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Quantum oscillations arising out of the discrete structure of the electron energy spectrum in a high mag-
netic field were detected in an investigation of the photomagnetic effect and photoconductivity in n-type

InSb at helium temperature. Two types of oscillation

s are observed, depending on the electron concentra-

tion. One of these is the Shubnikov—de Haas type, where the period is governed by the electron concentra-

tion. The second type, which appears only in weakly

doped samples, exhibits a period corresponding to

Gurevich-Firsov magnetophonon resonance. In theoretical interpretations of the oscillations it must be

remembered that electrons excited by light are hot e
the lattice through the excitation of optical phonons.
oscillation amplitude are investigated.

WE know that the electron energy spectrum acquires
a discrete Landau level structure in a magnetic field.
In a sufficiently strong field H (uH/c > 1, where u is
the electron mobility) the quantum structure of the Lan-
dau spectrum is manifested in the oscillatory field de-
pendence of several kinetic and thermodynamic coeffi-
cients that describe the electronic properties of semi-
conductors. The corresponding oscillatory curves are
characterized by periodic arrangements of their ex-
trema along the abscissal axis representing the recip-
rocal magnetic field (when spin splitting of the Landau
levels is not observed experimentally).

Two types of oscillations in transfer processes are
being studied at the present time. In connection with
one type, when the electron gas is degenerate (with a
chemical potential ¢ > kT) and the experimental tem-
perature is very low (kT <h€) oscillations result from
shifts of the Landau levels, represented by

(1)

ent = QN+ 1) £ h|g|ug H

relative to the Fermi level as the magnetic field is
varied. Here @ = eH/m*c is the cyclotron frequency;
N =0, 1,2, 3, ... enumerate the Landau levels; g is the
spectroscopic splitting factor; m* is the effective elec-
tron mass; up is the Bohr magneton. The oscillations
of the kinetic coefficients that arise in this way are
designated as the Shubnikov—de Haas (SH) effect. In the
simplest case of a spherical equal-energy surface, with
which the present study is concerned, the SH oscillation
period depends only on the electron concentration n:

A(1/H) = 3.18-10sn—Qe"?, (2)

and the extrema are located according to the formula
1/Hy = 348-10°4xn~0e"?, @3)
where Ay equals 1.31, 2.36, 3.38, 4.40, 5.41, ... etc.
for N =1, 2, 3, 4, 5, ..., respectively.!
Landau-level spin splitting results'® in a doublet
structure of the extrema and in the appearance of an ad-

ditional extremum (0*), at positions given by the follow -
ing formulas (allowing for incomplete degeneracy):
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where B = |g|m*/2m,. The extremum associated with
the intersection of the Fermi level and the Landau
level €5 = /,hiQ — Y2|g|pugH does not appear in the os-
cillatory effects because of weak degeneracy in this in-
stance.

The easily achieved modification of the electron
concentration n in semiconductors permits shifts of SH
oscillation curve extrema along the abscissal axis rep-
resenting the magnetic field. In an easily achievable
magnetic field it also becomes possible to enter the re-
gion of the quantum limit G2 > ¢), where the experimen-
tal field dependence of the kinetic coefficients is usually
represented by smooth curves.™!

The second type of oscillations exhibited by the ki-
netic coefficients was predicted by Gurevich and Firsov
(GF) and results from the resonant character of inelas-
tic electron scattering on optical lattice vibrations in a
strong magnetic field (u/He > 1). In this case the period
of the oscillations and the locations of the extrema do
not depend on the concentration of the electrons but on
their effective mass m* and on the frequency w, of
longitudinal optical phonons:

A (1/H) = e(m*woc)—10€™?,

1/Hy = Me(m*oc)10e™, M=1,23, ...

(5)

(6)

The possibility of observing the second type of oscil-
lations is not subject to the condition of strong degen-
eracy but requires an optimum experimental tempera-
ture permitting sufficiently intense excitation of optical
crystal vibrations in a strong effective magnetic field.™!
Consequently, the SH and GF oscillations of the kinetic
coefficients are usually observed in different tempera-
ture ranges. Thus, in detailed studies of the n-type
semiconductors InSb and InAs the first type of oscilla-
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tions is observed in galvanomagnetic and thermomag-
netic effects when T = 20°K, while the second type is
observed when T = 60°K.™ *! It should be noted that in
these instances the effects are induced by thermalized
electrons characterized by the lattice temperature.

It is shown in the present work that both types of os-
cillations can appear simultaneously in n-type InSb in
connection with the Kikoin -Noskov photomagnetic ef-
fect, and also photoconduction, when the photoexcited
carriers are hot but the experimental temperature
does not exceed 20°K. Kikoin and Lazarev!*! were the
- first to observe photomagnetic -effect oscillations in
n-type InSb at helium temperature. In our laboratory,
the SH type of oscillations of the photomagnetic effect
have recently been observed in Te and in n-type InAs,
HgSe, and GaSb.

EXPERIMENT

The photomagnetic effect, photoconduction, and gal-
vanomagnetic effects were investigated in single -
crystal parallelepipeds of n-type InSb. Samples were
ground and then polished in SR-rA etchant. The poten-
tial probes were placed on unilluminated surfaces of
the samples. The accompanying table gives the princi-
pal characteristics of our samples.
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Measurements of the photomagnetic effect and pho-
toconductivity were obtained under both constant and
modulated (at 400 and 600 cps) white light that tra-
versed two to four walls of glass dewars; the wave-
lengths impinging on the samples were in the range
0.5—-2.8 1. The samples were in direct contact with a
heat bath of liquid helium, hydrogen, or nitrogen. The
measured signals were amplified by an F-116/1 photo-
electric galvanometer, and the magnetic -field depend-
ence of the signals was registered with a two-coordinate,
recorder. For the experiment with modulated light we
used an U2-6 narrow-band amplifier and a phase de-
tector.

EXPERIMENTAL RESULTS

The curves in Fig. 1 show the experimental depend-
ence of voltage induced by the odd photomagnetic effect
(V%‘%&) on the magnetic field strength at 4.2°K for sam-
ples of n-type InSb having different electron concentra-
tions (n = 2.2 x 10*—1.1 x 10""/cm®) when subjected to
identical light intensity.” These experimental curves

DThe experimental work was performed using weak illumination
of the samples.
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FIG. 1. Experimental curves re-

presenting magnetic-field depen- 2
dence of odd photomagnetic effect 0
for n- type InSb single crystals -1+
having different carrier concentra- Z
tions at 4.2°K. 2

exhibit the following characteristics.
1. V%M has an oscillatory dependence on the mag-

netic field; two types of oscillations appear, depending
on the electron concentration. The location and period
of one of these types depends only on the electron con-
centration as in Eq. (2), like Shubnikov—de Haas oscil-
lations. For n= 8 x 10®*/cm® (samples Nos. 5—7 in
Fig. 1) this type occupies the entire investigated mag-
netic field region. [The arrows in Fig. 1 show the loca-
tions of the extrema for Shubnikov—de Haas oscillations
calculated from (3) and (4) using m* = 0.013 m,**! and
lg| = 50.1%7] For samples with n < 8 x10"*/cm®

(Nos. 1—4) the SH oscillations are shifted towards weak
magnetic fields and an additional group of oscillations
is observed in the region of the quantum limit. This
latter group exhibits almost no observable shift and
fails completely to obey Eq. (3). However, when the
concentration is reduced to 2 x10'*/cm® (sample No. 1)
the amplitude of this type decreases rapidly and the

curve representing VOPCII& (H) becomes almost smooth.

2. The initial segment of the curve for V%‘%& (H) is

smooth and exhibits saturation that is characteristic
for a classically strong field (uH/c > 1). The maximum
in the saturation region is reached at n~ 10"*/cm?®; de-
creases occur with both increasing and decreasing con-
centrations.

3. The SH oscillations in the photomagnetic effect
have such large amplitudes that the sign of the effect is
reversed near magnetic field strengths corresponding
to crossing of the Fermi level by Landau quantum lev-
els. This characteristic indicates that the ‘“giant’’ os-
cillations of the photomagnetic effect do not result sim-
ply from resistivity oscillations of the sample in a
magnetic field. Evidence for this conclusion is found in
results obtained (but not presented in the present work)
by investigating the short-circuit photomagnetic cur-
rent Igc, whose magnetic field dependence Igc(H) has
the same form as the Vppg(H) curves including the re-
versal of sign.
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FIG. 2. Experimental curves of the even and odd photomagnetic
effects and transverse magnetoresistance (A and B) for sample No. 3 at
4.2°K. Curve B is a greatly enlarged portion of curve A. As in Figs. 4,
5, and 8, the vertical straight lines indicate field strengths correspond-
ing to Egs. (3) and (4). Here m* = 0.013 m, and [g| = 50.

4. Spin splitting of the Landau levels appears in SH
oscillations of the photomagnetic effect at maximum
values of the magnetic field.

The character of the observed quantum oscillations
of the photomagnetic effect was determined by compar -
ing the curves representing Vpyr(H) with well-studied
SH oscillations of magnetoresistance. In Fig. 2 trans-
verse magnetoresistance curves are compared with
both odd and even photomagnetic effects in sample No. 3
at 4.2°K. We here observe that in fields H < 7 kOe,
where the conditions uH/c > 1 and AQ/KT > 1 are ful-
filled, SH oscillations appear in magnetoresistance and
also in both odd and even Vpyp.

In the region of the quantum limit, HQ > ¢ (H > 7 kOe
for sample No. 3), where the magnetoresistance curve

(A) is smooth, the curves for V%‘%& and V%‘l’\?[n both re-

veal an additional series of oscillations, which are pe-
riodic in the reciprocal field, as is illustrated in Fig.3
for the case of the odd photomagnetic effect. The period
of this group of oscillations is A(1/H) = 3x 10™%/0e,
which is a characteristic period for the Gurevich—
Firsov magnetophonon oscillations of the kinetic coef-
ficients that have previously been observed in n-type
InSb only at higher temperatures T = 60°K.®! Equa-
tion (5) for the period of Gurevich—Firsov oscillations
enables us to determine the effective mass of carriers
participating in the effect when the frequency w, is
known. Assuming w, = 3.7x 10"*/sec, we obtain

m* = 0.016 (£0.001)m,. Figure 3 shows that the reso-
nant fields in Gurevich—Firsov oscillations that are de-
termined from (6) correspond to minima of the oscilla-

160 I

FIG. 3. The portion of the os-
cillatory curve of V93 in Fig. 2
! where Gurevich-Firsov oscillations
are observed. The vertical bars
(M = 1,2,3,4) denote magnetic
field resonances calculated from
Eq. (6) with w, = 3.7x10"3/sec
and m* =0.016 m,.

M TR
46 8 0 12 4 758
10° H™!, 0e?

tory curve V%‘%&(H) and also of the curve V%‘I’&n(H)

(see Fig. 2).

In Fig. 3 the amplitude of Gurevich—Firsov photo-
magnetic oscillations is seen to reach 20-30% of the
background at helium temperatures. With rising tem-
perature up to 20°K this amplitude drops sharply. In
samples with n > 10**/ecm® at 77°K the photomagnetic
effect signal did not lie within the limits of experimen-
tal accuracy. It has been shown previously that in n-
type InSb samples with n~10'*/cm?® at nitrogen temper -
atures magnetophonon oscillations of the kinetic coeffi-
cients are observed very clearly. Under these condi-
tions the amplitude of Vp)p oscillations does not ex-
ceed 2—-3% of the background; they are in phase with
the oscillations of magnetoresistance and can be attrib-
uted entirely to the latter.

Figure 1 shows that at 4.2°K the most pronounced
Gurevich—Firsov oscillations of the photomagnetic ef-
fect are observed in samples having n= 10*/cm®. With
increase of the electron concentration the largest-
amplitude SH oscillations of the photomagnetic effect
are shifted to the strong magnetic field region and form
a background against which the Gurevich—Firsov oscil-
lations are not observed.

Quantum oscillations of the SH type have also been
observed in connection with photoconductivity; here the
Gurevich—Firsov oscillations have been relatively
weak. Figure 4 shows the quantum oscillations of sev-
eral kinetic coefficients for sample No. 8 of n-type InSb
at 1.6°K. The photoconductivity was measured for mod -
ulated light, with the current direction parallel to the
magnetic field in order to reduce the photomagnetic emf
at the potential contacts. The direct current passing
through the sample was reversed for the purpose of
discriminating Vpc from the photomagnetic effects.
Figure 4 shows that the SH oscillations of photoconduc-
tivity are in phase with the oscillations of longitudinal
magnetoresistance (Ap”/p,). We must here note the
trivial result that in the photoconductivity oscillations
with J 1 H the zeroth maximum (0%) is not observed
clearly. This peculiarity had previously been observed
in oscillations of the longitudinal magnetoresistance and
had been explained theoretically in "*.

In Figs. 4 and 5 the investigated photomagnetic ef -
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FIG. 4. Experimental oscillation curves for different kinetic coeffi-
cients versus magnetic field for sample No. 8 at 1.6 K.
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FIG. 5. Experimental oscillatory curves for the even and odd photo-
magnetic effects and transverse magnetoresistance vs. magnetic field for
sample No. 7 at 1.6°K.

fects are compared with magnetoresistance oscillations
for samples of n-type InSb with n = 8x10'*/cm® and
1.1x 10" /cm®, when SH oscillations corresponding to
the first Landau levels are shifted into the highest mag-
netic field region. Figures 4 and 5 show that the periods
of photomagnetic and magnetoresistance oscillations co-
incide, and that maxima of the transverse magnetore-
sistance and minima of odd and even photomagnetic ef-
fects are located close to magnetic field strengths (4)
corresponding to crossing of the Fermi level by Lan-
dau quantum levels N*. The spin splitting of the first
Landau levels, which had been discovered previously in
a study of magnetoresistance in n-type InSb, was ex-
hibited more clearly in photomagnetic oscillations, es-
pecially in the even effect.

It was noted in ! that the spin splitting of the first
maximum of transverse magnetoresistance (from the
ratio Hy/Hj}) yields the value |g| ~ 35 (for m*
= 0.013 m,). It follows from Figs. 1, 4, and 5 that the
spin splitting of the minima N = 1*, 17, 2", and 2™ of
the photomagnetic curves indicate a value close to
|g| = 50, which has been determined by means of para-
magnetic resonance in InSb.'®! Thus the investigation
of photomagnetic effects represents a more sensitive
method for studying the fine structure of quantum oscil-
lations than the study of the other kinetic coefficients.

It was of interest to investigate the influence of dif-
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FIG. 7. Influence of a high elec-
tric field and of temperature on os-
cillations of transverse Magnetore-
sistance in sample No. 8. The effec-
tive electric field is the same as in
Fig. 6.

0 T T T, voe
ferent factors on the quantum oscillations of photoelec-
tric coefficients. For this purpose we measured photo-
magnetic effects in samples of different thicknesses
down to 15 u having an electron concentration

n ~ 3x10%/cm?®; in this case both types of oscillations
are manifested on the Vpyg(H) curves, without being af-
fected by the given reduction of sample thickness.

We also investigated the influence of an electric field
on oscillations of the photomagnetic effect in n-type
InSb. An electric field E was generated in a sample by
transmitting a direct current parallel to the magnetic
field. Modulated light was used for the purpose of dis-
criminating the photomagnetic effect. At the same time
we investigated the influence of a high electric field on
SH oscillations of the transverse (H L J) and longitudi-
nal (HlJ) magnetoresistance as well as the Hall effect.
Figures 6 and 7 show curves of the odd photomagnetic
effect and transverse magnetoresistance Apl/p, plotted
for different electric currents and temperatures. We
here observe that an increase of the electric current,
and consequently of the electric field, produces the
same effect as a temperature rise. In the photomag-
netic effect and magnetoresistance the amplitude of the
oscillations decreases and the extrema are shifted into
a higher magnetic field region.

We discovered a similar effect produced by high
electric fields in our investigation of longitudinal mag-
netoresistance and the Hall effect. By comparing the
amplitudes and shifts for the extrema of the oscillator:
photomagnetic effect and transverse magnetoresistance
at different values of E and T, we were enabled to de-
termine the effective temperature of the electron gas
as had been done for transverse magnetoresistance in
81 Figure 6 shows that both a high electric field and a

temperature rise can reduce the amplitude of photomag-

netic effect oscillations and also the V%‘%& signal.

Figure 8 shows the influence of electric fields on the
quantum oscillations of the photomagnetic effect for a
sample that exhibited both SH and GF oscillations si-

multaneously. This series of VP(%VI(H) curves shows
that a high electric field influences the amplitude of GF
oscillations less strongly than it influences the SH os-
cillations.

Oscillations of the photomagnetic effect were not ob-
served when a sample of p-type InSb with the concen-
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FIG. 8. Influence of a high electric field on oscillations of the odd
photomagnetic effect in sample No. 9 at 1.6°K. E =~ 2.8 J (mV/cm)
atH=0.

tration py gop = 4 X 10%®/cm® was studied in the tem-
range 1.5° —80°K.

CONCLUSION

The oscillatory magnetic-field dependence of the
photoelectric coefficients under our experimental con-
ditions could have been anticipated, because the magni-
tudes of these coefficients depend on the electrical
conductivity of the crystal, and for n-type InSb an oscilla-
tory field dependence of the electrical conductivity at
helium temperature had been established a long time
previously. However, the ‘“giant’’ amplitude of SH pho-
tomagnetic oscillations, even accompanied by a sign
reversal of the signal in a high field, and the oscillatory
curves for a short-circuit current indicate that oscilla-
tions of the photomagnetic coefficients do not result
simply from oscillations of magnetoresistance. For the
technique of investigating the Landau level fine struc-
ture and determining the g factor, it was important that
the modulation of the photomagnetic effect was more
pronounced than for the other kinetic coefficients (under
identical experimental conditions).

It was not a trivial circumstance that under our ex-
perimental conditions the decisive role in the photomag-
netic effect is played in the case of n-type InSb by elec-
trons which are the majority carriers, rather than by
holes as in the conventional theory of the photomagnetic
effect, which does not take into account the effective
electron temperature. This circumstance was mani-
fested as follows:

1) The curves representing V%%%(H) enter the satu-
ration region at values of the effective field (uH/c) that
are consistent with electron mobility but not with hole
mobility.

2) The condition for the strong degeneracy required
to permit observation of SH oscillations is fulfilled in
n-type InSb only for the majority carriers (electrons).

3) The period of SH oscillations in the photomagnetic
effect corresponds to the electron concentration .

We can now account for the absence of photomag-
netic oscillations in p-type InSb. In a theoretical study
(private communication) by R. I. Lyagushchenko and
I. K. Yassievich, the governing role of the majority
carriers (electrons) in the photomagnetic effect induced
by ‘“hot’’ electrons is explained as follows: If the mo-
mentum relaxation time of the electrons is energy de-
pendent, then the opposing photomagnetic currents of
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hot and cold electrons flowing in the magnetic field are
not mutually compensating as in the case of completely
thermalized electrons having the lattice temperature.
We can hope that these authors will be able to extend
their theory to the region of quantum oscillations in the
photomagnetic effect and to account for all experimen-
tal characteristics observed in the present work. In his
theoretical study of the oscillatory photomagnetic effect
Sobakin'®! disregarded the fact that the light-excited
electrons are hot.

A completely unexpected result of the present work
was the appearance of magnetophonon oscillations at
helium temperatures, when the optical branch of crystal
vibrations is not excited in the normal (thermal) man-
ner. It is entirely clear that the appearance of these
oscillations at helium temperatures is associated with
the fact that the light-excited electrons are hot (while
the holes, with their much greater mass, are cotd) and
these electrons can become thermalized by emitting
optical phonons. Each hot electron can thus emit sev-
eral tens of optical phonons. Supporting evidence is
found in experiments that revealed the oscillatory de-
pendence of photoconduction on the wavelength of ex-
citing light at T < 10°K.!"°! However, if this mechanism
of optical phonon excitation were sufficient for the pro-
duction of magnetophonon oscillations, the latter would
also be observed in samples of n-type InSb with low
electron concentrations.”’ However, the GF oscilla-
tions were observed to vanish when the concentration
was reduced to 10'*/em?, although at higher tempera-
tures, when optical vibrations are excited, magnetopho-
non oscillations of kinetic effects in these samples of
n-type InSb are stronger than in more heavily doped
samples. Therefore we still do not understand even
qualitatively how we should treat the mechanism that
induces magnetophonon oscillations of the photomag-
netic effect in n-type InSb when optical phonons are ex-
cited in a very thin layer of a light-absorbing sample.
Any theory that can claim to describe this type of oscil-
lations at helium temperatures must account for the
sharp drop in amplitude both when the concentration of
majority carriers is reduced to 10**/cm?® and when the
temperature is raised from 4° to 20°K.

We are indebted to Yu. A. Firsov and A. R. Aronov
for discussions of theoretical questions, to I. N. Yas-
sievich for communicating results before publication,
and to M. S. Bresler, V. A. Noskin, and A. V. Matve -
enko for experimental assistance.
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