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Oscillations of longitudinal electrical conductivity, oscillations of magnetic susceptibility and oscilla-
tions of electronic heat capacity for narrow-gap electronic semiconductors are considered. A theory is con-
structed of the temperature dependence of quantum oscillation phenomena in narrow-gap electronic semi-
conductors, taking into account the thermal smearing of Landau levels. Oscillations of longitudinal electri-
cal conductivity in narrow-gap electronic semiconductors at various temperatures are studied. An integral
expression is obtained for the longitudinal conductivity in narrow-gap electronic semiconductors, taking in-
to account the diffuse broadening of the Landau levels. A formula is obtained for the dependence of the os-
cillations of longitudinal electrical conductivity on the band gap of narrow-gap semiconductors. The theory
is compared with the experimental results of BizSes. A theory is constructed of the temperature depend-
ence of the magnetic susceptibility oscillations for narrow-gap electronic semiconductors. Using these oscil-
lations of magnetic susceptibility, the cyclotron effective masses of electrons are determined. The calcula-
tion results are compared with experimental data. The proposed model explains the experimental results
in p-Biz_.Fe.Tes at different temperatures.
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1. INTRODUCTION

It is known that, using quantum oscillation phe-
nomena it is possible to determine the basic physical
quantities (longitudinal conductivity, magnetic suscep-
tibility, thermoelectric power and other transport phe-
nomena) in electronic and nanoscale semiconductors. In
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Here, N is the number of Landau levels, @ is the cyclo-
tron frequency, zn(E) is the relaxation time, E is the
energy of a free electron in a quantizing magnetic field,
Ofo(E)/OF is the energy derivative of the Fermi-Dirac
function, which takes on the character of a delta func-
tion at low temperatures. From formula (1) it is seen
that the effective mass is a constant, that is, this ex-
pression is applicable only for the parabolic dispersion
law. But, if the dispersion law is nonparabolic (Kane’s
dispersion law), then the effective mass is strongly
dependent on energy (m*(E)). It is known that, just in
narrow-gap electronic semiconductors, the effective
mass depends on the energy (m*(E)) [2-4]. Recently,
many experiments have been performed on oscillations
of longitudinal electrical conductivity and oscillations of
magnetic susceptibility in narrow-gap electronic semi-
conductors [5-8]. In these works, quantum oscillation
phenomena at a constant temperature were studied.
However, until now, the theory of temperature depend-
ence has not been developed for these processes in nar-
row-gap electronic semiconductors. The study of quan-
tum oscillation phenomena associated with equilibrium
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particular, oscillations of longitudinal electrical conduc-
tivity and oscillations of magnetic susceptibility provide
valuable information on the energy spectra of free elec-
trons in electronic semiconductor structures. In a
strong magnetic field, the longitudinal conductivity is
determined using the following expression [1]:
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and nonequilibrium quantities allows us to identify
new properties of massive, low-dimensional, and elec-
tronic semiconductors. Such values include longitudinal
magnetic susceptibility, electronic heat capacity, ther-
modynamic potential, electrical conductivity, and oth-
ers. In a quantizing magnetic field and at low tempera-
tures, such quantities oscillate. All quantum oscillation
phenomena depend on the spectral density of energy
states in semiconductors. The spectral density of states
in semiconductors is determined by the energy spec-
trum of electrons and holes. As experiments show, the
density of states depends on temperature. The temper-
ature dependence is explained by thermal broadening
of discrete levels in the sample. As shown in [9, 10], the
density of states at low temperatures from a continuous
spectrum turns into a discrete one. This is because, at
low temperatures the thermal broadening of the dis-
crete levels decreases, disappears, and the continuous
spectrum turns into discrete levels. The temperature
dependence of the spectral density of states in a quan-
tizing magnetic field was considered in [9, 10]. It is
shown that with increasing temperature, the density of
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states in a strong field turns into a continuous spec-
trum of the density of states of electrons in the absence
of a magnetic field. In this case, with increasing tem-
perature, in the collision of electrons, the thermal mo-
tion smears the discrete Landau levels and turns them
into a continuous spectrum of density of states. The
discontinuous nature of the function, the spectral den-
sity of states near the points E = (N + 1/2)hw: leads to
significant features of the phenomena of transport and
magnetic susceptibility with the parabolic dispersion
law. In works [11-13], oscillations of the longitudinal
magnetic susceptibility were observed in wide-gap and
narrow-gap semiconductors at constant temperatures.
And also, in these works the temperature dependence
of the oscillation amplitude of the longitudinal magnet-
ic susceptibility was considered in a strong magnetic
field. However, in the above works, a concrete theory of
oscillations of the longitudinal magnetic susceptibility
in narrow-gap semiconductors, taking into account the
temperature dependence of the spectral density of
states, was not constructed.

The aim of this work is to construct a theory of the
temperature dependence of the oscillations of longitu-
dinal electric conductivity and oscillations of the mag-
netic susceptibility in narrow-gap electronic semicon-
ductors, taking into account the thermal broadening of
the Landau levels.

2. THEORY
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2.1 Dependence of Oscillations of Longitudinal
Electrical Conductivity on the Band Gap in
Narrow-gap Electronic Semiconductors

Let us consider oscillations of longitudinal electrical
conductivity in narrow-gap electronic semiconductors.
In a quantizing magnetic field, the electron energy of
the conduction band is determined by the following
expression [1]:
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where En is the electron energy of the conduction band
in a quantizing magnetic field with a nonparabolic
dispersion law, Eg is the band gap of narrow-gap semi-
conductors.

We define k. from formula (2) excluding spin. From
here, we find k.2 and determine the wave function
along the Z-axis with the nonparabolic dispersion law:
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Differentiating formula (3), we obtain the following
expression and we determine the expression for the
longitudinal conductivity in narrow-gap electronic sem-
iconductors:
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Now, let us analyze the longitudinal conductivity
oscillations for various narrow-gap electronic semicon-
ductors with a nonparabolic dispersion law. Formula
(4) allows to graphically analyze the dependence of
o=(E, H, T, E¢(T)). Fig. 1 shows the dependence of the
longitudinal conductivity oscillations on a strong mag-
netic field in InSb. Here, T=1 K, E; = 0.234 eV and the
number of Landau levels in the conduction band is
N=10 [14, 15]. As can be seen from Fig. 1, with in-
creasing magnetic field induction, the amplitudes of
oscillations of the longitudinal conductivity increase. It
can also be seen from the figure that the amplitude of
the conductivity oscillation is 10. Each oscillation of the
amplitude of the longitudinal conductivity corresponds
to one discrete Landau level.

With the help of formula (4), we compare the oscil-
lations of the longitudinal electrical conductivity for
various values of the band gap. In Fig. 1, oscillation
phenomena are presented for InSb and InAs at a con-
stant temperature. Here, T=4 K, E; = 0.234 eV [15] for
InSb, E;=0.414 eV [15] for InAs and the number of
Landau levels in the conduction band is equal to
N=12. As can be seen from Fig. 1, with an increase in
the band gap, one can observe a downward movement
of the oscillation graph. For example, longitudinal elec-
trical conductivity at E;=0.234 eV, B=0.5T, T=1Kis
equal to oz =0.266 (Ohm-cm)~!. Longitudinal conduc-
tivity at Eg=0.414eV, B=0.5T, T=1K is equal to
0z = 0.246 (Ohm-cm) — 1. It follows that with the help of
the band gap of narrow-gap semiconductors at constant
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temperatures, it is possible to control the oscillations of
longitudinal electrical conductivity. Thus, from Fig. 1, a
strong dependence of the longitudinal electrical conduc-
tivity on the band gap in narrow-gap semiconductors is
seen. But, as can be seen from formula (1), for a spec-
trum with a parabolic dispersion law, the longitudinal
electrical conductivity oscillations do not depend on the
band gap.
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Fig. 1 - Longitudinal electrical conductivity oscillations in
narrow-gap semiconductors at 7'=1 K calculated by formula
(4): 1 — for InSb; 2 — for InAs

2.2 Temperature Dependence of Longitudinal
Conductivity Oscillations in Narrow-gap
Electronic Semiconductors

Let us consider the temperature dependence of the
longitudinal electric conductivity oscillations in nar-
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row-gap electronic semiconductors. The graphs in Fig. 1
are obtained at low temperatures and strong magnetic
fields. In this case, the Landau levels are manifested
sharply and the thermal broadening is very weak. The
broadening of the discrete levels is described by the
derivative of the Fermi-Dirac energy distribution func-
tion Of(E, u, T)/OE. To take into account the tempera-
ture dependence of the longitudinal conductivity oscil-
lations, we expand oz(E, H, T, Eg(T)) in the derivative
of the Fermi-Dirac distribution function 6f(E, u, T)/OE.
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Then the longitudinal conductivity oscillations will
depend on the temperature. As known, the band gap of
semiconductors is highly dependent on temperature
(E¢(D)) [15, 16]. The temperature dependence of the
band gap of semiconductors can be determined using
the empirical relation of Varshni [15, 16] or the analyt-
ical expression of Feng [16] and other relations. Hence,
we obtain the temperature dependence of the longitu-
dinal conductivity oscillations in narrow-gap semicon-
ductors in the presence of a strong magnetic field:
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Thus, it becomes possible to calculate the longitudi-
nal conductivity oscillations in narrow-gap semiconduc-
tors at various temperatures.

We plot the graph of the cz=(E, H, T, E¢(T)) depend-
ences with the help of formula (5). Fig. 2 shows the
oscillations of the longitudinal conductivity in InSb at
temperatures T=1K, 25 K, and 77 K. It can be seen
from Fig. 2 that at a temperature of 77 K, the ampli-
tudes of the longitudinal electrical conductivity oscilla-
tions are practically unnoticeable and coincide with
o=(E, H, T, E¢(1)) in the absence of a magnetic field.

2.3 Investigation of Magnetic Susceptibility
Oscillations in Narrow-gap Semiconductors
at Various Temperatures

Let us consider the temperature dependence of the
longitudinal magnetic susceptibility oscillations in
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narrow-gap semiconductors taking into account the
temperature dependence of the density of states. For
narrow-gap semiconductors, the spectral density of
states is determined by the following expression [10]:
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where Ns(E, H) is the spectral density of energy states
with nonparabolic dispersion law. Integrating formula
(6), we obtain the total number of quantum states per
unit volume. In quantizing magnetic fields, the free
energy of electrons without taking into account spin is
expressed in terms of the total number of quantum
states in the following form [1, 14]:
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where, n is the concentration of charge carriers, uis the
Fermi level. Differentiating (7) with respect to H we
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find dF(E, H, T)/[dH, and differentiating again with
respect to H we obtain d’F(E, H, T)/dH?:
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Here, y(E, H, T) are magnetic susceptibility oscilla-
tions in narrow-gap electronic semiconductors. Thus,
using formula (8), one can calculate the temperature
dependences of the magnetic susceptibility oscillations
in narrow-gap electronic semiconductors. Now consider
the numerical calculations using the computer program
Maple.

Using formula (8), we construct a graph of the de-
pendence of the longitudinal magnetic susceptibility
oscillations on the strong magnetic field strength in n-
BisTez.855¢0.15 (Fig. 3). Here, E¢(0) = 0.18 eV [17], mag-
netic field strength B=0.1+3T (or H=1 + 30 kOe) at
T=2 K. From Fig. 3 it follows that with an increase in
the magnetic field induction, the oscillation amplitude
of the longitudinal magnetic susceptibility increases
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Fig. 2 - Temperature dependence of the longitudinal electrical
conductivity oscillations in various narrow-gap electronic
semiconductors calculated by the formula (5): 1 — for InSb and
2 — for InAs
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Fig. 3 — Dependence of the magnetic susceptibility oscillations
on temperature and magnetic field in n-BisTezs55e0.15 calculat-
ed by formula (8)

significantly. At low temperatures, the discrete Landau
levels manifest themselves sharply and the thermal
broadening of the discrete levels is not felt. Thermal
broadening of the levels in a strong magnetic field leads
to smoothing of discrete levels.

2.3.1 Influence of Temperature on Electronic
Heat Capacity Oscillations
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One of the methods for the determination of the
spectral density of energy states oscillations of semi-
conductors in a strong magnetic field is based on meas-
urements of oscillations of the electronic heat capacity. In
the works [12, 13], oscillations of the electron specific heat
in semiconductors at low temperatures were studied.
However, in these works, the temperature dependence of
the oscillations of the electronic heat capacity for narrow-
gap semiconductors was not considered.

Now, we consider the oscillations of the electronic
heat capacity in narrow-gap semiconductors at various
temperatures. For a degenerate electron gas, the deriv-
ative of the Fermi-Dirac temperature distribution func-
tion has the following form:

E—p
quwjozl_fE‘”y“p[kT]
or + [1+exp(E_ﬂn

kT

Using formulas (6) and (9), we obtain the following
analytical expression for the temperature dependence
of oscillations of the electronic heat capacity in a quan-
tizing magnetic field:
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Here, C(E, H, T) are electronic specific heat oscilla-
tions for narrow-gap electronic semiconductors. Thus,
with the help of the formula (10), it is possible to calcu-
late the oscillations of the electronic heat capacity in
narrow-gap semiconductors at various temperatures.

3. COMPARISON OF THEORY WITH
EXPERIMENTAL RESULTS

In the work [18], the de Haas-van Alphen effect in
magnetic semiconductors was observed. The magnetic
susceptibility oscillations in p-Biz-.Fe.Tes were obtained
at T=2K, x=0 [18] and Eg0)=0.2 eV [17]. Fig. 4 pre-
sents the theoretical and experimental graphs for
p-Biz_xFe Tes (x =0) at T'=2 K. Using formula (8), a theo-
retical graph is obtained. As can be seen in this figure, the
amplitude of the Landau levels on the theoretical curve is
observed much higher than on the experimental graph.
With the help of formulas (8), one can plot the graph of the
magnetic susceptibility oscillations for p-Bis-.<Fe.Tes at
various temperatures. It can be seen from Fig. 4 that at
high temperatures, the oscillation amplitudes erode, and a
strong magnetic field is not felt. This is due to the fact that
the thermal broadening of the Landau levels is enhanced
at high temperatures.

Let us analyze the longitudinal conductivity oscilla-
tions of specific narrow-gap electronic materials in a
quantizing magnetic field. For a unit volume of semi-
conductors, the following condition is satisfied:
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Fig. 4 - De Haas-van Alphen oscillations in p-Biz_.Fe,Tes; at
T=2Kand x=0: 1-experiment [18], 2 — theory calculated by
formula (8)

Here, R:: is the longitudinal magnetoresistance.

In Fig. 5, the results of theoretical calculations are
compared with experimental data for BizSes [8] at a
measurement temperature of T'=4.2 K, E¢(T) = 0.15 eV
and in the magnetic field induction range B=0+ 32 T.
The theoretical curve for R..(E, H, T, E¢(T)) is obtained
with the help formula (11). As can be seen from this
figure, discrete Landau levels are not observed in the
range of the magnetic field induction B=5 + 10 T in the
experimental graph. But, oscillations of the longitudi-
nal magnetoresistance in the theoretical curve are
manifested precisely in this interval of the magnetic
field induction. Using formula (11), we can calculate
the oscillations of the longitudinal magnetoresistance
in BizSes at various temperatures. As can be seen from
Fig. 5, the theoretical curve and experimental data are
in good agreement.
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Fig. 5 — Magnetoresistance oscillations in BiaSes at 7= 4.2 K:
1 — theory calculated by formula (11); 2 — experiment [8]
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4. CONCLUSIONS

Based on the study, the following conclusion can be
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fields. The theory is compared with the experimental
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tions of magnetic susceptibility, the cyclotron effective
masses of electrons are determined.
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IIpo TremnepaTypHy 3a/IeKHICTh IIO3AOBKHIX KOJIMBAHD €JIEKTPUYHOI MPOBigHOCTI
B BY3bKO30HHUX €JIEKTPOHHUX HAMIBIIPOBiTHUKAX
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PosrisHyTo KOIMBAHHA MO3I0BKHBOI €JIEKTPUYHOL IIPOBIIHOCTI, KOJMBAHHA MATHITHOL CIIPUMHATINBO-
CTl Ta KOJIMBAHHS €JIEKTPOHHOI TEIJIOEMHOCTI JIJII By3bKO30HHUX €JIEKTPOHHUX HAMBIPOBIMHUKIB. [106ymo-
BaHA TEOpis TEMITePATYPHOI 3aJIEKHOCTI ABUIN KBAHTOBUX KOJIMBAHB y BY3bKO30HHUX €JIEKTPOHHUX HAIIIBII-
POBITHHMEKAX 3 ypaXyBaHHAM TEPMIYHOTO po3MuBaHHA piBHIB Jlaumay. Jlocimimkerno KoJMBaHHS ITO3M0BKHBOT
€JIEGKTPUYHOI TPOBITHOCTI y BY3bKO30HHHUX EJIEKTPOHHUX HAIIIBIIPOBIIHUKAX NIPH PI3HUX TeMIIepaTypax.
OTpuMaHo iHTErpaJIbHUN BUPA3 JJIs II03/I0BKHBOI €JIEKTPOIIPOBITHOCTI Y By3bKO30HHUX €JIEKTPOHHUX HAIIi-
BIIPOBITHUKAX 3 ypaxyBaHHSM audyaHoro posmwmpeHHs pisHiB Jlannay. 3uatimena dopmysia 3amesxHOCTI
KOJIMBAHD II03/I0BKHBOI €JIEKTPUYHOI IIPOBLAHOCTI BiJ IMMPUHN 3a00POHEHOI 30HU BY3bKO30HHUX HAIIIBIIPO-
BigHUKIB. ITopiBHAHO Teopilo 3 eKCIIepUMMEHTAILHUMHA pedybraTaMu Iisa BisSes. ITo6ymoBana Teopisa Tem-
IepaTypHOI 3aJI€KHOCTI KOJIMBAHD MATHITHOL CIIPUHAHATINBOCTI AJI By3bKO30HHHUX €JICKTPOHHUX HAIIIBIIPO-
BITHHUKIB. 3a JOIOMOIOI0 IIMX KOJWUBAHL MATHITHOI CIPUMHATIMBOCTI BUSHAYAIOTH €(PEeKTUBHI IIMKIOTPOHHI
MacH eJICKTPOHIB. PesysbTaTu po3paxyHKIB IIOPIBHIOIOTHCA 3 €KCIIEPMMEHTAJILHUMA JAHUMH. 3aIIPOIOHO-
BaHA MOJIEJIb MIOSICHIOE Pe3yJIbTATH eKCIIePUMEHTIB y p-Bis - <Fe Tes mpu pisuux remmeparypax.

Kmiouosi cnosa: Konmupanus esleKTpoHHOI TerioeMHocTi, KomuBaHHA Mar"iTHOI CHPUMHATIABOCTI Ta KO-
JINBaHHS eJIEKTPOIpOoBigHOCTI, EsrekTpoHHI By3pK030HH] HAmiBIpoBinHUKY, EdeKkTHBHA IIMKIIOTPOHHA MAaca.
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