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A review is given of the theoretical investigations of the rotation, in a magnetic field, of
the plane of polarization of infrared electromagnetic waves traversing nonmagnetic semi-
conductors with cubic crystal lattices. It is shown that in the range of wavelengths cor-
responding to the interband or intraband optical absorption the Faraday effect can be used
to determine the energy gaps, reduced effective masses, and the spectroscopic band-
splitting factor. At longer wavelengths corresponding to the free-carrier absorption the
Faraday effect can yield the average effective mass at the Fermi level and the Fermi
energy can be found at low temperatures and in strong magnetic fields. Uniaxial defor-
mation of crystals with many-valley bands makes it possible to use the free-carrier
Faraday effect in the determination of the mass averaged out over an energy ellipsoid as
well as the transverse component of the effective mass. A review is also given of the ex-
perimental results published for germanium, silicon, indium antimonide, gallium arsenide,
and lead chalcogenides, which are optically isotropic in the absence of an external mag-
netic field.
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I. INTRODUCTION

The magnetooptic Faraday effect, which represents
the rotation of the plane of polarization of an electro-
magnetic wave passing along a crystal in the direction
of an external magnetic field, was first investigated for
semiconductors by Kimmel in 19571·11 and since then it
has been the subject of extensive theoretical and ex-
perimental studies aimed to obtain information on the
energy band structure. An exceptionally large propor-
tion of papers has been concerned with the analysis of
the Faraday effect in the visible and infrared frequency
range because in this range the effect is related unam-
biguously to the gaps between the critical points of the
energy bands, to the effective carrier masses, and to
other parameters of semiconductors.

The Faraday effect belongs to an extensive class of
magnetooptic phenomena which arise in a crystal on the
application of an external magnetic field and which can
be arbitrarily divided into two groups. The first group
is related to the splitting of the local energy levels of
excitons, impurities, etc. This group includes the Zee-
man effect (splitting of absorption lines and their polari-
zation), the Voigt effect (birefringence near an absorp-
tion line), and the Maccaluso-Corbino effect (rotation of
the plane of polarization near an absorption line). The
most important member of this group, the Zeeman ef-
fect, is used widely in studies of the structure of local
levels. The second group of the magnetooptic effects is
associated with the appearance of the Landau sub-bands
in the conduction and valence bands. Optical transitions
between the Landau sub-bands in different bands give
rise to the interband effects, the most important of
which is manifested by oscillations of the fundamental
absorption. The other effects, such as the rotation of
the plane of polarization (Faraday effect), birefringence
(Voigt effect), oscillations of the reflection coefficient,
etc., are consequences of the oscillations in the funda-
mental absorption. Electron transitions between the

Landau sub-bands within the same (conduction or val-
ence ) band give rise to the intraband Faraday and Voigt
effects, plasma reflection, cyclotron resonance, etc.

Magnetooptic methods for investigating the energy
band structure of crystals,1·21 oscillations of the funda-
mental absorption in germanium,'31 and the combination
resonance ̂ 4l have all been considered in the present
journal. Reviews on the Faraday effect have been pub-
lished in foreign journals [ 5 r 7 1 but in the period between
the appearance of the latest of these reviews'·71 a
basically new approach has been developed to the appli-
cation of the Faraday effect in studies of the band struc-
ture of semiconductors. Therefore, it has seemed de-
sirable to review the Faraday effect again, including the
latest investigations.

The total number of papers published on the Faraday
effect is very large and the present review is concerned
only with the rotation of the plane of polarization of
infrared radiation in nonmagnetic semiconducting
materials with cubic crystal lattices. Experimental
results a re reviewed for semiconducting materials be-
longing to group IV (germanium and silicon), ΙΠ-V com-
pounds (indium antimonide and gallium arsenide), and
IV-VI compounds (lead chalcogenides), which are op-
tically isotropic in the absence of an external magnetic
field. The bibliography at the end of the review con-
s is ts mainly of papers published after 1965 and not
included

inly ο

i n ™ .

I I . T H E O R Y

1. Influence of a Magnetic Field onthe Spectrum

of Energy Levels in Bands

T h e a p p l i c a t i o n of an e x t e r n a l m a g n e t i c field (an i n -
duct ion B) to a cubic c r y s t a l with the q u a d r a t i c d i s p e r -
s i o n law i n d u c e s a n o p t i c a l a n i s o t r o p y and m a k e s the
d i s p e r s i o n m o r e c o m p l e x . T h e c a r r i e r e n e r g y b e c o m e s
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\ FIG. 1. Energy spectrum of thedensity of states in a simple band in theabsence of an external magnetic field(1) and in the presence of such a field(2).

quantized in a plane perpendicular to Β but the levels
remain quasicontinuous along Β forming se r ie s of one-
dimensional Landau sub-bands. The density of states in
the simplest possible nondegenerate band (derived for
the quadratic dispersion law and Β = 0) can be r e p r e -
sented by the following formula t 9 J

g (Ε) = ( "If 0 [E-Ec-(l +1/2) toc ± (1/2) f,gB]-

( 0
h e r e , h is the Planck constant divided by 2ir, m,j is
density-of-states effective mass , u>c is the cyclotron
frequency, wc = B e / m c , m c is the conductivity effec-
tive mass , Ec and Ε are the energies of the band edge
and of a c a r r i e r in a band, Ζ is a positive integer for
which the denominator is positive, g is the spectro-
scopic splitting factor, and β is the Bohr magneton.
This dependence is represented in Fig. 1 (without a l-
lowance for spin) by the continuous curve. The dashed
curve represents the density of states g(E) for Β = 0.
The energies corresponding to the infinitely high
density of states (Landau levels) a re separated by inter-
vals ha>c proportional to the magnetic induction and
inversely proportional to the effective mass . The band
edge shifts by an amount ha>c/2, which corresponds to
an increase in the width of the forbidden band in a mag-
netic field by an amount h(a>c,n + ω

0 η)/% where a ) c n

and OJC ρ a re the cyclotron frequencies for the conduc-
tion and valence bands, respectively.

If a band is of the multiplet type, the Landau levels
a r e formed in each band (branch) and the energy gaps
between them are hu>c only for large values of /,
whereas levels corresponding to smal l values of I are
nonequidistant. A review of the work done on this sub-
ject can be found in the paper of Zakharchenya and
Seisyan. [ 3 ] Recently, Lee and F a n [ 1 0 ] calculated the
Landau levels for all the branches (bands) of germanium
in a strong magnetic field.

Figure 2 shows the spectrum of the Landau levels in
the conduction and valence bands of germanium for k z

= 0. The Landau levels in the valence band of InSb are
basically s imilar to those encountered in germanium
but they differ in details . The differences a re due to
the absence of an inversion center in the zinc-blende
lattice of InSb, because of which the branches Vi and
V2 are degenerate only at the point k = 0 and the
maxima of the branch Vi a re shifted relative to k = 0
(the maximum of the branch V2 is located at this point)
in the [ i l l ] direction and a r e located above the maxi-
mum of the branch V2. The effective mass in the con-
duction band and the corresponding factor g c depend
strongly on the magnetic field and the Landau levels
are not equidistant because of a considerable departure
from the quadratic dispersion law. In weak fields the
spin splitting of the levels near the edge of the conduc-
tion band exceeds one-third of huica because the g c

factor of the conduction band reaches - 4 8 .

FIG. 2. Landau levels in the conduction
band and in three branches of the valence
band of germanium. The arrows identify
the transitions corresponding to the π

spectrum (Δ/ = 0, -2, ΔΜ = 0).

ΔΙΌ

In t h e c a s e of P b T e the v a l e n c e and c o n d u c t i o n b a n d s

a r e n o n d e g e n e r a t e (if s p i n i s i g n o r e d ) and t h e i r a b s o -

lute e x t r e m a a r e l o c a t e d at t h e point L i n the B r i l l o u i n

z o n e . The d i s p e r s i o n law for t h e s e b a n d s i s not q u a d -

r a t i c but i t i s b a s i c a l l y s i m i l a r to the d i s p e r s i o n law of

t h e c o n d u c t i o n band of InSb. T h e r e f o r e , i n c a l c u l a t i o n s

of t h e L a n d a u l e v e l s in the c o n d u c t i o n and v a l e n c e b a n d s

of t h e s e c o m p o u n d s , which h a v e e l l i p s o i d a l c o n s t a n t -

e n e r g y s u r f a c e s , the effective m a s s which o c c u r s in t h e

e x p r e s s i o n for the c y c l o t r o n f r e q u e n c y i s a s s u m e d to

b e ' 1 ^

mc = m, [KI(K cos2 φ + sin2 φ) ] 1 ' 2 ,

where Κ = m//mt, m/ and mt a re the longitudinal and
transverse components of the mass ellipsoid, and ψ is
the angle between the axis of rotation of the ellipsoid
and the direction of B. In this case the spectroscopic
splitting factor is

w h e r e g ; a n d gt a r e t h e c o m p o n e n t s of t h e g f a c t o r

p a r a l l e l a n d p e r p e n d i c u l a r t o t h e e l l i p s o i d a x i s : g/

= ± 2 m o / m t , g t = 2 .

T h e e n e r g y l e v e l s c h e m e b e c o m e s m u c h m o r e c o m -

p l e x if a l l o w a n c e i s m a d e f o r t h e C o u l o m b i n t e r a c t i o n

b e t w e e n b o u n d e l e c t r o n - h o l e p a i r s . [ 3 J U n d e r c e r t a i n

c o n d i t i o n s ( s u f f i c i e n t l y w i d e f o r b i d d e n b a n d E g , r e l a -

t i v e l y l o w s t a t i c o r l o w - f r e q u e n c y p e r m i t t i v i t y , a n d l o w

i m p u r i t y c o n c e n t r a t i o n ) t h e e x c i t o n e n e r g y s t a t e s f o r m

a h y d r o g e n i c s p e c t r u m b e l o w t h e b o t t o m of t h e c o n d u c -

t i o n b a n d . A n e x t e r n a l m a g n e t i c f i e l d p r o d u c e s a s i m i -

l a r s p e c t r u m b e l o w e a c h L a n d a u l e v e l i n t h e c o n d u c t i o n

b a n d a n d t h e e n e r g y of t h e g r o u n d s t a t e d e c r e a s e s w i t h

i n c r e a s i n g s e r i a l n u m b e r of t h e l e v e l a n d i n c r e a s e s

w i t h i n c r e a s i n g m a g n e t i c f i e l d .

In t h e a b s e n c e of a n e x t e r n a l m a g n e t i c f i e l d and a t

low temperatures the free c a r r i e r s (density N, degen-
erate at Τ = 0°K) occupy levels near the edge of the
conduction or valence band of an extrinsic semiconduc-
t o r . The occupied levels extend right up to the Fermi
level E_", whose energy is related in an unambiguous
manner to the c a r r i e r density and the band parameters .
In the case of a crystal subjected to an external mag-
netic field the relationship between the c a r r i e r density
Ν and the Fermi energy E p becomes more complex.
For a standard spin-degenerate band this relationship
can be represented by the formula1·^

Ν = 2V2h-^rnVX 2 [EF—(Z+l/2) tocl
1/2. (2)

It follows from this formula that the F e r m i energy os-
cillates with increasing magnetic field and falls re la-
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FIG. 3. Dependences of the energies
of the Fermi and zeroth Landau levels
on the magnetic induction under condi-
tions of strong degeneracy.

B, rel. units

tive to the zeroth Landau level. The magnetic-field
dependences of the energies of the Fermi level and of
the zeroth Landau level are plotted in Fig. 3 for the
strongly degenerate case. We can see that the Fermi
energy oscillates with rising magnetic field and the
oscillation maxima correspond to magnetic fields in
which the Landau level crosses the Fermi level so that
the free carriers leave the corresponding Landau sub-
band.

It is worth noting the slow asymptotic approach of
the Fermi level to the zeroth Landau level in strong
magnetic fields. This occurs because the zeroth Landau
level is the lowest one in a band and, therefore, it can-
not be emptied until the magnetic induction reaches
infinity.

These oscillations of the Fermi energy in an ex-
ternal magnetic field are the cause of the oscillations
of the magnetic susceptibility (de Haas—van Alphen
effect), electrical conductivity (Shubnikov—de Haas
effect), and rotation of the plane of polarization (Fara-
day effect) in the frequency range ω i, cug.

2. Interband Effect

The changes in the energy bands induced by an ex-
ternal magnetic field alter the dispersion relationship
for the complex refractive index of a crysta l . If the
conduction band is empty, the valence band is filled, Β
is directed along the ζ axis, light is traveling along the
χ axis, and the electric field of the incident light wave
is parallel to the ζ axis (π spectrum) the dispersion
law i s t l 2 ]

(re - ikY = 1 + {SneVm'A) Έ\ΡΙ, (I) |a Νι- (ω?,. - ω2 + ίωω')Γ'.

ω,,, = ω, + (h?k\l2mt) + (I +1/2) o>c. „ + (V +1/2) coc, „ + μβ£, (3)
μ = Μβι — ΜιΉ; m, = mnmpl(mn-\-mp);

here, η is the rea l refractive index, k is the extinction
coefficient, Mj and M;' are spin quantum numbers
equal to ± 1 / 2 , g; and gi' a re the spectroscopic factors
of the conduction and valence bands, τ = Ι / ω ' is the
phenomenological relaxation time introduced to take
account of the finite level lifetime, P x

 ν ( ξ ) is the
matrix element of the momentum in tn'e effective mass
approximation, ξ = k x or k z , I and Ϊ a re the quantum
numbers of an electron in a magnetic field. Formula
(3) contains additional angular coefficients for other
orientations of the electric vector of the light wave and
of its propagation vector relative to B.

The interband electron transit ions a re subject to the
selection rules applicable to the quantum numbers I
and Μ: ΔΖ = I - i = 0, ΔΜ = 0, ± 1 , which are governed
by the symmetry of the wave functions of the band
edges and by the orthogonality of the spin wave func-
tions. The selection rule Δ/ = 0 means that the first-

o r d e r o p t i c a l t r a n s i t i o n s a r e a l lowed if a n e l e c t r o n i s
t r a n s f e r r e d by a photon f r o m a m a g n e t i c L a n d a u l e v e l
V in t h e v a l e n c e band to a L a n d a u l e v e l i n the c o n d u c -
t i o n band which h a s t h e s a m e n u m b e r 1 = 1'. T h e
s e l e c t i o n r u l e for the s p i n q u a n t u m n u m b e r AM = 0, ± 1
i m p o s e s r e s t r i c t i o n s on t h e p o l a r i z a t i o n of l ight . If
ΔΜ = 0, the f irst-order transit ions, identified by arrows
in Fig. 2, a re allowed for light whose electric vector is
Ε II Β and propagation vector i s Γ ιι Β. This case is
analogous to the ττ spectrum in the atomic Zeeman ef-
fect. For ΔΜ = ± 1 , we must have Ε 1 Β and Γ 1 Β
(σ spectrum). If light travels paral lel to the magnetic
field (Faraday orientation), the transitions a re allowed
only for circularly polarized light: AM = +1 for the
left-handed circular polarization and AM = - 1 for the
right-handed polarization (σ, and σ- spectra). The
selection rules for the higher-order transitions a re
different. [ 3 ]

Formula (3) and the selection rules can be used to
calculate the frequency dependences of the refractive
index and the extinction coefficient for natural (unpolar-
ized) and for linearly or circularly polarized light.
These dependences can then be used to find the spectra
of al l the magnetooptic effects.

The rotation of the plane of polarization of light
passing across a crystal of thickness d in a magnetic
field parallel to the propagation vector of light is calcu-
lated using the nondiagonal elements σ χ ν of the e lectr i-
cal conductivity tensor or the difference between the
refractive indices n- and n» for the right- and left-hand
circularly polarized waves:

θ = (n. - n+). (4)

The difference between the absorption coefficients
a- and α t means that the ellipticity of the Faraday
effect is η = tanh (a- - a»)/d.

In the absence of an external magnetic field the r e -
fractive index has a maximum in the region of u>g. In
strong fields Β the maxima predicted by Eq. (3) cor-
respond to the Landau levels if the contributions of
excitons a re ignored. Thus, the interband Faraday ef-
fect may be considered in two extreme cases : 1) weak
fields and u> < Wg; 2) strong fields and ω > u>g.

In the first case, the theory of Boswarva, Howard,
and Lidiard1-1 3 '1 4 1 predicts the following frequency de-
pendence of the rotation in a pure crystal :

V ) "

χ ) " " 2 - (1 + ] - 1 ,
(5)

P J M S I ' v ^ O

/(i) = /(<o/o>s) = ( l / i ) l ( l -

Y = (gc + tf»)P/2.
A m o r e c u m b e r s o m e e x p r e s s i o n h a s b e e n obta ined by
R o t h / 1 5 1 who took a c c o u n t of the c o m p l e x s t r u c t u r e of
the valence band. In the frequency range ω < a>g both
theories predict f(x) <* ω 2 , i .e., the frequency depend-
ence of the rotation of the plane of polarization is
s imilar to the classical dependence deduced for an
elementary osci l lator. [ 1 4 J It is evident from Eq. (5) that
the sign of the rotation is governed by the relationship
between g c and g v and their signs.

In a degenerate semiconductor the angle of rotation
θ in the range ω < Wg depends strongly on the impurity
concentration, c a r r i e r density, and temperature be-
cause of a paramagnetic contribution resulting from the
interaction between localized centers and the external
magnetic field [16~21J Calculations carr ied out for simple
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bands with the F e r m i distribution of c a r r i e r s yield the
following e x p r e s s i o n for the d i spers ion of the angle of
rotation in the c a s e of low f ields and weak absorption:

η ( ω ) θ ( ω ) = — ^ ~ \ £2— (to)2 [£a— (Αω)»ρ / '

( 6 )

w h e r e t h e s u m m a t i o n i s c a r r i e d o u t o v e r a l l t h e e n e r g y

l e v e l s :

Ε = Ef = Eg + (I + 1/2) h (ac + ωΌ) + (Aa*J/2) (m^1 + rrii1)

± (1/2) (gc-g0) pB.

The F e r m i function F± depends on the variable
( E - E g - E p t ) / k T ' where

(mclm0)] Εφ ± (1/2) [g, + (mc/mr) gc] β5,

Τ ' = 1 + ( m c / m v ) T and Ει°> is the Fermi energy meas-
ured from the bottom of the conduction band in the ab-
sence of the magnetic field. The first t e r m in Eq. (6)
represents solely the contribution of the region in the
vicinity of the Burstein-Moss energy Eg = Eg + [1
+ ( m c / m v ) ] F p ' . The second t e r m (which will be r e -
ferred to as II) describes the usual interband rotational
reduced by "blocking" of the Landau levels.

The oscillatory t e r m s in the angle of rotation, which
a r e of the same origin as the oscillations of the magnet -
oresistance in the Shubnikov-de Haas effect or the
oscillations of the magnetic susceptibility in the de
Haas-van Alphen effect, a re contained in the first te rm
in Eq. (6), which can be represented in the form which
makes clear the physical origin of these oscil lations:

η (ω) θ (ω) = -
* ™§[(«.) 2 -(Λω) 2 ]

( 7 )

T h u s , t h e e f f e c t s c o n s i d e r e d h e r e d e p e n d d i r e c t l y o n t h e

d i f f e r e n c e b e t w e e n t h e p o p u l a t i o n s o f t w o K r a m e r s

s t a t e s o f t h e L a n d a u s u b - b a n d s . T h i s d i f f e r e n c e i s a

c o m p l e x f u n c t i o n o f t h e f r e e - c a r r i e r d e n s i t y i n a g i v e n

b a n d a n d o f t h e m a g n e t i c f i e l d . E q u a t i o n ( 7 ) c a n b e e x -

p a n d e d t o

, . „ , . 2 1 / 2 M*d
Λ ( ω ) θ ( ω ) = — I —

sin [rjl {g, + (mc/mD) gc) μ0, „] sin [(2nr£«,/toc) + (Λ/4)]ι

sh [2jl2rkT/htx>^] J •ii, ( 8 )

where μ (,
1

ν = ( m o / m c ) + ( m o / m v ) , M* is the number
of equivalent valleys in the band under consideration
(M* = 4 for the conduction band of germanium and of
lead chalcogenides). Here, the effective mass and the
g factors a re found by summing over all the band
levels.

An analysis of Eq. (8) shows that the total angle of
rotation is governed by the competition between two
large contributions associated with the absorption of
the right- and left-hand polarized waves. The greatest
contribution is made by the low-lying Landau levels. In
the simplest case of a semiconductor with standard
nondegenerate (spin is ignored) bands a right-handed
(left-handed) polarized wave causes electron transit ions
from the valence-band levels with spins directed up-
ward (downward) to the conduction-band levels with
spins oriented downward (upward). Consequently, all
the interband transit ions to the conduction-band levels
with the same spin states make contributions which a re
of the same sign. This contribution is positive for the
levels with spin -1/2, i.e., for the downward-oriented

spin, and negative for the levels with spin +1/2, i .e.,
for the upward-oriented spin.

The total rotation associated with the magnetic levels
in the conduction band is governed by the matrix ele-
ments, which relate the initial and final s tates, and by
the density of the final empty s ta tes . In the first ap-
proximation, the matrix element is independent of the
wave vector k z , whereas the density of the Landau
levels has sharp peaks at k = 0. Thus, the rotation of
the plane of polarization associated with any Landau
level i s governed by a narrow region in the k space
near k = 0.

A change in the population of the lowest Landau levels
a l ter s the balance of the contributions to the components
n, and n- in Eq. (4) and this gives r ise to oscillations
of the rotation of the plane of polarization. At a fixed
electron density in the conduction band the population
of the Landau sub-bands varies continuously with in-
creasing magnetic field and this gives r i se to an oscil-
latory unbalance of the components n+ and n-.

In the quantum limit, when the Fermi level E p is of
the order of several huic units and the thermal energy
of electrons kT is less than the splitting of the Landau
levels with different spin orientations, i.e., kT < g № ,
the maxima of the oscillations of the angle of rotation
correspond to magnetic fields in which the Landau sub-
levels with spin-up and spin-down orientations r ise
alternately above the F e r m i level making possible inter-
band transit ions which make contributions of different
signs to the total angle of rotation.

Dennis, Smith, and S u m m e r s ' 2 2 1 calculated these
contributions for different Landau sublevels in the con-
duction band of indium antimonide making allowance for
the complex structure of the valence band and for the
conduction-band nonparabolicity. The relative contribu-
tions to the total angle of rotation are listed in Table I
for Β = 3.0 Τ and ω = a)g/2, where Wg is the frequency
corresponding to the forbidden band width. It i s evident
from Table I that the relative amplitude of the oscilla-
tions increases with decreasing Landau quantum number;
moreover, the absolute contribution of a spin-up level is
greater than of a spin-down level.

Extremal values of the angle of rotation generally
correspond to magnetic fields given by the equation

EF = (I + 1/2) hu,c ± (1/2) Huts,

which can be rewritten in the form

I = EFmJheB- — (1/2) [1:± (ω,/ω^Ι;

here , ω 8 = g|3B and E p is given by Eq. (2).

TABLE I. Calculated
contributions to total
angle of rotation for Κω =
Eg/2 and η-type InSb (B =
3.0 T)

(9)

Level in
conduc-

tion
band

01

It
11
2t
2t
3t

Relative contribution to
total interband rotation

Very large and
negative

+3,8
—3,28
+ 1,8
—1.75
+ 1.1
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Thus, the Landau quantum numbers corresponding to
extrema of the angle of rotation are proportional to the
reciprocal of the magnetic induction. The straight lines
represented by Eq. (9) have the slope Ε ρ π ι ο / θ ϊ and
intersect the 1/B axis at the points 1/B- = [ l
- (a> s/a> c)]eny2m cE|n and 1/B* =[1
+ (u> s /w c )]ef i/2m c EF, which a r e separated by (1/B-)
- (1/B*) =RgB/Ep. The two parameters Ejrm c/efi and
BgB/Ep include three unknowns Ejr, m c , and g, so that
if we know one of them we can calculate the other two.
A comparison of Eqs. (5) and (9) shows that experimental
investigations of the interband Faraday effect in the
ω < Wg frequency range can yield additional informa-
tion on the energy band parameters of a semiconductor
with a degenerate f ree-carr ie r gas at very low temper-
atures .

In the frequency range ω > a>g and for the simplest
possible nondegenerate bands (ignoring the Coulomb
interaction between c a r r i e r s ) the angle of rotation is
given b y [ i 2 )

Π-FT),

±

ω, = <oCn +

-2(ω±Γ1 / 2],

(10)

h e r e , t h e s u m m a t i o n i s c a r r i e d o u t u p t o t h e L a n d a u

n u m b e r £ m a x > b e g i n n i n g f r o m t h e v a l u e s o f F * w h i c h

a r e p r a c t i c a l 1 / i n d e p e n d e n t o f t h e f r e q u e n c y . It i s e v i -

d e n t f r o m F. j . ( 1 0 ) t h a t t h e a n g l e o f r o t a t i o n o s c i l l a t e s

reaching Ks maxima at the points ω = ωι* (Ι = 0 , 1,
2 , . . . ) and its minima at the points ω = ωι'. The dis-
tance between the maxima of the angle of rotation is'
ω* and that between the maxima and minima is ( g c

+ gv)/3'B. The oscillation waveform in Eq. (10) is
governed by ω' = τ"1. The best agreement between the
calculated and experimental oscillatory dependences of
the angle of rotation is obtained if allowance is made
for the predominant car r ie r- sca t te r ing mechanism
(acoustic or optical phonons, impurit ies, e t c . ) . [ 2 3 ]

An even better description of the line profiles in the
rotation spectrum and of the dependence of the line
energy on the magnetic field is obtained if allowance is
made for the Coulomb interaction between c a r r i e r s . In
this case the rotation is associated with optical t rans i-
tions from the valence band not to the Landau levels in
the conduction band but to exciton levels located below
the Landau leve l s . [ 2 4 > 2 5 ] This allowance should be made
not only at low temperatures but also at room temper-
ature when the exciton peaks a r e usually absent from
the absorption spectra recorded in zero magnetic
f ie ld. [ 2 5 ]

The spectrum of the angle of rotation of germanium
was calculated by Suzuki and Hanamura'- 2 S ] making al-
lowance for the presence of excitons:

lle2d -̂ 1

w h e r e

(v±)MC'MV = Ω " 1 j ^Mc ("χ ± tov) Φ Μ ο dx,

ν is the velocity operator, Φ = Φ Μ 0 ( M C = ± l / 2 ) and
*M ( M v = -3/2, -1/2, 1/2, 3/2) a re the Bloch func-
tions for the conduction and valence bands at k = 0,
Vi is the eigenfunction of the 7-th quantum state of the

-40-

hi, meV

FIG. 4. Oscillatory spectra of the interband Faraday effect in ger-
manium: 1-experimental results; [41] 2-theory allowing for excitons;
[2S] 3—theory not allowing for excitons. ["]

10 7 S i 3 2$
ι 1 r

F I G . 5. T h e o r e t i c a l s p e c t r a o f t h e i n t r a b a n d e f fect i n p - t y p e G e . T h e

c o n t i n u o u s a n d d o t t e d c u r v e s a r e t h e c a l c u l a t i o n s r e p o r t e d in [ 1 0 ] , t h e

d a s h e d c u r v e is t a k e n f r o m . [ 2 8 ] T h e n u m b e r s i d e n t i f y t h e t r a n s i t i o n s be-

t w e e n t h e b r a n c h e s 3 , 2, a n d 1 o f t h e v a l e n c e b a n d , s h o w n i n t h e l o w e r

r i g h t - h a n d c o r n e r o f t h e f igure.

m o t i o n o f a n e l e c t r o n - h o l e p a i r , T ; i s t h e r e l a x a t i o n

t ime, and Κω;0 = Ε - E o . The summation is carr ied out
over al l the quantum states in the conduction and val-
ence bands. The dependence 0 e x ( ω ) calculated in this
way for 300°K and Β = 88 kG = 8.8 Τ is plotted in Fig.
4. For the sake of comparison the same figure includes
also the spectrum θ(ω) calculated in1·1 2 1 but without
allowance for the exciton contribution, which can be
seen to be quite different from 0 6 χ ( ω ) , particularly in
the region of the first band (Fig. 4).

Dependences s imilar to Eqs. (5) and (10) have been
derived i n [ 1 2 ' 2 5 > 2 7 ] for the interband Voigt, Kerr, and
other effects (for ω < a>g and ω > Wg) which are
quadratic in the magnetic field but sufficiently strong
to be experimentally detectable in reasonably high mag-
netic fields. Allowance for the damping by introduction
of the relaxation time makes it possible to calculate
approximately 1 · 2 7 1 the form of oscillations of the Voigt
effect δ(ω), determine the g factors of the conduction
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and valence bands, and calculate the relaxation t imes
from the rat io 5 m a x / 6 m a x * Ύβτ, where 6 m a x a n d

θ m a x a re the maximum values of the phase shift and
of the angle of rotation.

3. Intraband Effect

If an energy band consists of several branches,
optical transitions can take place between these
branches, as shown in the lower right-hand corner in
Fig. 5 for the valence band of germanium. Consequently,
the magnetooptic effects take place between the band
branches . The spectra of the Faraday effect associated
with such intraband transit ions a r e calculated for
germanium i n [ 1 0 ' 2 8 ] and are plotted in Fig. 5 for a hole
density of 101 7 cm" 3 and τ = 10~13 s e c . Lee and F a n [ 1 0 ]

made an allowance for changes in the complex structure
of the valence band in strong magnetic fields and,
therefore, their calculations (continuous and dotted in
Fig. 5) a re more correct than the calculations of Walton
and Mishra 1 · 2 8 1 (dashed curve). It is evident from Fig.
5 that the 3 —5 μ region is dominated by the contribu-
tion of the V3 — Vi transitions whereas in the 6—15 μ
region the rotation is due to the free holes ( θ λ) and
the V2 — Vi transitions ( # 2 ) ; in the 5—8 μ range the
dependences θ^ω) and θ^ω) are almost identical but
at λ > 13 μ the component θι(ω) predominates.

The intraband rotation spectra have not yet been
calculated for other semiconductors.

4. Free-Carrier Effect

In the energy range Rw < Eg (ωΐ_,0 < ω < u>g) the
magnetooptic effects in the degenerate semiconductors
appear because of the interaction between photons and
free c a r r i e r s . The problem can be solved in sufficient
detail with the aid of the Boltzmann transport equation.
In the simplest approximation of an isotropic effective
c a r r i e r mass mn,p and a relaxation t ime τ Π ) ρ we ob-
t a i n [ 8 ] the following expression for the conductivity
tensor :

σχχ oxy 0

χ «Tim 0

Ο Ο (

w h e r e

σχχ = Oyy = ω ρ ε«,ε 0 « ρ + to) [(τ^\ ρ + ίω)2 -

( I D

«c = Bemn) „,', ω ρ = β2./ν,,.ρ (8oo80ron, ρ)" 1,

Νη,ρ a r e the densities of electrons or holes, £« is the

high-frequency permittivity, and e 0 is the permittivity

of vacuum in SI units.

The optical constants associated with the conductivity
(11) depend on the magnetic field orientation, the direc-
tion of propagation of light, and the electric vector of
the light wave. We can isolate two special cases which
we shall call longitudinal and t r a n s v e r s e : they c o r r e -
spond to the propagation vector paral lel and perpendicu-
lar to the induction of the external magnetic field.

In the longitudinal case (Faraday orientation) a
linearly polarized light wave can be represented by
left- and right-hand circularly polarized component for
which the effective conductivity is

σ ± = σ « ± ίσχυ = ωρε«,ε0 [xij „ + i (ω + cojr1, (12)

w h e r e t h e plus s i g n c o r r e s p o n d s to a le f t -handed p o l a r -

i z e d wave and the m i n u s s i g n t o a r i g h t - h a n d e d wave.

It i s clear from Eq. (12) that as ω -» w c the e lectr ical
conductivity σ± exhibits two singularities correspond-
ing to the resonance absorption of energy, which in-
crease in amplitude with the degree to which the condi-
tion ω ο τ η > ρ » 1 is satisfied.

Let us now consider Eq. (9) and assume that the fol-
lowing conditions, which can be realized in pract ice,
a r e satisfied: ω > ωρ > ωα (weak magnetic fields),
ω { ,τ Π ) ρ » 1 (infrared range of wavelengths, where
ω > CI>L0, i .e., the working frequency is higher than the
frequency of one-phonon resonance), and n 2 » k 2 (weak
absorption). In this situation we obtain the formula

n\ χ ε» {1 — [ω'ρ/ω (ω :ρ ω,.)]},

which reduces to the following form for Β = 0:

(13)

The above form is used widelyi<3] in determination of the
effective mass of free c a r r i e r s from the reflection
spectra in the absence of a magnetic field.

Subject to the conditions n 2 » k 2 and ω > > <w
c ,ρ

Eqs. (4) and (13) yield the following formula for the
angle of rotation of the plane of polarization in the free-
c a r r i e r c a s e :

η (ω) θ (ω) = (e.xdl2c) ω·ωο/ω> = e»BNn. (14)

which s h o w s t h a t t h e r o t a t i o n i s p r o p o r t i o n a l t o the
c a r r i e r d e n s i t y N n > p and i n v e r s e l y p r o p o r t i o n a l t o the
s q u a r e of t h e effective m a s s mf. T h e r e f o r e , the value
of mf can be determined from the dependence η θ ( λ ζ )
without analyzing the scattering mechanisms provided
the c a r r i e r density is independent of these mechanisms
(this is t rue, for example, of a degenerate f ree-carr ie r
gas). Since Eq. (14) includes the square of the effective
mass mf, the e r r o r in the determination of this mass
should be less than in the calculation from the reflec-
tion spectra (other conditions being equal).

An analysis of Eq. (14) for different types of energy
bands s h o w s 1 · e ' 7 ' u ' 2 8 > 2 8 ] that the value of mf generally
differs from the conductivity effective mass m j de-
duced from the dispersion of the refractive index, i .e . ,
from plasma or magnetoplasma reflection or from
cyclotron resonance. This difference is due to the
structure of the band containing free c a r r i e r s . We shal l
now consider several special cases .

1) A simple band consisting of one branch E(k) with
the quadratic dispersion law and with spherical con-
stant-energy surfaces. In this case mf = H I R .

2) A band has one branch E(k) with a nonquadratic
dispersion law and constant-energy surfaces a r e spher i-
cal . In this case

m{ .= mR = A"2 (dE/k dk)f. (15)

Here, F denotes that the wave vector kp corresponds
to the Fermi level.

3) Two simple " s p h e r i c a l " bands degenerate at
k = 0 with masses mi and m 2 , where ml * m 2 . Using
the relationship ( n i j / m / 2 = N i / N 2 and assuming that
Ν = Ni + N 2, we find that mf = m R ( m i m 2 ) 1 / 2 , where
m R = ( m 3 / 2 + m ! / 2 ) / ( m l / 2 + m ^ 2 ) . Consequently,

imRlm(y = a1/· (1 + a1/·)/^ + a3/2), (16)

where a = m 2 / m j . An analysis of Eq. (16) shows that
m R > m f if α * 1. Using N/mR = (Nj/m,) + ( N 2 / m 2 )
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and N/ml = (Ni/mf) + (N 2/mi) we find that
( 1 UzYl d | f ( 1 V 2 )"x

!( 1 + a and m S l + α -

—m;«o.

)"x so that

(17)

Thus, having determined mg from the reflection
spectra and mf from the Faraday effect, we can use
Eqs. (16) and (17) to estimate the masses of light and
heavy holes in a band.

4) Constant-energy surfaces in the form of ellipsoids
of revolution and the quadratic dispersion law. In this
case mf = m|3K(/(2 + K) and mR = mt3K/(2K + 1).
Consequently,

and

(mH/m,f)
2 = 3K (K + 2)I(2K + I)2,

(18)

(19)

i.e., mf is greater than mR for any value of Κ = m/mt
* 1. We note that the right-hand side of Eq. (19) is the
anisotropy factor in the Hall coefficient. It is worth
noting that in case 3 the value of mf is smaller than
mR, whereas in case 4 the value of mf is greater than
m R .

Gurevich and Ipatova1·3 0 1 demonstrated that in many-
valley semiconductors the angle of rotation is aniso-
tropic in a strong magnetic field and, therefore, the
components of the mass ellipsoid m/ and m^ can be
determined from the Faraday effect.

5) Ellipsoidal constant-energy surfaces obeying the
Kane dispersion law. C l l ] In this case, we have

and if the degeneracy is strong, the above expression is
identical with Eq. (19) to within 1—2% because in this
case the ratio of the integrals X is close to unity.

Uniaxial compression reduces the lattice symmetry
of crystals with diamond, zinc-blende, and rocksalt
structures, i.e., the compressed crystal becomes uni-
axial instead of cubic. An external load of this kind
lifts the degeneracy of the equivalent valleys in the
conduction or valence band (the latter applies to lead
chalcogenides). Consequently, the free-carrier Faraday
effect becomes anisotropic and we can determine the
components mi and mj. Birefringence can be elim-
inated by investigating the Faraday effect under a load
directed parallel to the magnetic field and to the light
propagation vector. Moreover, the crystal itself should
be oriented in a suitable manner relative to the direc-
tion of the load.

In the case of silicon the six equivalent conduction-
band ellipsoids are elongated along the fourfold axes
[100], [010], and [001]. Therefore, compression along
the [100] axis results in a descent of two equivalent
valleys corresponding to the directions [100] and [Ϊ00]
and an ascent of the other four valleys. If the magnetic
field, the load, and the light propagation vector a r e
parallel to the [100] axis, the Faraday effect yields the
transverse component of the effective mass nit.

A s imilar situation occurs in η-type germanium and
in n- and p-type lead chalcogenides if the magnetic
field, the load, and the direction of propagation of light
a r e parallel to the threefold axis [111] because the
constant-energy surfaces of the conduction band of
germanium and of both bands of lead chalcogenides are
ellipsoids of revolution elongated along the Ll l l ] axis.

If ω » ωι, u>t, ωτ » 1, and k± « n±, the angle of
rotation of the plane of polarization for a six-ellipsoid
semiconductor is given by' 3 1 1

where the total c a r r i e r density i s Ν = 6NV + 2N^, N v is
the c a r r i e r density in the valleys which are ascend, and
N v + Nt is the c a r r i e r density in the valleys that de-
scend, ωι = Be/m/, ω^ = Be/m^, t j . and n± are the ex-
tinction coefficients and the refractive indices of right-
and left-handed polarized waves.

The ratio of the angle of rotation 0s under a load to
the angle of rotation θ 0 in the absence of a load is

θ!<β)/θ0 = [1 + KN,!NB (K+2)] [1 + (N,ISNC)\- (21)

Under the same boundary conditions the formula for
a four-valley band is

Θ, (1) = (ΰ3ΒΧΗΙ2πη(?ε<Μ) [(K + 2)l3K + (N,/iNc)] ίΝΌ,

where the total c a r r i e r density is Ν = 4NV + Nj, N v and
Nf- are the c a r r i e r densities in the ascending and de-
scending valleys, respectively.

The ratio of the angles #s(i) and θ0 is given by

Θ8<4)/Θο = {1 + UKI(K + 2)] (Ν,Ι4ΝΌ)} [1 + (Ν,ΙίΝ,))-1. (22)

Under the Boltzmann statist ics conditions the re la-
tive populations of the upper and lower valleys obey

(Ne + Ν,)ΙΝΌ = exp (AEIkT),

where Δ Ε is the splitting of the valleys:

clt)-1EuT, ^

C [1111 = (8/3) (<:„ 4 4)-' SUT,

here , Cu, cl2, and c 4 4 are the e last ic moduli of the
crys ta l , H u i s the deformation potential for pure shear ,
Τ is the average compressive s t r e s s , AEC is the valley
splitting on compression by radial s t r e s s e s , AEf is the
valley splitting on compression of a free sample (no
radial s t re s ses ) . For germanium AE c /AEf = 0.81 and
for silicon AE c/AEf = 0.61.

Figure 6 shows the dependences 0s<6> = fi(AE/kT)
and e S ( 4 ) = f2(AE/kT), calculated from Eqs. (20)-(22)
for the directions [100] and [111] and Κ = 2, 3, and °°.
We can see that as the splitting ΔΕ increases in pro-
portion to the load, in accordance with Eq. (23), the
free-carr ier rotation in a semiconductor with ellip-
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FIG. 6. Theoretical dependences of the angle of rotation on the split-
ting of equivalent valleys along the [ 100] and [ 111 ] directions for Κ = 2,
3, and°°. [ 3 1]
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soidal constant-energy surfaces increases and reaches
saturation for ΔΕ/kT = 6, where the saturation value
9S/6O depends much more strongly on Κ for low
values of Κ than for large ones.

Measurements of the f ree-carr ie r rotation at various
temperatures '- 3 2 ' 3 3 1 make it possible to determine the
temperature dependence of the effective mass more
reliably than by other methods because the temperature
dependences of all the quantities in Eq. (14) can be con-
trolled quite easily.

Heating of c a r r i e r s by a strong external electric
field oriented in a suitable manner relative to the con-
stant-energy ellipsoids resul ts in a redistribution of
c a r r i e r s between the cold and hot valleys. This a l ters
the angle of rotation of the plane of polarization [34~37J

and such a change can be used to determine the band
parameter s . In semiconductors with spherical constant-
energy surfaces the f ree-carr ie r rotation may decrease
under the action of a strong electric field if the disper-
sion law is nonquadratic.'-3 8 1

I I I . EXPERIMENTAL RESULTS

5. Interband Effect

The oscillations in the spectra of the angle of rota-
tion in the ω > ug range can be resolved if the magnetic
field, thickness of the sample, temperature, impurity
concentration, and f ree-carr ie r density satisfy certain
definite conditions. Since the lifetime of the Landau
levels at any given temperature is not infinite, the level
width is finite and the oscillations can be resolved if the
magnetic field is sufficient to make the energy gap be-
tween the Landau levels greater than the level width,
i.e., u)c jTi » 1, where ωο,ΐ and τ\ is the cyclotron
frequency and the lifetime in the i-th band. For inter-
band transitions this condition is of the form

».τ.>1, (24)

w h e r e ω,, = u) c n + w C ) p and τ^ = TCTV(TC + τ ν ) ~ \

If we m a k e a l l o w a n c e for t h e s p i n s p l i t t i n g , t h e c o n -

di t ion of E q . (24) for the r e s o l u t i o n of t h e o s c i l l a t i o n s

s h o u l d b e r e p l a c e d by a m o r e s t r i n g e n t r e q u i r e m e n t

k T « h a > s .

S ince t h e o s c i l l a t o r y i n t e r b a n d ef fects a r e o b s e r v e d

i n t h e r e g i o n of s t r o n g ( fundamenta l ) a b s o r p t i o n of a

c r y s t a l , t h e t h i c k n e s s of a s a m p l e d g iven by t h e m i n i -

m u m - e r r o r c o n d i t i o n a d * 1 i s s e v e r a l m i c r o n s and

t h e s a m p l e should not be s u p p o r t e d by a s u b s t r a t e if

e r r o r s due to d e f o r m a t i o n a r e to be a v o i d e d . T h e c o n -

di t ion (24) c a n b e s a t i s f i e d m o r e e a s i l y for low i m p u r i t y

c o n c e n t r a t i o n s , low c a r r i e r d e n s i t i e s , and low t e m p e r a -

t u r e s . U n d e r t h e s e c o n d i t i o n s the o s c i l l a t i o n s of t h e

interband rotation become c learer in the ω >aig range.

Oscillations of the angle of rotation in the nonreso-
nance region ω < u>g, which a r e due to the "blocking"
of the interband transit ions by free c a r r i e r s in the
Landau sub-bands of a degenerate semiconductor, can
be observed if the temperature is low and the magnetic
field is high so that the spin splitting g/3B exceeds the
thermal energy of c a r r i e r s , i .e., g/3B > kT. Moreover,
it is necessary to satisfy the condition iBcoc » Ejr,
where the number of the Landau level / should not
exceed 5—7 so that oscillations corresponding to the
coincidence of the Fermi level and the 0· Landau level
can be observed in reasonably strong magnetic fields.

The condition for sufficiently reliable determination
of the effective mass of free c a r r i e r s from the angle
of rotation in the ω « ω™ region, where this angle is
inversely proportional to the square of the frequency,
is given by the formula

θ/ad « μΒ/2,

where α is the absorption coefficient and μ is the free-
c a r r i e r mobility. If we bear in mind that the measure-
ment of the angle of rotation of 1° causes no special
difficulties in the range of weak transmiss ion, where
ad * 4 it follows that μ Β 2 10"2 whereas in the deter-
mination of the effective mass from cyclotron r e s o -
nance one has to satisfy a much more stringent condi-
tion μΒ a 1, i .e., the Faraday effect can be used to de-
termine the effective mass of c a r r i e r s whose mobility
is two orders of magnitude lower than those that can be
studied under cyclotron resonance conditions.

A. Germanium. The interband rotation in this ma-
ter ia l has been investigated by many workers'· 2 6 ' 3 9" 4 3^
at frequencies ω < Wg and ω > Wg. An analysis of the
experimental results in the ω < Wg region was made by
Roth [ 1 5 ] allowing for the complex s tructure of the val-
ence band and he found that geff = -6 .0 . It is interesting
to note that the experimental points fit well the depend-
ence η δ ( ΐ / λ 2 ) calculated for an elementary oscillator
and they give the correct value of the free-electron
mass (1.04m 0). The inversion of the rotation in the
short-wavelength region has initially been attributed to
the competition between direct and indirect t rans i-
t i o n s , [ 4 0 ] but subsequent ca lculat ions [ 2 1 ) 2 5 ] have demon-
strated that the direct transit ions predominate. The
influence of impurit ies, temperature, and electric fields
on the interband rotation spectrum has been studied
i n t 1 3 , 1 4 , 2 4 . 4 4 " 4 8 ] .

The resul ts of investigation carr ied out in the
ω > Wg region in weak and strong magnetic fields a re of
special interest because the singularities in the spectra
obtained for this region are related directly to the fine
features of the band s t ructure . Figure 4 shows the θ (ω)
spectra obtained by Mitchell and Wall is t 4 1 ] at 300°K for
a 5.72-μ thick germanium sample (on a glass substrate)
subjected to a magnetic field of 86 kG. s imilar results
were obtained by Nishina and Lax [ 4 3 ] for a sample
~4-μ thick in a field of 56.7 kG. Figure 4 includes also
(dashed curve) the spectrum calculated for the same
conditions by Suzuki and Hanamura.'·2 5·' The clearly
manifested similarity of these spectra is evidence of a
considerable contribution of excitons to the rotation
bands. At low temperatures these spectra a re even
more complex1·43^ because of the deformation of the sam-
ple by the substrate . This deformation lifts the de-
generacy in the valence band and shifts the Landau and
exciton levels. A sample attached to a substrate is sub-
ject to residual s t r e s s e s even at room temperature and
these s t r e s s e s a re responsible for the long-wavelength
maximum in the experimental dependence θ (ω) plotted
in Fig. 4.

An oscillatory rotation spectrum associated with the
indirect interband transitions was reported by Hal-
p e r n [ 4 9 ] for oriented samples which were not attached
to substrates and in which the c a r r i e r density did not
exceed 10 1 3 cm" 3 . The spectrum was recorded at 1.7°K
in fields up to 103 kG. An analysis was made allowing
for the contribution of indirect excitons.

B. Silicon. The interband Faraday effect in silicon
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has been investigated only in the ω < w g region. £ 5 0 ~ 5 3 J

In the latest investigation 1 5 3 1 the author used oriented
single-crystal samples of intrinsic silicon. These
samples were 90-24 μ thick and a study was made of
the dispersion of the angle of rotation of the plane of
polarization in the photon energy range 0.45—2.05 eV
at room temperature in a magnetic field of 20 kG. A
comparison of the experimental resul ts with the
theor ies 1 1 3 " 1 5 ' 4 0 3 established that the main contribution
to the rotation in this frequency range is made by
direct allowed transit ions of energy 3.07 eV according
to the theory [ 4 0 ] and 2.80 eV according to the theory [ 1 3 ] ,
whereas indirect transit ions of energy 1.18 eV accord-
ing t o ' 4 0 1 and 1.16 according to 1 · 1 3 1 make no significant
contribution to the angle of rotation.

C. HI-V compounds. In the ω ~ u>g range the smal l
effective mass of electrons in indium antimonide makes
it possible to observe bands in the rotation spectrum
even if the magnetic field is weak. These bands were
studied by Pidgeon and Brown. i M i In a strong magnetic
field the spectrum had a complex s t ructure, shown in
Fig. 7 for 53.0 and 96.5 kG. The dependences plotted in
this figure were obtained at ~20°K for samples 4.5 μ
thick which were not bonded to substrates and in which
the impurity concentration did not exceed 101 4 c m ' 3 . A
detailed theoretical analysis was not made i n [ 5 4 ] but it
was pointed out that the rotation was proportional to
the difference between the contributions of the AMj
= + 1 and the AMj = - 1 transitions to the dispersion.
Therefore, resonance singularities appeared in the r o -
tation spectrum near the same points as for combina-
tions of the a* and σ- spectra, which were analyzed in
detail i n [ 5 4 ] and yielded all the principal parameters of
the complex band structure of indium antimonide.

Oscillations of the interband rotation in gallium
arsenide were studied carefully by Narita, Kobayashi,
and Koike [ 5 5 ] at 77°K in fields of 80 kG. They used
samples 5-μ thick with impurity concentrations not
exceeding 1 0 l e cm" 3 . The exciton contribution was a l-
lowed for by introducing an energy shift of the bands
and the band profiles and amplitudes were described
with the aid of the relaxation time concept.

S.deg

-25

-w-
·- 96,5 kG

8-53,0kG

№ 260 «
haj, meV

FIG. 7. Interband rotation spectra of η-type InSb at ~20°K in the
ω 5Ξ cjg range. [ s 4] The arrow identifies an induced transition D[ whose
intensity is 10 times lower than that of the allowed transition. The verti-
cal lines at the bottom of the figure represent the intensities of the trans-
itions with AMj = -1 and AMj = +1.

FIG. 9

FIG. 8. Oscillatory part of the dependence of the angle of rotation
on the magnetic induction obtained for η-type InSb with an electron
density of 5.0 Χ 1016 cm"3 at λ = 6.2μ and Τ = 15°Κ. ["]

FIG. 9. Experimentally obtained dependences ["] of the Landau
numbers on the reciprocal of the magnetic induction, corresponding to
minima and maxima in the oscillations of the angle of rotation, obtained
for η-type InSb with electron densities of 5 Χ 1016 cm"3 (1) and 1.8 X
101 7cm"3(2).

The first studies of the rotation in the ω < a>g
range 1 · 4 2 ' 5 0 1 were carr ied out at insufficiently low tem-
peratures so that the influence of free c a r r i e r s on the
θ (ω) spectrum was not determined correctly. Recently,
Dennis, Smith, and Summers ' 2 2 1 studied the θ(ω) spec-
trum of η-type InSb single crystals with electron densi-
ties from 101 4 to 101 7 cm" 3 . The study was carr ied out
at 15°K in magnetic fields up to 60 kG in the wavelength
range 6—20 μ . Deviation of the dependence Θ(Β) from
linearity was observed for a sample with an electron
density of 1.5 x 101 4 cm" 3 and this deviation increased
with decreasing wavelength in the range λ > Xg, where
Ag =fi27Tc/Eg. In this case the Fermi energy was E p
~ 1 meV ana the thermal energy at 15°K was ~1.2 meV.
Consequently, in magnetic fields Β > 10 kG the spin-
splitting energy g|3B exceeded considerably the Fermi
energy E p and the electrons populated only the sole
Landau level (Ot). The degeneracy increased with the
magnetic field intensity and this caused "blocking" of
the lowest-energy allowed interband transition by free
electrons and produced a positive contribution to the
total angle of rotation.

Samples with electron densities of ~10 1 7 cm" 3 ex-
hibited oscillations in the dependence of the angle of
rotation on the magnetic induction in a wide range of
the latter. The oscillations corresponded to crossing of
the Fermi level by the Landau levels. Figure 8 shows
only the oscillatory part of the dependence 0(B) for a
sample with an electron density of 5.0 x 101 β cm" 3 at
λ = 6.2 μ. We can see that the amplitude of the oscilla-
tions decreases with increasing ser ia l number of the
Landau level and the larger amplitudes correspond to
the spin-up Landau levels than to the spin-down levels,
in agreement with the theory given i n [ 2 0 ] . The positions
of the extrema (Table Π) are also in good agreement
with the theory predicting values of the magnetic field
corresponding to crossing of the F e r m i level by the
Landau levels (Fig. 3). The spectrum 0(B) has no
oscillations corresponding to higher quantum numbers
(lower magnetic fields) because in this case the quanti-
zation condition g/3B > kT is not obeyed so that elec-
trons are redistributed between the neighboring Landau
levels. Figure 9 shows the dependences l(l/B) plotted
in accordance with Eq. (9) for samples with electron
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TABLE II. Comparison of theoreti-
cal and experimental values of mag-
netic induction corresponding to
crossing of Fermi level by Landau
levels

λ, μ
15-10 5 4 3 Ζ

Electron
density.

cm"1 '

1.5-10"
8.0-1015
5.0-10"

1.0-10"

Initial Landau
level

None
0. —1/2
0. —1/2
1- +1/2
1. -1/2
2. +1/2
2. —1/2
3. +1/2
3. —1/2
1. -1/2
2. +1/2
2. —1/2
3. +1/2
3, —1/2

Magnetic
induction, Τ

Calc.

2.20
6.00
3.47
2.66
1.85
1.24
1.04
0.97
6.0
4.48
3.84
3.05
2.74

Expt

2.60
4.50
3.26
2.54
1.86
1.23
0.92
0.74
5.8
5.18
4.00
3.10
2.60

λ , μ

Β, kG ΓΚ

1 - ΒΟΑ 300

Ζ -60Λ 100

3 ~ 315 ΊΖ

λ 2 , * '

200

FIG. 10. Faraday effect spectra of PbS with an electron density of

3.5 Χ 1017 cm"3 at three different temperatures. ["]

d e n s i t i e s of 5 x 10 and 1.8 x 10 c m . T h e c i r c u l a r
s y m b o l s in F i g . 9 r e p r e s e n t t h e m i n i m a and m a x i m a
of t h e a n g l e of r o t a t i o n for m a g n e t i c i n d u c t i o n s c o r r e -
s p o n d i n g to t h e c r o s s i n g of t h e F e r m i leve l by t h e
(I, - 1 / 2 ) and (I, + 1 / 2 ) L a n d a u l e v e l s . T h e va lue of
t h e g f a c t o r c a l c u l a t e d by s u b s t i t u t i n g the d a t a of F i g .
8 into E q . (9) i s - ( 4 7 ± 1 ) , in good a g r e e m e n t with t h e
r e s u l t s of i n v e s t i g a t i o n s c a r r i e d out by o t h e r m e t h o d s .

A considerable influence of impurities on the s t ruc-
ture of the interband rotation in the ω < aig region has
been found for gallium antimonide and arsenide [ 1 9 > 5 β ~ β 2 1

but it has not yet been investigated in detail.

D. Lead chalcogenides. It was reported i n [ 1 7 ' 6 3 ] that
the interband Faraday effect in η-type PbS exhibits two
special features in the ω < u>g range: 1) the sign of the
effect depends on temperature for a fixed electron
density; 2) as ω — 0, the angle of rotation also de-
creases θ — θ0 * 0, where 60 i s a function of temper-
ature . Figure 10 shows the rotation spectra obtained
at 300, 100, and 42°K for a sample 425-μ thick and with
an electron density of 3.5 x 101 7 c m ' 3 . 1 " 1 The inversion
of the rotation in the temperature range 300—100"Κ can
be seen quite clearly in Fig. 10. This can be explained,
on the basis of Eq. (6), by the difference between the
shift of the optical absorption edge (Burstein-Moss ef-
fect) for left- and right-handed polarized light. This
difference depends strongly on the temperature of a
crystal and on the electron density in an allowed band.

0,1
πω, eV

F I G . 11 . E x p e r i m e n t a l Faraday ef fect spectra o b t a i n e d at 3 0 0 and

77°K for p-type Ge with a hole density of 1.3 Χ 1017 cm"3. The upper
part of the figure shows the absorption spectra at 300 and 77°K. [10]

a g r e e m e n t with t h e e x p e r i m e n t a l r e s u l t s . T h e i n t e r b a n d
r o t a t i o n was a l s o i n v e s t i g a t e d in P b T e , P b S e / 2 8 ' 6 4 " 6 6 1

and o t h e r s e m i c o n d u c t o r s . [ 6 7 ~ 7 2 1 T h e inf luence of e l e c -
t r i c f ie lds on t h e i n t e r b a n d r o t a t i o n was c o n s i d e r e d

i n [ 4 7 > 7 3 ] .

6. Intraband Effect

T h e e x t i n c t i o n coeff ic ient g o v e r n e d by i n t r a b a n d

t r a n s i t i o n s i s s m a l l c o m p a r e d with the a v e r a g e va lue

of t h e r e f r a c t i v e i n d e x . T h e r e f o r e , t h e F a r a d a y effect,

which i s p r o p o r t i o n a l t o t h e d i f f e r e n c e b e t w e e n t h e

r e f r a c t i v e i n d i c e s n- and n+ [ E q . (4)], i s the only m a g -

n e t o o p t i c effect a s s o c i a t e d with t h e s e t r a n s i t i o n s t h a t

h a s b e e n s t u d i e d e x p e r i m e n t a l l y for p- type s e m i c o n d u c -

t o r s .

A . G e r m a n i u m . T h e i n t r a b a n d r o t a t i o n s p e c t r a of
p- type Ge w e r e i n v e s t i g a t e d by s e v e r a l w o r k e r s . t l 0 ' 2 8 ]

T h e r e s u l t s of t h e m o s t d e t a i l e d i n v e s t i g a t i o n c a r r i e d
out by L e e and F a n [ 1 0 ] a r e p lo t ted i n F i g . 11 which
s h o w s t h e s p e c t r a due to t h e r o t a t i o n a s s o c i a t e d s o l e l y
with t h e t r a n s i t i o n s b e t w e e n t h e v a l e n c e - b a n d b r a n c h e s ,
i . e . , t h e s p e c t r a i n t h e l o w e r p a r t of F i g . 11 a r e t h e
r e s u l t of s u b t r a c t i o n of t h e i n t e r b a n d s h o r t - w a v e l e n g t h
r o t a t i o n f r o m t h e e x p e r i m e n t a l v a l u e s . T h e u p p e r p a r t
of F i g . 11 s h o w s , for the s a k e of c o m p a r i s o n , t h e a b -
s o r p t i o n s p e c t r a of p- type Ge obta ined a t 300 and 77°K
and p lo t ted on a r e l a t i v e s c a l e . We c a n c l e a r l y s e e a
c l o s e a n a l o g y b e t w e e n t h e s p e c t r a , p a r t i c u l a r l y a t
r o o m t e m p e r a t u r e . T h e t h e o r y of t h e F a r a d a y effect
h o l d s b e s t a t low t e m p e r a t u r e s a n d , t h e r e f o r e , t h e
e x p e r i m e n t a l r e s u l t s in F i g . 12 a r e c o m p a r e d with the
t h e o r y only for 77°K. We c a n s e e t h a t , a p a r t f r o m t h e
long-wave length p a r t and t h e r e g i o n n e a r 0.3 eV the
a g r e e m e n t b e t w e e n t h e t h e o r e t i c a l and e x p e r i m e n t a l
s p e c t r a i s qui te s a t i s f a c t o r y . T h e t h e o r e t i c a l depth of
t h e m i n i m u m n e a r 0.3 eV c a n be r e d u c e d if i t i s a s -
s u m e d t h a t t h e r e l a x a t i o n t i m e i s not the s a m e for a l l
t h e t r a n s i t i o n s but i s s h o r t e r for t h e V3 — Vi t r a n s i -
t i o n . A c c o r d i n g to L e e and F a n , t l o J the long-wave length
m a x i m u m m a y b e o b s e r v e d if m e a s u r e m e n t s a r e e x -
t e n d e d t o l o n g e r w a v e l e n g t h s .

T h e r o t a t i o n a s s o c i a t e d with t r a n s i t i o n s within t h e
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FIG. 12. Intraband rotation spectra of p-type Ge with a hole density

of 1.3 X 1 0 " cm"3 at 77°K. The continuous curve is calculated and the

points represent experimental values. [ 1 0 ]

λ.μ

ill 15

hu, eV
FIG. 13. Experimental spectra of the Faraday effect obtained at 300

and 77°K for p-type GaAs with a hole density of 2 Χ 1017 cm"3. The
upper part of the figure shows the absorption spectra at 300 and 77°K.
[10]

The spectrum η θ (ω) calculated from Eq. (6) is in good
conduction and valence bands of silicon have not yet
been definitely establ i shed. [ 5 2 ) 7 2 ]

B. III-V compounds. It is not possible to detect the
intraband rotation in p-type InSb because Aso > Eg and
this rotation is masked by the much stronger interband
rotation. In the case of GaAs, we have A s 0 < E g and
the effect should be observed clearly in the same way
as in G e . [ 1 0 ) 2 8 1 Figure 13 shows the spectra obtained
experimentally by Lee and F a n [ 1 0 ] at 77 and 300°K and,
for the sake of comparison, the absorption spectra of
p-type GaAs with a hole density of 2 x 101 7 cm" 3 (upper
part of Fig. 13). The structures of the absorption and
rotation spectra have much in common in the 3-15 μ
range, which confirms that the mechanisms are the
same but a detailed analysis of the spectra has not been
made because some of the valence-band parameters of
gallium arsenide must be refined. It has not yet been
possible to isolate the intraband contribution to the total
rotation in p-type InAs.'72-1

C. IV-VI compounds. In contrast to germanium and
gallium arsenide, the valence and conduction bands of
PbS, PbSe, and PbTe are nondegenerate at the absolute
extrema and, therefore, the intraband rotation does not
occur in these compounds . [ 1 β ' 1 7 ' 2 0 ' 2 9 > 6 β ]

7. Free-Carrier Effect

The f ree-carr ier rotation of the plane of polarization
provides a very convenient (from the practical point of
view) method for the determination of the effective mass
because if Wg > ω > ωρ > u>Lo the only limitation is the
minimum angle of rotation. The sensitivity of the
method can be raised by ensuring the optimal t r a n s -
parency of the sample selected so as to ensure maxi-
mum transparency but no interference. However, mul-
tiple reflection of light in a plane-parallel sample in-
creases the measured angle of rotation 0 r n . t 7 ' ! ' 7 5 ) If
the angle of rotation is measured by crossing a polar-
izer with an analyzer (45° method), the relationship
between 0 m and the angle θ in Eq. (14) i s [ 1 0 ]

θ * ΘΗ3Μ (1 + 2R2e-^cos 48a3M) » θ β Η (1 -FPe-**)!(\ + R*e-*ai).

If the absorption is weak ( e " 2 a d = 1) and 0 m < 5°, the
measured angle 6m exceeds the angle θ by 16.4%,
which must be allowed for in the analysis of the experi-
mental resul t s .

A. Germanium. The free-electron rotation spectra
are eas ier to investigate than the free-hole spectra
because m n < mp; moreover, it i s evident from Fig. 11
that the contribution of free holes cannot be separated
easily from the intraband rotation in the ω < a>g range.
The free-electron spectra ηβ(ω) in the frequency range
from o>g to ωρ are straight lines for samples with
electron densities from 10 1 6 to 101 9 cm" 3. The slopes of
these lines can be used, in accordance with Eq. (14), to
determine the complex dependence of the Hall scat ter-
ing factor on the electron density [ 7 e J on the assumption
that the dispersion law near the L minimum is quad-
rat ic , i .e., that the mass is independent of the energy.
Recently t 7 7 j a weak nonparabolicity of the L band has
been revealed. Studies of the temperature dependence
of ηθ have established1 1 3 2"3 3 1 that the effective electron
mass mn increases by 15% if the temperature is
raised from 100 to 190°K.

B. Silicon. The effective mass of electrons in silicon
is almost three t imes as large as in germanium and,
therefore, it i s more difficult to observe the free-
electron rotation. 1 · 5 0" 5^ In a recent paper, Walton and
ReimannC 5 2 ] studied not only the dispersion of the rota-
tion but also the dispersion of the refractive index up
to λ = 25 μ for silicon samples with electron densities
of 1 x 10 1 8 and 4 x 10 1 8 cm" 3 . They determined the r e -
fractive index with high precision from the least-
deflection angle in a pr i sm. Simultaneous measurements
of mf and mj{ should make it possible, in accordance
with Eq. (18), to calculate the t ransverse component
mt of the effective mass , which was found to be 0.22mo

for the sample with the lower electron density and
0.23m0 for the sample with the higher density. More-
over, the mass was found to r i se almost linearly with
temperature, in agreement with the results of other
w o r k e r s . t 3 2 ] The r i se of the mass with temperature was
somewhat more rapid than that expected from the change
in the forbidden band width with temperature, but this
can be attributed to a weak nonparabolicity of the con-
duction band of silicon. The nonparabolicity is also
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supported by the observation that the t ransverse com-
ponent of the effective mass mt tends to r i se with the
degree of electron occupancy of this band.

The influence of uniaxial compression up to 5 x 109

dyn/cm 2 on the Faraday effect in η-type germanium
and silicon samples doped to c a r r i e r densities of
~10 1 8 cm" 3 was investigated by Dennis, Smith, and
Summers ' 2 2 1 in the wavelength range λ = 2-5 μ at room
temperature in magnetic fields up to 33.9 kG. The
splitting of the valleys in the conduction band ΔΕ was
calculated from Eq. (23). Moreover, the same splitting
was deduced experimentally from the splitting of the
exciton lines in the absorption spectrum. In the
λ = 2—5 μ range the angle of rotation consisted of the
interband (Όχλ2) and free-electron ( d 2 * 2 ) contribu-
tions, i .e., θ(λ) = ϋ ι λ " 2 + ϋ 2 λ 2 ; therefore, the expre-
sion

θλ2 = Ο, + Ο2λ
4

r e p r e s e n t s a n e q u a t i o n of a s t r a i g h t l ine whose s l o p e i s
p r o p o r t i o n a l to t h e r a t i o of t h e d e n s i t y of f r e e c a r r i e r s
t o t h e i r effective m a s s .

Typical experimental dependences λ2θ = ί ( λ 4 ) ob-
tained for η-type Si under compression along the [Ϊ00]
axis a re plotted in Fig. 14. The magnetic field and the
direction of propagation of light were also oriented
along the [100] axis. It is c lear from Fig 14 that uni-
axial compression increased the angle of rotation but
did not affect i ts frequency dependence, in agreement
with Eq. (20). We can see also that the intercept Di on
the ordinate was not affected by compression, i.e., the
interband rotation was independent of uniaxial compres-
sion up to 5 x 109 dyn/cm 2. This was due to the fact
that the splitting of the equivalent valleys in the conduc-
tion band was small compared with the pressure- in-
duced change in the forbidden band width.

Compression of η-type Ge along the [.HI] a x i s
produced resul ts s imilar to those plotted in Fig. 14 for
η-type Si, but the angle of rotation was considerably
larger because the effective mass of electrons in ger-
manium is smal ler than in silicon. However, in spite
of the large angle of rotation, it was difficult to meas-
ure the ratio Θ8/Θο for η-type Ge because of strong
birefringence resulting from uniaxial compression. The
angle of rotation was not affected by compression of
η-type Ge along the [100] axis because in this case all
four ellipsoids of the conduction band were deformed
in the same manner and the total electron density, their
effective mass , and the refractive index of the crystal
were not greatly affected.

The points in Fig. 15 represent the experimentally
obtained dependences of the ratio 9S/θ0 on the splitting
energy of valleys in the three samples of germanium.
The continuous curves a re the resul ts of calculations

π-Si
ZWK

FIG. 14. E x p e r i m e n t a l d e p e n d e n c e s

λ2θ = ί(λ 4) obtained [31] forn-type
Si with an electron density of 7.6 X
1017 cm"3 on compression along the
[100] axis (B = 33.9 kG). 1) No load;
2 ) * 7 Χ 109 dyn/cm2.

λ4, μ'

5 10 15

W*/i3

t a t o m i c uni t s

F I G . 1 6

F I G . 1 5 . D e p e n d e n c e s o f t h e r e l a t i v e c h a n g e i n t h e a n g l e o f r o t a t i o n o n

the energy of splitting of equivalent valleys in η-type Ge. [31] The con-
tinuous curves are theoretical: 1—Κ = m//m( = 17, Ν = 8 X 1 0 " cm"3;
2-K = 11,N = 8X 10 1 7cm" 3;3-K = 7,N= 1.2 X 1018cm"3.

FIG. 16. Dispersion relationships E(k) and 3E(k)/dk for the conduc-
tion band of InSb. [78] The experimental dependence is plotted to 130°K:
9E(k)/3k α kF/mn. The values of masses m n were deduced from the
Faraday effect (1, 3) and from the refelction spectra (2, 4). I) E(kF);
II), III) theoretical Kane dependences E(k) calculated without (II) and
with (III) allowance for the contribution of upper bands.

b a s e d on E q . (22) for a d e g e n e r a t e e l e c t r o n g a s . F i t t i n g
of the calculated energy dependences of Θ8/Θο to the
experimental results made it possible to determine the
average values of Κ = m//mp, which were I0I3 for
germanium and 4.3-SJ for silicon.

C. HI-V compounds. The free-electron rotation in
η-type InSb was found to be particularly strong in sam-
ples with low electron densities because the effective
mass at the bottom of the conduction band was nino
= 0.013m0. Most of the investigations' 7 8 ' 8 ] of the free-
electron Faraday effect have been concerned with the
dispersion law E(k) of the conduction band of InSb be-
cause the dependence m n ( N ) for a nondegenerate band
is related directly to E(k), in accordance with Eq. (15).
Figure 16 shows the dispersion law E(k) deduced i n t 7 e ]

by graphical integration of the experimental dependence
m n ( N ) ; the same figure includes the relations E(k)
calculated on the basis of the Kane theory. We can see
that at photon energies up to 0.6 eV the experimental
dependence E(k) is in satisfactory agreement with the
Kane curve which includes the contribution of the upper
bands. It is also clear from Fig. 16 that mf and m p
are equal. According to Eqs. (15), (16), and (19), this
means that up to 101 9 cm" 3 all the electrons a re concen-
trated in a single " s p h e r i c a l " band, i.e., the nearest
higher conduction band lies at least 0.6 eV from the
bottom of the absolute extremum.

In the case of η-type InAs with electron densities up
to Ν » 2 x 1 0 " cm" 3 it is found that mf = m R , [ 8 7 9 " 8 1 ]

whereas in the range Ν > 2 x 10 1 8 cm" 3 the value of mR
exceeds mf and the difference increases with the elec-
tron density. ' 8 2 1 It therefore follows from Eq. (16) that
the conduction band must have a second branch separated
by 0.2 eV and the effective mass in the second branch
is 0.9m 0.

An interesting feature of the free-electron rotation
in η-type GaAs is the constant component ( θ/ά)χ=0

= 0o, which increases with the electron density i a 3>M i in
proportion to N1^2, as shown in Fig. 17. This effect is
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FIG. 17. Dependence of the zero
intercept of the angle of rotation
(0/d)x=o o n the electron density in
η-type GaAs at 297°K. The dashed
line represents ( θ / ΰ ) λ = 0

 α Ν1 4. Experi-
mental points: 1 —taken from [ 8 3 ] ; 2—
[ 8 7 ] ; 3 - [ 5 9 ] ; 4 - [ M ] .

a t t r i b u t e d in 1- 8 5 1 t o m u l t i p l e r e f l e c t i o n a n d t o i n h o m o -
g e n e i t i e s i n t h e s a m p l e s , but t h e r e s u l t s o b t a i n e d by
di f ferent w o r k e r s [ 5 7 > 5 9 > 8 3 ' 8 7 1 a r e i n good a g r e e m e n t
( F i g . 17). M u l t i p l e r e f l e c t i o n s have b e e n a l lowed for
jn[5»] This a l l o w a n c e h a s not b e e n m a d e i n [ 8 3 1 b u t s u c h
r e f l e c t i o n cannot m a k e a s ign i f icant c o n t r i b u t i o n in
s a m p l e s with e l e c t r o n d e n s i t i e s in e x c e s s of 1 0 1 8 c m " 3 .
H o w e v e r , t h e c o n s t a n t i n t e r c e p t m a y b e due t o di f ferent
o c c u p a n c i e s of t h e m a g n e t i c s u b - b a n d s . 1 · 1 6 ' 1 7 1 A s i m i l a r

'effect has been observed in η-type InSb. t 2 2 ' 8 8 ]

The temperature dependences m n ( T ) have been
studied by the Faraday effect method for many ΙΠ-V
compounds' 3 2 ' 5 9 1 and it has been established that in the
range 100—600°K the value of m n at the F e r m i level
r i se s with temperature by 10—30% (depending on the
compound).

The dependence of mnf on the hole density in p-type
GaAs was established int 2 8» 8 9 ! from the free-hole rota-
tion. Linear extrapolation yielded mpf0 = 0.26m0 for
zero hole density. Bearing in mind the relationship (17)
between mf and m g and using the values of mf0 and
mRo = 0.35mo, we calculated the masses of the heavy
and light holes at the top of the valence band ( m l 0 and
mao). At 300°K these masses were m I 0 = 0.50m0 and
ma, = 0.80m0, which was in satisfactory agreement with
the results of an analysis of the magnetooscillatory
fundamental absorption spectra. 1 · 5 5 1 Knowing the values
of m 1 0 and m;» and the value mj^ = 0.44m0 for a hole
density 1.2 x 1O20 cm" 3, it was possible to use Eq. (16)
in estimating the effective mass at the Fermi level. Its
value, m 2 = 0.4mo, was close to the heavy-hole mass ,
in qualitative agreement with the Kane theory (see1-101).

D. IV-VI compounds. The f ree-carr ie r rotation in
these compounds has been investigated on many occas-
s ions 1 - 1 1 ' 1 6 ' 1 7 ' 2 9 ' 6 3 ' 6 4 ' 6 6 ' 8 8 1 but most investigators have
studied samples with a narrow range of c a r r i e r densi-
t ie s . These studies revealed temperature dependences
of the effective masses in n- and p-type PbS and
PbTe. 1- 6 3 ' 6 4 1 Since Eg for these compounds increases on
heating, the r i se of the effective mass is large com-
pared with other semiconductors and it reaches 200%
in the 100—300°K range. Figure 10 shows the rotation
spect ra ' 1 7 1 for one sample of η-type PbS at three differ-
ent temperatures and the results show clearly the in-
fluence of the constant intercept θ0 on the f ree-carr ier
rotation. Therefore, the effective mass can be deter-
mined from the slope of the linear dependence ηθ(λ2).
The rotation spectra η θ ( λ 2 ) have been deter mined1-881

for p-type PbTe and PbSe films with hole densities
from 101 7 to 102 0 cm" 3 and a rapid r i se of the mass with
the c a r r i e r density has been observed, in agreement
with the nonquadratic Kane dispersion law.

The f ree-carr ier Faraday effect has been used in an
analysis of the tensor of the reciprocal of the effective
mass in silicon carbide,1-903 te l lur ium, [ 9 1 ] and gallium
antimonide,1·8 2 1 in determination of the effective mass in
various semiconductors, 1 · 9 3 1 and in a study of the c a r r i e r
distribution across a crystal. 1 · 9 4 1 The influence of a
strong ("heat ing") electric field on the free-electron
rotation has been reported in [ 3 4 ~ 3 8 > 9 5 1 .

IV. CONCLUSIONS

In the last decade the Faraday effect has been studied
comprehensively in the interband transition range as
well as at long infrared wavelengths. It has been used
to determine the g factors of the energy bands and the
gaps between special points in the Brillouin zone. In-
vestigations of the f ree-carr ier Faraday effect have
proved to be most fruitful. The f ree-carr ier rotation
has been employed to determine accurately the effective
masses of c a r r i e r s and to find their dependences on the
c a r r i e r density, which has made it possible to deduce
the dispersion laws E(k) for energy bands in different
semiconductors.

Recent theoretical invest igat ions 1 3 5 ' 3 8 ' 4 7 ' 7 3 1 have been
concerned with the Faraday effect in crystals subjected
simultaneously to a magnetic field and an electric field
(perpendicular or paral lel to the magnetic field), a
s t r e s s field, or some combination of these fields. Fur-
ther improvements in the experimental method, involv-
ing the use of l a ser s , [ 5 8 ' 9 e J deep cooling, and strong
magnetic and other fields, will undoubtedly reveal new
features of the Faraday effect which can be used in
studies of the band s tructures of semiconductors.
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