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Magnetoresistance Oscillations Due to Inelastic Scattering
of Electrons on Optical Phonons

I. M. TSIDILKOVSKI and M. M. AKSELROD

Institute of Metal Physics, Sverdlovsk, USSR

The transverse {pxx) and longitudinal Ipzz) magneto-resistance in «-InSb
and n-InAs are investigated in the magnetic fields up to ~500kG. It is
shown that the minimum of pxx at 75 kG in InSb and at480kG in InAs,
and the maximum of pxx at 82 kG in InSb are due to spinmagnetophonon
resonance (SMR), while the maximum of pxx in InAs at 76 kG is caused
by magnetophonon resonance (MPR).

§ 1. Introduction

When the distance between two Landau levels

becomes equal to the energy of the longitudinal
optical phonon fio),,', the probability of inelastic
scattering of electrons on optical phonons in
creases sharply and the dependence of the re
sistance on magnetic field should have some
extrema'-^'. These extrema may be observed if
J3t>1, where Q = eHlm*c is the cyclotron fre
quency, T the relaxation time and m* the effec
tive mass of the electrons.

The condition of appearance of magnetore
sistance oscillations may be written as

CN — fix = ftCOo f 1 )

where stt and sk are the energies of the A-th
and K-th Landau levels. For the simple para
bolic band eq. (1) takes the form

MQ = o)^\ M=l,2, 3... (2)

This effect, named magnetophonon resonance
(MPR), was observed first in n-InSb by Puri
and Geballe" and then investigated in details
by Shalyt et al.*^ and Tsidilkovski et alf\
Shalyt^' and Tsidilkovski®' have found that the
transverse magnetoresistance of n-InSb has five
maxima located at ~6, ̂ 8, ~11, 17 and 35

kG, and the longitudinal, approximately at the
same fields, five minima. The MPR oscillations

of the longitudinal magnetoresistance of n-InAs
were observed by Tsidilkovski et and Shalyt
et a/.". Since the values of m* and wo for
InSb are known, it is easy to see that the
mentioned extrema correspond to resonance
transitions of electrons from the Landau level

N =0 to the levels N =5 (6kG), 4, 3, 2 and 1
(35 kG).

In the case of MPR transitions the electron

spin orientation does not change. But one can
imagine a situation when fiajo' is equal to the

spacing between the spin sublevels of the same
Landau level. Then one can expect an effect
similar to MPR, but accompanied by a spin in
version— SMR. The resonance condition (1)

may be written then as

sns~snS'— ^ .

where s, s'— + ll2 or —1/2 depending on spin
orientation.

It is obvious that the SMR could be expected
in semiconductors with a strong spin-orbit
interaction, for direct spin-phonon interaction is
impossible. In addition the spectroscopic split
ting factor g should be large enough in order to
satisfy the resonance condition at really attainable
magnetic fields. From this point of view InSb
and InAs are the most suitable materials because

of their small electron effective masses and
relatively large spin-orbit splittings.
Here will be reported the results of investiga

tion of the MPR and SMR oscillations in InAs.

The data so far existing on the subject have
not been satisfactorily explained. Besides the
recent data on the SMR oscillations in InSb

will be presented.

§ 2. Analysis

Magnetophonon resonance
In high magnetic fields (I2r>l) transverse

magnetoresistance pxx^Oxxlaly, where a^x and Oxy
are components of the conductivity tensor.
Since (Tj,j,=enc/H is independent of scattering,
jOii is proportional to the scattering probability,
just as Oxx- The scattering probability sharply
increases, when the resonance condition (1) is
fulfilled, and therefore pxx should always have
a maximum. If several scattering mechanisms
are present, their contributions to the scattering
probability, and hence to p^^, are additive. The
longitudinal magnetoresistance pix=a~f, and
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is inversely proportional to the scattering pro
bability. Therefore, the contributions of dif
ferent scattering mechanisms to are not ad
ditive. As a result may have both a
minimum and a maximum under the resonance

conditions. In the case of mixed scattering by
optical and acoustic phonons should have
minima at the resonance values of H when the

parameter

W^kT( ftco,' JL
4iiQ \ kT J po

and maxima, when T'~^>1; po—elm*Q>o^, p is
the electron mobility due to scattering by acous
tic phonons and a is the electron-phonon cou
pling constant.

Spin-magnetophonon resonance
The calculation of Tsidilkovski et and

Pavlov et al.^^ have shown that the resonance

scattering on optical phonons with spin inversion
should cause extrema in the dependencies of
both p^x and p^^ on the magnetic field. The p^^
should always have a maximum whether the
scattering on optical or acoustic phonons pre
vails. The essential feature of the SMR oscil

lation of p„ is that the main contribution to
the interaction with the electrons in the reso

nance region make the transverse phonons
(frequency af). Under the SMR conditions p^^
should always have a minimum, except the ideal
case when scattering on optical phonons is the
sole interaction mechanism and the unreal situa

tion when the resonance scattering on optical
phonons with spin inversion is the dominant
mechanism.

The position of the SMR minimum can be dis
placed from the resonance position H^fiwolgps
within the limits JH^kT/gpe, depending on the
relations between the coupling constants of dif
ferent scattering mechanisms, ps is the Bohr
magneton and g is the spectroscopic splitting
factor.

§ 3. Experimental Data

The measurements of the magnetoresistance
were made with pulsed magnetic fields up to
/~500kG in the temperature range 80-370° K.
Experimental details were described previously®'®'.
The big monotonic part (background) of p^^
was diminished by both differentiation of the
signal with respect to time and subtraction from
the measured signal a voltage proportional to
H. Due to all precautions, we succeeded in

so ICQ

Fig. 1. Longitudinal ( || ) and transverse (_L)
magnetoresistance for n-InSb («=2.4x 10"cm-®)
at 120°K in arbitrary units. The extrema at
17, 35, 75 and 82 kG are shown by arrows.

finding the negative region of ;Ozz(H) in InSb
and InAs, which takes place at magnetic fields
corresponding to the intermediate region between
the classical and quantum limit®'®
Indium antimonide

Figure 1 shows that p^z has a minimum at 75
kG and p;^^ has a weak maximum at 82 kG.
The minimum of pzz at 75 kG and the maxi
mum of Pz:z: at 82 kG, first observed by us®'",
are due to SMR. For the nonparabolic con
duction band ofInSb

-Y-f J^+B[(H+ll2)iiQ±{ll2)g,psH] ,

the forbidden gap, go the ̂ -factor at the bottom
of the band. With £,=0.21 eV, J=0.9eV, and
a,o'=3.48x 10'®sec"^ one can obtain from (3) and
(5) at Hmin=75kG that |^„exp|=70 for mo*=
0.014 m and 73 for mo*=0.012m. At Hinax=
82 kG |^(,'exp|=61 and 63 correspondingly {mo*
is the effective mass at the bottom of the band).

According to Roth'^' | ^otheor | = 50 for 7Mo*=
0.014 m and 58 for /?j|)*=0.012m at 100°K. The
agreement between the values ^jtheor and go^'^^
indicates that both extrema are really caused
by SMR.

Indium arsenide

The transverse magnetoresistance of «-lnAs
has a maximum at 76 kG (Fig. 2a). The de
pendence of d'p^^jd^ on H confirms the exist
ence of a maximum near 70 kG (Fig. 2b). The
estimation of Hmax should be made on the base
of the expression (5). Assuming (U(|'=4.6x 10'®
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sec-\ e,(300°K)=0.34 eV, /no*= 0.023 m, J =
0.43 eV, I 1 = 18 we obtain from (1) and (5)
that H,nin= 74 kG, which corresponds to the
transition sq—>ei.

20 w 60 so wo 120 M

Fig. 2. Transverse magnetoresistance of n-InAs
(7I=2.2x 10i®cm-') at SOCK in arbitrary units.
The arrows show the maxima at 76, ~66 and

-30 kO.

Taking into account the transitions si—ye^ and
62^63 we find that Hmax=78 kG.

The minimum at 78 kG on the curve jOjzCH)
(Fig. 3) is naturally to associate with the {so—*
ei)-type transition. But for the last MPR peak
r'"'«30, if the deformation potential constant
is taken equal to 10 eV'^'. At such a value of
T""' P2Z should have a maximum near Q=q)o^.
Although the criterion of the existence of a

3  i|<;

too ISO Joe ISO soo tso soo

Fig. 3. Longitudinal magnetoresistance for n-InAs
(«=2.2xl0i®cm~3) at 300°K (the lower curve)

and 83°K (the upper curve). The arrows show
the maximum at llOkG and the minimum at

480 kO.

maximum, r~^ > 1 is apparently rather approxi
mate, it is fulfilled here with a big redundancy.
The maximum of pzt is located at llOkG (Fig.
3).

The analysis of the expression for p^^ in the
case of pure optical scattering shows that the
maximum of piz should be displaced from its
position at toward higher fields by —
SO^' when kTsvfima. At 300°K for InAs

kTlfiwo'=O.S5. On the other hand, the existence
of nonresonant scattering mechanisms can also
cause a displacement of the extremum of
within the limits JH=±kTm*l2pBm. At low
temperatures, T^100°K, when the contribution
of optical scattering is small, the maximum of
pi2 vanishes (Fig. 3).

In the region of intermediate magnetic fields
(hQ-^kT) pzz(ii) has a negative part (Fig. 3),
which is of the form of a broad minimum.

Therefore, the presence of the MPR maximum
of p22 leads to the appearance of two subsidiary
nonresonant minima at ~78 and ~160kG.

Finally, the minimum at 480 kG (Fig. 3), as
it is readily seen, corresponds to SMR transitions
eo-->eo+. Indeed, from (2) and (5) follows that
at Hinin=480kG |^o®*p| = 19. This is in good
agreement with |^otheor| —ig.
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DISCUSSION

Moss, T. S.: How did you produce the 500 KG magnetic field ?
Tsldilkovski, I. M.; The high magnetic fields are produced in the conventional way

with a beryllium-copper coil and pulsed current from a condensor bank.
Fritzsche, H.: Disregarding for a moment the effects of the MPR on the magnetoresistance,

can you explain the gross feature of the field dependence of the magnetoresistance? Both
the perpendicular and the longitudinal magnetoresistance of InSb seem to consist of a com
ponent which is nearly proportional to H and a component which appears to saturate at
larger H. The second component has opposite signs for the two orientations in contrast
to the anomalous part of the magnetoresistance (see paper XIII-1 by W. Sasaki), which is
found in many semiconductors at intermediate impurity concentrations.

Tsldilkovski, I. M.: Our experiments are performed at relatively high temperatures and
the effects that you refer to occur at helium temperatures and are due to scattering on
localized electrons with magnetic moments. In our case the main contribution to scatter
ing is from lattice vibrations and ion impurities. The minimum of the longitudinal
magnetoresistance at the intermediate magnetic fields (between the classical and quantum
limits) is explained in our paper in Phys. Status solidi 8 (1965) 15.


