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It is established by experiment that inversion of the magnetic-impurity oscillations of the
photoconductivity in germanjum (conversion of the photocurrent maxima into minima) can be effected in
three ways. At high rates of interband carrier generation, inversion can be obtained by increasing the rate
of generation above a certain temperature-dependent critical value G,. At low generation rates, inversion
sets in when the electric field applied to the sample is increased, or when additional infrared illumination
is applied. It appears that the minima of the photocurrent are manifestations of the effect predicted by
Elesin, namely the appearance of negative conductivity in crossed electric and magnetic fields in
ultraquantum conditions. The appearance of the minima attests to the fact that in all three experimentally
realized cases the electron distribution function f(e) acquires a segment with positive derivative 3 f/ 3¢ > 0.
At large G this can occur, for example, if the recombination is quadratic and its probability increases
with decreasing energy €. At low G, the increase of the field or the turning on of the infrared
illumination should lead to a depletion of the bottom of the Landau subband, where direct emission of

phonons by the electrons is forbidden.

PACS numbers: 72.40.4+w

INTRODUCTION

Earlier investigations™! of p-Ge under conditions of
interband photoexcitation at helium temperatures have
revealed that the kinetic characteristics (the transverse
magnetoresistance, the photomagnetic emf) execute os-
cillations periodic in the reciprocal magnetic field, It
was established that these oscillations are due to peri-
odic changes of the probability of the inelastic scatter-
ing of the electrons by neutral acceptors. The probabil-
ity of such a scattering depends on the ratio of the cyclo-
tron frequency of the electrons in the conduction band
Q=eH/mc (e and m are the charge and cyclotron mass
of the electron, H is the magnetic field) and the energy
& transferred in the scattering; in the case of magnetic-
impurity oscillations in germanium, & is the energy dif-
ference between the ground state of the acceptor and the
lowest of its excited states. The periodicity of the prob-
ability of the inelastic scattering is given by the reso-
nance condition

UNTY) =& (N=1,2,3,.; |y|<1). (1)
The constant y in (1) is probably due to the dependence
of & on the magnetic field. *1

The oscillations make it possible, generally speaking,
to separate from the general background the contribution
made to the kinetic parameters by one group of car-
riers—in this case, the electrons. This makes the study
of the oscillations of particular interest, since it enables
us to trace the kinetic processes that produce this group
of carriers. These processes are quite varied. Ina
number of cases, when the intensity of the interband ex-
citation or the temperature changes, inversion of the
magnetic-impurity oscillations sets in, namely, the
maxima on their plots are replaced by minima and vice
versa, '+21

.

It appears that inversions are a rather common phe-
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nomenon in the kinetics of nonequilibrium processes in
semiconductors. They were observed earlier also in
the study of other oscillatory effects in semiconductors,
e.g., magnetophonon resonance with hot electrons, ts1
and also the study of the spectral dependence of the pho-
tocurrent produced by nonequilibrium carriers,

Ina preceding study™®! we investigated in detail the

magnetic-impurity oscillations of the photomagnetic emf,
Since, however, the carriers are extremely unevenly
distributed in the interior of the sample in the photomag-
netic-effect geometry, and furthermore their energy dis-
tribution depends on the depth, difficulties arose in the
interpretation of the results. It was shown at the same
time that in measurements of the transverse photocon-
ductivity, when the photocarriers produced on the sur-
face diffuse along the magnetic field, the carriers fill
the volume of the sample uniformly, and the contribution
of the carriers having energies higher than the optical-
phonon energy can be neglected.

We have therefore undertaken an investigation of os-
cillation inversion in this simpler case.

EXPERIMENT

The procedure of photoconductivity measurement in a
transverse magnetic field was described in detail ear-
lier."™! The germanium samples were rectangular
plates measuring 4xX4x 0,3 mm, and the normal to the
surface was parallel to the [100] axis. After treatment
with a polishing etchant, contacts of gold wire were
welded to the samples. The approximate distance be-
tween contacts was 1 mm. The sample was placed di-
rectly in liquid helium in the center of a superconduct-
ing solenoid. The magnetic field was always parallel
to the normal to the sample surface, and the current di-
rection coincided with the {100) axis.

The sample was illuminated with an He—Ne laser (x
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=0.63 w) having an approximate power 30 mW, The
light intensity incident on the sample could be smoothly
varied by rotating a polarizer. Since the carriers were
uniformly distributed over the sample thickness, we
shall use as the measure of the light flux the generation
rate G, or the number of pairs produced per second in
a unit volume. The maximum generation rate in our
experiment was Gy, ~3x10' cm™ sec™ (lower by one
order of magnitude than when a cylindrical lens is
used™J), It must be stipulated that we did not measure
G directly, but calculated it from the laser power; the
relative values G/G, are much more accurate, A glass
plate placed in the liquid helium in front of the sample
acted as a filter that cut off the infrared radiation from
the warmer parts of the cryostat. By removing this
plate we could obtain a combination of surface interband
and volume impurity excitations, a procedure used in a
number of special experiments,

A dc voltage was applied to the sample, and the photo-
current was preamplified and registered with an x—y re-
corder as a function of the reciprocal magnetic field,

At high generation rates G, when the photocurrent
reached 10 A, it was possible to cancel out the mono-
tonic part of the J(H?) curve, and therefore increase
the gain, by applying to the ¥ coordinate of the recorder
a signal proportional to 1/H in series with the useful
signal,

The magnetic-impurity oscillations of the photocon-
ductivity were investigated in germanium samples doped
with gallium, with seven different resistivities p at room
temperature in the interval from 40 to 2 Q-cm, corre-
sponding to acceptor densities N, from 5x10' to 1,5
x10" ¢m™, We were unable to observe photoconductiv-
ity oscillations in samples with a larger degree of dop-
ing {p=1and 0.5 Q-cm; N, =3 and 6x10% em™), The
fact that no oscillations occur in samples with N, > 3
x10" cm™ has already been discussed earlier®®! and will
not be touched upon here,

RESULTS

The possible variable experimental parameters at our
disposal were the acceptor density ~,, the temperature
T, the rate of interband generation G, and the applied
electric field E. In addition, as indicated above, addi-
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tional infrared illumination could be applied to the sam-
ple.

It turned out that N, was not an essential parameter
for the transverse magnetoresistance when the carriers
were uniformly distributed over the sample thickness.,
All that depended on the degree of doping was the rela-
tive oscillation amplitude, which was maximal for sam-
ples with resistivities 10 and 15 Q-cm (¥, =3 and 2
x10'* ¢m™®), and decreases both with increasing and with
decreasing values of p. We recall in this connection that
N , was quite sensitive to oscillations of the photomag-
netic emf.®® For example, the temperature interval in
which the oscillations could be observed depended on
N, (see Fig. 4 of'?), It appears that the dependence on
N, under conditions when the carriers diffuse across
the magnetic field is due to presence of regions with
very low carrier density.

Inversion of the photoconductivity oscillations was ob-
served earlier’! in the generation-rate interval 10*°-
10 cm™® sec™ (see Fig., 8 oft'?), A detailed investi-
gation has shown that this inversion can be observed not
only when the generation rate G changes, but also when
the temperature changes (Fig. 1). The critical values
G, and T are related as follows: the higher the temper-
ature 7, the faster the generation rate G, at which the
inversion takes place (see the upper curve of Fig. 2).

By measuring the temperature dependence of the pho-
tocurrent J(7) in a constant magnetic field we were able
to establish a correlation between the instant of the in-
version of the oscillations of the transverse magnetore-
sistance and the character of the J(7') dependence. In-
version occurs at the same values of 7 and G at which
the J(7) curves have breaks that separate the regions
of strong and weak temperature dependence of the pho-
tocurrent (see Fig, 3). The resonances take the form of
minima wherever the photocurrent is practically inde-
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FIG. 2. Connection between the values of G and T at which in-

version of the oscillations takes place (p=15 Q-cm). The
points with vertical error bars were obtained from a series of
curves with different G at constant T, while the points with
horizontal error bars were obtained with different T and con-
stant G (see Fig. 1). The G,(T) curve is plotted at E=5 V/cm.
When E is increased, it begins to shift in the direction marked
by the arrow. The G,(T) curve is plotted at E=7 V/em.

Its shift with changing field is also shown by the arrow (see the
text for details). The black point was obtained at E=5 V/cm.
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pendent of the temperature, and of maxima in the re-
gion where the photocurrent increases strongly.

The relative amplitude A of the oscillations first in-
creases weakly when the generation rate decreases be-
low G;, and reaches a maximum value at values of G
that range fron 2 x10'® to 2x10'7 cm™ sec™ for various
samples., With further decrease of the generation rate,
A decreases and the oscillations disappear at G =10'°-
10" cm™ sec™,

This A(G) dependence occurs only in sufficiently weak
electric fields E. At low generation rates, however,
even a relatively small increase of the field E again
leads to inversion of the oscillations (Fig. 4). The ap-
pearance of this second inversion is represented by the
Go(T) curve in Fig. 2. With decreasing E, the G,(T)
curve shifts downward to the level at which the oscilla-
tions vanish (i.e., at small values of E the oscillations
vanish without undergoing inversion), The upward dis-
placement of the G,{T) curve with increasing E is lim-
ited: in the region G ~10'" cm™ sec™ the electric field
no longer produces any inversion, and the photocurrent
retains the maxima at the resonances all the way to the
low-temperature breakdown, (This case was illustrated
in Fig. 7 of'"), Finally, at still larger values of G {but
somewhat smaller than G,) the electric field again stim-
ulates inversion and causes the G,(7) curve to shift
downward, This shift is noted in practice in fields of the
order of 10 V/cm,

An increase of the electric field leads thus to in-
version of the oscillations at low and high generation
rates G; at intermediate values of G, the magnetic-im-

purity resonances are preserved in the form of maxima,
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FIG. 5. Effect of infrared illumination of the dependence of
the photocurrent on the rate of interband generation: 1—photo-
current without additional illumination, 2-—with additional il-
lumination. T=2.0°K, H=28.5kOe, E=5 V/cm, p=15 Q-cm.
The value of G at which oscillation inversion takes place in the
presence of IR illumination is marked by the vertical dashed
line.

notwithstanding the heating of the electron system, which
leads to low-temperature breakdown.

In the experiments described above, only laser light
was incident on the sample, and the infrared radiation
from the warm parts of the cryostat was filtered out by
a glass plate in front of the sample. Without the plate,
the shapes of oscillating curves and the values of the
photocurrent at large rates G of interband generation re-
mained practically unchanged, and the inversion of G,
occurred at the same values of G and T as without the
infrared illumination. This illumination was significant
only at low values of G. Figure 5 shows the dependence
of the photocurrent on G at constant H with and without
the IR illumination, It is seen that the IR illumination in-
fluences strongly the value of J only at G < 107 ¢m™®
sec, A second inversion of the oscillations is observed
also at the same values of G—at lower generation rates
the maxima give way to minima at the resonances in the
presence of the IR illumination.

Increasing the electric field, just as in experiments
without the IR illumination, shifts the second inversion
towards higher values of G, The value of G at which
curves 1 of 2 of Fig. 5 diverge also shifts in the same
direction,

In addition to leading to inversion, the infrared illu-
mination increases by approximately one order of mag-
nitude the generation rate G, at which the oscillations
disappear completely.

DISCUSSION

We start our analysis with the following premises:
All the carriers in our experiments are photocarriers—
the equilibrium densities of the electrons and holes are
negligibly small. Electrons with more energy than the
optical phonon play no significant role in the kinetics,
since both the combined coefficient of diffusion along
the magnetic field H and the combined mobility across
H are determined by the electrons with the lower ener-
gy. The carriers are uniformly distributed over the
depth of the sample, The carrier recombination pro-
cesses cause in one way or another generation of ex-
cited acceptors, either directly or via their ionization
with subsequent capture of a hole from the band by the
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excited levels., The transitions between the excited
states of the acceptors proceed with emission of pho-
nons, At the same time, the probability of the transi-
tion of the excited acceptors to the ground state, with
spontaneous phonon emission, is so small in germanium
that under our conditions these transitions occur mainly
in collisions with electrons, so that the observed mag-
netic-impurity oscillations are due to scattering with
energy transfer from the acceptors to the electrons.

These statements were discussed by us in detail ear-
lier, '3} The last of them is the most significant and at
the same time the most controversial (see'®!), The de-
scribed experiments provide an additional argument in
its favor, in view of the appearance of inversion at
small G under the influence of an electric field, The
point is that the influence of the temperature on the mag-
netic-impurity oscillations is by itself not an incontest-
able proof that the oscillations are determined by the
cold electrons, Strong temperature dependences of the
photoconductivity have been under intensive study in the
last few years. ™% Gershenzon et al,?®) have shown that
they may be connected with the inclusion of a new re-
combination channel—via A* centers. The temperature
then enters in all the kinetic characteristics not via the
average kinetic energy of the carriers, but via the prob-
ability of the thermal decay of the A* centers, i.e., via
the number of the recombination centers.,

The characteristic energy transferred from the elec-
tric field to the electrons, Ac =eEA, is determined by
the magnetic length A =(c%/eH)*/?, In fields 7 V/cm,
which cause inversion of the oscillations at low genera-
tion rates (curve G, of Fig, 2), we have ag~0,1 °K at
H~40 kOe, and the heating can be of importance only
for cold carriers with low kinetic energy € in the Landau
subband, So small a heat rise should not affect the ac-
ceptor system, The inversion of the oscillations in rel-
atively weak electric fields, as well as its dependence
on T (curve G,), confirm therefore that it is precisely
the cold carriers that are subject to inelastic scattering
with energy transfer &,

Let us proceed, however, to the oscillation inversion,
All the experimental results cited in the preceding sec-
tion can be fitted well to a single scheme if it is as-
sumed that the maxima of the photocurrent at the reso-
nances are observed, if the electrons have a Boltzmann
distribution f (¢) = f, exp(~ £/£7T,), in the energy region
£ << & (possibly also with an electron temperature T,
#7), and that their conversion into minima occurs when
their distribution differs greatly from a Boltzmann dis-
tribution,

At a Boltzmann function f (¢), the maxima of the pho-
tocurrent at the resonances can be quite naturally at-
tributed to the increase of the collision frequency,
Their conversion into minima may be due to specific
peculiarities of the conductivity in crossed electric and
magnetic fields in the ultraquantum case. According
to Elesin, " since the density g(e)~&™/? of the state
in the magnetic subband is a decreasing function of the
energy, an electron situated high enough above the bot-
tom of the subband is scattered in elastic and quasielas-
tic collisions predominantly in such a way that its poten-
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tial energy increases at the expense of the kinetic ener-
gy. The energy conservation law in such collisions
taken the form

eEAX+Ae+u=0, (2)

where the first two terms represent the changes in the
potential and kinetic energies of the electron, AX is the
shift of the center of the Larmor orbit, and « is the en-
ergy of the absorbed or emitted acoustic phonon, (The
quantity « is added to (2) in the case of scattering by
phonons; the quasi-elasticity condition is then expressed
by the inequality &> u,)

For electrons of energy ¢ > ¢EA the mean value
eEAX >0, In the case of an equilibrium distribution
function this negative contribution to the conductivity is
cancelled by the positive contribution of the electrons
near the bottom of the subband, in the energy region
g SeEA, However, if for some reason the number of
electrons is too small near the bottom of the subband,
then the combined conductivity of this group of carriers
may turn out to be negative in a strong magnetic field
and in an electric field perpendicular to it.

Absolute negative photoconductivity was first observed
experimentally in InSb at a distributi'n function f ()
close to a & function, ' It appears that the necessary
(but of course not sufficient) condition for its existence
is the presence of a distribution-function segment with
positive derivative of /6e >0, This is easiest to demon-
strate within the framework of a model in which the
electron-system energy-exchange processes are de-
scribed in the language of electron diffusion in energy
space, 1% The energy (8l//6¢); drawn from the elec-
tric field is given in this model by

(50), = foctem ®

where Dy is the diffusion coefficient along the € axis,
and is determined by the displacements of the center of
the Larmor orbit in the collisions, %! It is seen from
(3) that the inequality (3U/at); < 0 is possible only in the
presence of a segment with 8f/9e >0, In addition, it is
seen that at a given function f(¢) the integral (3) can be
positive for one function Dg(e), i.e,, for one type of
scattering center, and negative for another type,

Thus, our assumption concerning the causes of the
inversion means that in all three cases—when the gen-
eration rate G is increased, when the field E is in-
creased, and when infrared additional illumination is
applied at small G—the distribution function acquires
a segment with 3f/8c >0, It is quite difficult to corrob-
orate this assumption, particularly because there are
as yet no theoretical calculations of the processes that
govern the distribution function f(g) under the particular
conditions of our experiments.

This pertains above all to the electron—phonon inter-
action, Since the translational motion of the electrons
in germanium is described at H11{100] by an effective
mass m™ =1, 43m,, '¥' while the velocity of the longitudi-
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nal sound is s=5x10° cm/sec, we have m*s®=2.5 °K,
The condition

m's?>ET (4)

means that the thermal velocity v, =(kT/m™) %< s, so
that the thermalized electrons are not only incapable of
emitting phonons, but their absorption is also subject to
definite limitations, This leads to an abrupt decrease
of the energy exchange between the electrons and the
phonons, an extremely important factor, since it is pre-
cisely the phonon system that should receive the energy
the electron has during the last stage of its thermaliza~
tion, as well as the energy acquired by the electron
from the electric field, We note that energy exchange
within the electron subsystem under these conditions
has also been relatively little investigated, since paired
electron-electron collisions in a magnetic field 7Q > ¢
do not influence the distribution function (see'!!?),

Our arguments are therefore based mainly on experi-
mental evidence,

Consider the inversion of G, first, The most probable
recombination channels are binding into excitons and
electron capture by A* centers,™ The probabilities of
both processes increase with decreasing ¢, since both
are based on Coulomb interaction. In addition, both are
quadratic-recombination processes (the latter at not too
low temperatures). Therefore the number of cold car-
riers is n, ~G'/?, whereas the number of warm carriers
that are still being cooled is n,~G. It is clear that when
G is increased the thermal electrons begin to exceed in
number the cold electrons, n, >#n;, at the instant when

G>Gy=1, %, (5)

where 7, is the cooling time and * is the kinetic recom-
bination coefficient and is connected with the lifetime
7={xn;)?. At G >G, the distribution function may ac-
quire a maximum at an energy determined from the
equation 7,{g) = 7(g), *?

Naturally, the nonequilibrium distribution that devel-
ops in this case should no longer depend on 7, There-
fore the presence of breaks on the curves of Fig, 3 con-
firms the correctness of the proposed explanation, (The
weak temperature dependence to the left of the break can
be attributed, for example, to changes in the system of
the scatterers,)

From this point of view, the effect of the electric field
at generation rates G £ G, also becomes understandable,
Heating by the field leads to the same effect {inversion)
as lowering the temperature: 7, can be increased either
by turning on the heat and thereby slowing down the rate
of electron cooling, or by lowering the final cooling
temperature,

The mechanism that distorts the distribution function
and leads to inversion under the influence of the electric
field at low generation rates G (inversion G,, see Fig,
2), is probably somewhat different, Owing to the large
value of m*s? the electrons with small ¢ can give up the
energy acquired from the field mainly via electron-exci-
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ton or ternary electron-electron collisions. If these
collisions are too infrequent, owing to the low excitation
concentration, then the electric field should cause an ef-
fective depletion of the bottom of the Landau subband.

At faster generation rates, the electron-exciton and
electron-electron collisions stabilize the distribution
function, cause it to assume a Boltzmann form, and re-
duce the role of heating to causing the electron temper-
ature T, to differ from the bath temperature 7. There-
fore no inversion of the oscillations sets in until low-
temperature breakdown occurs.

One might ask why the electron—electron collisions,
which effectively mix the electrons in the region G~10!7
cm™ sec", cannot cope with this task at stronger pumps
G2 G,, when the excitation density is higher. The point
may be that in these cases the decisive energy intervals
are different., At G=G, the electric field distorts the
distribution near the very bottom of the subband, where-
as at G 2 G, the distribution function becomes distorted
in the region € > k7T,

In the region where curves 1 and 2 of Fig, 5 diverge,
the effect of infrared illumination reduces mainly to
heating of the carriers produced in interband transi-
tions, Thisfollowsfrom the fact th:'t without the inter-
band light the photocurrent due to the additional infrared
illumination is approximately 107° A, i,e,, the photo-
current produced by each of the type of excitation is
smaller by an order of magnitude than the current due
to their joint action. As seen from the figure, at this
instant, too, the inversion sets in at the instant when
the heating by the infrared radiation begins to distort
the stationary distribution that has become established
in the electron system,

Generally speaking, everything said above pertains
only to strict resonance &=N/2, In contrast to the case
of elastic scattering, considered by Elesin et al, '™
under conditions of inelastic scattering by impurities
the energy conservation law takes the form

AeteEAX+& —NAQ=0, (6)

At resonance &=NiQ, Eq. (6) reduces to Eq. (2).
But at a detuning A = &— N7Q # 0 substantial differences
appear., The case of inelastic scattering was considered
theoretically by Ryzhii ! as applied to a magnetic reso-
nance, He has shown that negative conductivity is pos-
sible also in the case of a Boltzmann distribution of the
carrier if the effective temperatures 7, of the carriers
and of the scatterers Ty are different, In the case 7,
> T, considered in''®! negative conductivity sets in at
A <0, Inour case the acceptor temperature is

T,=&/kInl (N.—N)/N']>T, Q)

(N* is the number of excited acceptors), and a fraction
of the energy transferred from the acceptors to the elec-
tron system should go into work to overcome the elec-
tric-field forces at & >0,

We have no grounds at present for stating that we have

observed negative conductivity due to inelasticity of the
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scattering. It is possible the observed effect decreases
the photocurrent in the intervals between the resonances
and thus leads to an increase of the oscillation ampli-
tude.

The authors thank I. B, Levinson for numerous fruit-
ful discussions, E, M. Gershenzon and the participants
of the seminar under his direction for valuable remarks.
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