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The following properties of tin were measured: 1) the complex refractive index in the spec-
tral region 0.73—12u at T = 293°K, and in the region 0.73—11u at T = 78°K; 2) the static
conductivity and its temperature dependence in the range 4.2—293°K; 3) the density; 4) the
Hall field; 5) the superconducting properties. The data were analyzed taking into account
the nature of the skin effect. The conduction electron density, the electron velocity on the
Fermi surface, the electron collision frequency, and the Debye temperature of tin were

found.

THE present work is a continuation of the study
of polyvalent metals, which is being undertaken in
the Optics Laboratory of the Physics Institute,
U.S.S.R. Academy of Sciences. We carried out a
simultaneous study of the optical, electrical and
several other properties of white tin, evaporated
in vacuum on to a glass substrate. It is essential
to investigate simultaneously several properties
because during evaporation one may obtain layers
with properties differing considerably from those
of the bulk metal. Only such a study allows us to
determine a number of microproperties of the lay-
ers and gives us an idea how close these proper-
ties are to those of the bulk metal.[t]

By special selection of the conditions and the
method of evaporation, we obtained tin layers with
all their properties close to, or identical with,
those of the bulk metal. Therefore, the micro-
properties determined in the present work can be
regarded as representing the bulk metal.

EXPERIMENTAL METHODS

1. To determine the optical constants, we used
the polarization method, based on the determina-
tion of the phase shift A between the p- and s-
components of the reflected light and of the azi-
muth p. We used both the phase shifts A = (7/2)
(2k +1), aswell as A =7(2k +1), where k =0,
1,2,.... [2,3] The measurements were carried
out using two setups. The description of one appa-
ratus, which was used to measure the optical con-
stants at room temperature only, was given in (2],
With this apparatus, at a fixed wavelength of light
A, we measured the angle of incidence ¢ and the
azimuth p which characterized the circular polar-
ization of the reflected light. We used quadruple

reflection, and therefore for each wavelength we
could find four pairs of values of ¢ and p, cor-
responding to the phase shifts 7/2, 3n/2, 57/2,
and 7r/2. The optical constants determined for
the same A but different values of ¢ were iden-
tical. This apparatus allowed us to determine
quickly (2—3 hours) the optical constants of the
mirrors, prepared in the same evaporation run,
over the whole investigated range of wavelengths.

The second apparatus, which was used for meas-
urements both at low temperature and at room
temperature, was a modification of that described
in (41, A parallel beam of light passed first
through a rotating polarizer (the frequency of ro-
tation was 4.5 cps), then suffered octuple reflec-
tion from the investigated mirrors, passed through
an analyzer, was focused on to the slit of a mono-
chromator and finally fell on a bolometer. The
bolometer signal was amplified with a resonance
amplifier. Both variants of measurements allow
us to determine the optical constants in the same
way.[®] Their equivalence follows from the prin-
ciple of reversibility of light beams.

To make sure that there were no unforeseen
additional sources of error, we measured the op-
tical constants of the same mirrors by the two
methods. Agreement between the results was very
good. The variant used in the present work had the
advantage of the absence of a parasitic signal due
to the polarization of room radiation by the inves-
tigated mirrors; moreover, there was no need to
introduce corrections for the polarization of light
by the monochromator. The measurements were
carried out at a fixed value of the angle of inci-
dence ¢. We measured the wavelength A and the
azimuth p, corresponding to the values A = (w/2)x
(2k +1), where k=0,1,2,.... For one value of
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¢, we used 4—5 pairs of values of A and p.

In this apparatus, we also used the linear po-
larization of the reflected light. For this, we placed
a rotating chopper (9 cps) in front of the investi-
gated mirrors. One of the polarizers was placed
at an angle of 45° to the angle of incidence of light,
the other was used to determine the azimuth of the
re-established polarization. In this case, too, we
could determine several pairs of values of A and
p, corresponding to the linear polarization of light,
for each value of the angle of incidence. We em-
ployed 2—3 pairs of values. The use of the phase
shift A = (n/2)(2k + 1) allowed us to carry out
measurements at lower angles of incidence and
with higher accuracy than the use of A = 7(2k+1)
for the same value of k.

In the present work, as in all the preceding
studies, special attention was paid to the quality
of the polarizers. We used eight selenium films
oriented at the angle of 67.5°, which resulted—at
the apertures we used—in the intensity of the un-
wanted transverse component of light being less
than 1/500 the intensity of the longitudinal com-
ponent over a wide range of wavelengths. There-
fore, the error connected with the transmission
of the second component by the polarizer was less
than the other experimental errors.

As the source of light, we used a dc carbon arc.
The light was rendered monochromatic by means
of spectrometers with NaCl prisms. Germanium
bolometers, made by A. A. Shubin, were used as
the receivers. The temperature of the mirrors
was measured with a thermocouple.

2. The investigated tin layers were prepared by
vacuum evaporation from tantalum boats onto pol-
ished glass. The evaporation was carried out at
pressures of (5—8) X 10™® mm Hg. During the
evaporation, the vacuum in the chamber did not
change because of the large volume of the cham-
ber and the high pumping speed (500 I/min). The
purity of the initial tin was greater than 99.99%.
The evaporation conditions were selected in a spe-
cial way. Several trials allowed us to find the con-
ditions which ensured the preparation of thick lay-
ers (0.5—1.1u) with properties identical with, or
close to those of the bulk metal. In this way, very
good mirrors without any sign of matt surfaces
were obtained. The annealing of the mirrors, car-
ried out at 150—200°C for several hours in vacuum,
had no effect on the results of the measurements.
Obviously, the quality of our mirrors was much
higher than that of the mirrors used by Hodgson,m
who investigated either mirrors with a matt deposit
or thin transparent mirrors. It is not clear how
far the properties of Hodgson’s mirrors repre-
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sented the properties of the bulk metal.

3. To determine the conductivity, the density,
and the Hall effect, special samples were deposited
simultaneously with the mirrors. As substrates,
we used polished glass plates with fused-in metal
leads. The thickness of all these layers was meas-
ured by an interference method. To determine the
density, the samples were weighed by a microbal-
ance. The resistance was measured in the usual
way.

The conductivity of the investigated layers was
measured at room temperature, the boiling point
of nitrogen, the boiling point of hydrogen, and at
helium temperatures. The temperature of the
transition to the superconducting state was deter-
mined from the resistance discontinuity when the
temperature was varied in the absence of a mag-
netic field. For this purpose, we used the same
samples as in the measurements of the conductiv-
ity. As usual, the temperature of the supercon-
ducting transition was taken to be the temperature
at which the resistance of the sample was half the
resistance before the transition.

The Hall effect was measured in a constant
magnetic field of up to 7 kOe intensity. The Hall
emf was determined with a dc amplifier of 107°
V/mm sensitivity. The current densities through
the samples were between 100 and 4500 A/cm?.
The samples used were in the form of strips of
deposited tin, 60 mm long, 4 mm wide, and 0.5—
1.1u thick. The leads for the measurement of the
Hall emf were placed at distances of 30 mm from
the current leads. Special measures were also
taken to ensure that the potential leads were as
close as possible to the equipotential location. The
remaining small parasitic voltage drop was com-
pensated. The sign of the magnetic field was al-
tered during the measurements, so that we meas-
ured a quantity equal to double the Hall emf. Be-
cause of the smallness of the Hall emf in tin, spec-
cial attention had to be paid to careful thermostat-
ting of the whole apparatus.

EXPERIMENTAL RESULTS

The experimentally measured values of n and
k are given in Table I and in Figs. 1 and 2 [(n—ik)
is the complex refractive index]. The figures show
that at short wavelengths the optical constants are
affected by the internal photoeffect. An estimate
of the influence of this effect is given below. Here,
we can mention only that for A > 2.5y the influ-
ence of the internal photoeffect is negligibly small,
and we may assume that the optical constants are
governed by the conduction electrons.
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Table I. Optical constants of tin

T =293° K ; T =178 K T =293° K T =178°K
A p | A,
n \ *x ‘ n . ® n ‘ ®x n ®
0.73 2.16 6.35 2.22 6.25 2.5 3.62 14.8 1.69 14,6
0.8 2.38 | 6.68 | 2.25 | 6.48 3.0 4,40 | 17.8 | 1.88 | 18.0
0.9 2.94 | 7.28 | 3.04 | 7.28 4.0 6.18 | 23.2 | 2.46 | 24.2
1.0 3.46 | 7.40 | 3.97 | 6.9 5.0 8.49 | 28.5 | 3.75 | 29.7
1.1 3.68 | 7.50 | 4.05 | 6.60 6.0 | 11.0 331 | 4.97 | 35.5
145 | 3.75 | 7.58 | 3.81 | 6.53 7.0 |13.8 37.1 | 6.51 | 41.4
1.2 3.7 | 7.68 | 3.50 | 6.51 8.0 | 16.6 40.6 | 8.17 | 47.0
1.3 3.65 | 7.92 | 2.98 | 6.79 9.0 |19.3 43.8 | 10,0 | 51.7
1.4 3.46 | 8.26 | 2.48 | 7.36 || 10 22.0 46.4 | 12.4 | 55.7
1.5 3.29 | 8.72 | 2.08 | 8.04 | 11 24.8 49.0 | 15.7 | 59.8
1.7 342 | 9.92 | 1.74 | 9.34 || 12 21.8 51.6 — —
2.0 3.09 | 11.8 1.64 | 11.4
5 muth for a single reflection. These formulas do
"l A 4 not allow for the dependence of the surface im-
ur= pedance on the angle of incidence ¢. Such an al-
7 P g @
”_z \ 7 %t lowance leads to a small increase of n and a small
15 h y ?\(#)/ — 14 reduction of k. The maximum correction in the
Y, .
o y's 0.7 u region reached 1%; in the 2 u region, it was
//7 L1 less than 0.3% and decreased strongly at longer
d AT 1A wavelengths. Obviously, there is no sense in in-
1™ 7 74557 79 W Wy troducing such a small correction.

FIG. 1. Dependence of the refractive index on A: 1)

T = 293%K; 2) T = 78%K.
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FIG. 2. Dependence of the absorption index on A: 1)
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T = 293%; 2) T = 78%K.
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To determine the optical constants, we carried
out many series of measurements using both set-
ups. The measurements with the two setups gave

identical results.

The error in the determination
of n amounted to (1—2)%, and the error in ¥ was

(0.5—1)%. The error was found from the scatter
of the values obtained for samples from different
evaporation runs. The error in each series of

measurements was even smaller. The values of
n and k were determined using the formulas*

__sin @ tg @ cos2p’
1 —sin2p’ cos A’

% — sin @ tg @ sin 2p’ sin A’

1 — sin2p’cos A’

’

where A’ and p’ are the phase shift and the azi-

* tg = tan.

In one apparatus, the light incident on the mir-
rors had a narrow spectral range (after passing
through a monochromator ), while in the other ap-
paratus, the light encompassed a very wide range
of wavelengths (A 2 0.7u). The agreement be-
tween the experimental results obtained in these
two ways indicated the absence of the influence on
the optical constants of the additional illumination
with short-wavelength radiation (such an effect is
observed only in semiconductors). The absence
of this effect in the second apparatus was also spe-
cially checked by means of filters which cut off
the short-wavelength radiation.

The measurements of the optical constants
were carried out both immediately after the prep-
aration of the mirrors, and after one day in vac-
uum. The results were the same. We also carried
out a special investigation of the influence of a 48-
hour exposure of the mirrors to the atmosphere.
The change in the optical constants produced by
this exposure was less than (2—3)% in the case of
n and less than 1% in the case of x. All the meas-
urements of the optical constants were carried out
during much shorter intervals of time (of the order
of several hours).

The optical constants of tin at room temperature
have been determined by Motulevich and Shubin2],
as well as by Hodgson. (6] The results reported
in & refer only to the spectral range 1.3—6.3u,
within which they agree well with the results of the
present work. Hodgson reJ gave his results only in
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Table II. Electrical and some other properties of tin

Investi- Investi-
Bulk Bulk
gated gated
layers metal layers metal
d, p 0.5—1.1 Rres/RO 3.5-1072 1073
b, grem 74w | 7.8 || Terr °K 3.88 3.73
Gp, cgs esu 1. N5 ° .
oN s ces esu 3.1.100 | 4.0.100 || AT, °K 0.01—0.03|  0.01
s s Ex/j (WX cm in +4+5.0-1078| —4.1.1073
SOl icgs esu 1.5-101 6.7-101 H = 1 kOe)

the form of a graph of the dependences of

log (k¥ —n% + 1) and log (nk/A) on log A. All

the results were obtained on a single layer. The
values of n and k could be found from Hodgson’s
data only very roughly so that we could note only
a qualitative agreement between the nature of the
dependences of n and k on A. The electrical and
other properties of the investigated layers were
not reported in (2] op [63,

The experimentally determined electrical and
other parameters of our tin layers are given in
Table II. The same table also includes the values
of these parameters for the bulk metal. The first
line gives the thickness of the investigated layers.
As mentioned above, the investigated parameters
were found to be independent of the thickness in
the case of our layers. Thinner layers did exhibit
such a dependence (all the data in Tables I and II
refer to ‘‘thick’’ layers). The density p was
measured with an accuracy of 5%. It is seen that
the density of the layers was identical with the bulk
metal density.

The conductivity was measured with an accuracy
of 5%.1 The conductivity at room temperature, o,
(given in the third line of Table II), was measured
at T = 293°K; its value was 91% of the bulk metal
conductivity. The conductivity at the temperature
of liquid nitrogen, onN (given in the fourth line),
refers to T = 77.4°K; it amounted to 78% of the
bulk metal conductivity. The conductivity at room
and nitrogen temperatures was independent of the
thickness, even in the case of layers =~ 0.2 u thick.
The fifth line of Table II gives the conductivity at
the temperature of liquid hydrogen, oy (it refers
to T = 20.3°K). The latter quantity amounted to
22% of the bulk metal conductivity.?’ The sixth
line in Table II (the first line in the right-hand

DThe accuracy of the determination of both the density
and the conductivity was governed by the accuracy of the
thickness measurement.

2The bulk-metal conductivities, taken from various hand-
books, differ by 20-30%.["] Table II lists the most reliable
values.

half) gives the ratio of the residual resistance
Rres to the resistance at room temperature R,,.
The residual resistance was determined at liquid
helium temperatures. It did not vary between T

= 4.2°K and the temperature of the superconducting
transition. With a reduction in the thickness, the
residual resistance increased somewhat. The dif-
ference between the values of Ryeg /Ry and
[1-(0y/0p)], where o}, is the bulk metal conduc-
tivity at T = 293°K, was due to the somewhat lower
Debye temperature of our samples compared with
the Debye temperature of bulk tin. The determina-
tion of the Debye temperature is described below.

The next two lines in Table II give the tempera-
ture of the transition to the superconducting state
Tor and the temperature range in which this tran-
sition occurs. The value of T, was close to that of
the bulk metal. The transition in the layers was
very sharp, indicating their good uniformity.

The last line in Table II gives the ratio of the
Hall field and the current density through a sam-
ple in a magnetic field H = 1 kOe. This ratio was
determined with an accuracy of 30%. It was inde-
pendent of the current density. We determined the
dependence of the Hall field on the magnetic field.
Up to H =7 kOe, the Hall field was proportional
to the magnetic field. Table II shows that the value
of the Hall effect in the test samples was very
small, as in the case of bulk tin (30 times smaller
than in the case of copper or gold). This repre-
sents an almost complete compensation of the elec-
tron Hall effects by the ‘‘hole’’ effect. The test
samples showed a slight dominance of the influ-
ence of ‘‘holes’’ while a bulk polycrystal showed
a slight dominance of electrons. In tin single crys-
tals, the sign of the effect is different for different
directions but the value of the effect remains small.
(8] In all cases, the Hall effect was practically
equal to zero.

ANALYSIS OF THE EXPERIMENTAL DATA

The analysis of the optical experimental data
was carried out taking into account the skin effect,
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which was found to be weakly anomalous both at
room temperature and at liquid nitrogen temper-
ature.

The conduction electron density N, the veloc-
ity of electrons on the Fermi surface v, and the
frequency of electron collisions vopt, were deter-
mined using the following formulas:[%]

N - 01151022 (02 4 %2)?
- 2
A %% — n?

(1 By, (1)

opt o
= 1690107 A o +A>2(1 B2), (2)
B = Rey 4 2% Tm 1, ®)
—n2
%= Rey — %5 “lmy, (4)
32 [N
— gicn—llfl?"_» exp [ (1 — ¢2)], (5)

opt’

where tan ¢4 =n/k, tan ¢, = “’/Vopt- Here, w is
the angular frequency of light, A is the wavelength
of light in microns, and c is the velocity of light
in vacuum. The calculations were carried out by
the method of successive approximations. In the
zeroth approximation, we assumed that 8; = 85 = 0.
This corresponds to the normal skin effect. For
each A, we determined N® in the zeroth approx-
imation; this value showed some dependence on A.
The average value of N was used to determine

(()(Bt in the zeroth approximation using Eq. (2). In

principle, V“Bt could depend on the frequency and
therefore, in determining the corrections B; and
B;, we used the value of V(O(Bt determined for a
given frequency.

The value of 8; was determined using Eq. (3).
The unknown parameter v was selected so that
the right-hand part of Eq. (1) was independent of
A. In order to find v easily and reliably, we used
the least squares method. Since in the case of tin
the skin effect is weakly anomalous, the magnitude
of the correction B, is small, which appears as a
weak dependence of N© on A. Therefore, for a
reasonably reliable determination of v, the optical
constants must be measured accurately. The ac-
curacy of our optical measurements gave v with
an error of 15%. This value of v was used to find
the correction f,. Next, using Egs. (1) and (2), we
found N and vopt in the first approximation. The
second approximation gave values practically iden-
tical with those in the first approximation.

To determine the microproperties related to
free electrons, we used the wavelength range 2.5—
12 4. At shorter wavelengths, the optical constants
were considerably affected by the internal photo-
effect. The determination of the absorption coef-
ficient for normal incidence A =4n/[(n+1) + k%]

and G. P. MOTULEVICH
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FIG. 3. Dependence of the absorption coefficient.
A=4n/[(n+ 1>+ «*Jon A: 1) T =293%; 2) T = 78%K.

indicated the presence of a sharp peak in the 1—
1.2 u region (cf. Fig. 3).

Tin belongs to the fourth group in the periodic
table and has four valence electrons per atom: two
s-electrons and two p-electrons. Obviously, the
p-electrons are on the Fermi surface and the in-
ternal photoeffect is due to the transfer of the s-
electrons to the Fermi level. We attempted to es-
timate the influence of the internal photoeffect. As-
suming that the complex permittivities, related to
free electrons and electrons taking part in the in-
ternal photoeffect, are additive, we can determine
the real and imaginary components of the permit-
tivity, due to free electrons, over the whole range
of wavelengths using the dependences n(A) and
k(A) at the long-wavelength end. Subtracting the
electronic component from the experimentally
measured complex permittivity, we can obtain the
contribution of the internal photoeffect. It was
found that the wavelength dependence of the per-
mittivity component related to the internal photo-
effect was of the dispersion type. A more detailed
consideration of the problem of the influence of
the internal photoeffect will be given in a separate
communication. We would point out only that in the
case of tin is the experimentally determined wave-
length dependence of the permittivity related to the
internal photoeffect steeper than the dispersion
curve but flatter than an exponential curve. The
internal photoeffect contribution, determined even
from the steeper dispersion formulas, was found
to be negligibly small already at A = 2—3 .

Before giving the final results of our analysis
of the experimental data, we shall describe how
we found the Debye temperature for our samples.
We started from the assumption that the reduced
resistance of tin is r = 1.056 (T/®) F(®/T), where
F(®/T) is the function tabulated in [1%11] and @
is the Debye temperature. We had to find the value
of ® for the temperature range 78—293°K; for this,
we used the relationship

RN - Rres_ TN F (e/TN)
Ry~ Ropy — Ty FOITY) *
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Table III. Microproperties of tin

T==293° K T =78 K T =203° K T=78°K
N, em™ 4.8.10% 4.2.1022 3 L=2,5p 0.005 0.002
N/N, 1:3 1.1 PAA=141 p 0.03 0.02
v, em/sec | 0.93.10% | 1.0.108 || g, { F=2,51 0.04 0.08
Vopt, sec™ 2.26.104 | 0.76.101| ~ LA=11n 0'04? o
v/ sec 1.64.101 | 0.28.101 max e 0.055 016
Cl'd ) ' l, cm 0.4-107¢ 1.3-108
(1 - P . 9
v, sec™ 6-1012 6-1012 5, cm 9.8.10-6 92.7.10-6
V,offs sec 1.70-10" | 0.56.101
Here, Ry, RN, and Rreg are the resistances at N x 102
293°K, 77.4°K, and 4.2°K, respectively; T, and TN N
are the room temperature and the boiling point of 4 13‘

. . cpps . Ty /
nitrogen, respectively. There was no difficulty in l% 7
determining ® from this relationship. The value 4 -
of ® found for a large number of samples was
187 + 3°K. The same method of determining @, 2
applied to the bulk metal, gave values of ® between
193 and 208°K. This scatter of the Debye tempera- 7

7 ?
tures is due to the fact that different handbooks z ¢ 5 4 /i(#) g

give different temperature dependences to the re-
sistance of tin.[3] The average value of the Debye
temperature determined from the specific heat is

® = 189°K. [11] Taking into account this scatter of
the Debye temperature values, obtained by differ-
ent authors, we may assume that the Debye tem-
perature of our samples is close to the Debye tem-
perature of bulk tin. Later, we shall use our Debye
temperature to determine the effective electron
collision frequency.

The results of the analysis of the experimental
data are listed in Table III. The first line gives
the average value of the conduction electron den-
sity. The results of the determinations of this den-
sity for various wavelengths are given in Fig. 4,
which shows clearly its remarkable constancy in
the 2—11y region. It was found that the conduction
electron densities in tin at T = 293°K and T = 78°K
differ by an amount which is considerably greater
than the experimental error.

In the metals investigated earlier —aluminum,
lead, gold, silver, copper [12-14]__the conduction
electron density was found to be independent of
temperature, which indicates that the band struc-
ture did not vary with temperature. The variation
of the electron density in tin is obviously due to
changes in the band structure on cooling. Tin has
four valence electrons per atom and crystallizes
in a deformed diamond lattice. Elements of the
fourth group with the diamond lattice—germanium,
silicon, and a-tin —are semiconductors. The me-
tallic properties of tin are due to the overlap of

FIG. 4. Dependence, on A, of the quantity

. 1022 2 2N\2 . .
0 1115);(,(2 _(:z)+ i) (1+ B,) (in the 2.5 — 11 4 region,
this quantity gives the conduction electron density): 1)
T = 293%K; 2) T = 78%K.

N =

the energy bands. Obviously, this overlap varies
with temperature.

The second line in Table III gives the ratio of
the conduction electron density to the concentration
of atoms (Ng). A determination of this quantity
from the surface impedance in the radio-frequency
range at helium temperatures gave an average
value N/Ng = 1.2. (1] This is in good agreement
with our value at T = 78°K.

When the value of N is determined optically,
it is not necessary to divide the Fermi surface
into an electron part and a hole part. This can
be seen even from the fact that € ~ e®. However,
if such a division is effected, it is necessary to as-
sume that the optical measurements give the quan-
tity N/m = N®/m§ + Nh/mle‘ff, where N€ and Nh
are the electron and hole densities, m is the free-
electron mass, mgff and mle?ff are the effective
masses of electrons and holes. In the case of the
Hall effect, such a separation is important; the
total effect is determined by the difference of the
electron and hole effects. The Hall field value
given in Table II, both for the investigated tin lay-
ers and for the bulk metal, is extremely small
(30 times smaller than the Hall field of copper),
which indicates that the electron and hole contri-
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butions practically balance each other out. The
whole effect is due to the small difference between
the electron and hole mobilities.

The third line of Table III gives the electron
velocity on the Fermi surface. As pointed out
above, this quantity was determined with an error
of 15%, and therefore the values obtained for 293
and 78°K can be regarded as identical. The value
of the electron velocity on the Fermi surface ob-
tained from the optical measurements agrees with
the value obtained from the measurements of the
electronic specific heat of tin. Using our value of
N at T = 78°K and the data of Eisenstein,[1%] we
find that v = 0.92 x 10 cm/sec, which agrees with
our data.

The fourth line of Table III gives the electron
collision frequency, vopt, found from the optical
data at the long-wavelength end of the spectral
range. The dependence of this quantity on A is
given in Fig. 5. This figure shows that it is not
possible to separate out the quadratic dependence
related to the collisions between electrons. - This
is because in the case of tin, due to the internal
photoeffect, we cannot use the short-wavelength
part of the spectrum where the influence of the
electron-electron collisions is greatest. In the
long-wavelength region, the influence of the elec-
tron-electron collisions is extremely small com-
pared with the strong electron-phonon interaction.

Vopt X 107
/ﬂ"
() i l___
g
J \ !"-_‘
/
") =
=7 § ¢ 4 w i
A

FIG. 5. Dependence of the electron collision frequency on
A1) T =293%K; 2) T = 78K.

The values obtained for the conduction electron
density and the static values of the conductivity of
the investigated layers at various temperatures
(cf. Table II) can be used to determine the classi-
cal electron-phonon collision frequency, uc{), and
the frequency of collisions of electrons with im-
purities or defects, »®9.[13] The values of these
qunntities at both temperatures are listed in lines
5 and 6 of Table III. We should remember that in
the presence of light the interaction between elec-
trons and phonons involves quantum effects calcu-
lated by Gurzhi.(18] According to Gurzhi, we can
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calculate the effective electron collision frequency,
vepr = ved + ugfq)(T/@), where ¢ (T/®) is a func-
tion calculated by Gurzhi. The value determined

in this way is given in line 7 of Table III. One would
expect veff to coincide with vopt, but it was found
that vopt > veff at both temperatures.

This difference is possibly due to the inaccuracy
in the determination of ¢ (T/®). In Gurzhi’s work,
this function was found to within a multiplier of the
order of 2. It is of interest to check the tempera-
ture dependence of ¢ (T/®) predicted by Gurzhi.
For this purpose, we shall calculate the ratio
(vopt — ved)/ vgll) at temperatures of 293 and 78°K,
and compare it with the corresponding ratio of the
values of the function ¢ (T/®) at the same temper-
atures (® = 187°). The former value was 0.54 and
the latter 0.57. This agreement can be regarded
as quite satisfactory. An accurate check of the
temperature dependence requires measurements
at lower temperatures.

The rest of Table III gives the values of the cor-
rection coefficients §; and B,, which allow for the
role of the effects related to the diffuse nature of
the electron reflections from the surface of the
metal. The values of these coefficients are given
for the two wavelengths indicated in Table III. The
table also gives the maximum value of the coeffi-
cient B,. It is evident that these coefficients are
small and that we can use the above formulas, but
if these coefficients are neglected considerable
errors are introduced. We note that g, > 84, and
therefore a correction is much more important in
the determination of vopt than in the determina-
tion of N.

The last two lines in the right-hand half of
Table III gives the values of the electron mean
free path ! and the skin-layer depth 6 = A/27k.
Both these quantities depend weakly on A; the val-
ues in Table III are given for A = 5u. It is seen
that I < 6. Although at T = 293°K, the ratio I/6
amounts to %, all the corrections due to the anom-
alous nature of the skin effect are still important.
At T = 78°K, I/6 = %, and the correction S,
reaches 16%.

Using the values of v and »®4, we can esti-
mate the dimensions of crystallites in the inves-
tigated layers:

L=~v/vi=0.15 n.

Thus, our simultaneous investigation of the optical,
electrical and several other properties of tin al-
lowed us to determine a number of microproper-
ties. These properties represented the bulk metal.
The results obtained from the optical data were in
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good agreement with the results found by other
methods. The constancy of N, determined over

a wide range of wavelengths, indicated the applica-
bility of our model to polyvalent metals.

The formulas used in the analysis of the experi-
mental data assumed that the Fermi surface was
spherical. In the case of polycrystals, we are quite
justified in using these formulas. It is then as-
sumed that we obtain some average values of the
microproperties. However, it seems to us that the
assumption of the Fermi surface sphericity is jus-
tified also for tin single crystals. The latest most
accurate investigations of the Fermi surface by the
cyclotron resonance method carried out by Khaikin,
(113 support Harrison’s scheme. 18] The principal
radius of the Harrison sphere was refined by only
2—3%. Departures from the Fermi surface spher-
icity were found at small regions near the Brillouin
zone boundaries, representing small electron
groups. The contribution of these electrons to the
optical constants can be neglected. It seems to us
that the difference between the static conductivities
of tin at right-angles and parallel to the fourfold
axis (o] /oy = 1.45) is due to the anisotropy of the
elastic properties, leading to a slight dependence
of the frequency of the electron-phonon collisions
on the direction.?) Therefore, the anisotropy of
the quantity vopnt must be allowed for in an inves-
tigation of tin single crystals.
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