies with changing impedance of the sample.

The coupling coefficient is never greater than 0.3.
The bottom of the resonator is an optically polished
plane-parallel slab of smooth quartz, 46 mm in di-
ameter and 3 —5 mm in thickness, to which the
sample is clamped from the inside. The mercury
films being investigaged are condensed on the out-
side of this same slab. The quartz slab is used
because the amplitude of the field which acts on the
sample is considerably greater than the amplitude
of the field acting at the other walls of the reson-
ator because the quartz tends to “concentrate” the
field (the dielectric constant of quartz is 3.6); the
net result is an increase in the relative fraction of
high-frequency resistance of the resonator in the
end wall, i.e., the sample being investigated, com-
pared with the rest of the cavity.

The sensitivity is increased by a factor of 3.1
when the quartz slab is 3 mm thick and the reson-
ator length is 39 mm and by a factor of 30 when the
thickness of the slab is 5 mm and the length of the -
resonator 20 mm (in the latter case it is necessary
to introduce a correction for the thermal expansion
of the quartz in the helium temperature region).

The test cavity is enclosed in a metal jacket in
which gaseous helium at-a pressure of 20u is ad-
mitted (at T = 4.2°K) to provide thermal contact
between the resonator and the helium bath. The
temperature of the resonator is measured with a
thermometer made from a carbon resistor. The
voltage drop across the carbon thermometer is
recorded by the EPP-09 recording potentiometer
together with the resonator characteristics. The
error in the temperature determination is less than
0.005°K. In special control experiments with a
copper resonator it was established that the high-
frequency resistance of the carbon remains con-
stant within the limits of the experimental accu-
racy. Since the experiments are always carried
out with the coupling loop fixed (fixed length for
the attenuators between the resonators and the ex-
ternal lines) all changes in the resonator charac-
teristics can be ascribed to changes in the proper-

ties of the sample which makes the transition from
the normal to the superconducting state. Knowing
the change in the width Af of the frequency char-
acteristic of the resonator produced by losses in
the sample and the shift df in the resonance fre-
quency of the resonator, and knowing the geometry
of the resonator, it is possible to determine the
real part R of the sample impedance and the
change in the reactive part dX. To determine the
total reactance of the sample one must also know
the reactance in the normal state X,. The total
reactance is given by X=X + dX.

In large samples, where there is an anomalous
skin effect, X, = V3R,, where R, is the resist-
ance of the sample in the normal state, known from
experiment. For thin films, the thickness of which
is considerably less than the skin depth, Xh < Ry
to that dX is comparable with R;; hence, the
change in reactance measured in the experiment is
essentially the total reactance of the thin layer in
the superconducting state.’

3. To test the method, the surface impedance of
a single-crystal sample of tin of high purity (pse/
P4y = 4.10*) was measured. The temperature de-
pendence of the dielectric permittivity € of the
sample and the ratio of the normal-electron con-
ductivity to free path length GN/!Z , as computed
by Abriksov,! are shown in Fig. 2. In this same
figure are shown the limits of accuracy for the
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FIG. 2. Dielectric permittivity and the ratio of normal con-
ductivity to free path length in bulk tin. 0— results of tfe
present work; O— results obtained by analysis of the data of
Ref. 3 at 0 =62°K.
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measurements of € and aN/lZ at various temper-
atures. Assuming €; <« cz/wzéz, we can estimate
the depth of penetration of the magnetic field into
the superconductor §,. In the present experiments
this quantity obeys the well-known relation between
static depth of penetration of the magnetic field and
temperature

8o= 800/ V' 1 —(T/TW)". (2)

The value of 0y is in good agreement with the data
obtained from dc measurements.”® It follows that
€) is smaller than the accuracy of the present
measurements, i.e., virtually the entire dielectric
permittivity of the superconductor is determined
by the superconducting electrons; for T = 3°K,

€y < 3.10%. Directly below T, there is a system-
atic increase in op/f, the magnitude of which is
approximately the same as the limits of accuracy
of the experiment; as the temperature is reduced
beyond this point, oy/f is reduced. Similar re-
sults are obtained for € and UN/l if one analyzes
the data of Refs. 3 and 4 using the Abriksov for-
mula.! The discrepancy in the absolute values of

€ and oy/L is probably a result of anisotropic
effects in tin.

4. Thin mercury films were also investigated.
These measurements were made conveniently at
liquid helium temperature in the assembled appa-
ratus. The film of mercury was condensed on the
optically polished quartz slab which served as the
end of the resonator. The evaporator was a copper
cup with a nichrome heater in which a drop of mer-
cury was placed. Before evaporation of the film,
the heat-exchange gas was completely evacuated
from the apparatus by means of an adsorption
pump. A power of approximately 0.1 watts was
applied to the heater. Under these conditions the
temperature of the quartz slab increased at a rate
of approximately 0.5°/min. In order to avoid tem-
perature rises of more than 2 — 3 degrees, the pre-
cipitation of thick mercury films was carried out
in steps. Films with a thickness d = (5.7 —36) X
107 cm were studied. The critical temperature
of freshly deposited mercury films was found to be
somewhat lower than the critical temperature for
bulk mercury (4.15°K), lying in the region 3.9 —
4°K. Impedance measurements were made on
freshly deposited and recrystallized mercury
films; the latter were annealed at boiling nitrogen
temperatures for a period of 18 — 20 hours. The
critical temperature of the recrystallized films
was 4.15 £+ 0.01°K.

The thickness of the films was computed by
weighing; the film was weighed by collecting the
mercury of the film with the blade of a steel knife.

O off /17 CLSE

N~
o A

Ve

aq VA a0 a0 5 W
a,m0 cem

FIG. 3. The effective conductivity of thin films in the nor-
mal state as a function of thickness: x — freshly-deposited
mercury films, O—recrystallized mercury films, O—tin films.
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FIG. 4. Resistance and reactance of superconducting thin
tin films. The film thickness is given in 10® cm: ®-—5.35;
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FIG. 5. Resistance and reactance of freshly-deposited su-
perconducting films of mercury. The film thickness is given in
10° cm: e—6.4, +— 10, X — 14, A— 18, o— 36.
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The error in the determination of the thickness was
less than 2 — 3 per cent. The difference in film
thickness between the center and the edge was less
than 10 per cent.

Thin tin films were made by deposition of spec-
trally pure tin (99.918) on a glass plate at room
temperature. Film with thicknesses of (3.3 —33.2)
x 1078 cm were studied. The critical temperature
of the tin films (3.8 —3.9°K) were somewhat above
the critical temperature for bulk tin (3.7°K).

The effective conductivity oggf in the normal
state (cf. Fig. 3) was determined from the high-
frequency resistance of the mercury and tin films
at temperatures above T,. For tin and recrystal-
lized mercury films og¢ is in good agreement
with the theoretical relation oggf ~ ond/2 (£ is
the electron free path in the bulk metal) obtained
under the assumption that electron diffusion scat-
tering takes place at the boundaries of the film,
i.e., that the electron free path in the metal is
limited to the thickness. In the unannealed mer-
cury films ogff was found to be independent of d.
This would seem to mean that films condensed at
low temperatures have extremely fine crystal
structure and are essentially amorphous. The
electron free path in this film is considerably less
than the thickness of the film. From a comparison
of the absolute magnitudes of oo¢ in freshly de-
posited and recrystallized mercury films it may be
assumed that £ ~ 5 X 10”7 cm in the freshly de-
posited films.
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FIG. 6. Resistance and reactance of recrystallized super-
conducting mercury films. The film thickness is given in 107
cm: 0—5.7; +—6.4; A—10; 0— 14; x— 18,

The change of surface impedance with tempera-
ture as the film goes from the normal to the super-

conducting state is shown in Figs. 4, 5, and 6.
Using the Ginzburg formula,? we can compute €
and T

X

djZ*’

g = —

SEY

R 3)

Iz’

-

Ceff =

this formula is valid when d? « 6gc- This condi-
tion is satisfied for films in the normal state and
at temperatures 0.3 — 0.4 degrees away from Tg.
All calculations were carried out for temperatures
close to T, since Eq. (3) does not apply at lower
temperatures; furthermore, there is a significant
reduction in the accuracy of the measurements of
R and dX.

The results of the calculations of € and ogg¢¢
are shown in Figs. 7 —12. Assuming that the en-
tire dielectric permittivity of the film is due to the
superconducting electrons, i.e., €, < c?/w?83, it
is possible to compute the depth of penetration of
the static magnetic field into the superconductor
6y and to estimate 0y, using the relation between
0y and temperature (2); this relation is found to
be in good agreement with the obtained results.

For freshly deposited films 8y, = (14.5 + 1.5)
x 1078 cm; for recrystallized films &gy = (5.5 +
0.5) X 10~% cm. The latter value agrees with the
value (5.3 +0.5) X 107 ¢cm obtained by Khukhor-
eva’ in measurements of &y, in the same films
using the critical magnetic field method. For the
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FIG. 7. Dielectric permittivity of superconducting tin films.
The quantity d is given in 10 cm: 0—5.35; x—7.7; A—
12; @ —22.

tin films 64 = (6.5 + 0.5) X 10~ ¢cm, which is in
agreement with the data reported by Zavaritskii.l?
In all films which were investigated ogf increases
as the temperature is reduced in the vicinity of T.
We may note that an increase of on/f with tem-
perature was noted also in bulk tin (Fig. 2) at
temperatures close to T,. This result is not as
yet understood.
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FIG. 8. Dielectric permittivity of freshly-deposited super-
conducting mercury films. The quantity d is given in 107°
cm: e—36; +-—18; 0—14; A—10; x—7.7.
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FIG. 9. Dielectric permittivity of recrystallized supercon-
ducting mercury films. The quantity d is given in 10 cm:
o —18; x—19; +—6.6; A—10.

5. An investigation was also made of the rela-
tion between the surface impedance of the super-
conductor and a fixed magnetic field H < He. The
experiments were carried out with bulk samples
and thin films. In order to interpret the results
of these experiments it is important that the mag-
netic field be precisely parallel to the surface of
the sample being investigated. In a bulk sample
this requirement is automatically satisfied because
of the Meissner effect. In thin films the critical
magnetic field H,, parallel to the film is several
times larger than the field perpendicular to the
film H,,, i.e., when T < T, the resistance of
film is a minimum when the magnetic field is par-
allel to the plane of the film. This property was
used to ensure that the plane of the film was par-
allel to the magnetic field.

The impedance of the bulk sample of tin re-
mained unchanged, to within an accuracy of 2 per
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FIG. 10. Effective conductivity of superconducting tin
films. The quantity d is given in 10™® cm: 0—5.35; X—
7.7, A—12;, @—22,
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FIG. 11. Effective conductivity of freshly-deposited su-
perconducting mercury films. The quantity d is given in 107
cm: e—36; x—18.

cent, as the field was increased up to 0.91 Hg.
Consequently, the depth of penetration of the field
into the superconductor 6, is independent of field
(within these same limits). This finding is in
agreement with the results obtained by Pippard?
and is consistent with the Landau-Ginzburg ’cheory,11
according to which §; in a bulk sample should not
change by more than 2 per cent as the magnetic
field is varied. In thin samples, the thickness of
which is comparable with the depth of penetration
at a given temperature, the Landau-Ginzburg the-
ory gives the following dependence of penetration
depth on field:

B0 (H) = B0 | VT — (H ] H. )

The results of the present experiments with
mercury films and tin films are in good agreement
with this theoretical relation (Fig. 13). A discrep-
ancy between theory and experiment is found only
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FIG. 12. Effective conductivity of recrystallized super-

conducting mercury films. The quantity d is given in 10™ cm:

A—18; ®—14; +—6.4; 0—5.3.
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FIG. 13. The relation between dielectric permittivity
(a) and effective conductivity (b) and the magnetic field for
a tin film of thickness d = 22 x 10™® cm. A — T = 3.754°K,
0 - T=23724°K, + — T = 3.658° K (T, = 3.918°K).
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in the region close to Hg; this discrepancy is
probably due to the fact that in a magnetic field the
transition of thin films from the normal state to
the superconducting state is not a sharp one.

In all the films which were investigated oggr is
independent of magnetic field in the normal state.
In the superconducting state o, falls off as the
field is increased, approaching the values of oggf
in the normal state at H = H,,.
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the results.
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