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The optical properties of lead are measured in the spectral range from 0.48 to 2.76 eV at T = 293 and
78°K and in the range 0.48—2.3 eV at T = 4.2°K. The contribution of interband transitions to the dielec-
tric constant and conductivity of lead is determined. Two conductivity bands are found which are iden-
tified with bands caused by Fourier components of the pseudopotential. Fourier components of the
pseudopotentials Vi, and Vjoo are determined at the three indicated temperatures. The calculated and

experimental maximum values of the interband conductivity for both bands are compared and good
agreement is observed between theory and the experiments. Electron conductivity parameters such
as electron concentration, area of the Fermi surface, and mean velocity on the Fermi surface are
determined from the values of the Fourier components of the pseudopotential. These values of the
parameters are compared with those obtained from measurements in the long-wave region. The
agreement is found to be satisfactory. The temperature dependence of the main electron character-

istics of lead is determined.

INTRODUCTION

THE concentration of conduction electrons in lead is
considerably lower than that of valence electrons. This
is apparently true for all multivalent metals; at least,
all metals studied by optical methods confirm this con-
clusion. As has recently been shown,’?! this is basic-
ally related to the influence of the periodic lattice po-
tential. A relation connecting Ngpt with the Fourier
components of the pseudopotential Vg (Nopt is the con-
centration of conduction electrons determined by optical
methods) has been obtained in™?. As has been shown
in®’ , these Fourier components can in turn be deter-
mined from optical measurements. Detailed measure-
ments of the optical constants in the visible and near
infrared regions of the spectrum are essential for this
purpose. In this work such measurements have been
carried out for lead. The measurements were carried
out at helium, nitrogen, and room temperatures. In
conjunction with the results of our previous work,’
the results obtained made it possible to determine the
main electron characteristics of lead and their tempera-
ture dependence.

EXPERIMENTAL PART

1. A setup, the schematic diagram of whose optics
is shown in Fig. 1", was used to measure the optical
constants.

As the dispersive system we used a monochromator
with glass optics. The detectors were a FEU-28 photo-
multiplier for the 0.45--1.2 u range and a FSA-1 photo-
resistor for the 0.8—2.6 u range. The null method of
measuring the optical constants made it possible to em-
ploy a dc arc as the light source.

Polaroids served as polarizers in the 0.45--0.74 n
spectral range and selenium films in the 0.70--2.6 u
range. A special investigation of the characteristics of

DThe principle of the setup and the method of measurement have
been described previously. [5~¢]
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the employed polarizers was carried out. In the indica-
ted spectral range the polaroids had an intensity ratio
of useful to parasitic light components of 7000 in the
0.5--0.72 u region, and of more than 1000 at the limits
of their useful range. Their transmission was 45 per-
cent in the main portion of the indicated spectral range
and decreased to 20 percent at A = 0.45 . The corre-
sponding characteristics of the selenium polarizers
were: a ratio of the useful and parasitic components of
no less than 500, and a transmission of 40 percent.

The Soleil- Babinet type quartz compensator used
made it possible to measure the phase difference be-
tween the p and s components with an accuracy of 2'.

Fourfold and eightfold reflection of the investigated
mirrors was used to measure the optical constants n
and k (n— ik is the complex refractive index). With the
aid of the compensator the phase difference was made to
equal an odd multiple of 7/2, and the amplitudes of the
p and s components were equalized by means of the
analyzer. The phase difference A and the azimuth p
obtained in this fashion were basically determined by
the investigated mirrors. However, all the elements of
the setup located before the analyzer A (mainly the mir-
rors L; and L;) could make a small contribution to these
values. The parasitic phase and azimuth shift was spec-
ially measured for each wavelength. For this purpose
A and p were measured without the investigated mirrors.
Such measurements made it possible to determine the

FIG. 1. Optical diagram of the set-
up. S—illuminator producing a paral-
lel beam of light; L,, L, and Ly—
flat mirrors: L—investigated mirrors;
P—rotating polarizer; A—analyzer, K—
compensator, M—monochromator; B—
radiation detector; F—window; D—
low-temperature part.
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phase and azimuth shift connected solely with the mir-
rors being investigated. The correction due to the effect
of the remaining parts of the setup, other than the inves-
tigated mirrors, on the polarization of the light was
small. It amounted to 5--6 percent in the case of A with
four reflections from the investigated mirrors; for
eight reflections it was less than 2 percent. The tanp
correction amounted in both instances to less than 1
percent in the 1--2.6 u range and 2—6 percent in the
remaining range. In the narrow spectral range corre-
sponding to the reflection minimum from the aluminum
mirrors (0.8—0.85 1) the correction reached up to

9 percent.

In the spectral range in which a sharp conductivity
maximum ¢(X) occurs, the optical constants were meas-
ured in steps of 0.01 u. The spectral width of the slit
amounted in this region to 0.01--0.02 p. In the region in
which the second singularity of o(A) was observed, the
measurements were carried out in steps of 0.02—0.05 n.
The spectral width of the slit in this range was
0.02—0.05 u. In the region of longer wavelengths the
measurements were carried out in steps of 0.1 u and
the spectral width of the slit was 0.1 u. At the very end
of the investigated range the spectral width of the slit
was 0.2 u.

The low-temperature part of the setup was the same
as in®!. The measurements were carried out at three
temperatures: 293, 78, and 4.2°K. The temperature of
the investigated mirrors was controlled during the
measurement of the optical constants. At 4.2°K the

GOLOVASHKIN and G. P. MOTULEVICH

temperature at the beginning and at the end of the ex-
periment differed by 0.02°. The measurements of the
optical constants were carried out in the following
sequence: first, directly after the samples were pre-
pared, the optical constants were measured at room
temperature; they were then measured at nitrogen and
helium temperature. Special experiments were conduc-
ted to establish the effect of the possible oxidation of
the samples. To this end the optical constants were
measured both immediately after the preparation of the
samples and after some time. Keeping the samples in
the cryostat for 24 hours did not change the optical con-
stants; small changes (2—3 percent for n and 12 per-
cent for k) were only observed after four days. This
indicates that good lead mirror surfaces oxidize rather
slowly, so that the results of our measurements are
practically unaffected by oxidation.

2. The samples were prepared by evaporating 99.999
percent pure lead in a (2--5) X 10"° mm Hg vacuum from
tantalum boats onto polished glass substrates which
were in addition cleaned by a gas discharge in a
10"--10"° mm Hg vacuum. The rate of deposition was
~500 A/sec. As in'] , the static characteristics of the
films coincided with those of the bulk metal. The resid-
ual resistivity of the films used was even smaller than
for the films in**’, and amounted to < 0.3 percent of the
resistivity at room temperature. The residual resistiv-
ity of the films used both in this work and in*’ has prac-
tically no effect on the optical constants, even at helium
temperatures.

Table I. Optical constants of lead

T=2K | T—7K | T=42K T=20°K | T=17°K | T=42"K
A A

n x n % n x n x n x n x

0.45 |1.44; [3.18]1.56 [3.20] — | — [0.88/1.41 [4.56 |1.01 |4.25 |0.940 |4 16
0146(1.54, (320 1.57; | 3.22| — | — 10.90/4.40 |4.68 [0.983 |4 37 |0,904 |4 27
047|198 |3.23 164 | 322 — | — (062 1138, 450 [0.656 4,49 |0.510 439

3251 s — | =

A8 |1.62 13, : 10,95(1.38 14,99 | 0,917 | 4.67 | 0,821 4,57
0.4911.68 13.281.65,| 3.2} — | — | o'g811 38" |5'16 | 0/878| 4.86 | 0.771 4 76
0.50 1,705 [3.30 |1.67s | 3.24| — | — |['1.001:38 |5:32 |0.848|5.00 |0.721 |4 90
051 [1.74 [3.31 (1,685 | 3.27| — | — | 1:05/1.38, [5.62 [0.801 |5.30 |0.656 |5 22
0'52|1.75 |3.341.70 | 3.31| — | — [1.10{1.40° [5.98 [0.743 |5.63 | 0.574| 5,58
0.53|1,78 [3.36|1.73 3135 — | — [11115/4 41, .31 |0.678|6.00 |0.485 592
054 [1.81 [3137|1.78 | 3.39 [1 82 |3.,46)1.20| 1 44; 6,50 0,651 |6.28 | 0.417|6 29
1.2501.48; 6,93 0,599 | 6.66 | 0.346 6,56

0.55 |1.83 {3.40 |1.82; | 3.43|1.88; |3.50 516.93 10, 618,
O o e 540 182 | 543188 13-00)1730[1.50" 17123 |05%3 | 6,96 [0.312/6.96
057 1.87 |3043|1.91° | 3746 |2.04 [3,521.35\1.52, [7,48 | — | — |0.294|7.26
0.58(1,90 {3043 [1.96, | 3.47]2.11 [3.521.40\1 58" 7,74 |0.566 |7.59 |0.285]7.59
0:59|1.91 |3.44 [2.01 | 3.46|2.17 [3.5211.45/160 |8.01 | — | - |0.290|7 90
0.601.915 |3.45/2.06 | 3.442.26 [3.50| 120/ 1,8%s 8.30 10.57518.23 10.2758,2¢
0.61 1,94 | 345 (2,10 | 3042|229 |3.45 | 1-59/1,69% 8,58 | — | — | — | —
0.62|1,94; [3.47 2.1 |3.3812.34 |3.38|1.60|1,77, [3.90 [0.611|8.93 |0.3008,94
0.63]1.95 |3.48|2.14 | 3134 2.39 |3.27|1.70|1.89; |9,47 |0.647|9.59 |0.312|9.57
0:64 1% 3149|243 | 328 |2:30 (316 1,80 205" 10,1,/ 0683102 |0:336 | 16,3,
: 02118 110.7°]0.728 10,8 |©,338|11,0
0,651,915 |3,50]2.09 | 3.25]2.34 |3.001|%: , 8 o, :
006 |1:80% |38 1508 | 32015138 |3:05]/2'00/2:32 1172 |0.783 | 1113, | 0.387 | 1155
07| = |72 12002 | 3714|2118 12193112.10{2.47 [11.7;]0.835 11,9 | 0.382]12.1
0.6811,85, |3.53 | 1.965 | 3010|2109 |2.89112'20/2.63 [12.2° 0.901 |12 50 | 0.448 |12.7
0.69| = |" 188"\ 5108 1,67 | 20842.30 2084 1215 | 0949 1315 | 0,400 133
2.40/3.03 |13.2 |0.997|13.7; |0.541 | 13.95
Ouag 178 |3.57 1,80 1 3071185 | 2820275003122 [t3.9 |1,05 (143" |0.3%6 145,
0.72[1.71 |3.64|1.58 | 3113 |1.54; |2.89[12,553,34 |14.15 — | — |0,507|14.7
073 = |"Z 4047, | 3017|1140 | 297(12760| 345 [14.40) 1,19 | 14.85 | 0,614 | 15.0,
0.74 [1.63; [3.73|1.30° | 3.24(1.30, |3/06 {310 |4.27 |16.4 | 1,53 |17.3 | 0,81 |17.3
3.5 (5,39 1816 |2.01 2004 |1.10 |20.1

9.7511.60 13.78\1,34 | 3.33|1.24 | 3.45)15°6 6’58 a0 2048 [2209 1049 |23.1
0176 4157 3841128 | 341 [1.47, 326 40 |6.58 120.8 12,48 122.9 | 1.49 |23.1
0.78[1,52; 3.96 [1.18; | 3.58|1.00" |3.46||5-0 [9-04 24.8 3, 72 :
0.79] = |77 10165 | 3765|1.07 |3.58(6.0 [11,7 |28.1 |5.41 |33.9 |2,95 |34.4
! 7.0 [14.4 1309 |7.16 [38.7 (3175 (3979

080 |120s 4.0011:13 13,73 108 13,8080 |16%4 (3376 882 4319 450 |45
08|17 418|100 | 336 |son (578 ] 90 [187 3508 [10.5 [49:1 |5156 |50.6
08 = | | 2|77 00989(3.92](10,0{24,0 [37.4 [12.3 |54,4 |6,70 |55.9
11.0/23'2 (3902 [14.4 [39.1 |7.90 |61.3

O-Bo[1.44 14.8511.05: ] 4.05)0.976 | 3,97l 15201 24.6 [10.5 [16.3 [63.5 | 9720 |66.5

Here A is the wavelength of the light in microns.
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Table II. The results of processing of the optical constants of
lead in accordance with the formulas of the weakly anomalous

skin effect
A Nopt-IO—" v-10—14 DF-lO" B1-102 | B,-10? A Nopt.w—” v-10—14 vp-10-% 5,-10% | B,-10%
T—=293K
12,0 | 3.89 13.040.99/3.0 | 26| 2.40| 3.72 | 1.01]0.970.09 11
1100 | 409 343 |1.01 | 209 | 207 || 2030 | 370 | 1.06 | 0.96 | 009 | 11 0
10.0 | 4,05 |3.08[1.01 (26 | 291|220 369 |1711 0,96 | 0709|105
9.0 | 402 |2:98|1.00|2.3 | 3.2/ 210| 367 |1.13| 096 | 0°08 | 105
8.0 | 4.04 [298[1.01 |21 | 33{200| 3,65 |1.18 096 | 0.08| 9.8
7.0 | 4.08 |3,05(1,01 (1.8 | 3.4(1,9 | 3,65 |1.21 0,96 |0.07
6.0 | 413 1309|102 |1.5 | 3.6 18| 363 | 128|095 0.07 g:?
5.0 | 441 [308[1.02{11 | 38/ 1.70| 3.60 |1.38|0.96 | 0.06| 84
40 | 4.09 [321|4.01]080| 3.8( 1.60| 3.52 |1.50| 094|008 7.7
3.5 | 4.07 [3,30]1,00|0.85| 3.8 1,50 | 341 |4.64|092|0.06]| 638
3,0 | 410 [3.39]1.01 052 3.8
%.gg 2.(1)(7) 3,55 1,01 | 0.42 | 3,7 T=4,2°K
R 3,57 | 1,01 | 0.40 6] g
50| 406 | 3871011050 g‘ﬁ 12,0 | 3.64 | 0.316 0.96 | 0.50 ] 28.9
240 | 3.96 {3.69]1,00|0.37| 3.4 11.0| 3.66 10,322 096 0.43]|28.6
2.30 | 401 |370 1100 | 0:34| 315 || 00| 385 1 0.3 o581 0.37 ) 2.0
S g . -338/ 0,96 | 0.31 | 27.7
2.20 39 3.7 1001081 | 34180 | 372 | 03401 0197 | 025 | 279
200 | 308 | a6 | 100|058 3340 70| 273 |o0.380 0.97 | 0.23 | 25,7
1090 | 401 | 409|100 05| 331 6:0| 3175 |0411) 097 019 | 22’4
1.80 | 4,00 |428|1.00)0.25] 3.0 5:0| 3.72 |0.439 0.97 | 0.14 | 23.0
170 | 3091 | 4750|0099 | 025 | 5.8 | 40| 377 |0.478 0l97 | 0.10 | 2118
v60| 3 47050 | 0| 57 35| 3.7 | 0.460] 0.97 | 0.07 | 22 2
. 3.85 |4.88|0.98]0,20| 2.7| 3.0 3.73 !0.458 0.97 | 0.05 ! 22.4
1,50 | 3.84 | 5,06 ]0.98| 019 | 25| 2160| 3.76 | 0,460 0.97 | 0.04 | 924
I K 2.5 3.75 | 0.467| 0,97 | 0.04 | 22,1
‘ 2.50| 3,80 | 0.474| 098 [ 0°04 | 221
12.0 3.8 | 0.746 0.98 1.6 149 || 2,401 3179 | 0476 097 | 004 | 219
1000 | 3359 | 0776 0:99 | 1.2 |46 | 2-30 374 | 0372 0.97 | 0.02 | 26.2
90| 3782 | 0816 098 | 16 | 129 || 2-200 376 | 01470 0197 | 0203 | 2200
8.0 382 | 0863 098 | 0’85 | 1375 || 2-10| 37t | 01436| 0.97 | 0’02 | 2301
7.0| 3.80 |0.907 0.98 | 0769 | 12.6 || 2-00 3.73 | 0,500/ 0.97 | 0.03 | 20,9
6.0 386 10900 098 | ooyl 1281 1ls0| 3,75 |0l477| 0.97 | 0702 | 2407
: -9810.52 1 43.0 1 47gg1 370 | 0.550] 0096 | 002 | 1972
5.0 3,91 10,936 0.99 | 0.38112.7] 1.70] 3.55 | 0.598] 0.94 | 002 | 17.3
401 3.9 0.9011 0.95 | 0.23 | 12.8 | 1,601 349 | 0,668 094 | 0.02 | 155
35| 3 : : A9 [ 1238 | 1.50] 3.38 | o0.720{ 0.92 | 0%02 | 14.2
301 380 |0.987 0.98 | 0,14 | 11.9
2600 371 | 1.04|0.97 | 0.1 | 111
250 3.71 | 0.983] 0.97 | 0.10 | 11.7

Here Nopt is in cm—s, vin sec™? , VF in cm/sec, and A in microns.

RESULTS OF MEASUREMENTS

In order to increase the accuracy of the results, we
carried out many series of measurements of n and K at
all three temperatures. Each series of measurements
was carried out on newly prepared samples. The final
results were obtained by averaging over all series.
They are given in Table I. A comparison shows that in
the range in which they overlap the results of this work
coincide with the results of our previous work.™! Tak-
ing into account this fact, we present in Table I the val-
ues of the optical constants obtained in™! for the range
3--12 u.

The error in the determination of the optical con-
stants amounted at room temperature to 1.5—2 percent
in n and 1-—-1.5 percent in x; at nitrogen and helium
temperatures the error in n amounted to 1.5—2 percent
in the principal spectral range and 2--5 percent at its
long-wave limit, and for « it amounted to 0.5--1 percent
over the entire range. The indicated error was deter-
mined from the scatter of the data in different series.
The error in the measurements of n and k within a sin-
gle series was even smaller.

It is seen from Table I that there is a sharp maximum
of n(1) in the region of 0.63--0.64 w. Its magnitude and
width are temperature dependent. It becomes sharpest
at helium temperatures. In addition to this main maxi-
mum on the curve that describes the n(A) dependence,
there is also a clearly manifested singularity in the

region of 0.8--1.5 .. This singularity is manifested
most clearly at helium temperatures, but it also appears
at room temperature. The same singularities appear in
the k(X) dependence in the same spectral regions as in
the n(A) dependence, but they are manifested much more
weakly.

TREATMENT OF EXPERIMENTAL RESULTS

1. In order to separate the contribution of interband
transitions to the dielectric constant € and the conduc-
tivity o, one must determine the basic characteristics
of the conduction electrons. The latter can be obtained
from the results of measurements in the long-wave
region. A weakly anomalous skin effect occurs in lead
at all temperatures. The treatment was therefore in
accordance with formulas (1)—(7) presented in®?. The
results are given in Table II?. The following micro-
characteristics calculated for various wavelengths A
are presented in this table: the concentration of conduc-
tion electrons Ngpt, the collision frequency of the elec-
trons v, the average velocity of the electrons on the
Fermi surface v, and the corrections i and 3, connec-
ted with the anomalous nature of the skin effect.

The values of the corrections 8; and B, are small

DIn [* Iwe have also used the formulas of the weakly anomalous
skin effect: however, the mean velocity of the electrons on the Fermi sur-
face was determined by a less accurate method.



884 A. I. GOLOVASHKIN

Table II. The microcharac-
teristics of lead

T=293°K| T=7178 K| T=42°K
N, 1072 3,29 3,34 3,36
Nopt- 10722 | 4,06 3,85 3,73
Nopt/N, 1,23 1,15 1,11
ep-107 1,01 0,98 0,97
V10714 3,07 0,87 0,41
Sp-10%7 2.00 1,88 1.85
B, 102 3,4 13 24
(B/A) 108 | 470 1,4 0,5

The concemranons of N, and Nopt are
given in cm =3, S in g2- cm?-sec™2 'yp in
cm/sec, v in sec~1, and X in microns.

compared with unity, a fact which indicates that the
formulas for the weakly anomalous skin effect are ap-
plicable. At the same time, the use of the formulas of
the normal skin effect leads to large errors, particularly
at low temperatures for which B8, reaches values ~ 0.25.

The data of Table II allow one to find a spectral
range within which the above characteristics are deter-
mined solely by the conduction electrons. This range
was 2.5--12 4 for T = 293°K, 3--12 u for T = 78°K, and
1.8—-12 p for T = 4.2°K. The average values of Nopts
VE, A /A% and B, obtained in these ranges are presented
in Table III. The value of v is more sensitive to inter-
band transitions than Ngpt; the spectral ranges for
which the average values of v were obtained were there-
fore somewhat smaller. They were: 412 u for
T = 293°K, 3—12 u for T = 78°K, and 2--12 p for
T = 4.2°K. The average values of v are also presented
in Table III, which also includes values of the total area
Sg of the Fermi surface obtained in accordance with
formula (7) of 2.

The error in the determination of the average values
of the microcharacteristics of lead was obtained from

the scatter of the data referring to different wavelengths;

it amounted to 1 percent for Nopt> 1—4 percent for v,
6--10 percent for S, and 10-- 30 percent for 5;/A>. The
error in the average value of vy is not determined by

the scatter of the data referring to different A but by the
accuracy of the employed formulas. It amounts to sev-
eral percent.

In determining the temperature dependence of the
value of Ny of lead we made use of the temperature de-
pendence of the density obtained by White. [

The average values given in Table III were used in
determining the contribution of the conduction electrons
to the complex dielectric constant €' = € — i(470/w) in
the visible and near infrared region of the spectrum.

2. In determining the effect of interband transitions
on the optical constants we took into account the addi-
tivity of the dielectric constant € and of the conductivity
o, i.e., we assumed that

(1)
(2)

Here € and G refer to interband transitions, and €g and
0e to the conduction electrons.

The values of €5 and 0, were determined from the
formulas obtained for the case of the weak anomalous
skin effect

e =g, +~s,

g=o0.+o0.

and G. P. MOTULEVICH

4ne? 1
oo — — ne opt)m(i——Bi), (3)
By = p1+ ()Z+v2(ﬁz—61) (4)
ez v
O = (TnN°pt>w2+v2(1_B2)’ (5)
20?2
By=pot 57 (1= o) (6)

The notation in these formulas coincides with that in'?’
In these formulas we have confined ourselves to the
first order in the corrections 8, and B; connected with
the anomalous nature of the skin effect.

As follows from these formulas and from Table III,
the value of B, has practically no effect on € and 0¢ in
the visible and near infrared ranges. Account of the
coefficient B; is essential.

Making use of the results of Table I and of Eqs.
(1)—(6), one can readily calculate € and 0. The separa-
tion of 0" at all temperatures is carried out with good
accuracy because the contribution of the conduction
electrons in the region hw = 2 eV is between 1 percent
at helium temperature and 10 percent at room tempera-
ture, and in the region of 1.5 eV from 6 percent at hel-
ium temperature up to 20 percent at room temperature.
The obtained values of ¢ are given in Figs. 2—4.

Figures 2--4 show that lead has two bands which can
be identified with 0111 and 0ae0. In analogy with results
obtained from the van Alphen—de Haas effect,’® one
can assume that the maximum of the 0111 band occurs at
higher w than the 030 maximum. Both bands superim-
pose at all temperatures. The bands were separated by
the following method. The effect of the G0 band on 0y,
was neglected to a first approximation. Extrapolating
linearly the steepest part of the long-wave edge of 0.,
to zero, Gz =0 — 0113 was determined in this approxi-
mation. The position of the maximum, its height, as
well as the parameter v’ characterizing the spread of
the energy levels were found by a method described
in®?. Further, ithhe next approximation we plotted the
w dependence of 0,00 in the region in which the bands
superimposed according to the formula

Gy = const-I(w),

(7)

matching both the position and the value of the calcula-
ted and experimental maxima of G,00. Here Hw) is a
function introduced in® ], we calculated it for the values
of Y’ wh1ch we found. We find in this approximation
0111 = G — Og00. The results of separating the bands are
shown in Figs. 2—4 by the dashed line.
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FIG. 2. The dependence of ¢ on w for
T = 293°K. Circles—experimental values of
0. The bands referring to &',;; and 50,
are marked by the dashed lines.
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FIG. 3. The dependence of ¢ on w for
T = 78°K. Circles—experimental values of
6. The bands referring to 8,5, and T,
are marked by the dashed lines.

It should be noted that the results of the measure-
ments at T = 78°K carried out up to hw ~ 2.8 eV indi-
cate the presence of structure in the 01;; maximum. It
is apparently a double maximum. At room temperature
this structure is very weakly exhibited. However, it
reappeared systematically in all measurement series,
and is therefore not an experimental error. At room
temperature, too, the large width of the 7,,, band indi-
cates the presence of structure. No structure is visible
at helium temperature, because the measurements were
carried out only up to hw =~ 2.15 eV. Investigations of
the structure of the 6,,; maximum require detailed
measurements in the near ultraviolet region. We as-
sume that this structure is connected with the spin-
orbit interaction which is rather strong in the case of
lead.

3. The obtained results make it possible to deter-
mine the values of the Fourier components of the pseudo-
potential of lead by using the expression®’

2] Vgl = ﬁ(ﬂmux / t. (8)

Here t is a coefficient of the order of unity. Its value
for various y’ has been calculated in®'. The deviation
of the coefficient t from unity for all ¥’ does not exceed
6 percent.

If the assumption about the spin-orbit splitting of the
G111 is correct, then one should substitute in (8), instead
of wyax, the value of w, corresponding to the center of
the band. At room temperature wo ® wWmgx, at nitrogen
temperature one can expect that w, coincides with the
position of the local minimum between the two maxima.
Unfortunately, the position of w, at helium temperature
can only be indicated approximately. Below we shall
determine Vg both from w, and from w, ;5 correspond-
ing to the left-hand maximum®’. The results of the de-
termination of the Fourier components of the pseudo-
potential for lead are given in Table IV.

The values of w5+, Wy, and W, 54 Were determined
with an accuracy of 1—5 percent. This accuracy is re-
lated to the width of the maxima and their overlap.
Changing the parameters of the conduction electrons
within their error limits has practically no effect on the
determination of the above frequencies. The error in
the determination of Voo is also of the order of 1—-5
percent. The error in V,:, connected with the error in
W max OF W,, amounts to about 1 percent. The differ-

3)The presence of some structure in the region of the (7111 maximum
at room temperature makes it possible to determine “ 1 max also at
that temperature.
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Table IV. Determination of the Fourier
components of the pseudopotential for

lead
{200} {11}
Vg, eV
™K “max eV | | Vg |, eV |21 max eV eV [From
b ©f mazx [FTOM w,
293 1.08 0.51 2.24 |2.48 1.08 1.17
78 1,38 0.65 2.14 | 2.38 1,02 1.13
4,2 1.48 0.70 2,07 1.00 1,41 %

*This value of V4 was obtained using the value of V;q; =
1.13 referring to T = 78°K with allowance for the temperature de-
pendence of Vy; determined from the preceding column.

ence between the two values of V,,, obtained from @) max
and wo amounts to 10 percent.
4. One can compare the theoretical and experimental
values of ch at the maximum. According to®’
~ 1 e

%8 = 15w Pl

(9)

Here e is the electron charge, p, is the distance from
the center of the Brillouin zone %‘ to the Bragg plane
with index g in momentum space, n, is the number of
physically equivalent planes g, I is the same function of
w/wyandy’ as in (7) whose maximum values for various
¥’ have been calculated in'®?, and wg = 2|Vgl/h. For a
face-centered cubic lattice n;;; = 8 and nze = 6. The cal-
culated and experimental values of 0, are compared in
Table V. The table also lists the ¥’ and p, used in the
calculation. In calculating the quantities p, allowance
was made for the temperature dependence of the lattice
constant a. The value of ¥’ for the ¢y, band was deter-
mined from the left-hand maximum. 7’ was determined
with an accuracy of 5—10 percent. The accuracy of the
experimental determination of the maximum value of ¢
amounted to 2--5 percent. The accuracy of the calcula-
ted theoretical values of Oyax was determined by the
accuracy with which ¥’ was determined.

. 9. In addition to the conductivity maxima 0111 and

0200 described above, an additional small absorption is
observed in lead in the region A > 1.4 u (this can be
seen from Figs. 2—-4); the latter cannot be removed by
any sensible change in the parameters referring to the
conduction electrons. This absorption is observed at

all temperatures. The ratio of the value of 0 in this
region (for hw ~ 0.6 eV) to the maximum value of ¢ is
~3 percent at T = 4.2°K, ~8 percent at T = 78°K, and

~ -4
610, cgs esu
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I
Pe T=42°K

a

FIG. 4. The dependence of ¢ on w for
T = 4.2°K. Circles—experimental values of
0. The bands referring to 6';;; and & 09
are marked by the dashed lines. V4
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Table V. Comparison of the theoretical and ex-
perimental values of G'g at the maximum

{2003 {111}
o Omax-1071, Omax- 101,
T, °k ” Pg-10%, "c.gesu Rg10%, cgs esu _
gom/sec exp | theor. gom/sec exp \theor.
293 0.27*| 1.34 11.6 10 [ 0.21 | 1,16 28.5 14
78 0.20 1.34s 12.1 12 10,15 | 1.16s 29.4 17
4.2 0.20 1,35 12.9 13 | 0.10 | 1,17 32.3 22

*In determining v ' for the G5 band we took no account of shift of the zero
level due to the additional absorption indicated below, This shift could make the
value of 4’ at room temperature too low.

~20 percent at T = 293°K. The absorption disappears in
the region of 0.2—0.3 eV. The investigation of the 0{w)
dependence near this threshold requires more detailed
and accurate measurements of the optical constants in
this region.

This additional absorption is, in our opinion, connec-
ted with the indirect transitions of electrons located
close to the Fermi surface to the unfilled band in the
region of the W point. The energy difference between
the nearest unfilled band at the W point and the Fermi
level is about 0.2—0.3 eV,®® which agrees with the
threshold of the additional absorption estimated from
our experimental data. A further argument favoring this
assumption is the strong temperature dependence of this
absorption.

It follows from the work of Moss'®’ that the absorp-
tion connected with indirect transitions should be pro-
portional to

(Ao — AE,, -+ k©)?

£0/T — 1 4

(B> — AEy, — k8)?

1— ot

(10)

Here AEy, is the minimum width of the forbidden band,
k® is the phonon energy, and © is the Debye tempera-
ture. For hw — AE, > kO,

1 1

NP e = T T e

(11)

For lead (© = 86°K) the ratio of the values of this quan-
tity at room, nitrogen, and helium temperatures is

7 : 2 : 1. The experimentally obtained values of ¢ at
those temperatures in the region hw > 0.9 eV are in
the ratio of 5 : 2 : 1 which is in good agreement with the
theoretical estimate.

DISCUSSION OF RESULTS

1. It follows from Table IV that | V| changes ap-
preciably with temperature, decreasing with increasing
temperature. It is difficult to make any statement about
the temperature dependence of |V,1.|; this dependence is
much weaker.

The results obtained by the optical method can be
compared with the data of Anderson and Gold obtained
from the van Alphen—de Haas effect,' and with the re-
sults of the calculation of Animalu and Heine.™'? Ander-
son and Gold found V1, =—1.14 £ 0.03 eV and Vzoo
=—0.53+ 0.03 eV. These data refer to the temperature
range of 1--4.2°K. The calculation of Animalu and
Heine™'’ yields: Vi, =—1.16 + 0.14 eV and Voo = —0.44
+ 0.14 eV. A comparison reveals that for Vi, all the
results are in sufficiently good agreement. For Vi the
agreement is worse. The difference exceeds the experi-
mental errors.
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2. A comparison of the absolute values of ¢ at the
maximum of both bands has been carried out in Table V.
The theoretical values have been obtained from (9), the
experimentally obtained values of v’ being used in the
calculation of I. These values also appear in Table V.

It follows from Table V that there is good agreement of
the theoretical and experimental results for the 0 200
band. - _

For the 011; band the theoretical values are approxi-
mately smaller by a factor of two than the experimental
ones. Although this difference, too, is outside the limits
of the experimental errors, it is appreciably smaller
than the difference between experiment and the theory
that starts from isolated critical points. According to
PhillipsDz] a calculation of the oscillator strengths in
accordance with this theory yields values 5—10 times
smaller than the experimental values.

A possible reason for the observed discrepancy for
the 03,; band is the use of too high values of 7’ in the
calculations. The theory has been developed without
allowance for the simultaneous action of several Fourier
components of the pseudopotential. Allowance for this
fact leads to a broadening of the 6,(w) curve which is
unrelated to the broadening v’ of t%le energy levels.
Because of this the experimental values of ¥’ may turn
out to be too high, a fact which will decrease the calcu-
lated values of Eg.

Thus the agreement of the values of the Fourier com-
ponents of the pseudopotential obtained by optical and
other methods, as well as.the agreement between the
calculated and experimental values of &, indicate that
the interpretation of the observed bands is correct and
confirm the additional possibilities of using metal optics
to determine the Fourier components of the pseudopoten-
tial and their temperature dependence.

3. It follows from Table V that v’ is large at all
temperatures. The spread of the energy level
v = 2y'|Vg| amounts even at helium temperature to
~0.2 eV for the 0,;, band and to ~0.3 eV for the G0
band. The corresponding lifetimes 7 < 2 x 107" sec are
considerably less than the value 7 = 2.5 x 107 sec ob-
tained from results referring to the conduction elec-
trons.

The possible reason for such small values of 7 are
indicated in"®*’. Here we would like to indicate in addi-
tion the possible influence of the collective Auger effect
noted in'*®7.

4. The Fourier components of the pseudopotential
which have been obtained allow one to determine the
concentration of the conduction electrons Ngut in ac-
cordance with formulas (10)--(11) of""’. Inasmuch as we
have obtained for V,:: two values, determined from the
center of the band (from w,) and from its left-hand edge
(from wlmax)’ we obtain also two values of Nopt/Na
(N is the concentration of atoms). Table VI lists both
of these values for all the three temperatures. The
Table also lists values of Ngpt/Nj, obtained from the
results of optical measurements in the long-wave region
of the spectrum. It is seen from the table that at each
temperature the three values of Nopt/Na are in suffi-
ciently good agreement. They are appreciably smaller
than the value Nyg1/Ng = 4. Here Nyj) is the concentra-
tion of valence electrons. Particularly good is the
agreement between the values obtained in the long-wave
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Table VI. Electron characteristics of lead obtained
by various methods

T —203° K| T =78° K|T =4,2° K
From values of 7 JFrom®imee | 1.42 | 1.30 | 1.29
Nopt/Na v E{Fxom(oo 1.25 1.13 1.13
From measurements in 1,23 1.15 1.11
the long-wave region
K From formula (12) from [!] 0.62 0,61 0,61
S‘F/S} From (12) of this paper 0.56 0.53 0,53
. From (13) of this paper 0,50 0.46 0.46
/v
rl7F From (12) of this paper 0,56 0.53 0.53
5*;,-1097, 82— sz/secz 3.46 3~5_0 3,52
v?,-lO‘s, cm/sec 1.82 1.83 1.84

region and those obtained from the center of the band.
This is an additional confirmation of the fact that it is
more correct to determine V,;, from the center of the
band.

We note that if use is made of the Fourier components
of the pseudopotential obtained from the de Haas--van
Alphen effect'!, one finds Ngpt/Ny = 1.34 which is also
in sufficiently good agreement with the value of this
quantity obtained by other methods.

Thus, the difference between the concentration of
conduction electrons and the concentration of valence
electrons is basically determined by the Fourier com-
ponents of the pseudopotential. The temperature depen-
dence of Nopt is determined by the temperature depen-
dence of the Fourier components of the pseudopotential®.

5. The obtained values of Vg make it possible to de-
termine the total area of the Fermi surface Sy of lead,
and the average velocity of the electrons on the Fermi
surface vp. The value of Si/ST Wwas obtained both from

the more exact formula (12) of*?, as well as from the

approximate formula'®’:

Sr/Se® = vp/ve® = VNopt/NVal- (12)

The value of VF/V%‘ was also determined according to
two formulas: the more exact formula

vr / v® = (Nopt / N ya1) (S¥°/ Sr) (13)

and the approximate formula (12). These values are
listed in Table VI. They have been calculated using the
value of V,,, obtained from the center of the band®. It is
seen from Table VI that in the case of lead the values
obtained from the approximate formulas differ from
those obtained from the more exact formulas by about
10 percent.

The values of Sy and VE obtained from the results of
measurements in the short-wave spectral range prac-
tically coincide with those obtained from the results of
measurements in the long-wave region. The use of
potentials obtained by Anderson and Gold™®’ yields

If one makes use of the x-ray data on the temperature dependence
of the diffraction peaks, then it is found that on going from room temp-
erature to liquid nitrogen temperature Ny, decreases by 11 per-
cent. [1*] According to the data of Table VI, this decrease is 7 percent,
which is in good agreement with the x-ray data.

5 . .
)Use of the values of V,,, found from the left maximum results in
an increase of these values by about 4 percent.
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SF/S%‘ = 0.64, a value which is close to those cited in
Table VI. An experimental determination of this value
by means of the anomalous skin effect in the radio
band!'®? yields a value of 0.55 + 0.05, which also agrees
with the results presented in Table VI.

It is seen from Table VI that the Fermi surface of
lead is considerably smaller than the Fermi surface of
free electrons with a concentration equal to the valence
concentration. The same applies to the mean velocity
of the electrons on the Fermi surface.

In the last two columns of Table VI we cite values of
SOF and v%‘ referring to free electrons with a concentra-
tion equal to the valence concentration. Use of these
values in conjunction with the ratios Sg/S¥ and vp/vy
makes it possible to obtain values of Sy and vp at all
three temperatures. In calculating S(i-,‘ and v%\ account
has been taken of the change of the lattice constant with
temperature.

In conclusion we should note the considerable possi-
bilities of metal optics which makes it possible to de-
termine the fundamental characteristics pertaining to
the conduction electrons, and their temperature depen-
dence.
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