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A review is given of the current status of research on photoelectromagnetic effects. A detailed analysis is
made of the results of the more recent experimental studies of the anisotropy of the even and odd
photoelectromagnetic effects, the effect across p-n junctions, the effect at low temperatures (when the
electron system is heated by the incident radiation and the electron temperature is higher than the lattice
temperature), and the radiation electromagnetic effect (when a sample in a magnetic field is not
illuminated but irradiated with a flux of ionizing particles). The experimental data are compared with the
theory. Directions of future studies of the photoelectromagnetic effect are suggested.
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1. INTRODUCTION

Classical galvanomagnetic and thermomagnetic ef-
fects in metals and semiconductors are very similar in
the qualitative sense. The special nature of semicon-
ductors is usually manifested by a quantitative differ-
ence between the transport coefficients and those of a
metal, but in some cases these differences can be of
many orders of magnitude. However, in contrast to a
metal, the motion of carriers in a homogeneous semi-
conductor may occur not only due to an externally
applied electric field but also as a result of diffusion,
Such diffusion of mobile charges is associated with the
likelihood of inhomogeneous carrier density or energy
distributions in semiconductors. (This is practically
impossible in metals because the carrier densities and
energies are high and both these quantities relax very
rapidly to the thermodynamic equilibrium values.) In-
teraction between the diffusion fluxes of carriers with
an external magnetic field (Hall effect due to a diffusion
current) gives rise to a number of special phenomena
which can be classified in accordance with the origin
of the diffusion current:

a) the diffusion of charge carriers because of a gradi-
ent of their density created by illumination of a semi-
conductor, which gives rise to the photoelectromag-
netic (PEM) effect;

b) the diffusion of carriers due to their energy gradi-
ent (in the case of a homogeneous distribution of the
lattice temperature) resulting from illumination of a
semiconductor and giving rise to the photothermoelec-
tromagnetic (PTEM) effect.
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c) the diffusion of carriers due to their density gradi-
ent (?) resulting from irradiation of a semiconductor
with high-energy particles (for example, a rays),
which is the origin of the radiation electromagnetic
(REM) effect.

All these diffusion effects depend on the characteris-
tics of the energy spectrum of carriers and on their
kinetic properties, Therefore, even in the case of
isotropic crystals we may expect an anisotropy of the
diffusion phenomena and also some features associated
with the distortion of the electron spectrum by an ex-
ternal agency, such as pressure, quantizing magnetic
field, etc.

It follows from the above short discussion that the
PEM, PTEM, and REM diffusion effects can serve as
convenient means for investigating a great variety of
characteristics of semiconductor crystals under the
action of various agencies,

2. PHOTOELECTROMAGNETIC EFFECT

a. Discovery and qualitative explanation of
photoelectromagnetic effect

The photoelectromagnetic effect (PEM effect), also
known as the photomagnetic effect, was first discovered
in 1934 in cuprous oxide crystals.! It was manifested
by the appearance of an emf in a semiconductor plate
subjected to a magnetic field and illumination. This
PEM emf appeared at right-angles to the light beam
and magnetic field (Fig., 1). In weak magnetic fields
the PEM emf was found to be proportional to the mag-
netic field and reversed its sign when the direction of
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FIG. 1. Schematic repre-
sentation of the origin of
the odd PEM effect. The
electric field E due to

this effect appears along
the z axis,

the magnetic field was reversed (odd PEM emf). A
qualitative explanation of the PEM effect is as follows.

Ilumination of a sample with strongly absorbed light
creates a thin surface layer with a higher concentration
of electron-hole pairs, which diffuse into the sample.
The diffusing carriers are deflected in a magnetic field
in opposite directions producing a photomagnetic cur-
rent whose density decreases with depth of penetration
into the sample because of the recombination of the ex-
cess carriers. If the contacts of the sample are short-
circuited, then a PEM short-circuit current flows
through the external circuit. If this external circuit is
open, an electric field (emf) appears and it is directed
along the sample. This field creates a conduction cur-
rent which, on the average, compensates the magneto-
diffusion current so that under steady-state conditions
a PEM emf is observed in the open-circuit condition.

The inhomogeneity of the density of the magnetodif-
fusion current causes a circulation of the current in the
sample. Indeed the processes of diffusion and recom-
bination of photocarriers occur in a layer whose thick-
ness is of the order of the diffusion length., The rest
of the sample plays a passive role and acts as a con-
ductor which short-circuits the PEM emf and this gives
rise to a closed circulating current in the sample.
Clearly, under steady-state conditions the total current
through the whole cross section of the sample in the
(y, z) plane is zero (Fig. 2). The presence of a closed
circulating current in a sample can be demonstrated
directly by the following simple experiment.3 A cylin-
drical semiconductor is supported by the point of a
needle and subjected to a magnetic field (Fig. 3), If
this sample is illuminated in such a way that the angle
8 between the directions of the light beam and magnetic
field is 0° < 8 < 90° (# is the angle between the diffusion
flux of carriers and the magnetic field), the sample
begins to rotate continuously about its axis (this is a
manifestation of the direct conversion of light into me-
chanical energy!). In this experiment the photomagne-
tic current is proportional to Bcos 9 and it interacts
withthe component of the magneticfield equal to B siné.

Light
FIG. 2. Closed c¢ircu-
‘l'L"ii T lating current in a
o E. sample: a) change in the
. E E density of the magneto-
3 diffusion current along
il the direction of a light
ight beam directed parallel

to the y axis (the mag-
netic field i{s applied

b along the x axis); b)
circulating current.
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FIG. 3. Photomagneto-
mechanical effect: 1)
cylindrical sample; 2)
supporting needle.

The torque acting on the current-carrying frame is
proportional to Bcos 8- Bsin6=(1/2)B*sin26. This
torque remains constant when the magnetic field direc-
tion is reversed and it reaches its maximum value for
6= 45° and 135°,

This phenomenon, which can be called the photomag-
netomechanical effect, is easy to study because no

_electrical contacts are needed.

The discovery of the odd PEM effect was soon fol-
lowed by the discovery of an even photoelectromagnetic
potential (whose sign does not change when the direction
of the magnetic field is reversed),? which varies along
the projection of the magnetic field onto the plane of the
sample (along bd’ in Fig. 4) when the magnetic field
makes an angle of 8% 90° with the normal to the plane
of the sample (Fig. 4).

This even PEM effect appears as a result of the ac-
tion of the external magnetic field on the closed cir-
culating current, 3% 3!

The PEM effect has now been investigated in almost
all the known semiconductors.*-?!' It has become a
simple and reliable method for the determination of
very important parameters of semiconducting materi-
als, such as the lifetime, surface recombination veloc-
ity, diffusion length, and carrier mobility. There are
many papers and monographs on the methodology of
determination of these parameters,2¢~%°

Since the photomagnetic current is proportional to the
intensity of the incident light and the magnetic field,
the PEM effect has been utilized in photodetectors and
magnetometers which have a number of valuable ad-
vantages. Photodetectors based on the PEM effect
differ from photodiodes by a very wide range of lin-
ear dependence of the signal on the illumination inten-
sity. Moreover, such detectors are characterized by
a short response time and can be used in studies of
fast processes.,

A photomagnetic magnetometer (see Sec. 2), like a

FIG. 4. Even PEM effect.
The electric field due to
this effect appears along

7 the b’b direction and the
¥ field due to the odd effect
along a’'a.
Light
i. K. Kikoin and S. D. Lazarev 298




PEM photodetector, does not require an external elec-
tric field and has a short response time.

b. Theory of photoelectromagnetic effect

The first explanation of the PEM effect was given by
Frenkel’,?® who pointed out that, in principle, it is
necessary to take into account the presence of carriers
of charges of opposite sign. However, Frenkel’ as-
sumed that under open-circuit conditions the current
density at each point in the sample is zero. Van
Roosbroeck?® showed that this condition is far too strin-
gent: it is simply necessary that the total current
through the cross section of the sample is zero.

We shall calculate the electric field created by the
PEM effect in a crystal with isotropic laws of disper-
sion of electrons and holes in the simple geometry
shown in Fig, 1. In this case the expressions for the
currents along the two directions at right-angles to the
magnetic field can be written in the form

:0’5‘72E1+0§7;)(Ey+i0_;".)+0(1’)£ +a<w(E _%‘76_7)’ (1)

— o, +a(")(E +1 a,,. )+0'(P)E +g<p)(E _% a;: ). @

where o{?’ and ¢{f’ are the components of the electron
and hole conductivity tensors (0,,=0_=0,,=0); £, and
t, are the chemical potentials of electrons and holes.
The expressions (1) and (2) should be supplemented by
the condition that the current density in the direction of
incidence of light is zero

jy=0 &)

and that the total current through the (y, z) cross sec-
tion is also zero:

frea—o. (@)

If we assume that the components of the conductivity
tensors do not vary across the thickness of the sample,
which is true under weak excitation conditions (An, Ap
<ny, Po), We find from Egs. (1)-(4) that the electric
field due to the PEM effect is

‘7;7;/)05,5)) Aln— ("S;)C'(yl;)’_ "gl)ogl;)) ALp (5)

- .
T edl(ol) + o) (0§ + 0B — (0l o) (o) + o)

(u(p)a( n)

which is expressed in terms of the quantities Ag,=¢,(0)
- &), AL, =¢,(0) - £,(d), governed by an inhomogeneous
distribution of carriers in the illuminated sample.

If carriers are not degenerate, then n«exp(t,/ kT),
p<exp(-t,/kT), and we have
n () P(0) (6
@ P@
where n(0), n(d) and p(0), p(d) are, respectively, the
electron and hole densities on the illuminated and dark
sides of the sample. In the case of weak excitation of
an n-type sample (An= Ap <« po << ny), We have

>> Ab, = kT
It then follows from Eq. (5) that

AlLp=kTIn ——, Alp,=—kTIn -2

— AL, = kT

AT Ap oolP) — oBglr )
== "d po a"‘)o("’—cr(")o“" ’
or, in the more symmetric form,
kT Ap

E.= %

(pLot®) 4 ptrote), (8)

Po xx XY

where Psu:"i_ul is the resistivity tensor.
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Thus, the problem of determination of the electric
field due to the PEM effect in a specific semiconductor
(whose properties are governed by the tensors ¢{?’ and
0{2’) reduces to the determination of the d1str1but10n
of the excess carrier density across the thickness of
the illuminated sample, This distribution can be found
by solving the relevant diffusion equation allowing for
the characteristics of the incident light, and also for
the recombination of nonequilibrium carriers in the
bulk and on the surface,

In the more general case of an arbitrary orientation
of a magnetic field when the direction of diffusion of
photocarriers (unit vector q) is perpendicular to the
direction of the PEM electric field (unit vector e), Eq.
(8) can be generalized in a natural manner to*®

E-e = _iﬂ (e p(ﬂ)g(ﬂ)q])_ (9)

]

In a weak magnetlc field the tensors p,, and 0,; can be
expanded as series of powers of H, Consequently, in
the case of a cubic crystal we obtain {the last term in
Eq. (10) was derived by V, N. Sobakin; see also Kagan
and Smorodinskii®]

Ey= Liein g+ LoH qu Hy + Lygi HY + ein [Lugn H A LsHy (g, HD),

(10)

where L,, L,, L,, L,, and L, are the constants of the
semiconductor; e;,, is a completely antisymmetric unit
third-rank tensor (no summation is carried out with
respect to the italic indices).

In the above expression the first two terms corres-
pond to the isotropic odd (E£_) and even (E,) PEM effects,
whereas the last two describe respectively the anisot-
ropy of the even and odd PEM effects. An analysis
shows that, irrespective of the orientation of a crystal,
the odd PEM effect is purely anisotropic (it disappears
in the isotropic case) if the vectors e, q, and H are in
the same plane, whereas the even PEM effect is purely
anisotropic if the vector e is perpendicular to the plane
defined by the vectors q and H.

A complete analysis of the photomagnetic (particular-
ly anisotropic) effects requires the knowledge of the
tensors o{7’ and ¢{?’ for arbitrary values of the mag-
netic field and arbitrary orientation of a crystal. In
the case of Ge and Si the hole band anisotropy can be
ignored compared with the very strong anisotropy of
the electron constant-energy surface. Investigations
of the dependences of the various components of the
PEM effect on the magnetic field and orientation of a
crystal can be found for this case in the papers of
Kagan and Sobakin,*»*? By way of example, we shall
give an expression for the electric field of the even
PEM effect when the illuminated surface of a sample
coincides with the (111) crystallographic plane. In the
limit of a weak magnetic field, we then have

+= L, [{%sin 20 cos gy L LyH? [% sin 20 cos gq +ﬁ sin%8 cos (3¢ — 2%)] ,

(11)
where 6 is the angle between the direction of the mag-
netic field and the normal to the plane of the sample
(Fig. 4), ¢ is the angle between the [110] direction and
the electric field E,, and ¢, is the angle between the
projection of the magnetic field onto the plane of the
sample and the direction of £:. Most of the experiments
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on the anisotropy of the even PEM effect have been
carried out using the geometry corresponding to ¢,= 7/
2, when E, is measured only along the same direction
(shown as bb’ in Fig, 4) as the odd photomagnetic emf.
In this case, Eq. (11) simplifies to

1

25in?
V3 LyH?5sin?6 cos 3o,

Ey= —~ (117)

1t follows from general considerations3®?? that in the
case of cubic crystals the anisotropic part of the emf
due to the even PEM effect saturates in a classically
strong magnetic field and the anisotropic part of the
odd PEM emf has an extremum in moderate magnetic
fields but disappears in strong magnetic fields.

In general, the angular and field dependences of the
measured electric field, which is the sum of the iso-
tropic and anisotropic components of the even and odd
PEM effects, are very complex (this is discussed be-
low). Nevertheless, the agreement between the theory
and experiments carried out on the PEM effect in cubic
crystals can be regarded as good.

The possibility of appearance of the PEM effect in
unipolar semiconductors was discussed by Grinberg
and Ryvkin,”™ In this case we may expect only a transi-
ent PEM effect associated with the establishment of a
diffusion-drift equilibrium in the direction of the pho-
tocarrier gradient. The time taken to establish such
an equilibrium (known as the Maxwellian time 7, ~ €/0)
is usually very short and, therefore, the magnitude of
the transient effect must also be very small,

c. Experimental investigations of photoelectromagnetic
effect

We shall not describe the numerous experimental in-
vestigations of the isotropic odd and even PEM ef-
fects!-2:*2° in which dependences have been obtained of
the relevant photomagnetic emf on the magnetic field,
illumination intensity, velocities of bulk and surface
carrier recombination, etc. (for the review see
Ravich’s monograph??). We shall discuss only the finer
experiments concerned with the anisotropy of the PEM
effects, whose existence was first discovered in »n-
type Ge®* in a study of the even PEM effect in a weak
magnetic field.

Figure 5 shows the asymmetry of the angular depen-
dence of E,(0) associated with the anisotropic compo-
nent of E,. Later, a special method® was developed for
investigating the anisotropy of the photomagnetic ef-
fects. In the traditional method (used to investigate
the anisotropy of the galvanomagnetic effects) the mea-

%, mv

wl FIG. 5. Discovery of
the anisotropy of the even
PEM effect. The curve
shows the asymmetry of
the angular dependence of
the even PEM emf
developed in a germantum
gingle crystal: V, (6=90°
=0, H=1.,5T, T=300°K.

A0 "
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FIG. 6. Shape of a sample
used in investigations of
the anisotropy of the PEM
effects. Conductors
establishing good ohmic
connections are soldered
to each tooth of the disk.

surements have been carried out on different samples
with different orientations of the crystallographic axes
and an analysis of the results obtained has yielded the
anisotropy pattern. However, the PEM emf is very
sensitive to the parameter representing the quality of
the sample surface (surface recombination velocity).
Consequently, it is very difficult to prepare a batch of
identical samples with the same photomagnetic emf
(because of different values of the surface recombina-
tion velocity). Therefore, the anisotropy of the PEM
effect is studied by recording the anisotropy curves for
the same sample, The sample is in the form of a flat
disk, whose periphery is cut to form gear-like teeth
(Fig. 6). This is done in such a way that the plane of
the disk coincides with one of the crystallographic
planes (111), (110), or (100). Rotation of a sample in
a magnetic field about an axis perpendicular to the disk
plane (through an angle ¢) and measurements of the
photomagnetic emf between the diametrically opposite
contacts give an anisotropic curve for the sample in
question. At the same time the PEM emf is determined
as a function of the angle 6 (which is the angle between
the magnetic field and the normal to the plane of the
sample). In studies of the anisotropic photomagnetic
effect some of the experiments have been carried out
in such a way that the incident light beam (and the di-
rection of the diffusion flux of carriers) has been the
same as the direction of the magnetic field. In this
case there are no isotropic photomagnetic effects.
Cylindrical samples are most convenient for such mea-
surements, A sample of this kind is subjected to a
magnetic field in such a way that the cylinder axis is
perpendicular to the magnetic field, which is parallel
to the z axis (Fig. 7). This sample is illuminated so
that the light beam is parallel to the magnetic field and
the illuminated area is a narrow strip on the lateral
surface of the cylinder, parallel to its axis. Rotation
of the sample about its axis alters the relative orien-
tations of the crystallographic axes of the sample and
the magnetic field., Such experiments have been carried

FIG. 7. Cylindrical
sample for investigating
the anisotropy of the PEM
effects in a sample illu-
minated along the magnetic
field. The even and odd
PEM emf’s are measured
along the x axis.

Light
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- \\ __}L -\v/( FIG. 8. Anisotropy curves
of the even PEM effect in
st germanium. The [111]

axis was perpendicular to
the sample surface. H
1k =1,5T; T=300°K.
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out on Ge and Si samples oriented in such a way that
the cylinder axis coincides with the [111] crystallo-
graphic axis,

This method for measuring the anisotropic photomag-
netic effects in the case of illumination along the mag-
netic field is convenient because it provides an oppor-
tunity for continuous variation of the angle of rotation
of the sample (¢) in the magnetic field. There is some
difficulty because the homogeneity of the surface of the
sample has to be high since rotation causes light to fall
on different parts of the lateral surface of the cylinder,
If the surface homogeneity is insufficient, this may
distort the anisotropy curve. We shall begin by con-
sidering the experimental data on the even PEM effect,

Curve 2 in Fig. 8 shows the dependence of the even
PEM emf on the angle of rotation ¢ for §=45°. It
represents measurements carried out on a disk in the
direction of the projection of the magnetic field on the
disk surface, which coincides with the (111) plane. We
can see that the even PEM effect is strongly anisotrop-
ic. The period of the anisotropy curve is 27/3 since the
normal to the surface of the sample coincides with the
crystallographic axis of threefold symmetry, If the
anisotropy curve is recorded for §=90° (in this case
the plane of the sample is parallel to the magnetic
field), there is no isotropic component of the even PEM
effect (curve 1 in Fig, 8) and the measured PEM emf
is due to the anisotropy. In fact, curve 1 in Fig. 8 is
completely symmetric relative to the ¢ axis, Curve 2
in Fig. 8 is the sum of the isotropic and anisotropic
components of the even PEM effect. The purely aniso-
tropic component of the PEM effect is obtained also
when a sample is illuminated along the magnetic field.
The dependence of the even PEM (photomagnetic) emf
on the angle of rotation of a cylindrical sample (whose
axis coincides with a crystallographic axis and is per-
pendicular to the magnetic field) is identical with
curve 1 in Fig, 8, Moreover, it is found that the an-
gular dependences describing the relevant ratios [Eq.,
(10)] remain valid also in magnetic fields such that the

4=120° FIG. 9. Change of the sign

of the even PEM emf with

increasing magnetic field

(T=300°K, p-type Ge).

@ In the §=90° case measure-

7t ments were made of the
anisotropic component of

4 Oe the even PEM effect; for

7 i 6=120° and 60° the sum

w00 25000 of the isotropic and aniso-

tropic components of the
&0° effect were obtained.
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az FIG. 10. Anisotropy curve
ar of the even PEM emf in

pe germanium. The [100] axis
r 72.5 80 55y was perpendicular to the

sample surface: T=300°K,
H=1.6T, ¢,=r/2, 6=60°,

even PEM effect no longer varies quadratically with
the magnetic field (this applied to fields 0f~0.5-3 T
at T=2300°K). In this range of magnetic fields the
anisotropic and isotropic components of the even PEM
effect depend in different ways on the magnetic field
(Fig. 9). This is responsible for the reversal of the
sign as the magnetic field is increased, exhibited by
the experimentally determined even PEM emf of ger-
manium crystals, which occurs for certain values of
the angles 6 and ¢. (The measured emf is the sum of
the isotropic and anisotropic components of the even
PEM effect. The signs of these components and their
dependences on the magnetic field vary with the se-
lected angle. )**%° The anisotropy curve for a sample
whose surface coincides with the (100) crystallographic
plane is shown in Fig. 10 (6=60°, H=1.6 T).

This anisotropy of the PEM effect is associated with
the characteristic shapes of the constant-energy sur-
faces of carriers in germanium and silicon. Although
the surfaces of n-type germanium differ very greatly
from those of p-type germanium, the nature of the
anisotropy curves obtained at 7= 300°K in magnetic
fields up to 3 T is practically the same for n- and p-
type germanium, This insensitivity of the anisotropy
to the shape of the constant-energy surfaces is due to
the fact that the above experiments have been carried
out in relatively weak effective magnetic fields (de-
fined in terms of the parameter pH/c, where u is the
carrier mobility).

Experiments carried out in magnetic fieldsof 3T at
T ="T7°K3%% (in this case the parameter uH/ c rises
strongly because of an increase in the carrier mobility
i as a result of cooling) and also the experiments
carried out at 7'=3000°K in a field H~ 15 T®® have
demonstrated a considerable difference between the
anisotropy curves of n-type and p-type germanium.

Figure 11a shows the dependence of the anisotropic
even photomagnetic emf on the angle of rotation 6 ob-
tained for a sample of »n-type germanium oriented in
such a way that the [111] crystallographic axis coin-
cides with the normal to the illuminated surface. The
results in Fig. 11a represent the case when ¢ = 7/2
and T="T7°K. The individual curves correspond to
different values of the magnetic field, given in the
figure itself., The dependences of the anisotropic
even PEM emf on the magnetic field vary with the angle
6 (Fig. 11b), Similar curves for a p-type germanium
single crystal are quite different (Fig. 12).

A theoretical analysis of the anisotropy in high effec-
tive magnetic fields was carried out by Kagan and
Sobakin,? Their theory was found to be in excellent
agreement with the experimental data.

We shall now consider the experimental results on the
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FIG. 11. a) Anisotropy of the even PEM emf in high effective
magnetic fields (dependence of the even anisotropic PEM emf
for n-type Ge on the angle 8 at T="78°K; the (111] axis is
perpendicular to the sample surface); b) dependence of the
even anisotropic PEM emf of n-type Ge on the magnetic

field at T="78°K ([111] axis is perpendicular to the sample
surface).

odd PEM effect,

It follows from general considerations that in cubic
crystals (germanium, silicon) any effect which is
strictly speaking linear inrespect of the magnetic field
should be isotropic. The anisotropy of such effects
may appear only when the field dependence is no longer
linear.%® In the case of germanium single crystals the
deviation of the dependence of the odd PEM emf from
linearity occurs in fields of~0.5 T (T =333°K). These
experiments have been carried out on disk-shaped ger-
manium and silicon samples in accordance with the
method described above.*® The anisotropy curve of the
odd PEM effect of a germanium sample, oriented so
that the normal to its surface coincides with the [111]
crystallographic axis, is represented by curve 1 in
Fig. 13; in this case H=2.4 T, 4 =1/2, ¢,=1/2.

The anisotropic component of the odd PEM effect
has been measured along the direction of the magnetic
field or along the projection of this field on the plane
of the sample, i.e., for ¢,=0°. Measurements of the
anisotropic component of the odd effect along the mag-

FIG. 12.
magnetic fields applied to p~type Ge (dependence of the even
anisotropic PEM emf of p-type Ge on the angle § at T=178°K;
the [111] axis is perpendicular to the sample surface); b)
dependence of the even anisotropic PEM emf of p-type Ge on
the magnetic field at T=178°K (the [111] axis is perpendicular
to the sample surface).

a) Anisotropy of the even PEM emf in high effective
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FIG. 13. Anisotropy of
the odd PEM effect in
germanium single crystals:
1) measurements for @
=w/2, ¢y=n/2; 2) mea-
surements along the
magnetic field.
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netic field require high precision in the determination
of the angle of rotation ¢ in a magnetic field.

Curve 1 in Fig, 13 shows that the amplitude of the
“modulation” representing the magnitude of the aniso-
tropic component is about 2% of the isotropic compo-
nent. Therefore, if the angle ¢,#0 is set inaccurately,
then the anisotropic component of the odd PEM effect
includes a contribution from the isotropic component
equal to V,,sing,. This may distort the anisotropy
curve. Therefore, the instrument used to study the
anisotropy of the PEM effect has to be highly accurate.
(it should be possible to set the angle to within 30”),
The dependence of the anisotropic component of the odd
PEM effect on the angle of rotation ¢ in measurements
along the magnetic field is given in Fig. 13 (curve 2).

The latter curve corresponds to sixfold symmetry
and is described by. V_c«sin 6¢., The dependence of
the anisotropic component of the odd PEM effect on the
magnetic field is close to V_«< H®, The anisotropy of
the odd PEM effect has also been studied for silicon
single crystals. In high effective magnetic fields*! the
anisotropy curves of n- and p-type germanium single
crystals are very different., A theoretical analysis of
these questions can be found in the paper by Kagan and
Sobakin®? whose results are in good agreement with the
experimental data.

d. Photoelectromagnetic effect across p-n junctions

The photoelectromagnetic (photomagnetic) effect
across a p-n junction was discovered in 1961 by Kikoin
and Nikolaev,.®® The effect was observed in a germani-
um sample one part of which had p-type conduction and
the other n-type conduction; illumination of the p—n
junction subjected to a magnetic field produced a photo-
magnetic current across the p—»n junction plane,

The odd PEM effect across a p—» junction can be ex-
plained as follows (Fig. 14). The minority carriers
created by illumination diffuse into the sample and

Light 1
FIG. 14. Conditions for
the observation of the PEM
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toward the p-n junction. The photocarriers reaching
the junction cross it and create a photo-emf across the
junction. A magnetic field, indicated in Fig. 14, de-
flects the electron and hole fluxes toward the p—n
junction. The components of the minority carriers
traveling in the p- and n-type regions toward the junc-
tion are greater than the fluxes in the absence of a
magnetic field, This enhances the photocurrent and the
photo-emf across the p—-x junction in such a field.
When the direction of the magnetic field is reversed,
the photocarriers are deflected in opposite directions
and the photoeffect decreases. The effect is propor-
tional to the magnetic field and its sign is reversed

on reversal of the magnetic field direction.

A theory of the PEM effect across a p-» junction®®

is in good agreement with the experimental results,
In the case of a symmetric p—n junction (with the same
carrier mobilities u =pu, = i) illuminated sufficiently
strongly, we find that the PEM emf obtained under con-
ditions of saturation of the photomagnetic effect on in-
crease of the illumination intensity is given by**

63,66

U_ =M 2 (12)

This effect may be used to measure the intensity of a
magnetic field. An increase in the sensitivity of a
magnetometer of this kind is obtained by producing a
large number of p—» junctions arranged in series in a
semiconductor plate. Hlumination of such a plate re-
sults in mutual balancing out of the secondary photo-
voltaic effects at neighboring p—n junctions (because
the photo-emf’s of the neighboring p—n and n-p junc-
tions have opposite signs) but the photomagnetic emf’s
are added up (the signs of the PEM emf’s of the neigh-
boring p-n and n—p junctions are the same), The PEM
effect can then be observed in its pure form and not
against the background of the primary photo-emf. Ex-
periments implementing this idea were carried out on
an n-type germanium single crystal (p=30Q°cm). A
set of p—n junctions was produced by irradiation with
a rays, passed through a special mask with cuts, which
was placed above the sample. The a-ray source was
a cyclotron., Irradiation of n-type germanium single
crystals with « particles was known to cause inversion
of the type of conduction®” so that n-type germanium
acquired p-type conduction. This was used to produce
a set of p—n junctions, In this way twelve such p-n
junctions were produced in a plate of 16 X5%X0,3 mm
dimensions (Fig. 15). The experiments were carried
out in a magnetic field of 0.6 T using illumination of
3Xx10"™ photons * cm ™2 - sec™ intensity. The PEM emf
obtained on illumination of a single junction reached

1 mV (against the background of the photo-emf of 8
mV), whereas illumination of the whole sample pro-
duced 12 mV (in this case there was no photo-emf).
The same idea was implemented in a very interesting
manner in a study of the PEM effect in cadmium
telluride films with a special structure (known as anom-
alous photovoltage or APV films).%¥~"° The effect of
anomalously high photovoltages (APV effect) has been
discovered earlier in some semiconductor films
formed by “oblique” evaporation on a substrate. Such
films illuminated with relatively weak light generate
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photovoltages of the order of hundreds or even thousands
of volts per 1 cm of their length. According to the the-
oretical model,’®~™ such a film is a multilayer struc-
ture containing tens and hundreds of microscopic p-n
junctions shunted by the photovoltaically passive but
photoconducting “bulk” of the film (Fig. 16). Because
of the characteristic structure of such a film, only half
the junctions are illuminated by a normally incident
beam. As shown in Fig. 16, only the p—-» junctions are
illuminated and all the neighboring n-p junctions are in
darkness. Consequently, the photovoltaic effects pro-
duced by the junctions are additive and the APV effect
is produced. The PEM effect was measured in such a
structure.”™ The strong background of the APV effect
was eliminated by ensuring normal rather than oblique
incidence of CdTe on the substrate during evaporation.
Such films showed no APV effect and the PEM effect
was measured practically against zero background.,
When the illumination intensity was 2.8 X 10° 1* per 1
cm of the length of the CdTe film, the PEM emf
reached a value exceeding 100 V in a magnetic field of
8 T. The emf was a linear function of the magnetic
field. The optical-frequency resistance was ~10!% Q
and the film thickness was~1 u. The theoretical mod-
el made it possible to estimate the number N of p-n
junctions per 1 cm, as well as the photocarrier mobil-
ity p.

It was found that N=5x10* and p =300 cm2- V-1
sec™, The sensitivity of such a film magnetometer
amounted to a few millivolts per oersted, which was
not inferior to the sensitivity of the traditionally used
Hall magnetometers.

3. PHOTOTHERMOELECTRIC EFFECT

a. Optical heating of electron

We have mentioned above that the photoelectromag-
netic (photomagnetic) effect is essentially the Hall ef-
fect due to the diffusion-drift flux of thermalized (i.e.,
having the lattice temperature) electrons and holes -
associated with the establishment of a carrier density
gradient in a semiconductor as a result of its illumina-
tion. Clearly, the PEM emf should exist also for other
mechanisms creating a carrier flux. If such a flux
is associated with a temperature gradient in a crystal,
then the Nernst-Ettingshausen effects appears and in
many cases this may be much greater than the “pure”
PEM effect. The Nernst-Ettingshausen effect obvi-

*Vpv' 7 pEM

FI1G. 16. Physical model of an APV film in the form of a
multilayer structure of p-» junctions shunted by the photo-
voltaically passive “bulk” of the film.
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ously explains the observations of the “photomagnetic”
emf in bismuth, 4*-%°

Another possible reason for the appearance of a
carrier flux is, for example, inhomogeneous heating
by the incident light (visible or of longer wavelengths),
This may occur when the excess energy of the photo-
electrons is transferred rapidly (compared with their
lifetime) to the equilibrium electron system by the
electron—-electron interaction. However, if the trans-
fer of energy from the equilibrium electrons to the lat-
tice is slow, the former may be heated and their effec-
tive temperature 7, may exceed the lattice tempera-
ture 7,. Illumination of a semiconductor under these
conditions produces not only a carrier density gradient
but also an effective temperature gradient, which
the case of weak excitation and low lattice temperatures
may govern all the features of the photomagnetic pheno-
mena®®™® agsociated in this case with the photothermo-
electromagnetic (PTEM) effect.

Once again Eq. (5) describes the electric field of the
photomagnetic effect (it is assumed that T,-Ty<Ty).
For simplicity, we shall consider an xn-type semicon-
ductor with nondegenerate electrons. In this case we
have n=N_exp(t,/ kT, and for n=const, we obtain Af,
=_kAT,In (N /n), where AT,=T,(0) - T(d) and T,(0)
and 7,(d) are the effective temperatures of electrons
on the illuminated and dark surfaces of a sample. Sub-
stituting the obtained expression for A, in Eq. (5), we
find (assuming the holes are not heated and Af,=0)

KTy AT,
Ey= ——3 75 (0500 + o).

(13)

We can see that the problem reduces to the deter-
mination of the electron temperature and its distribu-
tion across the thickness of a sample. In contrast to
the classical PEM effect, governed by the change in the
minority carrier density [see Eq. (8)], the magnitude
of the PTEM effect considered here depends on the
majority-carrier heating,

The distribution T,(y) is governed by the effective
energy &, transferred by one photoelectron to the equi-
librium electron system and by the relaxation time 7.
of the energy of the equilibrium electrons®®-%°

AT, « €4 Toe

(14)

The value of €,,, depends strongly on the electron
density: at high values of # all the photoelectron ener-
gy (equal to kv - €, where v is the frequency of light
and g, is the band gap) is transferred to the equilibrium
electron system, whereas for low values of » the pho-
toelectrons lose their energy mainly by emission of op-
tical phonons and only the residue is given up to the
equilibrium electron system. In the latter case the
spectral dependences of ¢,,, and T, oscillate with a
period equal to the optical phonon frequency. There
should be similar oscillations in the value of E_.

In a quantizing magnetic field the probability of emis-
sion of an optical phonon by a photoelectron has its
highest value (i.e., the value of £, is minimal) when
NQ=w,, where Q is the cyclotron frequency and N is
an integer. This should give rise to magnetophonon
oscillations of the PEM effect. Moreover, there should
be the usual Shubnikov oscillations of E_ associated
with quantum oscillations of the conduetivity.
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The energy relaxation time 7. depends on the lattice
temperature. For example, in the case of InSb at T,
> 20°K the main contribution to the energy losses is
made by optical phonons. In this case we have 7, xexp
X(fiwy/T,), where w, is the limiting frequency of the op-
tical phonons. The rapidly varying exponential function
governs the temperature dependence of the heating pho-
tomagnetic effect in the temperature range 20-100°K.
At lower temperatures the value of 7, is governed by
the interaction of electrons with the acoustic phonons.

In the case of semiconductors with a low carrier
density and a short photoelectron lifetime the time is
insufficient for the loss of excess energy by photoelec-
trons (we are speaking here of the residue left after the
fast emission of the optical phonons). Heating of the
majority carriers does not occur and all the features

. of the photoelectric and photomagnetic phenomena are

now associated with a small group of high-energy pho-
toelectrons.% Such a model applies to pure semicon-
ductors (z <102 cm™%) in weak magnetic fields (H < 0,01
T).

b. Experimental investigations of the
photothermoelectromagnetic effect

Investigations of the PEM effect at helium tempera-
tures started in the sixties. The very first experiments
revealed a number of features of the photomagnetic ef-
fect which did not fit the usual diffusion model, Os-
cillations of the odd and even PEM effects with the
magnetic field were discovered in 1966.* The experi-
ments were carried out on n-type InSb single crystals
with carrier densities of 10'® cm™ at T=4.2°K (Fig.
17). Oscillations of the PEM effect, resulting in a
periodic variation of the sign of the photomagnetic emf
with the magnetic field, were discovered in 1967 in n-
type InAs single crystals (Fig. 18). The experiments
were carried out in the temperature range 1.7-4.2°K
in magnetic fields up to 6.5 T.*’

An attempt to explain oscillations of the photomag- .
netic current by quantum (Shubnikov) oscillations of the
resistivity of a sample in a magnetic field was unsuc-
cessful. The photomagnetic current oscillated much
more strongly than did the magnetoresistance. Os-
cillations of the PEM effect in some InSb and InAs
samples exhibited a change of sign, which in no way
could be explained by the oscillatory dependence of the
magnetoresistance. One should also point out another
feature of the oscillations of the photomagnetic current.

Vegy. MV

FIG. 17. Oscillations of the
odd (curve 1) and even (curve
2) PEM emf’s as the mag-
netic field is increased. 7T
=4.2°K, n-type InSb, n
=101%m"?,
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FIG. 18. Giant alternating oscillations of the PEM effect in a
magnetic field. 7'=4.2°K, n-type InAs, n=9.2 x 10! cm-3,

The range of existence of the oscillations (z-type InSb,
n=10" em™3, Fig. 17) extended up to magnetic fields

of 1.7 T. This magnetic field was beyond the quantum
limit for a sample with this carrier density (i.e., 7

> £, and, consequently, the quantization conditions
were not satisfied). Further investigations®® gshowed
that in addition to the Shubnikov—-de Haas oscillations

of the PEM effect there were also magnetophonon
oscillations,* which appeared because of the resonance
nature of the inelastic scattering of electrons by the op-
tical vibrations of a crystal. Interaction of electrons
with the optical phonons was amplified every time the
energy of a longitudinal optical phonon kw, became
equal to the gap between the Landau levels #§2. The
period of the magnetophonon oscillations was indepen-
dent of the carrier density (in contrast to the Shubni-
kov-de Haas oscillations) and was governed by the ef-
fective electron mass and the limiting phonon frequency.
Such oscillations could be observed in the quantum
limit, when the Shubnikov-de Haas oscillations were
impossible. In the case of the magnetophonon oscilla-
tions the necessary condition was the excitation of the
optical vibrations and, therefore, these oscillations
were usually observed at much higher temperatures
than the Shubnikov-de Haas oscillations. However,

the oscillations of the PEM effect were found at T~4°K,
when the optical vibrations were not normally excited
and when other transport effects showed no such oscilla-
tions.

One should mention also a number of other investi-
gations reporting results which did not fit the diffusion
representation. Oscillations of the PEM effect due to
variation of the incident-light frequency were observed
at helium temperature.®*5! The period of these oscilla-
tions was equal to the longitudinal optical phonon fre-
quency w,. These measurements were carried out on
n- and p- type InSb samples, The temperature depen-
dences of the short-circuit photomagnetic current in
n-type InSb indicated that the current increased (by a
factor of 30-40) when the temperature was lowered
from 50 to 15°K. Further cooling caused the current
to reach a saturation value, At the same time the elec-
tron and hole lifetimes changed only slightly, 5%53

Under weak illumination conditions (An<<x,) it was
found that samples of InSb and InAs exhibited a deviation
from the linear dependence of the photomagnetic emf on
the light flux.** In certain magnetic fields the PEM emf
changed sign when the illumination intensity was in-
creased (Fig. 19). These measurements were carried
out on a sample illuminated with white light and also
with monochromatic light over a fairly wide spectral
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FIG. 19. Anomalous dependence of the PEM emf on the inten-
sity of the light incident on a sample of n-type InSb with »=5.5
x 10! ¢m3 at T=4.2°K. Curves 1—4 were obtained in different
magnetic fields, whose values can be deduced from the inset.

range.

In addition to the PEM effect, other photoeffects were
studied at low temperatures: these included photocon-
ducitivty,’® Hall photoelectric effect,%® etc. Several in-
teresting phenomena were observed. The most striking
among them were the oscillations of the photoconduc-
tivity with the magnetic field which showed reversal
of the sign (sample of n-type InAs, T=4.2°K). In cer-
tain magnetic fields the resistance of a sample in-
creased on illumination (Fig. 20).

Experimental investigations of the photoelectromag-
netic phenomena at low temperatures led to some
modification of the theory of photoelectric effects.

All the features of the photomagnetic and photoelec-
tric effects in quantizing magnetic fields observed in
degenerate semiconductors (with carrier densities in
the range n 2 103 em™3) could be explained satisfactorily
by the model of heating of electrons by the incident
light. The decisive argument in support of this model
was provided by a comparative investigation of the pho-
tomagnetic and photothermomagnetic effects, which ap-
peared when electrons were heated by microwave radi-
ation, 8!

Dependences of the PEM emf and of the PTEM effect
(Fig. 21) on the magnetic field were found to be com-
pletely identical. In particular, both effects exhibited
a change of sign in the same magnetic field. Hence,
the observed emf was essentially the manifestation of
the Nernst effect due to hot electrons, which—in prin-
ciple—could change its sign in a magnetic field. The
contribution of the diffusion term was negligible. This
accounted for the magnetophonon oscillations of the
PEM effect at helium temperatures, which were thus
due to oscillations of the energy lost by hot photoelec-
trons due to interaction with the optical phonons. It
should be pointed out that the magnetophonon oscilla-
tions were not observed in measurements of the PTEM
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FIG. 20. Dependence of the photoconductivity of n-type InAs
(n=1.8x 10'¢ cm= and T=4.2 °K) on a transverse magnetic
field. The ordinate gives the difference between the dark re-
sistivity p,(H) and the resistivity of an illuminated sample in
a transverse magnetic field p;(H).
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effect because there were no photoelectrons. Mea-
surements of the PEM and PTEM effects in the same
sample provided a convenient method for detecting the
magnetophonon oscillations.

The above model explains practically all the “anom-
alies” observed in studies of the PEM effect at low
temperatures. The spectral oscillations of the PEM
effect are due to oscillations of the energy €,,, given
up by photoelectrons to the equilibrium electron sys-
tem, In the diffusion theory the PEM effect is in-
dependent of the frequency of the incident light, The
exponential rise of the photomagnetic current as a re-
sult of cooling is due to an increase of the contribution
made by the heated electrons. At low temperatures
the conditions are favorable for the effective heating of
carriers by the incident radiation and the phenomena
associated with the excess electron temperature pre-
dominate over the carrier-density effects. The photo-
conductivity is due to the heating of the equilibrium
electrons by electron-electron interaction with the
relaxing photoelectrons, which alters the mobility of
the equilibrium electrons and the dark conductivity.
According to the diffusion theory, the photoconduct-
ivity cannot change its sign when the magnetic field &
is varied, but in the case of electron heating by the
incident radiation in quantizing magnetic fields the
photoconductivity becomes negative in fields correspon-
ding to the magnetoresistance minimum.®” This result
is in agreement with the experimental data.

4, RADIATION ELECTROMAGNETIC EFFECT

Recent experiments™ involved irradiation of a homo-
geneous germanium single crystal, subjected to a mag-
netic field, with a flux of ionizing particles (o rays,
protons). This gave rise to the radiation electromag-
netic (REM) effect in a direction perpendicular to the

REM, mV
&
40
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4

FIG. 22. Radiation electromagnetic effect in a germanium sin-
gle crystal presented as the dependence of the emf on the mag-
netic field. The a-ray dose rate was N=8x 10" cm™- sec™!
and the a-ray energy was 40 MeV.
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magnetic field and to the particle beam; the resultant
emf changed its sign when the magnetic field was re-
versed. A cyclotron was used as the a-ray source.
The experiments were carried out on »- and p-type
germanium single crystals (resistivity 30-60 Q+cm)
which were irradiated with single pulses of 100-400
usec duration (to avoid heating the samples). Contacts
were deposited on the unirradiated part of the surface
and were protected from the direct incidence of the
o-ray beam,

Figures 22 and 23 show the linear dependences of the
REM emf on the magnetic field and on the ¢-ray flux
for a sample of n-type germanium (the a-ray energy
was 40 MeV). The magnitude of the effect depended
weakly on the a-ray energy (this energy was in the
range 5-40 MeV),

Measurements of the photomagnetic and Hall effects
on a-particle-irradiated samples demonstrated a strong
reduction (by a factor exceeding 10) of the photomag-
netic emf (compared with the effect observed for an
unirradiated sample) and an inversion of the sign of the
Hall emf in n-type germanium,. An irradiated sample
became strongly inhomogeneous along the direction of
irradiation. A surface p-n junction was formed in the
sample. The current-voltage characteristic of the
irradiated sample (the electrodes were located on the
front, i.e., irradiated, and the opposite faces of the
sample) was of the shape typical of p~n junctions. The
REM effect was clearly associated with the p—» junc-
tion created by irradiation. To form an abrupt p-n
junction a highly monochromatic a-ray beam is re-
quired (in the cyclotron experiments the scatter of the
a-ray energies did not exceed 1-2%). When the ener-
gy spectrum of the a rays was spread out over a wide
range (i.e., when the same sample was irradiated
successively by a rays of different energies), the mea-
sured REM emf decreased practically to zero, When
the REM effect was investigated using a radioactive
238py g-ray source’® the a particles had a considerable
scatter of energies because of the absorption in the
substrate material. The REM effect measured under
these conditions diminished strongly on increase of the
duration of irradiation., When the REM effect was mea-
sured in n-type Ge (p=30£° cm) using cyclotron-accel-
erated o rays, the REM emf increased with time from
one irradiation pulse to another and after 40-50 pulses
(the a-ray dose rate was 10*2 cm™2 - sec™ and the pulse
duration was 200 usec) there was no further change in
the emf, Clearly, 40-50 pulses at this a-ray dose
rate were sufficient to complete the formation of a p-n
junction, These experiments suggested that the resul-
tant emf could be due to some phenomenon associated
with electron.emission resulting from the bombard-
ment of the sample with o rays. Clearly, this electron
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emission could not depend on the spreading of the ener-
gy spectrum of the a rays or on the number of the a-
ray pulses. A study was also made of the even REM
effect. The magnitude of the even REM emf was about
~ 10 times smaller than the corresponding odd emf. A
quantitative theory of the REM effect is not yet avail-
able.

5. CONCLUSIONS

The main mechanisms and laws governing the photo-
electromagnetic (photomagnetic) effects in semicon-
ductors can now be regarded as fully established. How-
ever, as in any other “live” research topic, there are
a number of physical problems which have yet to be
explained theoretically or solved experimentally.

Experience shows that the “center of gravity” of the
topics discussed above is shifting. It seems that in the
near future the most important task will be to investi-
gate the physics of the REM effect, the anisotropy of
the heating PTEM effect, and the PEM effect in quan-
tizing magnetic fields. Undoubtedly, such investiga-
tions will extend our ideas on these phenomena.

11. K. Kikoin and M. N. Noskov, Phys. Z. Sowjetumion 5,
586 (1934).

21, K. Kikoin, Dokl. Akad. Nauk SSSR 3, 418 (1934).

%. K. Kikoin and S. D. Lazarev, J. Phys. Chem. Solids 28,
1237 (1967).

4T, 8. Moss, L. Pincherle, and A. M. Woodward, Proc.
Phys. Soc. London Sect. B 66, 743 (1953).

5P. Aigrain and H. Bulliard, C. R. Acad. Sci. 236, 595, 672
(1953).

’H. H. Bulliard, Phys. Rev. 94, 1564 (1954),

'S. W. Kurnick and R. N. Zitter, J. Appl. Phys. 27, 278
(1956).

8C. Hilsum, D. J. Oliver, and G. J. Rickayzen, J. Electron.
1, 134 (1955).

‘7. R. Dixon, Phys. Rev. 107, 374 (1957).

10M . P. Mikhailova, D. N. Nasledov, and S. V. Slobodchikov,
Fiz. Tverd. Tela (Leningrad) 4, 1227 (1962) [Sov. Phys.
Solid State 4, 890 (1962)].

UA. Amith, Phys. Rev. 116, 793 (1959).

127, S. Moss, Proc. Phys. Soc. London Sect. B 66, 993
(1953).

13y, 7. Auth, J. Phys. Chem. Solids 18, 261 (1961).

4B, T. Kolomiets and A. A. Mal’kova, Fiz. Tverd. Tela
(Leni])lg‘rad) 5, 1219 (1963) [Sov. Phys. Solid State 5, 889
(1963)].

15K. Thiessen and G. Jungk, Phys. Status Solidi 2, 473 (1962).

16A. P. De Carvalho, C. R. Acad. Sci. 244, 461 (1957).

1D, Kh. Amirkbanova, Fiz. Tverd. Tela (Leningrad) 2,
1125 (1960) {Sov. Phys. Solid State 2, 1019 (1960)].

138G, N. Sever, A. M. Efimova, V. I. Nikolaev, and B. M.
Orlov, Fiz. Tekh. Poluprovodn. 8, 1364 (1974) [Sov. Phys.
Semicond. 8, 885 (1975)].

19, Adduci, A. Cingolani, M. Ferrara, A. Minafra, and
P. Tantalo, J. Appl. Phys. 45, 5000 (1974).

20F. Adduci, A. Cingolani, M. Ferrara, M. Lugara, and
A. Minafra, J. Appl. Phys. 48, 342 (1977)

R Naimanbaev, Izv. Akad. Nauk Uzb. SSR Ser. Fiz.-Mat.
Nauk No. 6, 74 (1976).

2Zya, 1. (J.) Frenkel’, Phys. Z. Sowjetunion 5, 597 (1934);
8, 185 (1935).

25W. Van Roosbroeck, Phys. Rev. 101, 1713 (1956).

24yu. 1. Ravich, Fotomagmtnyl éffekt v poluprovodnikakh i
ego primenenie (Photomagnetic Effects in Semiconductors
and its Applications), Sovet-skoe Radio, M., 1967.

253, G. Kalashnikov and E. G. Landsberg, Zh. Tekh. Fiz.
28, 1387 (1958) {Sov. Phys. Tech. Phys. 3, 1288 (1959)].

307 Sov. Phys. Usp. 21(4), April 1978

%A, A. Grinberg, Fiz. Tverd. Tela (Leningrad) 2, 836
(1960) [Sov. Phys. Solid State 2, 766 (1960)].

e, M. Buck and F. S. McKim, Phys. Rev. 106, 904 (1957).

A, P. Komar, N. M. Reinov, and S, S, Shalyt, Dokl. Akad,
Nauk SSSR 96, 47 (1954).

2%y . P. Sushkov and M. 1. Iglitsyn, Fiz. Tverd. Tela
(Lenin]grad) 6, 3107 (1964) [Sov. Phys. Solid State 6, 2476
(1965)1.

8%, M. Lifshits (Lifshitz), Phys. Z. Sowjetunion 9, 641
(1936).

3'H, Bulliard, Ann. Phys. (Paris) 9, 52 (1954).

%I. K. Kikoin and Yu. A. Bykovskil, Dokl. Akad. Nauk SSSR
116, 381 (1957) {Sov. Phys. Dokl. 2, 447 (1958)].

33yu. M. Kagan and Ya. A. Smorodinski{, Zh. Eksp. Teor.
Fiz. 34, 1346 (1958) [Sov. Phys. JETP 7, 929 (1958)].

1, K. Kikoin and Yu. A. Bykovskil, Dokl. Akad. Nauk SSSR
109, 735 (1956) [Sov. Phys. Dokl. 1, 473 (1957)].

%1, K. Kikoin and 8. D. Lazarev, Dokl. Akad. Nauk SSSR
135, 1371 (1960) [Sov. Phys. Dokl. 5, 1313 (1961)].

%1, K. Kikoin and S. D. Lazarev, Zh. Eksp. Teor. Fiz. 39,
1471 (1960) [Sov. Phys. JETP 12, 1022 (1961)].

3, K. Kikoin and S. D. Lazarev, Fiz. Tverd. Tela
(Leningrad) 7, 2564 (1965) [Sov. Phys. Solid State 7, 2072
(1966)].

%], N. Nikolaev, Zh. Eksp. Teor. Fiz. 45, 1678 (1963)
[Sov. Phys. JETP 18, 1150 (1964)].

3¥Yu. M. Kagan and V. N. Sobakin, J. Phys. Chem. Solids
26, 597 (1966).

401, K. Kikoin and S. D. Lazarev, Zh. Eksp. Teor. Fiz. 41,
1332 (1961) [Sov. Phys. JETP 14, 947 (1962)].

41, K. Kikoin and S. D. Lazarev, Pis’'ma Zh. Eksp. Teor.
Fiz. 2, 75 (1965) [JETP Lett. 2, 47 (1965)].

$2yu. M. Kagan and V. N. Sobakin, Pis’ma Zh. Eksp. Teor.
Fiz. 2, 71 (1965) JETP Lett. 2, 44 (1965)].

437, Young, Phys. Rev. 117, 1244 (1960).

4R, N. Zitter, Phys. Rev. Lett. 14, 14 (1965).

45T, Morimoto, M. Chiba, and S. Takeda, Phys. Lett. A 62,
107 (1977).

461, K. Kikoin and S. D. Lazarev, Pis’'ma Zh. Eksp. Teor.
Fiz. 3, 434 (1966) [JETP Lett. 3, 285 (1966)].

4. K. Kikoin and S. D. Lazarev, Pis’ma Zh. Eksp. Teor.
Fiz. 5, 393 (1967) [JETP Lett. 5, 321 (1967)].

#R, V. Parfen’ev, I. I. Farbshteln, and S. S. Shalyt, Zh.
Eksp. Teor. Fiz. 53, 1571 (1967) {Sov. Phys. JETP 26,
906 (1968)].

4% . L. Gurevich and Yu. A. Firsov, Zh. Eksp, Teor. Fiz.
40, 199 (1961) [Sov. Phys. JETP 13, 137 (1961)].

SD. N. Nasledov, Yu. G. Popov, and Yu. S. Smetannikova,
Fiz. Tverd. Tela (Leningrad) 6, 3728 (1964) [Sov. Phys.
Solid State 6, 2989 (1965)].

5D, N. Nasledov, Yu. G. Popov, Yu. S. Smetannikova, and
I. N. Yassievich, Fiz. Tverd. Tela (Leningrad) 8, 2853
(1966) [Sov. Phys. Solid State 8, 2282 (1967)].

52D. N. Nasledov and Yu. G. Popov, Fiz. Tverd. Tela
(Lem;\grad) 5, 3031 (1963) [Sov. Phys. Solid State 5, 2219
(1964)]

3R. I. Lyagushchenko, D. N. Nasledov, Yu. G. Popov, and
I. N. Yassievich, Pis’'ma Zh. Eksp. Teor. Fiz. 6, 845
(1967) [DETP Lett. 6, 288 (1967)].

31, K. Kikoin, S, D. Lazarev, G. A. Shepelskii (Shepelsky),
and G). D. Efremova (Yefremova), Phys. Lett. A 30, 282
(1969).

5. K. Kikoin, S. D. Lazarev, G. A. Shepel’skii, and G. D.
Efremova, Zh. Eksp. Teor. Fiz. 58, 60 (1970) [Sov.
Phys. JETP 31, 34 (1970)].

561, K. Kikoin, S. D. Lazarev, and Yu. E. Moiseev, Phys.
Lett. A 37, 171 (1971).

57V. F. Elesin, Fiz. Tekh. Poluprovodn. 1, 473 (1967); 2,
1179 (1968) [Sov. Phys. Semicond. 1, 393 (1967); 2, 987
(1969)].

5R. I. Lyagushchenko and I. N. Yassievich, Fiz. Tverd.
Tela (Leningrad) 9, 3547 (1967) [Sov. Phys. Solid State 9,
2794 (1968)].

5%V . N. Abakumov, R. I. Lyagushchenko, and I. N.
Yassievich, Fiz. Tverd. Tela (Leningrad) 10, 2920 (1968)
[Sov. Phys. Solid State 10, 2309 (1969)].

I. K. Kikoin and S. D. Lazarev 307



éR. I. Lyagushchenko and I. N. Yassievich, Zh. Eksp. Teor.

Fiz. 56, 1432 (1969) [Sov. Phys, JETP 29, 767 (1969)].

1S, D. Lazarev, G. A, Shepel’skil, and G. D. Efremova,
Fiz. Tekh. Poluprovodn, 4, 419 (1970) [Sov. Phys. Semi-
cond. 4, 354 (1970)].

62yu. M. Gal’perin and I. N. Yassievich, Fiz. Tverd. Tela
(Leningrad) 12, 2171 (1970) [Sov. Phys. Solid State 12,
1732 (1971)].

831, K. Kikoin and I. N. Nikolaev, Zh. Eksp. Teor. Fiz. 41,
1692 (1961) [Sov. Phys. JETP 14, 1203 (1962)].

84A, A. Grinberg and I. N. Nikolaev, Dokl. Akad, Nauk
SSSR 147, 1057 (1962) (Sov. Phys. Dokl. 7, 111 (1963)].

85Yu. 1. Ravich, Fiz. Tverd. Tela (Leningrad) 4, 2411 (1962)
[Sov. Phbys. Solid State 4, 1767 (1963)].

$6W. Dunstan, Proc. Phys. Soc. London 77, 459 (1961).

STH. Y. Fan and K. Lark-Horovitz, Report of Conf. on
Defects in Crystalline Solids, Bristol, 1954, publ. by The
Physical Society, London, 1955, p. 232.

8B Goldstein and L. Pensak, J. Appl. Phys. 30, 155 (1959).

308 Sov. Phys. Usp. 21(4), April 1978

9% I. Adirovich, V. M. Rubinov, and Yu. M. Yuabov, Dokl.
Akad. Nauk SSSR 168, 1037 (1966); 174, 545 {1967) [Sov.
Phys. Dokl. 11, 512 (1966); 12, 477 (1967)].

"f. 1. Adirovich, Fotoélektricheskie yavlieniya v poluprovod-
nikakh i optoélektronika (Photoelectric Effects in Semi-
gconductors and Optoelectronics), Fan, Tashkent, 1972.

ME. 1. Adirovich, £E. M. Mastov, and Yu. M. Yuabov, Dokl.
Akad. Nauk SSSR 188, 1254 (1969) [Sov. Phys. Dokl. 14,
994 (1970); Fiz. Tekh. Poluprovodn. 5, 1415 (1971) [Sov.
Phys. Semicond. 5, 1241 (1972)].

2, K. Kikoin, L. I. Kikoin, and S. D. Lazarev, J. Phys.

C 10, L653 (1977).

3D, L. Simonenko, At. Energ. 31, 237 (1971).

MA. A. Grinberg and S. M. Ryvkin, Fiz. Tverd. Tela
(Leningrad) 8, 2470 (1961) [Sov. Phys. Solid State 3, 1794
(1962)1.

Translated by A. Tybulewicz

I. K. Kikoin and S. D. Lazarev 308




