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We investigate the combined action of hydrostatic pressures p up to 18 kbar and of strong magnetic
fields H up to 74 kOe on the energy spectrum of Bi,-x Sbx alloys with Sb concentrations from

x = 0,02 to x = 0.055 at temperatures 1.9—4.2°K. A monotonic decrease of the extremal electron
and hole sections of the Fermi surface and a changeover into the semiconducting state were observed
for the alloys with x < 0.04 at a certain pressure p = pcr that depends on the Sb concentration. It is
shown that for these alloys, the decrease of the overlap energy €,v under pressure is a result of the
growth of the energy gap €g at the point L, at a rate ~10 x 107 eV/bar, and also the result of the
lowering of the top of the valence band at T (relative to the center of the gap eg), at a rate ~0.8

x 107 eV/bar. It was observed that in alloys with x > 0.04, hydrostatic compression first increases
the electron and hole extremal sections S€ and Sh, which pass through a maximum at a certain

p = Pm, after which they decrease and vanish at p = pcr. It is shown that the irregular character of
the dependence of the sections on the pressure is connected with a qualitatively new character (rela-
tive to alloys with x < 0.04) of the motion of the energy terms: when x > 0.04 the gap €g decreases
under pressure to an anomalously low value at p = py, at a rate ~ 2.4 x 107 eV/bar, after which,
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following the inversion of the terms Ly and Lg, it again increases at a rate ~ 1.0 x 10™® eV/bar,
The motion of the top of the valence band at T for alloys with x > 0.04 remains the same as for

alloys with x < 0.04.
INTRODUCTION

AN investigation of the influence exerted on the spec-
trum of Bi by the combined action of an Sb impurity,
a strong magnetic field, and hydrostatic compression

- is of interest from various points of view. Each of
these parameters changes the spectrum of Bi ina
definite manner, causing a shift of the end points of
the energy bands and of the energy extrema in the
bands. The simultaneous action of these parameters
not only uncovers additional possibilities for the re-
arrangement of the spectrum of Bi in practically any
direction and for constructing a substance with an un-
usual structure and unusual properties, but also makes
it possible to obtain new information concerning the
initial structure of the spectrum and the law governing
the carrier dispersion in Bi and in Bi,;-xSbx alloys.

In addition, the decrease of the energy intervals in
the spectrum under the influence of the Sb impurity
and of the pressure greatly expands the possibilities
for observing and investigating the electronic phase
transitions of I. Lifshitz!*) and the electronic phase
transitions in the magnetic field[zl, at which the prop-
erties of substances are qualitatively altered.

We report in this paper the results of an investiga-
tion of the Shubnikov—de Haas oscillations and of the
non-oscillating component of the magnetoresistance
p(H) of Bi,-xSbx alloys at pressures up to 18 kbar,
magnetic fields up to 74 kOe, and Sb concentrations
from x =0.02 to x = 0.055. We obtain the dependence
of the sections of the electron and hole parts of the
Fermi surface, and also of the cyclotron masses on
the pressure and on the Sb concentration. An attempt
is made to relate the characteristics of the curve of
longitudinal magnetoresistance with the parameters of
the spectrum of the alloys.

FIG. 1. Schematic energy spectrum of
Bi,.x Sby alloys with Sb concentrations x
< 0.06 (5) (k—wave vector).

A schematic spectrum of the Bi,-xSbx alloys with
Sb concentrations smaller than 0,06 (5) is shown in
Fig. 1. Here €%, e%, €, and €g denote respectively
the Fermi energies of the electrons and the holes, the
overlap energy, and the energy gap at L.

1. MEASUREMENT PROCEDURE. SAMPLES

Pressures up to 18 kbar were produced in the
modernized bomb described in'®!, The pressure was
determined from the temperature shift of the super-
conducting transition of tin, registered by an electronic
method. The media transmitting the pressure were
mixtures of dehydrated kerosene or pentane with
transformer oil. The latter mixture made it possible
to increase greatly the hydrostatic character of the
pressure.

Magnetic fields up to 74 kOe were produced with a
superconducting solenoid having a working-aperture
diameter 26 mm and a winding length 80 mm. The
voltage from the potential contacts of the samples was
amplified with an F116/1 photoelectric amplifier and
plotted with an x-y recorder with slow application of
the magnetic field H. To separate the oscillating part
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of the longitudinal magnetoresistance in the individual
sections of the p(H) curves, we used linear compen-
sation of the non-oscillating part. To this end, a vol-
tage proportional to H but of opposite polarity was ap-
plied to the input of the photoamplifier in series with
the voltage from the sample.

The oscillations of the magnetoresistance were also
investigated in a transverse magnetic field with the aid
of a modulation procedure!®), Compensation of the non-
oscillating part of the derivative of the magnetoresist-
ance 9p/9H was likewise used at certin values of the
magnetic field, making it possible to improve greatly
the sensitivity of the method.

Single-crystal ingots of high-grade Bi,-x Sbx alloys
were obtained from the laboratory of Professor G. A,
Ivanov at the Leningrad State Pedagogical Institute.

The samples, in the form of rectangular parallel-
epipeds 2—2.5 mm long and 7.0 X 0.8 mm in cross
section were cut from the single crystals by the elec-
tric-spark procedure. The Sb concentration in the
alloys was determined accurate to 0,05 at.% by the
method of radioactivation analysis. Prior to the
mounting, the samples were etched in a mixture 50%
C,H;OH and 50% HNO,. The current electrodes were
soldered to the entire end surface, and the potential
electrodes of 40 u diameter were welded with the aid
of an electric-spark tacking devicel®),

To accelerate the measurements, two samples were
placed simultaneously in the working channel of the
bomb. The samples were placed parallel or perpen-
dicular to each other. The accuracy with which the
magnetic field was oriented relative to the faces of
the samples was +2°, For each pair of samples we
verified the reproducibility of the results while de-
creasing the pressure,

2. MEASUREMENT RESULTS

At an Sb concentration x ~ 0.04, Bi;-xSbx alloys
experience a band inversion at the point L, at which
the terms Lg and La, which served at x < 0,04 re-
spectively as the bottom of the conduction band and the
top of the valence band at L (Fig. 1), approach each
other to an anomalously short distance at x ~ 0.04,
exchange places, and move apart at x > 0.04 (see, for
example,!*®),

Connected with the inversion of the terms La and
Lg are differences in the behavior under pressure of
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FIG. 2. Relative change, under pressure, of the extremal electron
section (A, A) and hole section (A, O) of a sample of Big ¢4 Sbg g, (H |l
C;), and the same (B, V and B, 0J) for a sample of Big ¢755, Sb 275
(H || C,); C, is the binary axis.
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FIG. 3. General form of the plot of the magnetoresistance curves for
the alloy Big 954 Smg 46 atill H|l C,: A—p =1 bar, B—p = 5.8 kbar (the
curve B is shifted by an arbitrary amount along the ordinate axis.
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FIG. 4. Relative change, under pressure, of the position of the max-
imum on the p(H) curve (Fig. 3) ati || H || C,for a Bij g755Sbg 275 sam-
ple at T = 4.2°K.

FIG. 5. Relative change, under pressure, of the extremal sections of
the electrons (A, A) and holes (A, O) of the sample Big g54Sbg g4s (H Il
C;, C3—trigonal axis), and of the electrons (B, V) and holes (B, 0J) of
the sample Big g45 Sbg.oss (H || C;).

Bi;-x Sbx alloys lying to the left and to the right of the
inversion point.

1. Bi;-xSbx Alloys with x < 0,04

A plot, typical for these alloys, of the electron and
hole extremal Fermi surfaces S€ and Sh against the
pressure is shown in Fig. 2. Each of the sections, and
consequently also the overlap energy, decreases mono-
tonically under pressure. The S€(p) and Sh(p) curves
are similar to the analogous plots obtained for pure
Bi inf®*,

With increasing pressure, the amplitude of the oscil-
lations decreases both as a result of the decrease of
€ov and as a result of the increasing deviation of the
pressure in the bomb from hydrostatic, something
particularly noticeable when the kerosene-oil sample
is used. We were unable to observe in practice any
oscillations of the magnetoresistance in Bi,-x Sbx
samples with x < 0.04 starting with a pressure of
~ 14 kbar. As the pressure was being decreased from
p ~ 18 kbar, the oscillations became noticeable again
at p < (12—14) kbar, and the period of the oscillations
in terms of the reciprocal field (the magnitude of the
period was inversely proportional to S) could be re-
produced accurate to 5%. After complete removal of
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the pressure, an irreversible decrease of the oscilla-
tion amplitude, by 20—30%, was observed. Extrapola-
tion of the S€(p) and Sh(p) curves to zero makes it
possible to determine approximately the pressure pcr
at which the alloy goes over into the semiconducting
state.

Typical curves of the magnetoresistance
p(H)(in H Il Cz; Ce—binary axis, i—current through
the sample) at two values of the pressure are shown in
Fig. 3. We see that the non-oscillating component of
p(H) first increases in the field, goes through a maxi-
mum at a certain H = Hp,, and then decreases.

Investigations of Bi,-xSbx alloys carried out in
pulsed magnetic fields at atmospheric pressure('?**
have shown that p(H)(i I H it C;) is also described by
a curve with a maximum, with Hp, dependent on the
Sb concentration and apparently indirectly connected
with the alloy spectrum parameters.

In alloys with x < 0,04, the value of Hy, decreases
monotonically under pressure. In the region p < per,
the approximate equality Hp(p)/Hm(0)~ S€(p)/S€(0)
is satisfied; this equality is noticeably violated only
near p ~ per (see curves B on Figs. 2 and 4).

The correlation between the indicated quantities be-
comes even more clearly pronounced for alloys with
x > 0.04.

2. Bi;-xSbx Alloys with 0.06(5) > x > 0.04

In the Sb concentration region from 0.04 to 0.06 (5)
we observed a nonmonotonic dependence of the electron
and hole extremal sections S€ and S on the pressure,
The sections first increase, pass through a maximum
at p = pp, and then decrease to zero at p = per. The
value of pm increases with increasing Sb concentra-
tion. The relative changes of the cross sections under
pressure for alloys with x = 0,046 and x = 0.055 are
shown in Fig. 5.

For all the investigated alloys, in fields up to 74
kOe, the ultraquantum limit was reached for the elec-
trons at L, and emergence of the Landau 0% level was
observed. It was noted that when the cross section of
the electron ellipsoid is changed under pressure with a
given Sb concentration and for a given orientation of
field H, S® remains approximately proportional to the
field HE, corresponding to the emergence of the 0*
level.

This circumstance was used to determine S€ for the
alloys Bio.945, Sbo.oss and Bio.9548b0.046 at Sll.fficiently
small values of €sy, when the small number of the
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FIG. 6. Relative change, under pressure, of the position of the max-

imum on the p(H) curve ati || H || C, for the samples Bij_ 954 Sbg.oa6 (A)
and Big,gas Sbo. 055 (B).

oscillations did not make it possible to determine their
period reliably. The parts of curves A and B corre-
sponding to this region are shown dashed in Fig. 5.

The non-oscillating part of the p(H) dependence
(i H i1 Cz) for alloys with x > 0.04, just as for
alloys with x < 0.04, passes through a maximum at a
certain H = Hy,, which depends on the Sb concentra-
tion and on the pressure. So long as the overlap re-
mains, one observes here, too, an approximate equality
of Hm(p)/Hm(0) and S€(p)/S€(0); this equality is
violated only in the region p ~ pepy, where Hyp, reaches
a minimum (at p ~ p.y we have 8Hyp,/8p =0), and the
cross section S€ vanishes (curves A and B on Figs.
5 and 6).

Just as for alloys with x < 0.04, the value of Hp
changes little with decreasing temperature when
p < per- In this region, the temperature variation of
Hy, is analogous to the variation in the fields corre-
sponding to the minima and maxima of the oscillations,

After the overlap is lifted, Hy, increases with
pressure and reveals a strong dependence on the tem-
perature. When the pressure is decreased, the maxi-
mum shifts appreciably towards larger magnetic
fields. Such a behavior of Hy at p > per indicates that
the maximum on the p(H) curve in the superconducting
state is determined by the thermal gap produced in the
alloy under pressure,

3. Cyclotron Masses of Carriers

From the ratio of the magnetoresistance-amplitude
oscillations at two temperatures, we calculated the
cyclotron masses at the Fermi level, Calculation of
the masses by the formulas of Adams and Holstein! 14]
is valid at a constant Dingle factor in the helium tem-
perature region. By way of a control, the Dingle factor
was calculated for each temperature from the depend-
ence of the oscillation amplitude on the magnetic field.

The reduction of the data has shown that the hole
cyclotron masses m? for the Bi;-x Sbx alloys are
independent, within the limits of measurement accuracy,
of the Sb concentration and of the pressure, and coin-
cide with the corresponding masses for pure Bi. Thus,
in a field parallel to the binary axis, the measured
values of mb lie in the interval (0.185—0.22) m,, where
m, is the mass of the free electron. The correspond-
ing mass for pure Bi is 0.21 mo[**»*®), This result is in
good agreement with the universally accepted premise
that the dispersion of the holes is close to quadratic.

The electron cyclotron masses m®€ decrease ap-
preciably with increasing Sb concentration. The de-
pendence of m€ on x is shown in Fig. 7 (curve A).

For comparison, the same figure shows the x-depend-
ence of the electron cyclotron mass at the bottom of
the band, m§, obtained by Tichovolsky and Mavroides!”
from magneto-optical measurements (curve B). This
curve shows the points calculated by the Lax-Golin
method on the basis of the experimentally measured
m€ and Se. For each Sb concentration, a weak de-
crease of m€ under pressure is observed. Figure 8
shows data on the pressure dependence of m€ for the
alloy Big.g725 Sbo.0275. The solid curve in this figure is
the result of calculation by the Lax-Golin method (see
the next section).
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FIG. 7. Ratio of electron cyclotron masses at the Fermi level (curve
A) and at the bottom of the conduction band (curve B) to the corre-
sponding masses for Bi vs the Sb concentration: @—present data, (—
data of [7], O—result of calculation by formulas (3) and (5); solid
curve—result of calculation by formula (6) on the basis of the data of
the present article.

FIG. 8. Pressure dependence of the electron cyclotron mass for the
sample Big.g725 Sbg. 0275 (H || C; ); solid line—result of calculation by
formula (6).

3. DISCUSSION OF RESULTS

1. The foregoing results indicate that the scheme
proposed in'® for the motion of the terms Lg and Ljy
under pressure is valid for Bi,-xSbx alloys with
x < 0.04 and x > 0.04 (see Fig. 1b in'®),

The scheme of simultaneous motion of the terms
Lg and Ly as well as the top of the valence band at the
point T (the term ng[s]) as a function of the pressure
for these two cases is shown in Fig. 9. The coming
together and reflection of the terms Lg and Ly under
pressure for alloys with x > 0.04 explains the pres-
ence of a maximum on the S(p) curves for the elec-
tron and hole sections. The pressure p = pp corre-
sponds to the minimum distance between terms Lg
and Ly, while p = pcr corresponds to the intersection
of the terms Lg and T3,

The observed experimental increase of py, with
increasing Sb concentration is connected with the in-
crease of the gap €, at x > 0.04 (" and agrees with
the assumption that d¢g /8p is constant (at p < pm)
for different Sb concentrations.

On the other hand, pcr, which corresponds to the
lifting of the overlap in the alloy, decreases with in-
creasing Sb concentration for both types of alloys,
for in this case the initial overlap of the terms L and
T is decreased.

Near the inversion point of the terms Lg and Lg,
both under the influence of the Sb impurity (at
x ~ 0.04) and under the influence of pressure (at
p ® pp, for the alloys with x > 0.04), a sharp de-
crease takes place in the effective masses of the
electrons at the bottom of the conduction band!"»%],
However, the overlap of the bands at the points L and
T causes only relatively small changes of the masses
and electron mobilities to be observed at the Fermi
level. The situation changes at Sb concentrations such
that the term T3 (at atmospheric pressure) lies lower
than the center of the gap €g. In this case there is no
overlap when the terms Lg and L, come closer to-
gether under the influence of the pressure, and the ef-
fective carrier masses become anomalously smallt®),

The term T  drops with increasing pressure rela-

FIG. 9. Qualitative plot of the energy € of the terms L, L,, and Tz;
against the pressure p for Bij.x Sby alloys: a—x < 0.04, b—0.06 (5) > x>
0.04.

tive to the center of the gap €g. Favoring this is the
fact that for any Sb concentration the cyclotron masses
of the electrons m€ decrease upon compression. The
absolute values of the term velocities under the influ-
ence of the pressure, on the basis of the experimental
dependences of S€, Sh, and m®€ on p, can be obtained
only by using the concrete model of the electron spec-
trum, which makes it possible to calculate the Fermi
energies of the electrons and holes, e% and E%, and
the overlap energy €yv.

The present data, as well as those of {728 indi-
cate that the electron dispersion in Bi,-x Sbx alloys
is satisfactorily described by the model of an ellip-
soidal nonparabolic spectrum (the Lax ENP model[“’]),
supplemented with the dependence given by Golin!® for
the effective mass at the bottom of the conduction
band m¢ on the energy gap €g.

The extremal sections of the electron ellipsoid S
and the cyclotron masses m€ at the Fermi level are
connected in this model with m§ at the bottom of the
band and the parameters of the spectrum e% and €g
by the following relations:

Se == zﬂmneeye(1 + BFe/ !:'g), (1)
me = m (1 + 2e:°/ &), (2)
me® = ye,. (3)

Like m§, the coefficient ¥ depends on the direction
of the magnetic field relative to the crystal axes, but,
according to[”, it does not depend on the Sb concen-
tration. In the reduction of the experimental data
within the framework of the chosen model, it is as-
sumed that y is independent of the pressure. For all
the Sb concentrations and for all pressures, we used
the values of y calculated on the basis of the data
of(**1¢) for Bi. In particular, at H II C, we have y(C,
= 1.38 X 10™ mo [meV™'].

Equations (1)—(3) can be solved relative to €%, €g,
and m€:
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Relations (4) and (5) make it possible to calculate €$
and € from the experimentally measured m€ and
S€.

To calculate the hole Fermi energy e% we used the
relation

eol = S"/ 2mum”, (7)

which is valid for a quadratic dispersion law.

The concentration dependences of the quantities E%,
el €g and €y = €}, plus €p, calculated in accordance
with formulas (4), g), and (7), are shown in Fig. 10a.
Figure 10b shows the scheme, corresponding to Fig.
10a, of the motion of the terms Lg, Ly, and T3 under
the influence of the impurity Sb. The same figure
shows the points from!"»**"!%], It is seen from Fig. 10a
that the results of the calculation of €g are in good
agreement with the concept of band inversion at L
when x ~ 0.04.

It is of interest to compare data obtained by differ-
ent workers on the electron sections in Bi,-x Sbx
alloys with different Sb concentrations with the present
results. The generalized plot of the ratio of the ex-
tremal electron sections to the corresponding sections
of Bi is shown in Fig. 11. Extrapolation of S€(x) to
zero yields an Sb concentration of approximately 0.06
(5) for the point where the overlap is lifted.

It should be noted that the present data on S€ and
m® form, within the framework of the Lax-Golin model
(formulas (1)—(3)), a closed system with the data of
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FIG. 10. a—Dependence of the overlap energy €qy, the Fermi ener-
gies e‘f: and e‘}l of the electrons and holes, and the energy gap €gon the
Sb concentration: @ and O—present data, O—[!5:16], A—[7], O—['"18];
b—qualitative form of the dependence of the energy € of the terms L,

L,, and T3z on the Sb concentration in Bi; ,Sby alloys.
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Table I.

9¢/dp, 10° eV/bar

0,04 < x<< 0,065
Parameter o <004 .
<E P<Py| P>p,
9, /0p | ~ —1.4|~4-0.4 ~ —1.3
defop | ~ +1.0l~—2,4 ~ +1.0
Table II.
defox, 10-2 eV/at. %
(» = 1 bar)
0 < x< 0,04 0,06 <x < 0,065
9e%/0x ~ —2.9 ~ —6.2
o6l /0z ~—L7 | ~—L7
Oep/ox ~ —4.5 ~ —7.9
92, /ox ~ —3.8 ~ 42,9

Tichovolsky and Mavroides!™ on €g and m§. On the
other hand, on the basis of the dependence of S® (Fig.
11) and of €g on x (Fig. 7, curve B), see (3)), we can
calculate the dependence of m® on x from (6). This is
shown by the solid line of Fig. 7 (curve A). We see
that the experimental points for m€ fit this curve quite
well. On the other hand, the points obtained for €g by
means of formula (5) on the basis of data for m®€ and
s€ are in sufficiently good agreement with the data
of!” (Fig. 10a).

A numerical calculation of the quantities €g, €%,
€l1);., and €4y = e% + e% by means of formulas (4), (5),

and (7) at different Sb concentrations and at different
pressures makes it possible to estimate the rates of
their variation under these types of action on the Bi
spectrum. It was assumed for the estimates that in the
first approximation the displacement of the terms Lg,
Lg, and T3 is linear in p and x (as is shown quali-
tatively in Figs. 9a, 9b, and 10b), with the exception of
the inversion points, where the rates of displacement
experience jumps. The results of the estimates are
given in Tables I and II.

2. Let us analyze the dependence of m€ on the Sb
concentration and on the pressure. From (2) and (3)
it follows that

m® = 2y (e + '/ee), (8)
whence
Ome[ 0x = 2y (9e:°/ 8z + /2084 / O), 9)

Om® | 8p = 2y(0e:°/ dp + */20e, | dp). (10)
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Expression (8) shows that the change of m€ is de-
termined by the quantity EF = e + (%, )€g, which
represents the Fermi energy reckoned from the center
of the energy gap €g. A nearly-linear decrease of m®
in the Sb concentration interval from 0 to ~0.06 (5)
points to an analogous variation of EF from the value
e% + (/2)€g for Bi to (1/2)6g at x~ 0.06 (5). Sucha
change of Ef indicates that the rate of downward
motion of the term T~ under the influence of the Sb
impurity is much larger than the rate of relative
motion of the terms Ly and Lg. The weak decrease of
m® with pressure indicates, on the other hand, that
the rates of motions of the terms T7, La, and Lg are
in this case close to each other, and the influence of
their motion on EF is practically cancelled out
mutually (the first and second terms of (10) have op-
posite signs),

One could expect that with increasing pressure, the
weak decrease of m® would give way to an increase,
if it were assumed that the linear growth of €g would
continue in this region of pressures. The expected
character of the m®€(p) dependence is illustrated in
Fig. 8. The solid curve in this figure was calculated
from formula (6) for the alloy Big.er2s, SPo, 0275 ON the
basis of the measured S€ (Fig. 2, curve B) and the
relation

&s(p) =~ £(0) + 1.0-10~° (e V /bar) (bar)

which is valid for alloys with x < 0.04 and x > 0.04
at p> pm.

We see that the weak decrease of m€ first gives
way to an increase at p > 10 kbar. Unfortunately, in
the region p > 10 kbar it was impossible to observe
oscillations of the longitudinal magnetoresistance with
a clarity sufficient to determine me€. At p < 10 kbar,
the experimental values of m® agree with the curve
of Fig. 8 within the limits of the measurement errors.

3. The relation Hpy(p)/Hm(0)~ S€(p)/S€(0) at
p < pcr, indicates for each type of alloy that there is
a connection between the field Hy, at the maximum of
the non-oscillating part of p(H) and the parameters of
the energy spectrum. A determination of this connec-
tion not only can yield additional information on the
spectrum, but may also be useful for an elucidation of
its variation under pressure in conditions when the
oscillation effects cannot be observed (insufficiently
pure samples, small band overlaps, the presence of a
thermal gap in the alloy, etc.).

Since the carrier mobility decreases in a magnetic
field, the maximum of p(H) can be observed only on
a rearrangement of the spectrum in the field such that
the carrier density increases sufficiently rapidly.

The electron and hole densities n and p can be in-
creased in the magnetic field by two mechanisms. The
first consists of an increase of the overlap or a de-
crease of the forbidden band (at T = 0°K) upon dis-
placement of the band boundaries!®2%?!), For the semi-
metallic Bi,-xSbx alloys whose energy spectrum is
shown schematically in Fig. 1, at certain orientations
of the magnetic field (for example at H Il Cz), the
following inequality may be satisfied(12s1%15)

- mé& m¢  mh mh

eﬁ(i 1 1 1

where m§ and m*s1 are the spin masses of the elec-

trons and holes, e the electron charge, c the velocity
of light, fi = h/27, and h is Planck’s constant, In this
case the overlap in the field increases linearly:

en(H) = eho -+ aH,

where €4v, is the overlap energy at H = 0. The
parameter @ can be estimated from the data of Smith,
Baraff, and Rowell!*®!, At H I C, we obtain for Bi the
value ¢ ~ 0.17 meV/kOe.

The second mechanism whereby the carrier density
is changed in a field is connected with the change of
the electron and hole Fermi energies when their
cyclotron masses are appreciably different (m® < m
In this case the ultraquantum limit for light carriers
is reached in much weaker fields than for heavy ones,
After emergence of the 0" level of the electrons at
H = HS., the degeneracy of the last level 0™ begins to
increase rapidly. This is accompanied by a decrease
of €€ and an increase of €' practically to a value
equafto €gv (all the carriers contained within the
band-overlap region condense on the 0™ level). During
the course of this process, the carrier density n = p
increases and then remains practically constant until

h).

‘the emergence of the 0 level of the holes at H = H&,

after which the concentration n = p first decreases,
and then increases linearly in the field, in proportion
to the degree of the degeneracy of the 07 levels of the
electrons and holes. The second mechanism leads to a
local increase of the carrier density in a relatively
narrow field region at H > Hf,’,,.

To estimate the contribution of the second mecha-
nism, we present a quantitative analysis of the rela-
tion n(H) = p(H), neglecting the deviation of the elec-
tron dispersion from quadratic. It can be shown that
allowance for the non-quadratic dispersion does not
change the calculation results significantly. In order
to describe the second mechanism mdegendently of the
first, we put in the calculation ms =m mS =m,
and a = 0. This means that the overlap does not
change in the field, and the 0~ levels of the electrons
and holes are located respectively at the bottom of the
conduction band at L and at the top of the valence band
at T (the band boundaries are fixed).

The electron (or hole) state density g(e€) in the
magnetic field'®®! is equal to

eH (me)¥: 1 1\ehH 1 ehH7-%
Earap Ml Ll G e I
) 8=l
(11)
where mg is the state-density mass, and the summa-
tion extends over all integer n for which the radicand
is larger than zero.

In the case of complete degeneracy, the non-oscil-
lating part of the electron and hole density is deter-
mined at different values of the magnetic fields by the
following relations:

a) In the case H < HS,

8np 2 mEmh *h
n=pz—3 ﬁ_——mc"’c—f— b ah] 3 (12)

b) in the case H§, < H < HE,

g(e) = 2h—

n=2"h

e}lZI (mc) . (%) A,

*h
p~—[h2mc eph] N
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n=p, &f 4+ esM = en; (13)

¢) in the case H > HE‘,,
eH (mf)':

n = 2% ch? mé— (eFe) ‘/21 (14)
., el (mcb)k .
p_ZhW ( ) (th) 1

n=p,&° + & = en

Equations (12)—(14) cannot describe the dependence
of the carrier denmty n = p on the field in the regions
H~ Hf and H ~ H , where allowance for several
terms in the sum of (11) is important.

The qualitative form of the dependence of n = p on
H is shown by curve a of Fig. 12, In region I, formula
(12) is valid.

When H > HG. (HS. ~ m®ce$/eli), the dependence
of n = p on H in region I (4a2H?*/27e}y < 1, where
a=(%)(mg /mh )¥%efi/mec) is described by the
formula

hy%
A = pu & 8—;—(2:%) aHe;,I'. (15)
For the Bi,-xSbx alloys (at H i| Cz), region Il is con-
tained between HE, and (2—3)HS..

Beyond this, the growth of the concentration exhibits
saturation (region III).

In region IV we have

8n / 2m,h *h
"xv=vaz—3—(—hz—-ah) . (16)

The ratio nyy/ny = ((m§ + m}cl )/m&)¥?~ 8—12 for
the Bi,-xSbx alloys.

In region V, at H > HR(HW mPce gy /eh), the con-
centration decreases by a factor ~ (¥, 2’( 1+ h ;11/2
~ (3—7), where m§ = (m$ )Y (m®)% m (mc 3/(m ).

In region VI, the concentratlon mcreases linearly in
accordance with the formula

nv1=va=2’/’eH(—1—+—1—) hﬁl/ﬁ, (17)

ch*\m,>  m)h

which coincides with the analogous expression int®],
The qualitative form of the dependence of n = p on

H under simultaneous action of the first and second

mechanisms is shown in Fig. 12 by curve b. Since now

a > 0, formulas (12) and (15)—(17) must be modified

in the following manner: in (12) we replace €qy by

€ovo + aH; we replace €,y in (15) and (17) by €gvo

+ 2¢H, and (16) takes the form

8n ( 2mch

niv =piv & — W

3

where €.y, is the overlap energy in the absence of a'
field.

)"’ aH (e + 20H) #Q, (18)

n////)/i)

FIG. 12. Qualitative form of the
relative change of the carrier density
in a magnetic field for Bi;_,Sb,
alloys with x < 0.06 (5): a—band
boundaries fixed (a = 0); b—the
T overlap increases linearly in the field
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Following this change, formula (17) coincides also
with the corresponding expression int®

It is seen from Fig. 12 that the fastest growth of the
concentration occurs in region II at Hg, < H
< (2—3)HS,. The values of Hy, for the Bi,-xSbx
alloys lie in the same field interval. It is therefore
natural to connect the formation of the maximum of
p(H) with region II. Since it is sufficiently narrow, the
approximate relation Hm kH, is satisfied, where
k ~ (2—3). In turn, HS, is proportional to Se from
which it follows that

=i+ (1425 ]

H.,(p) | Hn(0) = S°(p) | S%(0).

For an analytic calculation of H,, it is necessary to
know the dependence of the electron and hole mobilities
4 and v on the field. A rought estimate can be ob-
tained by assuming that v < u and that u depends on
H like 1/HB, In this case we can show for @ > 0, on
the basis of (15), that the minimum of the conductivity
o in region II is observed at Hp, proportional to
€ovo/a, if 1.0 < g < 1.5. This 11kew1se agrees quali-
tatively with the relation Hy, g€

We note that the quantum limit for the holes at
@ > 0 and efi/mbe < o can be reached for the quan-
tum numbers of the Landau levels with n > 0. (Both
inequalities are apparently valid for the Bi;-x Sbx
alloys at H Il C;). In this case, the following relations
are satisfied for a certain value of n:

(rtt4g) o> (rhg) pm<e
which mean that the Fermi level, owing to the growth
of the overlap in the field, overtakes all the Landau
levels with numbers smaller than n + 1. The last
minimum of the hole oscillation corresponds in this
case to the emergence of the (n + 1)-st level. The
levels with the smaller quantum numbers do not take
part in the oscillations. This circumstance must be
borne in mind when the quantum numbers correspond-
ing to the minima of the hole oscillations are deter-
mined. When efi/mhc < a, the character of the depend-
ence of the concentration on H can also change
noticeably in regions V and VI (Fig. 12).

For the Bi;-xSbx alloys in the semiconducting
state (at a pressure p > pgr), the maximum of p(H)
(H 11 Cz) can be the result of the decrease of the gap
€g in the magnetic field; in the first approximation,
this decrease is linear!*”), It can be shown in this case
that Hp, « AET/KBT, under the assumption that
L >>v and p o 1/HB (AET is the thermal gap, and
kp is Boltzmann’s constant) for all values g > 0.

In conclusion, we take the opportunity to thank E. A,
Svistova and Ya. G. Ponomarev for useful discussions,
and E. Joon for help with the data reduction.
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