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High-temperature oscillations of Bi and Bi1ÀxSbx conductivity in high magnetic fields

Vit. B. Krasovitsky
B. Verkin Institute for Low Temperature Physics & Engineering, Kharkov, 310164, Ukraine

~Received 24 April 2002; revised manuscript received 11 April 2003; published 18 August 2003!

Special quantum oscillations of conductivity in a magnetic field@‘‘high-temperature’’ oscillations~HTO!# are
considered. The oscillations are periodic in the reciprocal magnetic field and are characterized by a frequency
higher than that of Shubnikov–de Haas~SdH! oscillations. Results are presented of joint studies of SdH
oscillations and HTO of the magnetoresistance for pure Bi and Bi12xSbx ~x52.6 at. %) alloy in magnetic fields
up to 33 T. The oscillations are measured over the temperature range 4.3 to 30 K for a variety of magnetic field
directions. The high field quantum limit is realized for different ratios of spectral parameters of electrons and
holes in Bi and Bi12xSbx . In all cases the last HTO minimum coincides with the SdH oscillations correspond-
ing to the quantum limit magnetic field. Analysis of the experimental data allowed selecting one of two
alternative HTO models. The oscillations of conductivity result from electron-hole transitions between the
Landau levels close to the Fermi level.

DOI: 10.1103/PhysRevB.68.075110 PACS number~s!: 72.15.Gd
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I. INTRODUCTION

Special quantum oscillations of the static conductivity
bismuth placed in a magnetic field was discovered by Bo
et al.1 The oscillations are periodic in the reciprocal magne
field and are characterized by a frequency higher than tha
Shubnikov–de Haas~SdH! oscillations. In contrast to the
SdH oscillations observed at temperaturesT<4 K, the new
oscillations were registered in the temperature range 6265
K and were referred to as ‘‘high-temperature’’ oscillatio
~HTO’s!.2 At high temperatures, the HTO are observed
kBT.\vc (vc is the characteristic cyclotron frequency!,
when the SdH oscillations are exponentially small. The H
can be studied in bismuth samples of various quality, in co
pensated Bi12xSbx alloys and in noncompensate
Bi12x(Sb,Te,Sn)x alloys. Thermo-emf HTO in a magneti
field have also been studied.

A correlation between the HTO frequencyFHTO and the
charge carrier concentration was established in experim
carried out with bismuth and compensated semimeta
bismuth-based alloys.3 In the more general case of semim
tallic alloys of bismuth with different numbers of electron
and holes, it was found in Ref. 4 thatFHTO}eF

e1eF
h5e0 @eF

e

andeF
h are the Fermi energies of electrons and holes, res

tively, ande0 is that of the energy band overlap region;eF
e

andeF
h are counted from the bottom of the electron band,Ee ,

and from the top of the hole band,Eh , respectively~Fig. 1!#.
Thus, a characteristic feature of the HTO distinguishing th
from other quantum oscillations in a magnetic field is t
independence of the HTO frequency of the Fermi energyeF .

Basically, the HTO differ from the SdH oscillations in th
specific temperature dependence, namely, the HTO am
tude rapidly attains its peak value atT'(10212) K and then
decreases slowly upon heating.2 It was found5 that the exis-
tence of a peak on the HTO amplitude temperature dep
dence is determined by the relation (tep

m )21@(t i
m)21, where

(tep
m )21}exp2Qm /T is the frequency of the intergrou

electron-hole transitions associated with inelastic scatte
by acoustic phonons, and (t i

m)21 is the frequency associate
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with quasielastic scattering by impurities (Qm5\Sqm /kB ,
with qm being the phonon wave vector corresponding to
separation between characteristic points on the electron
hole branches of the spectrum@L andT points in Fig. 1~a!,
andS is the sound velocity#.

In the simplest case of a quadratic dispersion law
charge carriers the oscillation period for quasielastic scat
ing is given by

D~1/B!HTO5e\/cm* e0 ~1.1!

(m* is effective mass of charge carriers!. For the case of
inelastic scattering of electrons by acoustic phonons
~1.1! can be rewritten in the form5

D~1/B!HTO5e\/m* c~e06kBQm!. ~1.2!

Over the years of experimental investigation of HTO se
eral attempts have been made to treat their nature prima
by using the magnetophonon resonance predicted in Re
and first observed in Ref. 7. The magnetophonon oscillati
~MPO’s! are oscillations of the galvanomagnetic and therm
magnetic effects associated with the sharply inelastic e
tron scattering by optical phonons when the variation in
electron energyDe5\v0 is greater than the value ofkBT
(v0 being the limiting frequency of optical phonons!. The
resonance condition for the transverse magnetoconduct
is that the optical phonon frequency should be a multiple
the cyclotron frequency, or in other words, of the separat
between Landau quantum levels, i.e.,

v05Mvc , ~1.3!

with M51,2,3 . . . ~see transitions type 1 in Fig. 1!. The
period of MPO is determined by the effective mass and d
not depend on charge carrier concentrationD(1/B)MPO

5e/m* cv0. Since the conductivity related to scattering b
optical phonons is proportional to exp(2\v0 /kBT), the
contribution of inelastic scattering and the amplitudes
MPO both increase exponentially with temperature atkBT
,\v0. However, substitution in Eq.~1.3! of the real values
©2003 The American Physical Society10-1
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VIT. B. KRASOVITSKY PHYSICAL REVIEW B 68, 075110 ~2003!
typical of bismuth, for example,m* 50.063m0 ~Ref. 8! and
v059.2 or 12.4 meV~Ref. 9! for BiC3, gives HTO periods
almost twice as long as the measured ones.

The magnetophonon resonance condition for the long
dinal magnetoconductivity in the case of a degenerate e
tron gas takes the form10

eF6\v05\vc~N11/2! ~1.4!

(N50,1,2, . . . ), i.e., the interaction with optical phonon
results in that electrons are transferred from the Fermi le
to the bottom of a Landau subband~see transitions type 2 in
Fig. 1!. In this case the oscillation period is given b
D(1/B)MPO5e/m* c(eF

e6\v0). This type of oscillations
was observed in the experiments with HgTe andn-GaSb.10

For anisotropic crystals the analysis of paper10 can be for-
mally generalized to the case of transverse magnetore
tance because each of the matrix elementsur iku contains all
the matrix elementsus iku. Equation~1.4! can be used to de
scribe the experimental relation between the HTO period

FIG. 1. ~a! Location of Fermi surface of bismuth in the Brilloui
zone@after Brownet al. ~Ref. 29!#. The dimensions of the electro
~L-point! and hole~T-point! ellipsoids are increased by a factor
about 5.6 relative to those of the zone.~b! Schematic diagram~en-
ergy vs wave vector! shows electron and hole Fermi surfaces.
make the figure more clear, the lowest Landau parabolas of elec
and hole are shown only. Other parabols are indicated by short
close tokz50. Intraband and interband~electron-hole! transitions
for different models are represented according to various autho
corresponds to Ref. 6, 2 to Ref. 10, 3 to Ref. 12, and 4 to Ref.
07511
-
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the magnetic field.11 In this case, however, we arrive at
value ofv0 higher by a factor of 2 than the limiting energ
of optical phonons in bismuth.

In principle, the resonance conditions~1.3! and ~1.4! can
be used also in the case of interaction between charge c
ers and other types of quasiparticles. Thus, for instance
attempt was made2 to describe quantitatively the experime
tally observed evolution of HTO periods in bismuth in ma
netic fields up to 5.6 T~Ref. 11! by using a resonance of th
type of Eq.~1.4! and a combination of phonon spectral fr
quencies with limiting plasma frequenciesvp @19.6 and 23.2
meV ~Ref. 8!#. Classical calculation,2,11 however, gives a too
steep dependencevp(B) which does not fit the measure
data.

Recently, two alternative models were suggested to
plain the HTO nature.

~1! The writers12,13suppose that in the case of a two-ba
semimetal in the temperature regionT!eF /kB the number
of unoccupied states below the Fermi leveleF ~and the num-
ber of occupied states aboveeF) is not exponentially small
but is determined by the energy levels broadening due
relaxation processes~both elastic and inelastic!. Then ac-
cording to Refs. 12 and 13 the HTO emerge due to electr
hole transitions near the boundaries of the energy band
the L and T points of the Brillouin zone~see transitions type
3 in Fig. 1!. When the magnetic field increases a Land
subband extremum for the hole band of the spectrum p
the bottom of the conduction band, and the collision f
quency suffers a discontinuity because the electron state
sity is zero below the bottom of the conduction bandEe .
This is also true for transitions between the Landau levels
the electron branch of the spectrum and the top of the
lence bandEh . The values ofEe and Eh are the specific
features of the energy spectrum and at the same time si
larities of the electron-impurity scattering frequency.

~2! In papers Refs. 14 and 15 an alternative model
explanation of the HTO nature was offered. According
Refs. 14 and 15 the oscillations of conductivity result fro
electron-hole transitions between the Landau levels clos
the Fermi level~see transitions type 4 in Fig. 1!. The quan-
tum theory of magnetoresistence in semimetals was buil
Refs. 16 and 17. However, in Ref. 16 Landau quantum lev
in the hole zone were not taken into account, while in R
17 only the quantum limit was considered. So, the HTO
not described by these models. According to Refs. 14 and
the origin of HTO is as follows. As the magnetic field
varied, Landau levels of states with different signs of t
effective mass are shifted in opposite directions along
energy scale. Isoenergetic or phonon absorbing~emitting!
electron transitions between sharp features in the densit
states are made possible near resonant values of mag
field. Since the density of states near the Landau level
characterized by a root singularity, the transition probabi
near a resonant value of the magnetic field experience
jump of finite magnitude. This distinguishes the HTO fro
SdH oscillations and MPO which show, if the collision
broadening of Landau levels is neglected, a logarithmic
vergence at the resonance. Another distinctive feature is
to the fact that regions with different signs of effective ma
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HIGH-TEMPERATURE OSCILLATIONS OF Bi AND . . . PHYSICAL REVIEW B68, 075110 ~2003!
are at different points of the Brillouin zone and the tran
tions between these points are accompanied by a dr
variation in the quasimomentum~of the order of reciproca
lattice parameter!. Therefore, even for the interaction wit
acoustic phonons the scattering may be of resonant chara
The necessary condition for HTO appearance in
model14,15 is that the effective electron and hole mass
should be commensurable (kme* 5k8mh* with integersk and
k8). In this case the appropriate extrema of the electron
hole Landau subbands have a common tangent in the vic
of the Fermi level, and hence, the electron and hole Lan
levels periodically coincide in energy neareF , producing
oscillations of conductivity via electron-hole transitions.

The facts described above lead to the conclusion that
origin of HTO could probably be determined with the help
experiments in which energy spectrum parameters~the Fermi
energy, the energy of overlapping of the conduction and
lence bands, and charge carrier concentration! can be varied
over a wide range. Such experiments can be carried ou
Bi and Bi12xSbx alloys in a strong~ultraquantum,hvc

.eF
e,h) magnetic field, where the energy parameters wo

strongly depend on the magnetic field. When a small amo
of Sb is doped into Bi, the energye0 decreases, and henc
the characteristic singularities occur at lower magnetic fie
Information concerning variations in the energy spectr
can be obtained from the Shubnikov–de Haas oscillati
with the help of an appropriate theoretical model of the
ergy spectrum.

It seems that final conclusions on the physical nature
HTO can be made after a set of measurements of the
oscillations and HTO in Bi and Bi12xSbx alloys placed in
strong magnetic fields~up to 30–40 T!. The SdH oscillations
should reach their quantum limit in magnetic fields as h
as this. Under these conditions, it would be possible to se
between different HTO models judging by the behavior
the oscillations, and to obtain appropriate conclusions
their nature. In this paper, we report on the results of jo
measurements of the SdH oscillations and HTO in nondia
nal and diagonal components of the magnetoresistance te
r ik that were made on monocrystalline Bi and Bi12xSbx ~x
52.6 at. %) specimens at temperatures 4.3–30 K and m
netic fields up to 33 T. These experiments were aimed
obtaining information on the HTO origin from comparison
changes in the energy spectrum of Bi in the ultraquant
limit with the features shown by the HTO.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The measurements of SdH oscillations and HTO w
made in dc magnetic fields up to 33 T on pure Bi~the room/
helium temperature resistance ratio at a zero magnetic
.220) and Bi12xSbx (x52.6 at. %) specimens, under th
conditions whenI iC1 ~or C2), B'C1 ~or C2) ~hereI is the
current; andC3 , C2, andC1 the trigonal, binary, and bisec
tor crystallographic axes, respectively!. Both diagonal and
nondiagonal components of the magnetoresistance tensor ik
were measured. All measurements were taken using low
quency (,100 Hz! ac techniques. ‘‘High temperature’’ osci
lations were detected reliably in the firstr ik8 (B) or second
07511
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r ik9 (B) derivative obtained as a result of computer process
of the correspondingr ik(B) curve. Since the HTO amplitude
does not exceed 0.121 % of the monotonic component o
r i i (B), one of the necessary conditions for measuring
magnetoresistance of HTO is high stability of temperature
the specimen~not worse than 1 mK!. In our measurements
we used the following special property of the nondiago
componentryx of the magnetoresistance tensor which
lowed us to considerably improve the sensitivity, and hen
resolution of the measurements. The monotonic compon
of the even partryx vanishes whenB is oriented strictly as
B iC3 because of the symmetry, while the oscillating comp
nent remains unchanged.18 It is worth noting that close to a
given magnetic field direction the HTO manifest themselv
directly in the dependenceryx(B). The nondiagonal magne
toresistance tensor componentrzx was measured for the ori
entationBiC2. In this case, the monotonic component of t
even part ofrzx does not vanish, but during the recording
rzx(B), the ratio of the oscillating and monotonic comp
nents increases significantly in contrast to the diagonal c
ponent rxx . The considerable decrease in the monoto
component results in an increase of the signal-to-noise ra
At temperatures 4 to 15 K the SdH oscillations prevail in t
dependenciesr ik (B), while the HTO dominate above
'15 K.

The experimental results on Bi and Bi12xSbx (x52.6 at.
%) specimens for SdH oscillations~4.3 K! and HTO~15–30
K! are presented in Figs. 2–4. The SdH oscillations and
HTO were measured with the magnetic field directed alo
the principal crystallographic axesC3 and C2 or close to
these axes. In these cases the quantum limit in the SdH
cillations are realized for different combinations of electr
and hole energy parameters.

FIG. 2. Dependences ofryx(1/B) at 4.3 K ~curve 1! and
ryx9 (1/B) at 15 K ~curve 2!, BiC3, in bismuth. In the insert: fre-
quency spectrum of oscillations at 15 K.
0-3
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VIT. B. KRASOVITSKY PHYSICAL REVIEW B 68, 075110 ~2003!
Presented in the Fig. 2 is theryx(1/B) dependence at 4.3
K ~curve 1! and the second derivativeryx9 (1/B) at 15 K
~curve 2!, obtained on a bismuth sample when the magn
field was aligned with the trigonal crystallographic ax
BiC3. The period of SdH oscillations, as a function of t
inverse magnetic field, isPh

SdH50.155 T21 ~or, in terms of
frequency,Fh

SdH56.45T). This value corresponds to the ar
of the extremal section of the Fermi surface holes.19,20 Fou-

FIG. 3. ‘‘High-temperature’’ oscillations of resistivityrzx9 (1/B)
in bismuth forB iC2 , T520K. Curve 1 corresponds to the expe
ment, and curve 2 is the result of computer simulation. The in
shows dependences ofrzx(B) on magnetic fieldBiC2: curves 1 and
2 correspond torzx(B) at 4.3 and 20 K, respectively. Transition t
ultraquantum limit for light and heavy electrons are marked by
arrows.

FIG. 4. The oscillations of resistivityrzx8 ~B! in Bi12xSbx (x
52.6 at.%) for /B, C3'5°; curve 1, 2, and 3 measured at 4.
20, and 30 K, respectively.
07511
ic

rier analysis of the oscillations of curve 2 indicates the pr
ence of SdH periods for holesPh

SdH50.155 T21(Fh
SdH

56.45 T) as well as HTO periodsP1
HTO50.062 T21(F1

HTO

516 T) andP2
HTO50.051 T21(F2

HTO519.8 T) ~see the fre-
quency spectrum of oscillations in the inset of Fig. 2!. As is
usually the case with bismuth, HTO are observed as a su
position of two frequencies differing by a factor 1.22.2 The
oscillation frequency also displays second harmonics of
fundamental frequencies 2F1

HTO532 T and 2F2
HTO539.6 T.

The occurrence of the second HTO harmonic is easily s
in curve 2 of Fig. 2: beginning withB'4.3 T the HTO fre-
quency increases by a factor of 2.

The experimental dependencerzx (B) measured at 4.3
and 20 K for a magnetic field parallel to the binary axisB
iC2 is shown by curves 1 and 2 in the inset of Fig. 3.21 The
magnetic field values corresponding to the minima of S
oscillations obtained in our experiments are close to th
obtained in Refs. 19 and 22–24. For the given orientation
the magnetic field, oscillations from two electron ellipsoi
with equal small cyclotron masses, an electron ellipsoid w
heavy masses, and a hole ellipsoid with heavy masses
observed. The form of therzx (B) dependence in a wea
magnetic field is determined by the passage of Landau le
of light electrons through the Fermi level for which the qua
tum limit takes place nearB'1.5 T, i.e., when the level~1, -!
intersects with the Fermi level. The structure of oscillatio
in magnetic fields stronger than 1.5 T is determined by
Landau levels of heavy holes and heavy electrons. A fr
ment of the dependencerzx9 (1/B) is shown in Fig. 3~curve
1!. Once again, HTO are observed here as a superpositio
two frequencies differing by a factor of 1.22.2 Fourier analy-
sis of the oscillations of curve 1 indicates the presence
HTO periods P1

HTO50.016T21(F1
HTO562.5 T) and P2

HTO

50.02 T21 (F2
HTO550 T). The frequency spectrum of osci

lation also displays second harmonics of the fundame
frequencies.

The experimental results for the Bi12xSbx specimen (x
52.6 at. %) with the magnetic field applied close toC3 ~in
the trigonal-bisector plane/B,C355) are shown in Fig. 4.
One can see the first derivatives ofrzx (B) measured at 4.3
20, and 30 K. As will be indicated below, the HTO and Sd
oscillations in the quantum limit give the best correlation ju
in the first derivativerzx8 (B): the dependencerzx (B) for
4.3 K shows no HTO, while the SdH oscillations in the cur
rzx9 (B) for 30 K are suppressed both by temperature and
higher frequency HTO.

III. DISCUSSON

We analyzed the experimental data pertaining to the S
effect, using the results obtained in Refs. 19 and 22–24
which variation in the position of the Fermi level and char
carrier concentration in bismuth in strong magnetic fie
were calculated from resonance magnetic field values
which the Landau level energies were equal to the energ
the Fermi level. The position of the Fermi level is dete
mined by the conditionsnl1nh5p, wherenl , nh , andp are
concentrations of light electrons, heavy electrons, and ho

et

e

0-4



o-

e

xi

n
n
o

f
as

ns
-
-
l
ns
gy
m

-
d

s

n-

e

en-
e

al
iated
of

f
f
vel

s of
ital
he
an

the

the
m
i
ld
le
e-
rmi
.
of

n

e of
the
s
the
s of

on-
d in
he

l
27,
r.
ith
ing
h

rs of
s
e

th
we

he
ed

th
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respectively. The theoretical model which was initially pr
posed by Smithet al.19 and later modified by Vecchiet al.,22

has allowed interpreting the results on magnetooptical refl
tion in high magnetic fields,22 as well as on the SdH
effect.23,24

When the magnetic field is oriented along the binary a
C2 and its magnitude isB.1.5 T, all light electrons lie at
the level~0,-! ~see Fig. 5!. The charge carrier concentratio
in this case increases with the magnetic field for two reaso
~1! the linear magnetic field dependence of the density
states at the level~0,-! and~2! the downward displacement o
this level on the energy scale in view of the lower spin m
of light electrons compared with the orbital mass@g51.1,8

whereg5D(1/B)s/D(1/B)orb is the spin-to-orbital splitting
ratio#. The orbital splitting is stronger for heavy electro
than the spin splitting@g50.25 Ref. 8#, and the correspond
ing lower Landau level~0, -! moves upwards along the en
ergy scale upon an increase inB, intersecting the Fermi leve
at B'12 T ~Fig. 5!. Upon disappearance of heavy electro
the equalitynl5p holds. The effects associated with ener
spectrum variations, e.g., transition to the ultraquantum li
for light electrons at'1.5 T and for heavy electrons at'12
T, are clearly pronounced on therzx(B) dependence mea
sured at 20 K against the background of small amplitu
SdH oscillations for holes~curve 2, inset in Fig. 3!. Accord-
ing to Ref. 24, the Fermi leveleF

e for electrons decrease
from 26.5 meV (B50) to '5 meV (B533 T!, while the
Fermi leveleF

h for holes increases from 11.7 meV (B50) to
'31 meV (B533 T). The charge carrier concentration i
creases by a greater factor than 5 and is equal to
31017 cm23 (B50) and 1631017 cm23 (B533 T). The
upper Landau level~0, -! for holes moves downwards on th
energy scale upon an increase inB @g50.05~Ref. 8!#, which

FIG. 5. Schematic diagram concerning the relations of
pointsEe ~the bottom of the electron band!, Eh ~the top of the hole
band!, andeF ~the Fermi level! with magnetic field forB parallel to
the binary axis@after Hirumaet al. ~Ref. 24!#.
07511
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leads, together with a similar displacement of the lower
ergy level~0, -! for light electrons, to a small change in th
energy of band overlapping:e0'38 meV(B50) and
'35 meV (B533 T).22

When the magnetic field is oriented along the trigon
axis, the SdH magnetoresistance oscillations are assoc
with electrons and holes of identical cyclotron masses
0.063m0.20,25 As is evident from Fig. 2, the structure o
ryx(1/B) at 4.3 K is dictated by the SdH oscillations o
holes. As the magnetic field is increased, the electron le
~0, -! follows the energy upwards because the spin mas
electrons for the given direction is greater than the orb
one g50.53.8 The same is true for the edge energy of t
hole band~0, -!, because the orbit mass of holes is more th
twice as large as the spin mass@g52.15 ~Refs. 8 and 25!#.
As a result, the quantitye05eF

e1eF
h sensitive to velocities of

the relative motion of the conduction band bottom and
valence band top begins to vary~to increase! considerably
only in fields above 20 T.19 The last hole minimum atB
'10 T corresponds to crossing of the Fermi surface of
level ~1, 1!.25 As is seen clearly from Fig. 2 the quantu
limit for SdH oscillations and the last minimum HTO in B
for B iC3 occur at the same value of the magnetic fie
BQL'10 T. For a magnetic field declined by some ang
from the trigonal axis the SdH oscillations of holes are d
termined by the heavier mass, and intersection of the Fe
surface by the level~1, 1! occurs in a higher magnetic field
In this case the HTO are also observed up to this value
magnetic field.

The period of SdH oscillations for holes for the directio
of B iC2 in fieldsB.1.5 T is 0.072 T21 and is twice as large
as the corresponding value in the preultraquantum rang
magnetic fields. This is due to the monotonic increase in
value of eF

h with B. On the other hand, the HTO period
experience relatively small changes and remain almost
same in the preultraquantum and the ultraquantum range
magnetic fields (0.017 and 0.019 T21), in spite of the con-
siderable changes in the values ofeF

e , eF
h and charge carrier

concentration. It seems natural to put the HTO in corresp
dence with the spectral parameter remaining unchange
the given experimental situation, namely, the width of t
region of band overlappinge05eF

e1eF
h . The conclusion of

HTO frequencies being determined by the energy intervae0
is in agreement with the results of Refs. 3,4,26, and
where the value ofe0 was varied by one way or anothe
Analysis of the results of our experiments, together w
those obtained in Refs. 3,4,26, and 27, leads to the follow
conclusion. HTO periods vary in all experiments in whic
the energy parameters of the spectrum ande0 change simul-
taneously~BiSb alloys,3 axial compression of crystals,27 and
temperature deformation of the lattice26! while remaining un-
changed in the experiments where the energy paramete
the spectrum change whilee0 is fixed@uncompensated alloy
BiTe, BiSbTe, and BiSbSn~Ref. 4! and measurements in th
ultra-quantum limit as in the present experiments#.

Another singularity of HTO presented in Fig. 3 is wor
noting. This singularity becomes more pronounced if
compare the experimental dependencerzx9 (1/B) with the
similar oscillatory curve simulated on a computer with t
help of a band frequency filter whose limits are determin

e
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VIT. B. KRASOVITSKY PHYSICAL REVIEW B 68, 075110 ~2003!
by measured HTO frequencies 50 and 62.5 T. It can
clearly seen that the experimental curve 1 coincides with
calculated curve 2 only to the value 1/B'0.09 T21 at which
the last oscillation minimum for HTO~marked by a arrow in
the figure! is observed. The next maximum and minimu
belong to SdH oscillations for holes and, accordingly,
characterized by a greater period. It is natural to assoc
correspondence the vanishing of HTO with the last ene
level ~0, -! for heavy electrons crossing the Fermi level
B'12 T.

And finally, we consider the results obtained with t
Bi12xSbx alloy for the magnetic field directed nearly alon
the axisC3 ~in the trigonal-bisector plane/B, C3'5°). As
a rule, BiSb alloys display HTO only for magnetic field d
rections lying within a small angles (610°) in the vicinity of
C3.3 Unlike bismuth, the alloy exhibits SdH oscillations o
both holes and electrons. ForT54.3 K the hole level~1, 1!
intersects the Fermi surface atBQL'4.5 T; in the case of
electronsBQL'9.5 T ~Fig. 4!. It should be emphasized tha
as the spin splitting of electrons with the direction ofB
nearly alongC3 is two times less than the orbital one (g
'0.5), the experiments demonstrated a double frequenc
the SdH electron oscillations. When comparing HTO a
SdH oscillations, the following factors should be taken in
account. As the temperature is increased from'20 K in
bismuth and'10 K in Bi12xSbx alloys, the HTO period
decreases26 as a consequence of increase in the charge ca
concentration.28 The increased charge carrier concentrat
manifests itself as a shift of the oscillations extrema tow
higher magnetic fields. In Fig. 4 the points corresponding
the last minima of the SdH oscillations at three differe
temperatures are marked by arrows. Curve 3 measured
K demonstrates clearly the correspondence betweenBQL at
this temperature and the last HTO minimum.

In the experiments under consideration the quantum li
\vc

e.eF
e ~or \vc

h.eF
h) at high magnetic fields is realized fo

different ratios between spectral parameters of electrons
holes in Bi and Bi12xSbx alloy. While forB oriented nearC3
the electron Fermi energy increases and the Fermi energ
holes decreases with a growing magnetic field, forB oriented
in the vicinity of C2 the effect is directly opposite. In al
cases the last HTO minimum coincides with the quant
limit magnetic fieldBQL for the SdH oscillations. This be
havior of HTO is typical of the oscillation mechanism pr
v.

s.

ov

ov

s.
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posed in Ref. 15. According to Ref. 15, the HTO are nom
nally SdH oscillations but with due regard for interban
transitions nearby the Fermi level, followed by a change
sign of the effective mass. In this case it is reasonable
the quantum limit for SdH oscillations of both electrons a
holes is bound to show itself also in HTO in the same way
is particularly remarkable that the last minimum of HTO
which are a collective electron-hole effect, coincides with t
field BQL of either electrons or holes, depending on expe
mental conditions. At the same time, the model proposed
Ref. 12 predicts observable HTO until the conditio
0.5\vc

h.eF
e1eF

h is fulfilled. It is evident that this condition
corresponds to magnetic fields much higher than that
served in the present paper.

Thus, the results obtained favor the HTO type mod
given in Ref. 15. The oscillations of conductivity result fro
electron-hole transitions between the Landau levels clos
the Fermi level. In principle, this model permits one to tre
qualitatively the basic properties of HTO. The period
given as PHTO52pe/c\Skk8 , where Skk85kSe1k8Sh ,
Se,h52pme,heF

e,h are the areas of extremal sections of ele
tron and hole sheets of the Fermi surface by a plane nor
to the magnetic field. The temperature dependence of
oscillation amplitude is 'exp(22p2kBT/\vkk8), where
1/vkk85uk/vc

e2k8/vc
hu, vc

e and vc
h are the cyclotron fre-

quencies of electrons and holes. The harmonics with a m
mum vkk8 , i.e., kme'k8mh , are most slowly damped with
increasing temperature and, hence, make the main cont
tion to HTO. The low temperature ‘‘freezing out’’ of the
phonons involved in the interband transitions results in
maximum in the temperature dependence of the HTO am
tude. The occurrence of two fundamental frequencies
HTO with a ratio of 1.22 is accounted for by the inelas
nature of the interband electron scattering by acou
phonons. But to treat the HTO peculiarities in the ultraqua
tum magnetic field range, for example, the oscillation f
quency doubling, requires corresponding theoretical con
erations.
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