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The behavior of the longitudinal magnetoresistance p,,(H) in quantized magnetic fields is considered
under conditions when the electron gas is degenerate. It is shown that oscillations of p;,(H) occur
during inelastic scattering of the electrons by optical phonons. The positions of the oscillation peaks
are determined by the condition ¢ (H) + hwe = (N + 1/2)hQ, where £(H) is the Fermi level in the mag-
netic field, wo is the limiting optical-phonon frequency, and  is the cyclotron frequency. The longi-
tudinal magnetoresistance in HgTe and n-GaSb was measured. The positions of the pj,(H) peaks were

in satisfactory agreement with the calculated values.

IN a study of the inelastic scattering of electrons inter-
acting with optical phonons, Gurevich and Firsov!!! have
observed that the dependence of the magnetoresistance
on the magnetic field in strong magnetic fields has a
nonmonotonic character. Whenever the magnetic field
is such that the distance between any two Landau levels
coincides with the limiting frequency of the optical
phonons, the transverse magnetoresistance has a maxi-
mum. The resonance condition is given by

M=o, M=1,23,... (1)
where  is the cyclotron frequency and wo is the limit-
ing frequency of the optical phonons.

Gurevich and Firsov considered magnetophonon os-
cillations in the case of a nondegenerate electron gas
both in crossed fields E L H'! and in longitudinal fields
E Il H®}. The transverse magnetoresistance in the case
of a degenerate electron gas was considered by Efros™’.
In all three cases, the resonance condition is of the
form (1). We shall consider below longitudinal magneto-
resistance oscillations due to inelastic scattering of
electrons by optical phonons in the case of a degenerate
electron gas.

The expression for the density of the longitudinal
current E Il H Il z in a magnetic field is

jo= e—rf ;, keofu(en). (2)
Here e is the electron charge, m the effective mass,
hkyz the component of the quasimomentum of the elec-
tron in the field direction, u = {N, ky, k, } is the set of
quartum numbers of the electron in the magnetic field,
and f, is the distribution function of the electron in the
state characterized by the set of quantum numbers p.

The distribution function of the electrons satisfies
the quantum kinetic equation. In the case when a relaxa-
tion time can be introduced, for example, when the
Fourier transform of the electron-phonon interaction
potential does not depend on the phonon quasimomen-
tum V), the kinetic equation can be easily solved and the

DThis takes place in nonpolar crystals [4]. The assumption Cq =
const is not fundamental, but makes it possible to obtain an explicit
analytic expression for 7 in the entire electron-energy region. The char-
actor of the oscillations of the longitudinal magnetoresistance does not
change if the dependence of C on q is taken into account.
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distribution function has in the approximation linear in
the electric field the form

eEhk,
m

_ ep—¢
f°_‘[ PT

where f; is the Fermi distribution function, ¢ the chem-
ical potential of the electron system, and 7(€) the re-
laxation time:

fu= folew)— T(Gu)‘dfoo(e—iu), +1]. @)
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Ng = [exp(fi wo/KT) — 1]7* is the Planck distribution func-
tion, C is the Fourier transform of the electron-phonon
interaction potential, and o® = chi/eH.
Substituting (3) and (4) in (2), we obtain an expression
for the current density in the form
_ e2hE g afo
a|C|2m ¢ * e 4

T(e)=

= :s) E [e—(V+1/2)hQ1% (5

The integral with respect to the energy can be easily
estimated in the case of strong degeneracy, when the
derivative of the Fermi function is approximated by a
6-function: 8fo/0€ = —b6(e — &).

Inasmuch as the longitudinal magnetoresistance is
Pzz = 1/035, where 05 is the longitudinal component of
the conductivity tensor, we have

_IC|tm  /hen
e Sh\’k'f) '

p2(H) =

2 I+ hoo— (N + 1/2) AQF"h - [¢ — oo — (N + 1/2) AQT%}

ML — (N 4 1/5) h Q]

We see therefore that p,,(H) becomes infinite whenever
the following condition is satisfied

¢ = fiwo = KQ (N + 1f2). (7)

When ¢ > hw,, scattering with emission of an optical
phonon and scattering with absorption of a phonon make
contributions of the same order to pzz. Since the proba-
bility of a transition with emission of an optical phonon
is proportional to [1 — fo(e ~ ﬁw.))](Nq + 1), and the
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probability of the transition with absorption is propor-
tional to [1 — fo(€ + Hwo]Ng, it follows that in transitions
in which the energy is € ~ £ we have

[1—fo(e —hwo) ] (Ng+-1) =~ (1 —fole + heo) 1N

If £ < Hwo, which is possible at not too high concentra-
tions (n < 3.8 x 10* - (hwoem/km,)*’%) and at low tem-
peratures, at which ¢ < kT, then obviously only transi-
tions with absorption of an optical phonon take place.
Then only the + sign is possible in the resonance condi-
tion (7).

It is seen from (7) that in a longitudinal magnetic
field the resonance condition for a degenerate electron
gas differs noticeably from the resonance condition in
the case of a transverse field (1). Let us discuss the
physical causes of such a difference. In the case of
crossed fields, the motion of the electron in the absence
of scattering occurs in a direction perpendicular to both
the magnetic and electric field. All the electrons take
part in this motion.

Scattering changes the state of electron motion and
the center of the cyclotron orbit shifts along the electric
field. Owing to the difference between the probabilities
of the electron scattering along and against the field, a
dissipative current is produced’® . If the scattering is
by optical phonons, then the electrons with energy
{ —hwo = € = { can go over, after scattering, into
quantum states lying above the Fermi level. When the
conditions in (1) are satisfied there take place, besides
all other transitions, also transitions from the state
characterized by the set of quantum numbers N, ky, ky,
= 0 into the state with the set of quantum numbers

, ky, ky = 0. Since the density of the states has a
smgu arlty at the points kz = 0, it follows that when
Q = w¢/M there are transitions in which the densities of
the initial and final states have singularities. Therefore
the probability of such transitions is anomalously large,
as a result of which pyy(H) has a maximum at the value
of the magnetic field corresponding to (1).

In the case of a longitudinal magnetic field E | H Il z,
the current is produced as a result of the acceleration
of the electrons by the electric field. Then, owing to
the Pauli principle, the electric field acts only on the
electrons near the Fermi level. The electrons located
deep under the Fermi level are in the equilibrium state.
This means that in scattering by optical phonons the
transitions of electrons from deep states to unoccupied
states and vice versa are equally probable, unlike the
situation in crossed fields. Therefore only the electrons
lying near the Fermi level contribute to the current.

When an electron with a Fermi energy and having a
set of quantum numbers N, ky, ky is scattered by an
optical phonon, it can go over into a state with another
set N, ky, kz = 0. If condition (7) is satisfied, then the

FIG. 1. Longitudinal magnetoresist-
ance for HgTe sample. a — 20, b — 60°K.
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FIG. 2. Longitudinal magnetoresist-
ance for GaSb sample with n = 2.5 X
10 cm™,a — 20, b — 80°K.
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density of the final states has a singularity, and there-
fore p,,(H) has 2 maximum. As follows from (7), in the
case of a simple parabolic band, the period of the os-
cillations depends both on the electron concentration and
on the effective mass. Thus, the oscillations in question
have features of both magnetophonon (MP) oscillations
and Shubnikov—de Haas (SH) oscillations.

We note one more feature of the foregoing oscilla-
tions of the longitudinal magnetoresistance (we call this
the MPSH effect). As shown by Efros™’, the oscillating
part of the magnetoresistance in crossed fields, without
allowance of the effects of cutoff, diverges logarith-
mically: pQE¢ ~ In 5, where & = [N — wo/Q].

In the case E Il H, as seen from (6), p9SC ~ 5 i
where

br = |5/AQ = wo/Q@ — N — s ].

A similar singularity is possessed by the SH oscilla-
tions near resonance. In the case of SH oscillations, 6
does not contain the term +w,/Q, which reflects the
inelastic character of the scattering. If the electrons
experience, besides inelastic scattering by the optical
phonons, also elastic scattering (for example, by acous-
tic phonons or by impurity ions), then p,,(H) always has
a maximum at resonance, unlike the case of the non-
degenerate electron gas.

We attempted to observe experimentally the MPSH
oscillations on samples of HgTe and n-GaSb, in which
the electron gas was degenerate. Figure 1 shows a plot
of Apgz/po = (pzz(H) — po)/po against H for an HgTe
sample with electron density n = 1.7 x 10*" cm™ at
20 and 60°K.

Maxima that could be related to electron transitions
from the Fermi level to the Landau level were observed
in magnetic fields H = 34, 55, and 78 kQe. In all the
estimates, it is necessary to take into account the non-
parabolicity of the conduction band. The energies of the
Landau level and the Fermi energy in the absence of a
magnetic field are determined in this case by the ex-
pressions

eNi_.__+{_+sg[(N+%}ﬁgi%gusli]}%, (8)
e ©)
R

where g—spectroscopic splitting factor at the bottom of
the conduction band, €x—width of forbidden band, us;—
Bohr magneton, kSF = 37°n, m,—effective mass at the
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bottom of the conduction band, my—mass of free elec-
tron. Assuming for HgTe the values wo = 2.17 X

10" sec™ ¢, €g = 0.15 eV, |g| = 40, and my, = 0.02 m,,
we obtain from (8) the values of the magnetic fields
satisfying the resonance condition {(H) + hw, = €.

All the calculated and experimental data are sum-
marized in Table I. The symbol { — hwoe — e§ denotes
a transition from the Fermi level to one of the two
spin-split Landau levels with quantum number N, with
emission of an optical phonon, while ¢ + hwo — éli\I de-
notes a transition with absorption of a phonon.

As seen from Table I, the agreement between the
calculated and experimental positions of the maxima is
quite satisfactory. The calculated maxima at fields
~ 50 and 60 kOe are apparently not resolved under the
experimental conditions, merging into one maximum at
H ~ 55 kOe.

Table I
Transitions HppeoiO%| H exp » kOe
{—hao—e, 33
t+-hwg—e, 34 3443
§+hmo—>s: 36
t—hoo—e, 48
— » 0
{—hog—e] 6 5545
[ T 50
;-}-ﬁmo—,e; 63
g—{-ha)o—»z; 78 784-7

Figure 2 shows a plot (a) of Apzz/po for a GaSb
sample with n = 2.5 X 10*” cm™ at 20°K. A maximum at
H = 115 kOe is clearly seen against the background of

Table II
Con;:xlgmtion, Transitions H‘theofo g cheorko
hoe—ey | 1
2.5-107 Ehhorey | 122 100 10
tHho—eg | 127
6.2.10%7 LHioesey | 117 | yoq, 1y
{+hwo—ey 120

the SH oscillations. At T = 80°K, the SH oscillations
vanish (here h2 ~ kT: it is known that SH oscillations
are observed if hw > kT), and the peak at 115 kOe in-
creases in amplitude noticeably (curve b), this being
due apparently to the greater role assumed by the elec-
tron scattering by optical phonons with increasing tem-
perature.

The GaSb sample with n = 6.2 x 10! cm™ revealed
maxima at H = 123 kOe (Fig. 3). Assuming for GaSb
that wo = 4.5 x 10" sec'™, €, = 0.8 eV, |g| = 6, and m
= 0.043m,, we obtained the values of the magnetic field
satisfying the resonance condition (Table II). As seen
from Table II, the agreement between the calculated and
experimentally observed positions of the maxima is
satisfactory.
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