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A comprehensive study has been made of galvanomagnetic, oscillation, and plasma effects in the far
infrared at liquid-helium temperatures in single-crystal samples of semiconducting Big g,,Sby.o7 doped with
small amounts of donor and acceptor impurities. A computational procedure is proposed and all the main
Abrikosov energy-spectrum parameters are calculated for carriers at the L, and L, extrema. It is shown
that the carrier spectra at the L, and L, extrema are specular for momentum directions along the short
axes of the L ellipsoids and are described well by the Lax model. The carrier spectra along the prolate
direction of the L ellipsoids (the bisector axis) are not specular. Evidence is obtained that the Fermi
surface for the L, electrons in Bigg,,Sby 76 deviates from ellipsoidal and in the general case has a dumb-bell
shape (M,;> M, in the Abrikosov dispersion law). The degree of deviation of the equal-energy surface
from ellipsoidal is discussed for the doped Bijg,,Sby 75 samples investigated. The optical characteristics

(high-frequency dielectric constant €, plasma frequency w,) of the materials studied are given and the

characteristic optical relaxation times estimated.

PACS numbers: 72.20.My, 72.30.+q, 72.80.Ey, 78.30.Er

The Abrikosov-Fal’kovskii "*2! theory of the energy
spectrum of bismuth and Bi,..Sb, alloys contains param-
eters whose values cannot be fully determined individu-
ally from optical; oscillation, or galvanomagnetic mea-
surements, In the present work it is shown that re-
flection measurements in the far infrared on semicon-
ducting Bi,_Sb, alloys doped with donor and acceptor im-
purities, in conjunction with the results of an investiga-
tion of the Shubnikov-de Haas quantum oscillations and
of galvanomagnetic effects, permit all the basic parame-~
ters of the dispersion law in the above theory'**! to be
determined. A computational procedure is presented
and the spectrum parameters are calculated for the
semiconducting alloy Big,g24Sbg, 076 In addition, the high-
frequency dielectric constants and plasma frequencies
at liquid-helium temperatures are determined from re-
flection in the plasma effect region for Big gz4Sbg, 076
doped with small amounts of impurities, and the charac-
teristic optical relaxation times are estimated.

MEASUREMENT TECHNIQUE AND SAMPLES

Reflection measurements in the 20-250 um wave-
length region were carried out on the freshly cleaved
(basal plane) surfaces of large single-crystal samples
of Big,gp4Sbg, g76 in nonpolarized light with a single-beam
infrared spectrophotometer type FIS-21 by the technique
described in"*, It is well known that when light is nor-
mally incident on the basal plane, the reflecting power
R(2) does not depend on its polarization,'®* The area
of the reflecting surface of the samples was 1-1.5 cm?,
The temperature of the samples in the liquid-helium
optical cryostat was measured with copper-constantan
thermocouple. The construction of the cryostat ensured
that the temperature was kept at 12 K in the liquid-heli-
um experiments.,

The measurements of the galvanomagnetic coefficients
in weak magnetic fields were carried out by a null meth-
od. The accuracy of the electrical measurements was
+5%x107° V,
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The investigations of the Shubnikov—-de Haas effect
were carried out on equipment which permitted auto-
matic recording of the p(#) curves and of the derivatives
9p/8H and 8%p/8H? in magnetic fields in the range 0~55
kOe at liquid-helium temperatures. The samples for
the galvanomagnetic measurements, in the form of right-
angled parallelepipeds 2.5-3 mm long and 0.7X0.8 mm
in cross section, were cut from oriented single-crystal
billets by electric-spark machining. Before mounting
the samples were etched in a mixture of 50% C,H;OH
and 50% HNO,. The current contacts were soldered
over the whole area of the end faces, while the potential
contacts (40 pum in diameter) were attached by electric-
spark welding."™

Perfect single crystals of Big, g245bg, o7¢ alloys doped
with small amounts of tellurium and tin were grown at
the Baukov Institute of Metallurgy of the U.S.S.R. Acad-
emy of Sciences. The technique of preparing and in-
specting them has been reported earlier.'®"”? We inves-
tigated 8 samples of Big g245by. g7 alloys; their parame-
ters are shown in Table I.

MEASUREMENT RESULTS

The infrared reflection spectra of Big,g245bg, 075 alloys
doped with tellurium and tin have the form characteris-
tics of plasma reflections (Fig. 1). The dependences of
the position of the plasma minimum in the R(A) curves
and of the galvanomagnetic tensor components (see the
table) on the concentration of impurities can be ex-
plained on the basis of the Bi,_,Sb, energy diagram®®®’
if one bears in mind that the undoped alloy with x =0.076
is a semiconductor.

The introduction of tellurium as an impurity causes
an increase in the electron density in the conduction
band, while tin'increases that of holes in the valence
band. This leads to a monotonic shift of the plasma
minimum towards the shorter wavelengths and to a de-
crease in the absolute magnitude of the Hall component
Rys. As is evident from Fig. 1, doping with tin leads
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TABLE I. Values of the various parameters of the Biy,gy4Sby, o756 Samples at liquid-helium teinperatures.*

Impurity at.%
‘ . Pu-104, Ry, . opt0-u, | ko jou | Mo 8T inet00, | Np-10-w,
;Sample no., Te Sn f2.cm. em®/K © sec™! :ﬁg"nrw" w1 gecm? esec? em-?
1 - - 8.1 ~2500 ** — - - - - 0,025
2 0.0001 - 0.98 —165 120 1.40 0.26 0,50 - 0.38
3 0.001 - 0.37 —14.0 120 3,08 1.77 1.26 - 45
4 0,005 - 0.33 —48 120 418 3.85 1.86 - 130
5 - 0.004 0.88 +15.5 120 2,98 133 114 13.2 -
6 - 0,01 0.80 +7.4 110 3.36 2,60 1.44 17.7 -
7 - 0,05 1.75 +2.0 90 5.53 38 - 26,5 -
8 - 04 1.5 +1.4 90 6.72 6.6 - 354 -

*The errors in St
mi
**The value of ﬁle

to some smoothing out of the plasma minimum in the
reflection spectra, which can be attributed to a decrease
in the effective relaxation times as a consequence of the
increase in the number of scattering centers and, evi-
dently, of an enhancement of the role of heavy holes in
the transport phenomena when the Fermi level is dis-
placed downwards.

The temperature dependences of the Hall components
Ry55 and Ry, tend to saturation at low temperatures,t®
indicating that in the doped alloys the carrier gas is
fairly strongly degenerate even at liquid-nitrogen tem-
peratures. As a result, the spectral position and shape
of the plasma minimum for the doped alloys undergo
little change when the temperature is decreased from 82
to 12 K,[%10

The reflection spectra of the doped alloys are satis-
factorily described by the phenomenological expression
for the dielectric constant in the zero-pole representa-
tiont4:

£(0) =t (0*— 0, +iy,0) /o (o+iY), (1)
-1

where ¥, =7, characterizes the plasma mode damping
near w=w,, and Y= 7! is the damping corresponding to
its pole at w =0, 7 of necessity being = 7,, €. is the high-
frequency dielectric constant, and w, is the resulting
frequency of the collective (plasma) oscillations.

The relaxation time 7 was determined from the value
of the static electrical conductivity: 7=47/p;;e«w?, and
the value of the parameter 7, from the expression for
the imaginary part of the dielectric constant ¢;(w) at w
=wp! Ty=Ew/€3(w,)w,. At the same time the relationship

@)

was fulfilled with a considerable margin for all the alloys
in the entire range of frequencies we investigated. With

condition (2) fulfilled, the squares of the plasma frequen-
cies wﬁ were determined by using for the real part of the

dielectric constant the expression which follows from

1):

£ (0) =e.(1—0,0?)

(01,)*>1

@)

with an error of less than 5% for all the alloys regardless
of the scattering mechanism,

Expression (3) for €,(w) is the same as the analogous
expression for a classical plasma and is in good quali-
tative agreement with the theory of the dielectric con-
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do not exceed 5%, ST, ~10%, m, ~15%, and N, —10%.
?‘Iall coefficient is given in a strong magnetic field, when R

231=Ry2a

stants of materials of the bismuth type.') The Kramers-
Kronig dispersion analysis we made of the reflection
spectra confirms the dependence (3) for all the doped
alloys. The values of €» and w, are shown in the table.
The error in determining €. does not exceed 10%.

The plasma frequencies depend appreciably on the
amount of impurity, owing to the change in the filling
of the L,, L;, and Ty extrema in the energy spectra
of the alloys. To investigate the characteristics of the
Fermi surfaces at the L and T points in the doped al-
loys, measurements were made of the Shubnikov-de
Haas quantum oscillations in fields of up to 55 kOe at
liquid-helium temperatures.

The periods of the reciprocal-field oscillations A(1/H),
which are related to the cross section of the Fermi sur-
face by the formula®?!

S=eh/cA(1/H), (C))
where e is the electron charge, % is Planck’s constant
and c is the velocity of light in vacuum, were deter-
mined from the dependences of the quantum number on
the reciprocal field using the oscillation curves. No
special allowance was made for the change in the oscil-
lation period A(1/H) near the quantum limit, since the
very last peaks in the oscillation curves were excluded
from the analysis.

With the magnetic field H directed along the binary
axis C, oscillations were observed in the longitudinal
magnetoresistance p(H) from near-minimum cross
sections S{‘mh of the light-carrier Fermi surface at L,
and the effective cyclotron masses m;, corresponds to
them were determined from the temperature dependence
of the oscillation amplitudes using the formulae in®%4,

#
1.01
s
06+ N
1 1 1 1 1
7] 100 77 267
A, um

FIG. 1. Reflection spectra for doped Big,gy4Sby,.o76 at T=12 K.
The figures beside the curves correspond to the numbers of
the samples in the table.
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Oscillations in the transverse magnetoresistance from
small cross sections S:,,, of the hole ellipsoid at T'gy
were also observed in alloys doped with tin when the
field was directed along the trigonal axis C3. The table
shows the values of S, M2z., and S2,, for the alloys
studied at various doping levels, i.e., in reality, for
different Fermi energies.

It will be shown below that there are sufficient data in
the table to determine all the parameters of the Abriko-
sov'®! dispersion law for the alloys studied.

THE ABRIKOSOV DISPERSION LAW AND THE
PROCEDURE FOR CALCULATING ITS PARAMETERS

The energy spectrum of the carriers at the point L of
the Brillouin zone in Bi,. Sb, alloys is characterized by
a narrow gap E,;,'® and several theoretical mod-
els'1+2115:181 L3 ve heen proposed to describe it. All the
models give a good description of the dependences of the
electron energies on the momentum projections on the
short axes of the electron ellipsoids. A detailed theoret-
ical analysis of the electron and hole spectra at L in ma-
terials of the bismuth type based on a four-band model
was carried out by Abrikosov and Fal’kovskii 11 and us-
ing it as a starting point, Abrikosov*?! showed that with
a small distance between two bands at the point L, al-
lowing for the possibility of inversion, the spectrum has
the form:

E s’ E p
E——'—L———-)(E+ 2oL
( 2 2M, 2 2M,

) =Vipl+V.2p, (5)

where the energy E is referred to the middle of the gap
(of the pseudogap in the case of an inversion spectrum
at L), the x and y axes are directed along the short axes
of the ellipsoids (the x axis is parallel to the binary
axis), while the z axis coincides with the elongation di-
rection, and M;, M, V_, and V, are positive constants
of the spectrum,

If the energy is referred to the bottom of the conduc-
tion band, then (5) may be re-written in the form:

P E P’ P p’
E- ——) (1 et ) - +
( 2M, E,. 2M.E,, 2my’  2my.° ®)

where my, =E,; /2V £ are the components of low effective
masses at the bottom of the band L.

In accordance with the theoretical model,'®! Eq. (6)
determines the dependences of the minimum cross sec-
tion ST, (Er) of the electron ellipsoid and the low cy-
clotron mass m,, (Eg) corresponding to it on the Fermi

energy Eg:
L _ n EL 2 Euz
St BN =5 (B +57) -] ()
Mo (Ee) = mo 2By +E ). ®)

2V.V,

From (7) and (8) we obtain the relationship
[m.(Ex) ]2=?S:-min(Er)+BzE,L2, (9)
where B=1/2V_V,.

The equation for the experimental
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dependences of [m, J? on S{,,, for the L, electrons and
the L, holes permits one to determine the degree of
specularity of the energy spectrum at L for momentum
directions along the short x and y axes of the equal-en-
ergy surfaces, and using formula (9), to determine the
product of the matrix elements V. V,.

The Fermi energies in the L bands can be determined
from formulae which follow from (7) and (8):

Ey=S8 imin/20m,,
Er=E,—E . [2+ (E—Eq2/4)".

(10)
(11)

The value of the energy gap E,; in the alloy Big,gz4Sbg, o7s
is determined in*®®, The parameters V, and V, can be
determined separately if the plasma frequencies and
carrier densities are known. With the optical experi-
ment geometry we used, the plasma frequency is ex-
pressed by the formulat™
wp'=(2ne/eme) Y Nulow(Er) +au (En)]. (12)
The summation is carried out over all the band extrema,
N, is the carrier density at the extremum &, m, is the
free-electron mass, and a,(Eg) =m,/my, are the recip-
rocal effective masses of carriers at the Fermi level
(in units of 1/m,) along the binary (j =x) and bisector
(j =z) axes.

The quantity a@,;(Ey) in (12) can be neglected because
its value is in practice small for any value of Er in
comparison to a,z(Ef), since the small cross sections
of the L ellipsoids vary little in Bi and Bi,_Sb, alloys,
and the angle of inclination of the ellipsoids to the basal
plane is small.*"2% [t is convenient to plot the quantity

2
Na=oz* [ f"fn )
wfléo

on the graphs rather than w? .

The electron density at the extremum L, described
by the dispersion law (6) is given by the formula

No=[(g-8aV2M,)/ (2nh)*V.V,1E; (Ex+En) 9(D), (13)

where g is the number of extrema at the point L of the
Brillouin zone, !=(1 +E,; /Eg) M{*M,, and ¢(1)=(1+1/
51) is the correction for the deviation of the equal-ener-
gy surface from ellipsoidal.

The formula for the hole density P, is analogous to
formula (13). The low effective mass components at the
Fermi level are defined by the expression

my (E,)=Vi‘2E,+mu°, i=z,y. (14)

In the semiconducting Bi,_Sb, alloys doped with donor-
type impurities only L, electrons take part in the trans-
port phenomena at low temperatures. In that case the
values of Nya,;(Er) are determined directly from the
plasma frequency values using formula (12). Making
use of the data for the electron densities N obtained

from Hall measurements, one can determine a,; and
consequently the effective mass components n,z(E )
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=Ny my/[ Nya . (E)] at the Fermi level. The matrix
elements V, can then be determined from formula (14).
The values of the parameter V, is easy to calculate once
V. and V.V, are known,

Numerous data in the literature indicated that in Bi
and Bi;_Sb, alloys the carrier spectra at the L, and L,
extrema are specular at least along the short x and y
axes. In the procedure given above for determining the
parameters V, and V, the specularity of the spectra at
L, and L, (for directions along x and y) is established by
analysis of the dependences of [m;,(Eg)F on STp,,. Ac-
cording to the data in®®'=%%) the values of the matrix ele-
ments X, and V, vary little with the composition of the
Bi,..Sb, alloys in the range x<15% and with temperature
up to the liquid-nitrogen temperature.

The calculation of the parameters V, and V, for light
holes at the L extrema in Bi,_,Sb, alloys doped with
acceptor-type impurities is made difficult by the pres-
ence of heavy holes at the Tg extremum. If one bears
in mind that in the first approximation the hole extremun
T is described by the ellipsoidal parabolic model, with
@,7=a,7,"® then in accordance with formula (12) the
light-hole contribution to the total value of Na can easily
be separated:

Pi0er(Er) =Na(Es) —2Prtur, (15)

where Py is the hole density at the T extremum and
a.r is the component of their reciprocal effective mass
along the binary axis. The density Py can be calculated
from the experimentally determined small cross sec-
tions ST,,, using the formula

P=8a(Smn) "/ [3Vm (2518)°], (16)

where a=S=, /ST, is the anisotropy of the hole Fermi

surface at Tqs. The values of a and @,r in formulae (15)
and (16) for Bi;_.Sb, alloys are close to the correspond-
ing values for Bi. The small difference possible in the
values of ¢ and a.r for Bi and Bi;_Sb, alloys cannot lead
to an appreciable error for comparable densities P; and
P, since a,r is small compared to a,;. The densities
P, and P; can be calculated from the galvanomagnetic
coefficients using the formulae in‘®!, or using the data
for the large cross sections if the latter can be mea--
sured.

Comparison of the experimental dependences of Ny a,;
and Pra,; on Ep with those calculated from formulae
(13)-(16) (making use of the parameters V, and V, de-
termined above) allows the parameters M, and M, in the
dispersion law (6) to be determined. Let us note that
in calculating, for example, the product Nya, ;(Ef), the
matching parameter is in fact M,, since M, comes into
the correction ¢ (I) and has little influence on the result
of the calculation,

CALCULATION OF THE ENERGY SPECTRUM
PARAMETERS FOR Big 654 Sb o076

In accordance with the scheme for the energy spec-
trum rearrangement in Bil_tSb, alloys as a function of
the antimony concentration, ®®! the alloy with x =0.076
has a noninverted pand spectrum: the term L, is the
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bottom of the conduction band, the term L —the top of
the valence band and L, - L =E,;>0. The parameters
M, and M, (6) have the sense of electron and hole mass-
es respectively in the direction of elongation of the L
ellipsoids. At full specularity of the spectra at L we
have M, =M, (let us note that for L, - L >0 the spectrum
(6) is formally the same as Cohen’s dispersion lawél),

According to the data in"®®? the value of the energy
gap at L in alloys with x=0.076 is E,z =10 meV. This
value is the same as that of the thermal gap determined
from an analysis of the temperature dependences of the
galvanomagnetic tensor components for the undoped al-
loy No, 1,09

The experimental dependence of the square of the
cyclotron mass mZ, on the corresponding cross sec-
tions Sy, for alloys Nos. 2-6 is shown in Fig. 2,a.
The experimental points fit the linear dependence (9)
well. The best agreement with theory is achieved for
B=1.13x107'¢ sec?/cm®. The value of B obtained be-
longs to the cross sections of the equal-energy surfaces
at L close to S{,;,. By introducing the appropriate cor-
rection one can calculate the value of g for S{,,, and de-
termine the product of the matrix elements V,V, in the
Abrikosov dispersion law as V, V, =(0.51+0.08)x 10
cm?/sec?.

The fact that the experimental values of m,,(Ez)® for
the electron (alloys Nos. 2-4) and hole (alloys Nos. 5
and 6) ellipsoids at L fit the single theoretical curve (9)
well indicates that the spectra along the short x and y
axes are specular within the limits of measurement ac-
curacy, and the dispersion law (6) describes the small
cross sections in all the alloys well. Let us note that
the dispersion law (6) is the same as the Lax*** disper-
sion law for momentum directions along the short x and

Vi 1 T L L i
z ¥ 2 20 90 o0

SZLlnin , /”—’/Z g2 cm?sec™?

Stmins 10 *2.8% cm? sec™?

Z
z -
(Ept&g/y)% 107 mev

FIG. 2. The dependence (a) of the cyclotron mass m,, on Siy,.
and (b) on Ep, (c) of S5y, on (Ep+E,;/2)%, and (d) of my on Ep
for carriers at the L, and L, extrema in Biy,gy4Sby, 76 at liquid-
helium temperatures. The figures indicate the sample num~
bers.
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y axes. The results are in good agreement with all the
currently available experimental data for the dispersion
law in the direction of the short axes of the equal-energy
surfaces at L.

In the alloys investigated the values of the Fermi en-
ergies in the L bands, calculated from formulae (10)
and (11), do not depend on the band model chosen to de-
scribe the spectrum along the prolate direction of the L
ellipsoids, and are determined only by the inaccuracies
inherent in the experiment.

In this connection the dependences of the cyclotron
masses mjy, on the Fermi energy Er and the dependences
of the cross seetions Sfy,, on (Eg+E,;/2)?, shown in
Figs. 2b and 2c, are of interest, The straight lines are
plots of (7) and (8) using the values of E,z and V, V, de-
termined above, It is seen that the experimental points
are in good agreement with the corresponding theoreti-
cal curves. This was to be expected since relations (7)
and (8) follow from (9)-(11).

The Fermi energies in the L bands for the two alloys
most heavily doped with tin (Nos. 7 and 8) can be cal-
culated from the cross sections S fm,,, using formula (7),
or can be determined from the graph in Fig. 2¢c. To
determine V, and V, it is only necessary to determine
one of them, e.g., for the L, electrons, since the en-
ergy spectrum at L along the x and y directions is spec-
ular. To this end let us calculate the values of the low-
effective-mass components m; (Ez) along the binary axis
for the n-type alloys Nos. 2-4 from the plasma frequen-
cies w, and the carrier densities N;. The values of m
my (EF) at the Fermi level shown in Fig. 2d fit the
straight line calculated from formula (14) well. The
best agreement is achieved for V2=0,83%x10'® cm?/sec?
and a low-mass component m2, =1x10"%, at the bottom
of the L, band. Knowing V, =(0.91+0.06)x10% cm/sec
and V,V,, we find V, =(0.56 +0.13)x10° cm/sec.

The values of V, and V, found in this work agree with
the analogous values found in‘®*=2*! in an investigation of
Bi and Bi,.,Sb, alloys. This obviously indicates that the
parameters V, and V, do not vary markedly in Bi,.,Sb,

alloys with increasing antimony content up to 15%.

To calculate the parameters M; and M, in the energy
spectrum (6) it is necessary to compare the experimen-
tal and calculated plots of N, a,,(E;) and Pya,, (Ef). In
alloys 1-4 the L, electrons take part in the transport
phenomena at liquid-helium temperatures. Consequently,
as was shown above, the values of N o, (Ez) =NoAEy) can
be calculated directly from the plasma frequencies. In

La

JAYER 7

FIG. 3. Diagram of the arrangement of the main extrema in
Biy, 5245bg, g76-
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N az, (Eg), /0 "Pcm™

N, 107 em™ 7
2015 v, I 7
VA b 5 z
y
sESE,
q
’ 10 70 g,
0+ Er, meV ,
J
Jr b a
2 5
L 1 1 1 1 -
’ 20 w0 7
Eg, meV

FIG. 4. (a) The dependence of Ny @, (Eg) (of Pra,; (Eg) for p-
type alloys) on the Fermi energy E r referred to the bottom of
the appropriate band at L at T=4.2 K, and (b) the dependence
of the electron density Np in Big,gy4Sbg, 076 alloys doped with
tellurium on the electron Fermi energy Er. The continuous
lines are drawn from the Abrikosov model using M, =1.2m,
(curve I) and M,=0.6m, (curve I). The figures beside the
points indicate the sample numbers.

determining Pra,;(Ey) for p-type alloys from formulae
(15) and (16) we shall assume that, in a first approxi-
mation, the hole extremum Tg is described by the ellip-
soidal parabolic model with parameters a and a,r that
are the same as those of pure bismuth, i.e., a =3.32,[2”
and a,r=0a,7=16.5.""%7 In doing this we are neglecting
the possible nonparabolic nature of the T'g band and also
the contribution of the other bands to Na(Eg)"? (e.g.,
from holes in the extrema = (TW)).128 )

The values of the Fermi energies in the Tg band cal-
culated from S 1., for alloys 5 and 6 were respectively
23 +3 meV and 32 +4 meV, which enables us to construct
for the arrangement of the main extrema in Big g245bg, g7
(Fig. 3) a diagram that is in good agreement with data’?"
the magnetic susceptibility in alloys of this composition,
and with the scheme for the rearrangement of the energy
spectrum in Bi,_Sb,.t%?

The experimental values of Nya,;(Ef) and Pra,;(Ey)
for n- and p-type é.lloys respectively are shown in Fig.
4a, The theoretical curves (continuous lines) are cal-
culated from formulae (13) and (14) using the parameters
determined in this work. The experimental values of
Npa,;(Ep) for alloys doped with tellurium fit the curves
calculated with M, =(1,2+0.3)m, (curves I) well. The
curves of electron density Ny vs Ep calculated from
formula (18) with M, =1, 2m, are shown in Fig. 4b (con-
tinuous line I). The points in this figure show the values
of the electron densities N; determined from Hall mea-
surements (the Hall factor was taken as 1). Good agree-
ment is found between the measured values of Nz and
those calculated from formula (13).

A similar analysis for alloys doped with tin (curves
II) showed that the best agreement with experiment for
samples Nos. 5-8 is obtained with M, = (0. 60 +0. 20) 2.
This value is in good agreement with data from an in-

vestigation of p-type semiconducting Bi;..Sb, alloys
;- [23]
in™%,

The values of the parameters M; and M, obtained in
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the present work are worthy of note.
these parameters:

Inequality of

M>M, 17)

means that the energy spectra of carriers at the L, and
L, extrema in Big gs4Sbo,07s are not specular for momen-
tum directions along the elongation of the equal-energy

surfaces, :

According to the Abrikosov theory, when the inequality

(17) is fulfilled and the parameter f=E/E,; is finite,
the equal-energy surface for the L, electrons must, in
the general case, be dumb-bell shaped. The extent to
which the equal-energy surface differs from an ellipsoid
depends appreciably on the values of f and =M, /M,,
and it may be characterized by the ratio 7=S%,, /S%,, of
the areas of the intersectiohs of the “dumb-bell” with
planes perpendicular to the z axis at the widest point
(S¢,,) and at the neck (S%,,). A calculation (the appro-
priate formula for 7 is given in®%) with allowance for
the experimental errors shows that the deviation of the
equal-energy surface from ellipsoidal in alloys 2—4 is
slight, and that 77 cannot in any event exceed 1.01, 1.03,
and 1, 06 respectively.

The maximum deviations of the electron equal-energy
surfaces from ellipsoids with the same values of the
long axes do not exceed (in terms of the ratios of the ex-
tremal cross sections) 1.04, 1.15, and 1.20 respective-
ly for the alloys 2—4 (with M, =21,).

In conclusion we would like to thank V. S. Zemskov,
A, D. Belaya, and S. A, Rosloy for the perfect-crystal
samples, and V. D, Kulakovskii, V. D. Egorov, and A.
G. Belov for discussion of the results at various stages
in the work and for valuable comments.

1A. A. Abrikosov and L. A. Fal’kovskil, Zh. Eksp. Teor. Fiz.

43, 1089 (1962) [Sov. Phys. JETP 16, 769 (1963)].

’A. A. Abrikosov, J. Low Temp. Phys. 8, 315 (1972).

*W. S. Boyle and A. D. Brailsford, Phys. Rev. 120, 1943
(1960).

4A. A. Abrikosov, Zh. Eksp. Teor. Fiz. 44, 2039 (1963) [Sov.
Phys. JETP 17, 1372 (1963)].

5N. B. Brandt, Prib. Tekh. Eksp. No. 2, 138 (1956).

V. S. Zemskov, V. P. Gusakov, A. D. Belaya, and S. A.
Roslov, Izv. Akad. Nauk SSSR, Metally No. 3, 198 (1975)
[Russian Metallurgy (Metally) No. 3, 166 (1975)].

382 Sov. Phys. JETP 46(2), Aug. 1977

™. 1. Belovolov, A. D, Belaya, V. S. Vavilov, V. D. Egorov,
V. S. Zemskov, and S. A. Roslov, Fiz. Tekh. Poluprovodn.
10, 1382 (1976) [Sov. Phys. Semicond. 10, 819 (1975)].

8N. B. Brandt, Ya. G. Ponomarev, and S. M. Chudinov, J.
Low Temp. Phys. 8, 369 (1972).

°N. B. Brandt, S. M. Chudinov, and V. G. Karavaev, Zh.
Eksp. Teor. Fiz. 70, 2296 (1976) [Sov. Phys. JETP 43,
1198 (1976)].

10M. 1. Belovolov, V. S. Vavilov, V. D. Egorov, and V. D.
Kulakovskii, Izv. Vyssh. Uchebn. Zaved. Fiz, No. 2, 5
(1976) [Sov. Phys. J. 19, 139 (1976)].

Up A, Kukharskil, Fiz. Tekh. Poluprovodn. 9, 1777 (1975)
[Sov. Phys. Semicond. 9, 1165 (1975)].

121, M. Lifshitz and A. M. Kosevich, Zh. Eksp. Teor. Fiz.
29, 730 (1955) [Sov. Phys. JETP 2, 636 (1956)].

g, Adams and T. Holdstein, J. Phys. Chem. Solids 10, 254
(1959).

UN. B. Brandt and S. M. Chudinov, Elektronnaya struktura
metallov (The Electronic Structure of Metals), Moscow State
University (1973).

5B, Lax, J. G. Mavroides, H. J. Zeiger, and R. J. Keyes,
Phys. Rev. Lett. 5, 241 (1960).

16M, H. Cohen, Phys. Rev. 121, 387 (1961).

’N. B. Brandt, T. F. Dolgolenko, and N. N. Stupochenko,
Zh. Eksp. Teor. Fiz. 45, 1319 (1963) [Sov. Phys. JETP 18,
908 (1964)].

18G. E. Smith, G. A. Barraff, and J. M. Rowell, Phys. Rev.
135A, 1118 (1964).

BE, J. Tichvolsky and J. G. Mavroides, Solid State Commun.
7, 927 (1969).

M. R. Ellet, R. B, Horst, L. R. Williams, and K. F. Cuff,
J. Phys. Soc. Japan 21 (suppl.), 666 (1966).

UKh, Kostial’, Degree Thesis Abstract, Moscow State Univer-
sity, 1974.

2y, A. Yastrebova, Degree Thesis Abstract, Moscow State
University, 1974.

2Chan Tkhi Bik, Degree Thesis Abstract, Moscow State Uni-
versity, 1974.

B, A. Akimov, Degree Thesis Abstract, Moscow State Uni-
versity, 1975, .

V. D. Kulakovskii and V. D. Egorov, Fiz. Tverd. Tela
(Leningrad) 15, 2053 (1973) [Sov. Phys. Solid State 15,

1368 (1974)].

%N, B. Brandt, V. A. Yastrebova, and Ya. G. Ponomarev,
Fiz. Tverd. Tela (Leningrad) 16, 102 (1974) [Sov. Phys.
Solid State 16, 59 (1974)].

2y, 8. £del’'man, Zh. Eksp. Teor. Fiz. 64, 1734 (1973) [Sov.
Phys. JETP 37, 875 (1973)].

%N, B. Brandt and Ya. G. Ponomarev, Zh. Eksp. Teor. Fiz.
55, 1215 (1968) [Sov. Phys. JETP 28, 635 (1969)].

N, B. Brandt and M. V. Semenov, Zh. Eksp. Teor. Fiz. 69,
1072 (1972) [Sov. Phys. JETP 42, 546 (1975)].

%R, S. Allgaer, Phys. Rev. 152, 808 (1966)

Translated by N. G. Anderson

Belovolov et al. 382



