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Usp. F iz . Nauk 81, 557-566 (November, 1963)

J . H E Fifth АН-Union Conference on the Theory of

Semiconductors was held from October 29 to Novem-

b e r 3, 1962 in Baku; it was convened by the C o m m i s -

sion on Semiconductors of the U.S.S.R. Academy of

Sciences in conjunction with the Academy of Sciences

of the Azerbaidzhan S.S.R. and the S. M. Kirov State

Univers i ty of Azerbaidzhan. Over 250 p a r t i c i p a n t s

w e r e p r e s e n t , r e p r e s e n t i n g scientific e s t a b l i s h m e n t s

in 23 c i t i e s in the Soviet Union: Moscow, Leningrad,

Kiev, Baku, Vilnius, T a r t u , Kishinev, Tbil is i , Tashkent,

Khar 'kov, Kazan' , Tomsk, Sverdlovsk, Odessa,

Chernovtsy, e tc . The Organizing C o m m i t t e e se lected

37 out of 96 p a p e r s submitted, and the se lected p a p e r s

were p r e s e n t e d at five g e n e r a l s e s s i o n s and two e v e -

ning s e m i n a r s of r e s t r i c t e d m e m b e r s h i p .

The major i ty of the p a p e r s deal t with p r o b l e m s of

the band s t r u c t u r e of s e m i c o n d u c t o r s , theory of g a l -

vanomagnetic and thermomagnet ic effects, var ious

r e s o n a n c e effects, low-mobility s e m i c o n d u c t o r s , and

optical p r o p e r t i e s of c r y s t a l s . The p a r t i c i p a n t s of the

Conference heard with g r e a t i n t e r e s t the review p a p e r s

of S. I. P e k a r and L. V. Keldysh (at the f i rs t sess ion)

and of V. E. Khart s iev (at a s e m i n a r ) on the I n t e r n a -

tional Conference on the Phys ics of Semiconductors

held in E x e t e r (England).

The g e n e r a l i m p r e s s i o n of the E x e t e r Conference

was that exper imenta l s tudies of s e m i c o n d u c t o r s in the

Soviet Union lag cons iderably behind those c a r r i e d out

abroad, p a r t i c u l a r l y in the U.S.A. T h e r e is also a lag

in s o m e aspect s of the theory, for example, in band-

s t r u c t u r e ca lcu la t ions .

1. BAND THEORY OF SEMICONDUCTORS

The l a r g e s t n u m b e r of p a p e r s dealt with this p r o b -

l e m . V. L. Bonch-Bruevich, I. P . Zvyagin and A. G.

Mironov (Moscow State University) r e p o r t e d in t h e i r

p a p e r " O n the theory of heavily doped s e m i c o n d u c t o r s "

a de terminat ion of the densi ty of s t a t e s ρ (ω ) in the

region of the bottom of the conduction band of a s e m i -

conductor containing a l a r g e amount of randomly d i s -

tr ibuted impur i ty . The total potential of the impuri ty

was a s s u m e d to be a slowly varying function. E lec t ron

interact ion was allowed for by m e a n s of well-known

expansions and the quantity λ = (па 3 ,)"" 1 ' 3 was used as

the s m a l l p a r a m e t e r (n is the impuri ty concentrat ion

and a 0 i s the s c r e e n i n g rad ius) . At e n e r g i e s h igher

than the edge of the conduction band, ω = 0 , ρ(ω ) was

found to vary as cc 1 ^ 2 ; for ω « 0 the densi ty v a r i e d

l inear ly and approached z e r o for ω < 0 as

exp — In The level dens i ty below the bottom

of the conduction band was found to depend c o n s i d e r -

ably on the n a t u r e of the dis t r ibut ion of the impur i ty

and was ca lculated without allowing for c o r r e l a t i o n in

the d i s t r ibut ion.

The s a m e p r o b l e m was solved using s i m i l a r m e t h -

ods by L. D. Keldysh (Phys ics Inst i tute, Academy of

Sciences, U.S.S.R.) in the p a p e r " E n e r g y s p e c t r u m of

heavily doped s e m i c o n d u c t o r s . " The s m a l l p a r a m e t e r

was this t ime the quantity a = n a | j , w h e r e ajj is the

rad ius of the ground s ta te of an e lec t ron in the c r y s t a l

in the Coulomb field of the impur i ty . When a « 1 a

d i s c r e t e negative level e = e 0 and a band with the

densi ty ρ ~ \Ae is obtained for e > 0 . On i n c r e a s e

of α an impuri ty band with diffuse edges a p p e a r s (as

the r e s u l t of d i s o r d e r in the impur i ty dis t r ibut ion),

which then m e r g e s with the conduction band. When

a » 1 the Coulomb potential of the impuri ty should

be rep laced by a s c r e e n e d potential , and, b e c a u s e of

s t rong s c a t t e r i n g of low-energy e l e c t r o n s , it is n e c e s -

s a r y to s u m all the d i a g r a m s s ince the m o m e n t u m is

not even approximately a quantum n u m b e r . The d e n -

si ty of local levels for e ~ e 0 v a r i e s a s

In , and below the bottom of the

band it d e c r e a s e s as exp — ( e / Δ ) 2 , which is due to

the Gauss ian n a t u r e of the d i s t r ibut ion of f luctua-

tions in the impuri ty concentra t ion. The quantity Δ

is p r o p o r t i o n a l to e 0 a 5 ' 1 3 . In reply to a quest ion

from M. Ya. Azbel ' , Keldysh s tated that it is p e r m i s -

s ible to neglect c o r r e l a t i o n s in the impur i ty d i s t r i b u -

tion even for high impuri ty c o n c e n t r a t i o n s , s ince the

quantity apj is much g r e a t e r than the atomic d i m e n -

s i o n s . The r e a s o n for the difference between the r e -

sults of Keldysh and Bonch-Bruevich for the f o r m of

p(o)) for levels below the bottom of the conduction

band, obtained under the s a m e a s s u m p t i o n s , is not

c l e a r and r e q u i r e s a careful check of the calculat ions

in both p a p e r s .

In a joint p a p e r " O n the p r o b l e m of investigating

the e lec t ron energy s p e c t r u m in a c r y s t a l " V. A.

Chaldyshev, N. V. Kudryavtseva and G. F . Karavaev

(Phys ico-technica l Inst i tute, Tomsk) descr ibed a gen-

e r a l method for a qualitat ive study based on the s y m -

m e t r y p r o p e r t i e s of a c r y s t a l , and giving an approx i-

mate d i s p e r s i o n law for the whole band using a p p r o x i -

mating functions with free p a r a m e t e r s , found by c o m -

p a r i s o n with e x p e r i m e n t . The d i s p e r s i o n law was
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investigated at symmetry points in crystals of TI13P4
type and throughout the band in diamond and
sphalerite-type crystals. K. D. Tovstyuk, D. E.
Germus, and M. V. Tarnavskaya (Chernovtsy State
University) in "Investigation of the dispersion laws
for carr ier s in semiconducting crystals of Oh5. Oh8

and D2h
15 type" also investigated the dispersion laws

in the region of symmetry points of the crystals speci-
fied; they used group theory without employing any
properties of actual crystals.

K. B. Tolpygo (ΙΡΑΝ Institute of Semiconductors,
Academy of Sciences, Kiev) in "Treatment of the mo-
tion of a car r ier in a crystal as a many-electron
problem" proposed a method for calculating the band
structure of a semiconductor when the motion of an
excess electron (hole) from site to site may be as-
sumed to be slow compared with the frequency of
motion around a nucleus. This makes it possible to
allow approximately for the correlation in the motion
of all the electrons in the crystal during the motion of
the excess charge in the form of polarization reversal
of all the atoms. The contribution of this correlation
to the dispersion law E(k) is estimated. Tolpygo gave
the results of calculations, by this method, of the elec-
tron and hole bands in NaCl and KC1 and hole bands in
Ge with allowance for spin-orbit interaction. The
method, in the form presented, was found to be inap-
plicable to electron bands in Ge because the forbidden
band is narrow. In a discussion, M. I. Kaganov ex-
pressed doubt about its usefulness and the possibility
of calculating band structure with any accuracy. In
his opinion, which was shared by Bonch-Bruevich, a
theoretical development of the methods for experi-
mental studies of the band structure is more desirable.

The paper of E. I. Cheglokov (Siberian Physico-
technical Institute, Tomsk), "Structure of the valence
bands in crystals of hexagonal selenium and tellurium,"
dealt with the possible generalization of Hartree-Fock
equations by dropping the assumption of the duality of
occupation of space orbitals by electrons. On allowing
for spin-orbit interaction an even richer system of
valence bands is obtained for Se and Те crystals,
which accounts for the features of polarized infrared
absorption by transitions within the bands. Several
participants in the discussion remarked that the phys-
ical considerations connected with the wave function of
the crystal selected by the author are not sufficiently
clear.

The papers of V. A. Khartsiev (Physico-technical
Institute, Leningrad), "Optical properties and struc-
ture of the energy bands of some semiconducting com-
pounds," and of I. B. Levinson (Institute of Physics
and Mathematics, Vilnius), "Chemical binding and
structure of energy bands in cuprous oxide" were
characteristic in that they used not only the symmetry
properties but also the related crystallochemical
properties in band analysis. In the former paper
group-theoretical considerations are compared with

calculations by the OPW method and the localized
orbit method, as well as with experimental data on
optical properties. This makes it possible to draw a
number of conclusions: semiconductors of SnS type
have minima at the points Г and V; four pairs of
nondegenerate levels, between which two dipole tran-
sitions are possible, exist at the point Г. At the point
V the levels are doubly degenerate (without allowance
for spin). In the semiconductors CdSb and ZnSb the
valence band maximum is at the point Г (two types
of hole are possible), and conduction band minima lie
at the points Г and R. In CdSnAs2 compounds there
is a toroidal energy surface in the valence band.

1. B. Levinson investigated in detail the crystal chem-
istry of cuprous oxide and showed that the ionic and
covalent contributions to the chemical binding are
approximately equal. Certain considerations, based
on a quantum-chemical analysis of binding, showed
that the 3d-electrons of copper do not participate in
the formation of chemical bonds and the valence band.
The symmetry and positions of the bands were con-
sidered in the limiting cases of purely covalent and
purely ionic binding. It was then shown that the ionic
models of Elliot and Zhilich have a number of incon-
sistencies. From the limiting cases conclusions were
drawn about the symmetry and positions of the bands
in the actual intermediate case. Comparison of these
conclusions with recent experimental data made it
possible to solve the problem of the participation of
atomic states in the formation of energy bands.

A- B. Almazov (Institute of General and Inorganic
Chemistry, Moscow) in "Theta expansions of disper-
sion laws for quasi-particles in crys ta l s " suggested
expanding the dependences E(k) not as Fourier series,
as it is done automatically in the strong-coupling ap-
proximation, but as theta-function series. Then even
one term of the series allows for an infinite number of
coordination spheres. Theta expansions are partic-
ularly convenient in application to dispersion formulas
for phonons.

2. INTERACTIONS OF SEMICONDUCTORS WITH
ELECTROMAGNETIC RADIATION

The majority of papers on this subject dealt with
the theory of the fundamental and impurity absorption
of visible and infrared light. In three papers the ab-
sorption of microwaves in the presence of a magnetic
field (resonance effect) was considered, and one was
concerned with the theory of reflection and transmis-
sion of light through a crystal surface in the presence
of surface excitons. In this latter paper—" Influence of
surface excitons on the optical properties of crys ta l s "
(S. I. Pekar, Institute for Semiconductors, Academy of
Sciences, Kiev)—the limiting case was considered when
the imaginary part к of the wave vector of the exciton,
normal to the surface, is much smaller than the r e -
ciprocal of the lattice constant. The exciton states then
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make an additional contr ibut ion to the volume c u r r e n t

produced by the e l e c t r o m a g n e t i c wave, and the field

n e a r the sur face is given by the superpos i t ion of plane

waves with r e a l and complex wave v e c t o r s with equal

(real) tangential components . The p r e s e n c e of sur face

waves changes the form of the boundary condit ions for

volume waves and leads to a genera l iza t ion of F r e s n e l ' s

f o r m u l a s . This change is found to be i m p o r t a n t even at

frequencies o ther than those c o r r e s p o n d i n g to the

formation of sur face excitons, and n e a r r e s o n a n c e a

n a r r o w tota l-ref lect ion l ine a p p e a r s . The theory p r e -

d ic t s that the t r a n s m i t t e d light is e l l ipt ical ly po lar ized

in the absence of absorpt ion. In a d i scuss ion F. G.

B a s s , M. I. Kaganov and o t h e r s e x p r e s s e d doubts

about the ex i s tence of sur face excitons m a c r o s c o p i -

cal ly extended in the d i rec t ion at r ight angles to the

s u r f a c e . In t h e i r opinion it is p re fe rab le to formulate

a new boundary condition which allows for the p r e s -

ence of sur face exc i tons . P e k a r s t r e s s e d that this is

poss ib le only if к is much g r e a t e r than the wave v e c -

t o r of the additional light wave.

The p a p e r of L. E. Gurevich and I. P . Ipatova

(Phys ico-technica l Inst i tute, Leningrad), " O n the

theory of the r e s o n a n c e absorpt ion linewidth in ionic

c r y s t a l s , " deal t with the theory of inf rared a b s o r p -

tion. The line width Г, due to anharmonici ty, was

calculated by the method of G r e e n ' s t e m p e r a t u r e

functions using the d i a g r a m technique of Abrikosov

et a l . In the h i g h - t e m p e r a t u r e l imit the cubic a n h a r -

monic t e r m s lead to a proport ional i ty of Г and Τ ,

while t e r m s of fourth o r d e r lead to the dependence

Γ ~ T 2 . Since in the l a t t e r c a s e the n u m b e r of phonon

combinat ions, for which the energy sum is Κω, is

much g r e a t e r , the contr ibut ions of third and fourth-

o r d e r t e r m s may be c o m p a r a b l e . E x p e r i m e n t gives

the dependence Γ ~ Τ a where 1 < o> < 2 . A n s w e r -

ing a quest ion of Yu. E. P e r l i n , I. P . Ipatova s t r e s s e d

that the application to this p r o b l e m of the Wigner-

Weisskopf method, which allows only for the decay

but not for the r e - e s t a b l i s h m e n t of the init ial s t a t e ,

g ives the i n c o r r e c t r e s u l t Γ ~ Τ 3 .

The main p r o b l e m in the theory of absorpt ion and

l u m i n e s c e n c e of impur i ty c e n t e r s deal t with in the

p a p e r s p r e s e n t e d was the der ivat ion of the c o r r e c t

intensi ty and band shape at v a r i o u s t e m p e r a t u r e s .

H e r e , as a r u l e , the adiabatic approximation was used

in cons ider ing the fast (electron) and slow (phonon)

s u b s y s t e m s , and one can introduce an adiabatic p o t e n -

t ia l , usual ly of parabol ic form, which differs for the

ground and excited s t a t e s of the l ighter s u b s y s t e m .

This dif ference, with s imultaneous al lowance for the

quantum indeterminacy of the o s c i l l a t o r c o o r d i n a t e s ,

is r e s p o n s i b l e for the band broadening. The main

difficulty is to allow for the change in the c u r v a t u r e

of the potential , i .e . , of the f requencies of phonons,

dur ing a phototrans i t ion.

The paper of K. K. Rebane, R. A. P r a e m , A. P .

P u r g a , O. N. Sil'd and V. V. Khizhnyakov (Institute of

P h y s i c s and Astronomy, Tartu), " S o m e p r o b l e m s of

the par t ic ipat ion of la t t ice v ibrat ions in e l e c t r o n and

i n t r a n u c l e a r t r a n s i t i o n s in c r y s t a l - f o r m i n g p a r t i c l e s , "

d e a l s with the study of the influence of local and c r y s -

tal v ibrat ions (LV and CV) on the e l e c t r o n and n u c l e a r

s p e c t r a . H i g h - t e m p e r a t u r e e x p e r i m e n t s on l u m i n e s -

cence and absorpt ion of impuri ty c e n t e r s give r e l a -

tively l i t t le information on an impuri ty c e n t e r . More

p r o m i s i n g a r e q u a s i - l i n e a r s p e c t r a observed at low

t e m p e r a t u r e s (for example, the Shpol 'skii effect and

s p e c t r a of r a r e - e a r t h ions in ionic c r y s t a l s ;

M o s s b a u e r effect). T r a n s i t i o n s involving a change in

the n u m b e r of С V quanta give r i s e to a continuous

background; t r a n s i t i o n s in which only the n u m b e r of

LV quanta changes , and the vibrat ional s ta te of С V

r e m a i n s complete ly unal tered, give r i s e to s e p a r a t e

l ines on a background of continuous bands . In the c a s e

of m o d e r a t e Stokes l o s s e s a number of l ines appear ,

which a r e re la ted to LV only. Similar ly in the

Mossbauer effect (in a non-ideal crys ta l ) t h e r e may

appear , a p a r t f rom the r e s o n a n c e l ine, l ines which

a r e connected with LV excitat ion and which, in p r i n -

ciple, may exceed the main line in integra l intensi ty.

In reply to Yu. E. P e r l i n , V. A. Moskalenko and o t h e r s ,

К. К. Rebane explained that the effect of frequency

change on excitat ion was allowed for and that it is

s m a l l in the Shpol'skii effect. The difference between

the half-widths of absorpt ion and l u m i n e s c e n c e l ines

is not n e c e s s a r i l y re la ted to the p r e s e n c e of LV. It

may also appear in the absence of LV in a c e n t e r of

s m a l l r a d i u s due to a change of e l a s t i c c o n s t a n t s .

Moreover , a cons iderab le contr ibut ion may come f rom

the mult ipl ici ty of excited e l e c t r o n leve l s and f rom the

anharmonici ty of the v ibra t ions . A m o r e detai led d e -

s c r i p t i o n of the r e s u l t s on the theory of the M o s s b a u e r

effect was given in the p a p e r of V. V. Khizhnyakov

(Institute of P h y s i c s and Astronomy, Tartu) " S o m e

calculat ions on the p r o c e s s e s of r e s o n a n c e absorpt ion

and e m i s s i o n of γ - q u a n t a by nucle i in a c r y s t a l . "

The p a p e r of S. V. Tyablikov, V. A. Moskalenko

and Μ. Ε. P o l i s t r a n t (Mathemat ics Inst i tute, Academy

of Sciences, Moscow; Insti tute of P h y s i c s and Mathe-

m a t i c s , Kishinev), " O n the theory of optical bands in

c r y s t a l s , " dealt with s i m i l a r p r o b l e m s . The method

of quantum G r e e n ' s functions was used, which m a k e s

it poss ib le to allow for the d i s p l a c e m e n t of the o s c i l -

l a t o r s f rom t h e i r equi l ibr ium posi t ions as well as for

effects re la ted to the change of the lat t ice v ibrat ion

frequencies dur ing an e l e c t r o n t r a n s i t i o n . The t e m -

p e r a t u r e dependence was found for the shift Δ^ of the

absorpt ion band m a x i m u m of an F - c e n t e r , due to the

frequency effect. Allowance for the change of the f r e -

quency also leads to an additional broadening of the

band (at high t e m p e r a t u r e s we have Αν ~ Τ).

N. N. Kris tofel ' and G. S. Zavt (Institute of Phys ics

and Astronomy, Tartu) in " T h e Condon approximation

and optical p r o p e r t i e s of impuri ty c e n t e r s " used group

theory to d i s c u s s effects re la ted to deviat ions from
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the Condon approximation (CA) in the theory of i m -
puri ty c e n t e r s . If one of the s t a t e s is fully s y m m e t r i c ,
then a forbidden dipole t rans i t ion to a s ta te of s y m -
m e t r y Τβ b e c o m e s allowed by v ibrat ions of that s y m -
m e t r y Γμ , which is contained in Τβ χ Г 1 и , and the
polar izat ion of the t r a n s i t i o n is the s a m e as the p o l a r -
ization of the allowed t r a n s i t i o n s Τβ —* Γμ . R a d i a -
t ionless t r a n s i t i o n s , caused by the nonadiabaticity
o p e r a t o r , a r e d i scussed in a s i m i l a r way. It is shown,
m o r e o v e r , that if the CA is d i s turbed by a vibration
which is active in the J a h n - T e l l e r effect, then the
J a h n - T e l l e r splitt ing may appear in the absorpt ion
s p e c t r u m as well . This o c c u r s if Г^ х Г ш and
[Τβ]2 contain one non-identical i r r e d u c i b l e r e p r e -
sentat ion of the v ibrat ions of the q u a s i - m o l e c u l e . In
the d i scuss ion V. A. Moskalenko r e m a r k e d that the
anharmonici ty of the v ibrat ions l eads , in the quad-
r a t i c approximation for the d i s p l a c e m e n t s of the
n o r m a l coord inates у μ from t h e i r equi l ibr ium p o s i -
tions y ^ , to an additional effect on the frequency. It
was also mentioned that in p r o b l e m s concerning this
type of deviation from the Condon pr inc ip le , the non-
adiabaticity and the J a h n - T e l l e r effect should be c o n -
s idered s imultaneous ly .

Hitherto, in work on the r e s o n a n c e absorpt ion of
microwaves in a magnetic field it has been usual to
c o n s i d e r separa te ly the absorpt ion r e l a t e d to the
orb i ta l motion of e l e c t r o n s (cyclotron r e s o n a n c e - CR)
and the absorpt ion r e l a t e d to the change in the spin
s ta te (paramagnet ic r e s o n a n c e - P R ) . In fact t h e s e
effects a r e c losely r e l a t e d due t o the sp in-orb i t i n t e r -
action and we have the so-cal led combined r e s o n a n c e
(COR).

G. L. Bir , E. Butikov and G- E, Pikus (Institute for
Semiconductors , Academy of Sciences, Leningrad) in
" P a r a m a g n e t i c and combined r e s o n a n c e of acceptor
c e n t e r s in undeformed and deformed c r y s t a l s of
p - g e r m a n i u m t y p e , " dealt with the influence of d e -
format ion on the r e s o n a n c e effect. In an undeformed
c r y s t a l in the absence of e x t e r n a l fields the ground
sta te of an acceptor c e n t e r is quadruply d e g e n e r a t e ,
as with the valence band for к = 0 . On deformat ion
by an amount e this s t a t e is spl i t into two levels with
e n e r g i e s ±Ae · T r a n s i t i o n s a r e poss ib le between
t h e s e deformation levels when a l ternat ing e l e c t r i c o r
magnetic fields a r e applied. In a constant magnet ic
field Η each of the deformation levels spl i t s into two
spin levels, but the spl i t t ing is different in the two
c a s e s . The observed PR is due to t r a n s i t i o n s between
the lower l eve l s . The dependence of the g-factor on
the d i rec t ion of the deformation e was calculated, as
well as c o r r e c t i o n s to this factor propor t iona l to €
and appearing in the second o r d e r of the per turba t ion
theory . Compar i son with exper iment makes it poss ible
to find the g - fac to rs for var ious accep tors as well as
the sign of deformation potential constants for bound
holes . In an undeformed c ry s t a l the resonance l i n e -
width is de te rmined by the interact ion with acoust ica l

v ibra t ions . Trans i t ions between the spin levels a r e
allowed in the f i rs t approximation and an e s t ima te of
the re laxat ion t ime τ0 shows that τ0 « 1 ( Γ 8 — ΙΟ" 9

s e c . In a deformed c r y s t a l these t r a n s i t i o n s a r e , in
the f i rs t approximation, forbidden and the re laxat ion
t ime Tj is found to be g r e a t e r than τ0 by a factor of
(Δ<τ/Κ ω 0 ) 2 , with the exception of the c a s e when Ε
and Η a r e d i rec ted along the pr inc ipa l axis (100) o r
(111). In the l a t t e r c a s e the re laxat ion is due to t r a n -
si t ions between the deformation levels and not the spin
leve l s . The c o r r e s p o n d i n g re laxat ion t ime then includes
a mult ip l ier е х р ( Д е / к Т ) and is s t rongly t e m p e r a t u r e -
dependent, as found exper imenta l ly .

G. A. Baranidze , B. E. Gurgenishvil i , M· G.
Pkhakadze, Z. K. Saranidze, G. R. Khutsishvil i and
O. P . Chexshvili (Institute of P h y s i c s , Academy of
Sciences, Tbilisi) in the paper " O n the quantum theory
of cyclotron r e s o n a n c e in a degenerate b a n d , " c o n -
s i d e r e d CR in the valence band of g e r m a n i u m , in the
s p h e r i c a l s y m m e t r y approximation of Lut t inger ' s
Hamiltonian. Energy levels w e r e ca lculated and a v e r -
age values found of the project ion of the spin moment
S z along the magnetic field d i rec t ion for e a c h of the
leve l s . The levels cons i s ted of four g r o u p s : a+ , b+

(for light holes) and a", b" (for heavy holes) . The
usual CR is re la ted to t r a n s i t i o n s within one of those
g r o u p s . In addition to the t r a n s i t i o n s a + — a~ and
b + —b" , found by Goodman for the c a s e when the a l t e r -
nating e l e c t r i c field i s Ε 1 Η , they indicated the p o s s i -
bility of the t r a n s i t i o n s a*—b± and a ± — b T in the c a s e
Ε II Η , which a r e poss ib le even when k z = 0 . F o r
the lower levels the probabi l i t ies of these additional
t r a n s i t i o n s a r e of the s a m e o r d e r as the probabi l i t ies
of the main t r a n s i t i o n s a±—a± and b ± — b± . In the
l a t t e r t r a n s i t i o n s Sz changes and t h e r e f o r e they a r e
not rea l ly CR but COR . In the d i scuss ion G. E. Pikus
r e m a r k e d that the longitudinal r e s o n a n c e is s t rongly
broadened because of the k z s p r e a d .

The work of E. I. Rashba and V. I. Sheka (Institute
for Semiconductors , Kiev), on " C o m b i n e d r e s o n a n c e
at local c e n t e r s of la rge r a d i u s , " dea l t with COR in
c r y s t a l s without an invers ion c e n t e r . Resonance at
c e n t e r s of la rge rad ius could reasonably be expected
because it was predicted for band c a r r i e r s and the
s ta te of such a c e n t e r has a packet of band s t a t e s .
The effective m a t r i x e lement of absorpt ion is e s t i -
mated as <x> ~ ( δ / Ε ) (j3H/E) R o , w h e r e Ro is the
r a d i u s of the s t a t e . The ra t io δ/Ε is the ra t io of the
spin-orbi t splitt ing 6(k) for δ ~ RQ 1 to the ionization
energy of the c e n t e r ; it a p p e a r s b e c a u s e the COR is
caused by the sp in-orbi t interact ion. The second ra t io
a p p e a r s because the energy in a magnetic field ДН
mixes the components of the K r a m e r s doublet and
allows t r a n s i t i o n s between t h e m . This e s t i m a t e r e f e r s
to the c a s e of the orbi ta l s ta te I s and the spin s ta te
s = 1/2 . F o r s = 3/2 we can have the t r a n s i t i o n s
+ 3/2 ~- - 1 / 2 and - 3 / 2 — + 1 / 2 without the s m a l l
mul t ip l ie r β Η/Ε . T h e r e f o r e , to intensify COR it is
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necessary to select substances with strong spin-orbit
interaction and centers with large spins.

3. PHOTOCONDUCTIVITY

Two papers, of the total of three on photoconduc-
tivity, were methodological in nature, their aim being
to obtain formulas for non-steady-state photoconduc-
tivity which would permit determination of several
semiconductor parameters by comparison with ex-
periment. E. I. Adirovich and Ε. Μ. Kuznetsova
(Physico-technical Institute, Tashkent), in "Influence
of local levels on relaxation processes in homogeneous
semiconductors and in p-n junctions," solved the gen-
eral problem of finding the variation with time of the
density of free electrons and holes, and of those cap-
tured by various centers, in the linear approximation.
In general, the relaxation time does not coincide with
the recombination lifetime. In the limiting cases the
Guro and Shockley-Read formulas were obtained.
I. A. Mirtskhulava, R. I. Chikovani and A. L. Shkol'nik
(Tbilisi State University), in "Investigation of the
parameters of local centers by the study of the kin-
etics of induced photoconductivity," investigated the
variation of photocurrent with time when electrons
are liberated from local levels by light of suitable
frequency and are then displaced to other levels. The
theory predicts that the photocurrent should pass
through a maximum and then decrease to zero or to
a steady value. Comparison of the theory with experi-
ment was carried out for CdS single crystals, for
which some local-center parameters were estimated.

The work of M. I. Kaganov and I. M. Lifshitz
(Physico-technical Institute, Khar'kov) on "Photo-
effect without a threshold in metals of graphite type"
attracted the greatest interest; it dealt with the fre-
quency dependence of the optical absorption coefficient
and photoconductivity of substances whose energy sur-
faces intersect at a singular point, for example, two
cones with a common vertex or two surfaces in contact.
The limiting case ωτ » 1 was considered, where τ
is the relaxation time for an electron gas which gives
the lower limit of the frequency. The conductivity at
the lowest frequencies is proportional to ω3 and to
ω at higher frequencies, without any important tem-
perature dependence. The threshold absorption was
also discussed. Depending on the position of the
singular point p 0 with respect to the Fermi surface
the relationships σ ~ (ω - ω 0 ) 3 ^ 2 and σ ~ (ω - ω 0 ) ,
were obtained where ω 0 is the threshold frequency.

4. THEORY OF RADIATIONLESS TRANSITIONS

Two papers on this subject dealt with the problems
of luminescence and photoconductivity, stimulated by
a field. In the former case a radiationless transition
from the excited to the ground state reduced the lumi-
nescence yield. However, the absolute value of the
probability of a transition is found to be many orders

of magnitude greater than the value calculated theor-
etically. V. A. Kovarski! and E. P. Sinyavskii (Insti-
tute of Physics and Mathematics, Kishinev), in
"Resonance effect in the theory of radiationless
transitions," showed that the agreement is consid-
erably improved by allowing for the fact that at the
point where the adiabatic potential curves approach,
the electron wave functions are considerably different
from the corresponding minima of the potentials. For
photoconductivity in strong fields, as shown by Yu. E.
Perlin and A. G. Cheban (Kishinev State University)
in their paper "On the theory of local state decay in
an electric field," the tunnel effect plays an important
role in transitions of the local center from the excited
to the ground state. Their calculations allow for the
change in the potential energy of an electron in the
field of a defect because of the inertial polarization of
the lattice. In relatively weak fields the liberated
electron goes into a polaron state, and in stronger
fields it goes into a band state. Comparison with ex-
periment indicates the important role of thermal
ionization even at low temperatures, because the
energy of ionization from the excited state is small
and it is reduced further by the field. In the discus-
sion L. E. Gurevich and L. V. Keldysh suggested that
the concept of auto-ionization is not sufficiently clear
because the presence of an external field cannot des-
troy the interaction of the electron with the inertial
polarization.

5. TRANSPORT IN THE CASE OF LOW MOBILITY

Great interest was shown in the papers on the
transport theory of semiconductors with low mobility.
The most detailed papers on this subject were "Theory
of transport phenomena in semiconductors with low
mobility" by M. I. Klinger (Institute for Semiconduc-
tors, Academy of Sciences, Leningrad) and " T r a n s -
port theory of semiconductors with low mobility" by
I. G. Lang, Yu. A. Firsov (Institute for Semiconduc-
tors, Academy of Sciences, Leningrad) and L. A. Efros
(Physico-technical Institute, Leningrad).

Lang, Firsov and Efros have developed a method
for dealing with transport phenomena by interpreting
the general formula of Kubo in the case of strong
coupling between electrons and polarized vibrations
of the lattice. At low temperatures (below the Debye
temperature) the conductivity is of the normal type
with nonlocalized small-radius polarons acting as
c a r r i e r s . Above the Debye temperature the mechanism
of car r ie r motion is intrinsically related to the many-
phonon processes, even after renormalization and
liberation of a polaron. This mechanism may be des-
cribed as follows. An electron is localized at a lattice
site in the form of a polaron for a time Δί and then
moves to another site. This transition does not take
place by a tunnel leakage through a barr ier because
the time for such a process tp » Δ ί . The transition
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is the classical transfer over a barr ier in a time
t 0 « Δ ί . Thus we have infrequent but fast electron
transitions from site to site; the nature of the motion
depends on the comparative values of t 0 , At and the
time for the establishment of polarization of the lattice
1/ω0, where ω0 is the frequency of longitudinal polar-
ized phonons. Since, on the one hand, t 0 « 1/ω0, the
polarization is unable to follow the electron during the
time of its transition and therefore in transferring to
a new site the electron leaves the polarization c o r r e s -
ponding to the old site. But, on the other hand,
Δί » 1/ω0, therefore during the stay of the electron
at the new site, the polarization will change in accord-
ance with the new position of the electron. For such a
mechanism the temperature dependence of the mobility
has an exponential "activated" nature
u ~ exp( — E a /kT) , where the activation energy E a

is less than the polaron binding energy E p ; therefore
this dependence is not connected with the polaron dis-
sociation and increase of the number of free carr ier s
in the conduction band.

In Klinger's paper a theory of transport coefficients
was developed, based on the general expressions of
Kubo and the resolvent method of Van Hove. Carr iers
are small-radius polarons generated as the result of
the strong electron-phonon interaction. At low tem-
peratures Τ < To (To is of the order of the Debye
temperature) a polaron-type carr ier is described by
a band state and transport is due to scattering between
such band states. At high temperatures Τ > T o there
is a different transport mechanism, involving transi-
tions of a localized polaron between cells. The cr i te-
rion of this mechanism is η = Δ/Γ, the ratio of the two
energy parameters describing the localized state of
the polaron. Here Δ is the width of the polaron band,
i.e., 1/Δ is the time taken by a localized packet to
spread out for a given number of phonons; Γ is the
width of such a state, so in other words 1/Γ is the
lifetime for a transition of a localized state to the next
cell accompanied by a phonon redistribution. When
Τ > To we have Δ « Γ and the localized packet
executes several transitions between cells and then
decays by spreading. Effects which are odd with r e s -
pect to the magnetic field, like the Hall effect, are then
governed by the phase-correlated parts of such tran-
sitions. In that sense the process of transport does
not reduce completely to normal diffusion, in which
there is no phase correlation. When the temperature
is reduced the ratio η increases and the "wave"
contribution to the process becomes greater than the
"diffusion" contribution. When Τ < To we have
Δ » Γ and in the lowest approximation for Γ/Δ
we obtain the usual transport equation. Another c r i -
terion of the theory is £ = Γ ωρ « 1, where ωρ is
the characteristic frequency of phonons. This cr i ter-
ion means that the equilibrium deformation of the
lattice, corresponding to a given localization of a
carr ier , may be established during the lifetime of

the localized carr ier . When Τ > To the theory yields
an activation type of temperature dependence for the
drift and Hall mobilities; the activation energies are,
in general, different but of the same order of magni-
tude.

In the discussion of these two papers it was r e -
marked that although the work in both cases was based
on similar physical ideas and the final conclusions
were very similar, the details of the temperature de-
pendences and criteria of the theories were different
and the reasons for this were not clear. The problem
of low mobility was also dealt with by E. L. Nagaev
(Institute for Current Sources, Moscow) in "Energy
spectrum and mobility of small-radius polarons";
this author deduced the transport equation for polar-
ons. This equation was solved for the case when the
scattering potential depends only on the electron co-
ordinates. This gives, at high temperatures, a mobility
rising exponentially with temperature, the activation
energy being of the order of the formation energy of a
polaron.

6. GALVANOMAGNETIC AND THERMOMAGNETIC
EFFECTS

The paper of M. Ya. Azbel' (Physico-technical
Institute, Khar'kov), "Theory of galvanomagnetic
effects in semiconductors of finite s ize," attracted
considerable attention. The author predicted a com-
plex dependence of the resistivity of a conductor of
sufficiently small thickness on the direction and mag-
nitude of a magnetic field. Azbel' stressed the essen-
tial difference between the roles of scattering in con-
duction with and without a magnetic field. In the
former case we have σ = 0 for an infinite free path
I. In a strong magnetic field σ(Η) = σ(0) (r/Z)2 ~ r2/l,
where r is the orbit radius. If scattering by the sur-
face plays the principal role, then σ(Η) ~ σ(0) (r/Z),
since the moment of collision with the surface is
uniquely determined for a given initial state of the
electron motion and the path travelled at right angles
to the magnetic field is represented by the quantity r
instead of I. As a result the total conductivity of the
sample for volume and surface scattering is propor-
tional to σ(0) [ (r/ί ) (Z /d) + (r/Z) 2 ] , and for a small
thickness of the sample d , when d « Z2/r the current
flows mainly near the surface. In an oblique magnetic
field the current density exhibits strong oscillations
as one moves away from the surface and it even
changes sign. The theory makes it possible to com-
pare with experiment the quantities r , Ζ and the form
of the Fermi surface.

A. I. Ansel'm (Institute for Semiconductors, Acad-
emy of Sciences, Leningrad) and Β. Μ. Askerov
(Physics Institute, Academy of Sciences, Baku), in
"Longitudinal thermomagnetic effects in a strong
magnetic field," considered the effects of changes of
the thermo-emf and the electronic part of the thermal
conductivity in a quantizing magnetic field, parallel to
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an e l e c t r i c field, for a t e m p e r a t u r e gradient in a s e m i -

conductor with s imple band s t r u c t u r e . It is known that

t h e s e effects vanish for such s e m i c o n d u c t o r s in the

q u a s i c l a s s i c a l approximation when the t r a n s p o r t

equation is used and it is a s s u m e d that the re laxat ion

and c h e m i c a l potential a r e independent of the m a g -

netic field. Since the magnetic field does not affect

the motion of an e l e c t r o n along the field, the t r a n s p o r t

equation method may be retained but the a s sumpt ions

about the re laxat ion and chemical potential must be

dropped. In ca lculat ing the t h e r m o - e m f the authors

cons idered s c a t t e r i n g on acoust ica l phonons and ion-

ized i m p u r i t i e s . F o r acoust ica l phonons in the quan-

tum l imit r ~ e ^ 2 , while without a field τ ~ (Γ) 1 / / 2 .

In the c a s e of impuri ty s c a t t e r i n g τ ~ e j 7 ' 2 (with o r

without the field). Calculat ions showed that the change

of the t h e r m o - e m f in a magnetic field is a cons iderable

fraction of the t h e r m o - e m f without a field.

The theory of galvanomagnetic effects in the r e l a x -

at ion-t ime approximation was also dealt with by R. G.

Arkhipov, V. V. Kechin, A. I. Likhter and Yu. A.

Pospelov (Institute of H i g h - p r e s s u r e P h y s i c s , Moscow),

in "Inf luence of p r e s s u r e on the e l e c t r o n s p e c t r u m of

g r a p h i t e " ; h e r e the model of Slonchevskii and Weiss

was c o n s i d e r e d . Since the c a r r i e r s occupy a n a r r o w

region n e a r the Bri l louin zone edges, the re laxat ion

t i m e was a s s u m e d to depend only on the component of

the m o m e n t u m along the edge. This dependence was

found f rom e x p e r i m e n t at a t m o s p h e r i c p r e s s u r e .

Moreover , a c o m p a r i s o n was made between such c o m -

binat ions of e x p r e s s i o n s for galvanomagnetic effects

which a r e independent of the re laxat ion t ime but d e -

pend only on the e l e c t r o n - s p e c t r u m p a r a m e t e r s .

E x p e r i m e n t a l s tudies at var ious p r e s s u r e s make it

poss ib le to es tab l i sh the p r e s s u r e dependence of the

e l e c t r o n p a r a m e t e r s .

In an i n t e r e s t i n g p a p e r " O n the theory of t h e r m o -

magnetic effects in quantizing magnetic f i e lds , "

Yu. N. Obraztsov (Institute for Semiconductors , Acad-

emy of Sciences, Leningrad) cons idered the p r o b l e m

of d e t e r m i n i n g flows in the phenomenological theory.

He showed that to d e t e r m i n e c o r r e c t l y the m i c r o -

scopic flows of charge and energy it is n e c e s s a r y to

allow for s u r f a c e c u r r e n t s , equivalent to m a g n e t i z a -

tion. This leads to the introduction of t e r m s with the

c u r l of magnet izat ion into the well-known e x p r e s s i o n s .

E. P . Pokati lov (Kishinev State Univers i ty), in

" M a g n e t o r e s i s t a n c e of s e m i c o n d u c t o r s with a loop of

e x t r e m a , " solved the t r a n s p o r t equation to deduce

e x p r e s s i o n s for the c u r r e n t in the c a s e s of s t rong

degeneracy and no degeneracy of e l e c t r o n s in a s e m i -

conductor in which the energy minima in a band lie

on a c losed curve (known as a loop of e x t r e m a ) .

F o r m u l a s for the m a g n e t o r e s i s t a n c e w e r e deduced

and analyzed.

Somewhat outside this group was the p a p e r of Yu.

P . Irkhin and Sh. Sh. Abel 'ski i (Institute of Metal

P h y s i c s , Sverdlovsk), " O n the theory of the spontan-

eous Hall effect in fe r romagnet ic s e m i c o n d u c t o r s " .

In this paper the density m a t r i x method was used to

obtain the t r a n s p o r t equation, allowing for e l e c t r o n

s c a t t e r i n g on phonons up to the second o r d e r . In c o n -

t r a s t to the impuri ty c a s e , c o r r e c t i o n s to the e l e c -

t r o n velocity, due to the change in the s c a t t e r i n g p o -

tential under the influence of sp in-orbi t interact ion,

w e r e absent in s c a t t e r i n g on phonons. T h e r e f o r e ,

only the field p a r t of the t r a n s p o r t equation in the

second approximation contains a t e r m l inear in spin-

orbi t in terac t ion. This leads to the dependence

R s ~ p 2 (where ρ is the e l e c t r i c a l res is t iv i ty) for

the spontaneous Hall coefficient.

E. A. Turov and V. G. Shavrov (Institute of Metal

Phys ics , Sverdlovsk), in the p a p e r " O n the phenom-

enological theory of galvanomagnetic effects in a n t i -

fe r romagnet ic s e m i c o n d u c t o r s , " cons idered galvano-

magnetic phenomena in ant i ferromagnet ic c r y s t a l s

with var ious magnet ic and crys ta l lographic s y m -

m e t r i e s . The res i s t iv i ty t e n s o r ραβ was cons idered

a s a function of a magnet ic field Η , tota l sublat t ice

field Μ = M) + M2 and the d i rec t ion of a n t i f e r r o m a g -

netic o r d e r i n g L = M{ - M 2 . The n a t u r e of the ex-

pansion of ραβ as a s e r i e s in t e r m s of Η , Μ , and L

is governed by the s y m m e t r y and d e t e r m i n e s the n a -

t u r e of poss ib le effects. The p r e s e n c e of a n t i f e r r o -

magnetic s t r u c t u r e leads to s e v e r a l specia l effects.

7. NONLINEAR PHENOMENA AND GENERATION

The behavior of e l e c t r o n s in a s e m i c o n d u c t o r in a

s t rong e l e c t r i c field was cons idered in s e v e r a l p a p e r s .

In this c a s e nonl inear effects appear and s i tuat ions

frequently o c c u r in which the s y s t e m is unstable and

capable of generat ion.

A typical p a p e r of this type was that of V. L.

Gurevich (Institute for Semiconductors , Leningrad)

on "Ava lanche generat ion of optical phonons in s e m i -

c o n d u c t o r s . " In d i e l e c t r i c s the damping Y L of optical

phonons (excitons) is re la ted to the anharmonici ty and

defects . In semiconductors t h e r e is an additional

damping ye > due to the interact ion with conduction

e l e c t r o n s , and there fore the total damping is

γ = Y L + 7e • m a s t r o n g e l e c t r i c field ye may b e -

come negative, i .e . e l e c t r o n s take the energy from the

field and t r a n s f e r it to the la t t ice . This o c c u r s if the

phonon phase velocity is l e s s than the e l e c t r o n drift

velocity. If, m o r e o v e r , it i s found that | y e I > У L ·

then avalanche genera t ion of optical phonons will

o c c u r . Such genera t ion should lead to the a p p e a r a n c e

of infrared radiat ion over a n a r r o w range of f requen-

cies n e a r the l imit ing phonon frequency, although the

e m e r g e n c e of such radiat ion from the c r y s t a l is likely

to be difficult. In reply to a quest ion by Moizhes,

Gurevich pointed out that although acoust ical phonons

a r e generated e a r l i e r than optical ones, generat ion of

the l a t t e r may st i l l be observed. F o r this purpose it

is n e c e s s a r y to i n c r e a s e the e l e c t r i c field rapidly so
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that at the moment of generation of optical phonons
the acoustical phonons have not yet had chance to
multiply. In reply to a question by Sh. M. Kogan,
Gurevich said that in his theory vibrations are gen-
erated which are stabilized by nonlinearity and not
the vibrations which depend on the dimensions of the
sample.

L. E. Gurevich and I. V. Ioffe (Physico-technical
Institute, Leningrad), in "The theory of current insta-
bility in semiconductors," proposed a theory of the
self-excitation of oscillations in a semiconductor to
which almost parallel electric and magnetic fields are
applied. This theory is based on the use of an expres-
sion for the current in the presence of fields, and a
density gradient, as well as the Poisson and continuity
equations. After linearization of these equations with
respect to the deviations of the field E(x , t) and den-
sity n(x, t) from the steady-state values Ε (χ) and
η (χ) , two solutions are obtained, one of which c o r r e -
sponds to low-frequency oscillations whose amplitude
increases with time. Qualitatively this effect is related
to the fact that when the density fluctuates diffusion
tends to reduce the density gradient and the Hall field
tends to increase it. The paper gave rise to many
questions on the criteria of instability, actual depend-
ences, and qualitative explanations of the phenom-
enon. M. Ya. Azbel' spoke of the important role of
scattering on the surface which should be allowed for
in the case of strong magnetic fields.

R. F. Kazarinov and V. G- Skobov (Physico-techni-
cal Institute, Leningrad), in the paper "On the theory
of nonlinear galvanomagnetic effects in semiconduc-
t o r s , " investigated the electrical conductivity of ionic
semiconductors in strong crossed electric and mag-
netic fields. At low temperatures the relaxation of
electron momentum is due to scattering on ionized
impurities and the energy relaxation is due to piezo-
electric phonons or the weak dispersion of optical
phonons. For a small current j Ohm's law is valid
for the dependence of Ej (projection of Ε on j) on j
and the resistance is proportional to the frequencies
of collisions with impurities vi • For large j the elec-
tron gas is heated and γ± decreases, which leads to a
reduction of magnetoresistance with increase of j . In
this region we have the descending part of the current-
voltage characteristic. For still larger j the elec-
trons become so hot that î i becomes smaller than the
frequency of collisions with optical phonons v0. Since
v0 is independent of the electron energy, the magneto-
resistance ceases to depend on j and again Ohm's law
applies, but with the resistance proportional to ий and
not to vi.

Considering similar problems in the paper "On the
theory of hot electrons," Sh. M. Kogan (Institute of
Radio and Electronics, Moscow) used a semi-phenom-
enological approach based on the concept of the elec-
tron temperature Τ being higher than the lattice tem-
perature T o . The power p(T) transferred by elec-

trons to the lattice was calculated in terms of the
correlation function of the electron density at various
points of space and time. The calculations were car-
ried out for the acoustical and piezoelectric interac-
tions with and without a magnetic field. Temperature
dependences of the transferred power p(T) and con-
ductivity σ(Τ) were used to plot the current-voltage
characteristics of the semiconductor. The case of a
nondegenerate electron gas, when σ ~ τ 3 ^ 2 , and
scattering is due to the piezopotential, was of inter-
est. Then at high electron temperatures ρ ~ Τ 1 ' 2 ,
so that when Τ > 2T 0 , a negative differential conduc-
tivity σ^ is obtained. For very high Τ , other mech-
anisms start to play a part (deformation potential,
optical phonons), which again gives σ^ > 0. As a
result of this, the cur rent-voltage characteristic is
S-shaped.

V. A. Chuenkov and Ch'en K'o-ming (Physics Insti-
tute, Academy of Sciences, Moscow), in the paper
"On the variation of breakdown with t ime," general-
ized the theory of one of the authors to the non-steady-
state case. They considered both impact and thermal
ionization of impurity centers, based on the solution
of the transport equation for electrons in strong elec -
trie and magnetic fields. The state when the number
of ionizations exceeded the number of recombinations
was regarded as the beginning of breakdown. The
temperature dependence of the critical field Ec was
established: it had a maximum at a certain tem-
perature T c . When Τ < T c the electrical break-
down predominates but when Τ •*· T c we have
mixed thermal and electrical breakdown. In strong
magnetic fields when ωτ » 1 (ω is the Larmor fre-
quency, and τ is the time to traverse the mean free
path), E c increases linearly with H. The process of
thermal breakdown was studied as a function of time
using square pulses the duration of which was either
much longer or much shorter than the time necessary
for heat transfer in the semiconductor. In the discus-
sion Yu. E. Perlin pointed out the important role of
the Frenkel effect which reduces the breakdown field.
The authors of the paper estimated that the effective
lowering of the barr ier a V"EC at breakdown fields is
small. However, this result depends strongly on the
proposed model of an impurity center.

8. WORK ON THE THERMODYNAMICS OF CRYSTALS

Three papers on this subject dealt with the thermal
and magnetic properties of semiconductors. A. E.
Marinchuk and V. A. Moskalenko (Institute of Physics
and Mathematics, Kishinev), in the paper "On the
thermodynamics of the crystal lattice," described a
method of calculating the thermodynamic potential of
a crystal allowing for anharmonic terms of third and
fourth orders. The method is based on the use of
Green's temperature functions and a diagram tech-
nique. The authors used the variation principle which



F I F T H A L L - U N I O N C O N F E R E N C E ON T H E T H E O R Y OF S E M I C O N D U C T O R S 833

made it possible to carry out this calculation approxi-
mately.

In his paper "Theory of the anisotropy of indirect
exchange in the many-electron model," Yu. M. Seidov
(Physics Institute, Academy of Sciences, Baku) car-
ried out an approximate diagonalization of the Hamil-
tonian of a crystal, allowing for the spin-orbit inter-
action by the Bogolyubov-Tyablikov method. As the
expansion parameter e the author used the ratio of
the overlap of Φ -functions of magnetic ions to the
overlap of nonmagnetic ions. The results were applied
to the antiferromagnetic crystal CuCl2 • 2H2O . The
energy spectrum of the crystal has a gap and consists
of four branches, similar to the acoustical and optical
vibrations, corresponding to the different spin orien-
tations .

К. В. Vlasov and A. I. Mitseka (Institute of Metal
Physics, Sverdlovsk), in the paper "On the thermo-
dynamic theory of substances in which ferromagne-
tism and antiferromagnetism may coexist," investi-
gated the mechanism of unidirectional (exchange)
anisotropy and obtained conditions under which it may
appear. The behavior of ferromagnets and antiferro-
magnets was considered in those cases when unidirec-
tional anisotropy is absent.

The collective properties of an exciton gas were
dealt with in the paper "Energy spectrum and ther-
mohydrodynamics of excitons," by V- A. Moskalenko
and A. N. Bobrysheva (Institute of Physics and Mathe-
matics, Kishinev). If the exciton density is very high,
the mutual interaction between excitons plays the
dominant role. On reaching the temperature of Bose
condensation, a phase transition of the second kind
occurs and the specific heat discontinuity is of the
same order as the specific heat itself. Elementary
excitations of the system of almost completely con-
densed excitons and phonons possess a complex energy
spectrum E(k) ; there are "acoustic excitons" for
which E(k) ~ к at low momenta. Criteria were ob-
tained for the applicability of the theory which impose
restrictions on the density and nature of interaction
between excitons.

Z. I. Uritskii (Kazan') considered a new mechan-
ism of phonon scattering in dielectrics by the forma-
tion of virtual electron-hole pairs which are annihilated
to form two phonons. At low temperatures, this proc-
ess may govern the thermal conductivity in dielectrics,
giving a temperature dependence different from that
due to the process connected with anharmonicity.
Estimates were carried out for acoustical phonons.
Some special features were noted for the interaction
with the electron-hole vacuum compared with the
electron-positron system in quantum electrodynamics
(Furry's theorem was not satisfied).

In a resolution passed at the end of the Conference,
it was agreed that " . . . The Conference deems it de-

sirable to continue and develop work in the following
directions:

1. Theory of transport processes and investigation
of instability phenomena in semiconductors.

2. Investigation of the energy band structure in
crystals.

3. Investigation of properties of non-ideal crystals.
4. Investigation of the behaviour of " h o t " elec-

trons in semiconductors.
5. Development of the theory of car r ier recombina-

tion in semiconductors and the theory of radiationless
transitions.

6. Theory of resonance phenomena in semiconduc-
tors .

7. Investigation of irradiation effects in solids.
8. Investigation of optical phenomena in semicon-

ductors .
9. Theory of various semiconducting devices.
The Conference draws attention to the lag in the

experimental work on the physics of semiconductors.
This leads to the situation that many theoretical ideas,
developed first in the Soviet Union, are realized ex-
perimentally abroad (cyclotron resonance in metals,
combined resonance, cyclotron resonance in deformed
semiconductors, indirect transitions in tunnel diodes,
etc.). Moreover, theoretical work appears which lacks
contact with experiment and is of little methodological
importance.

In spite of the difficulties in organizing all-Union
conferences on the theory of semiconductors (due to
the continuing rise in the number of participants), it
is desirable to continue holding such conferences at
the rate of one every two years. The Conference
recommends that the Sixth АН-Union Conference on
the Theory of Semiconductors should take place in
Kishinev at the end of September, 1964. The Confer-
ence is of the opinion that the agenda of the present
meeting was greatly overloaded with papers, and,
therefore, the Organizing Committee of the Sixth
Conference should take the following steps: 1) use
the rapporteur system so that one person presents a
critical review paper on the work on a certain sub-
ject; 2) reduce the number of papers at a session,
allowing more time for each paper.

The Conference is of the opinion that in addition to
the ail-Union conferences on the theory of semicon-
ductors, the following should be widely held: 1) meet-
ings of small groups of theoreticians working on a
definite subject; 2) schools for improving the quali-
fications of theoreticians; 3) schools for improving
the qualifications of experimentalists, employing
theoreticians to present lectures and papers . "

Translated by A. Tybulewicz


