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I. INTRODUCTION

I N the study of the energy and crystal-chemical struc-
ture of solids, modern spectroscopy resorts more and
more frequently to methods involving investigations in
external fields—electric or magnetic—and under con-
ditions of directed deformation. A distinct place among
these methods is occupied by investigations in a mag-
netic field. The distinguishing feature of these methods
is that the influence of the magnetic field on the system
cannot be described by assigning an ordinary (polar)
field-intensity vector, as in the case of the electric
field. It can be characterized by specifying a current-
carrying circuit, which is equivalent to specifying an
axial vector. As a result, besides the ordinary optical
anisotropy, which always occurs in a medium under the
influence of external fields and deformations (bire-
fringence effects), an additional circular anisotropy
appears in a magnetic field and is connected with the
non-equivalence of the two rotation directions in a
plane perpendicular to the field.

In anisotropic crystals, at an arbitrary direction of
the wave vector, the magnetic field influences the
propagation of the light relatively little, causing only
the appearance of a weak (additional) ellipticity of the
oscillations. The relative changes of the components
of the dielectric tensor under ordinary experimental
conditions amounts to approximately 1CT4, and phe-
nomena of double magnetic refraction are usually not
observed against the background of natural birefring-
ence.

Exceptions in this respect are the directions of the
optical axes, along which a unique degeneracy takes
place in the absence of external fields, namely two
states of polarization correspond here to the same
refractive index n and to the same absorption coef-
ficient k. In this connection, particular interest at-
taches to an investigation of magnetooptical phenomena
in optically isotropic cubic crystals, where there are
no complications connected with the intrinsic aniso-
tropy and the phenomena can be observed in pure form.
An external magnetic field lifts in such cases the de-
generacy of the two states of circular polarization for
each propagation direction, and the values of n and k
become different for right- and left-polarized light.
This leads to a number of magnetooptical phenomena
that are closely connected with one another and in
final analysis with the main magnetooptics phenome-
non—the splitting of the energy states—which becomes
most directly manifest in the splitting of spectral lines—
the Zeeman effect.

Magnetooptical phenomena are observed as a rule in
two experimental schemes: when the vector of the light
wave K is parallel to the magnetic field H (the Fara-
day scheme) and when K 1 H (the Voigt scheme).

In the former case (longitudinal observation), there
can be observed either a difference between the refrac-

tive indices n t and n_ of two circularly-polarized
components, a difference manifest in the rotation of
the plane of polarization of linearly-polarized light
(magnetooptic rotation (MOR)), or the Faraday effect,
or else a difference between the absorption coefficients
k+ and k_ for these components (magnetic circular
dichroism (MCD)). The latter can be determined
either directly (upon inversion of the circular polari-
zation of the light or of the magnetic-field direction),
or by measuring the weak ellipticity that a linearly-
polarized has acquired upon passing through a medium
placed in a magnetic field.

In the second case (transverse observation), there
may be observed birefringence connected with the
difference between the refractive indices for the light
that is linearly polarized parallel (it) and perpendicu-
lar (CT) to the magnetic field H (the Voigt effect and
the Cotton-Mouton effect that is quadratic in the field).

The Zeeman effect can be observed, as is well
known, in both schemes (longitudinal and transverse
effects).

In recent years, the investigation of MOR and of
MCD has increased in popularity as a method for study-
ing the structure of solids. This resumption of interest
in long-known phenomena is connected with the devel-
opment of solid-state spectroscopy, which makes
possible a purposeful interpretation of observed phe-
nomena and their regularities, as well as with the
improvement of the experimental techniques, which
makes it possible to perform precision experiments
under extremal conditions of infralow temperatures
and strong magnetic fields.

Unlike the Zeeman effect, an investigation of which
calls for the presence of narrow spectral lines needed
for the resolution of the components of the magnetic
splitting in practical fields, MOR and MCD can be ob-
served in the wide absorption bands characteristic of
many systems. The study of MOR and MCD in the
absorption-band region yields qualitative and quanti-
tative information concerning both the ground and ex-
cited states of the system—the values of the magnetic
splitting of the levels (the g-factors) and the symmetry
of the states that take part in the optical transitions.
In addition, it makes it possible to determine the local
symmetry of the individual absorbing centers of the
system, and by the same token to obtain a rigorous
experimental criterion for the validity of any particu-
lar model of the center. Application of a magnetic field
lifts all the residual degeneracies of the energy levels,
thus increasing the information content of magnetoop-
tical investigations compared with other methods of
investigation in external fields.

The greatest progress in the investigation and in-
terpretation of MOR and MCD has been reached in
recent years for intrinsic and activator defects in
cubic ionic crystals (color centers and activator cen-
ters ) and complexes of transition metals.
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The purpose of the present review is to give an idea,
on the basis of the latest results, of the nature and
methods of analyzing the dispersion of MOR and MCD,
and of the possibilities uncovered by the investigation
of these phenomena in the study of the structure of
crystals. We shall not consider in this review the
numerous investigations in the field of magnetooptics
of semiconductors, which yield extensive information
concerning the structure of the energy bands and which
has been under intense investigation in the last decade.
In this region, where, unlike in classical magnetooptics,
one quantizes not the local levels of the individual
centers but the states of the electrons in the bands,
much progress has been reached, but the analysis is
beyond the scope of the present review (see, for exam-
ple, the review[116]).

n. THEORY AND ANALYSIS OF THE DISPERSION
CURVES OF MAGNETOOPTIC ROTATION AND
MAGNETIC CIRCULAR DICHROISM

The phenomenological theory of magnetooptical
phenomena, based on the notions of the difference be-
tween the macroscopic characteristics of the medium
for two different circularly-polarized components,
was developed already in the last century by Righi and
Becquerel[1], who showed that the explanation pre-
sented by Fresnel for the natural optical activity is
applicable also to the Faraday effect. A review of work
on circular anisotropy, performed prior to the early
Thirties, is contained in the extensive article by
Schutzr . A quantum-mechanical theory of MOR and
MCD was developed in the Thirties, particularly by
Rosenfeld[3], Kronig[4], Kramers[51, and Serber[61. With
a few exceptions'^, it describes satisfactorily the ex-
periments in the field of transparency of various media
(far from the absorption bands). The MOR dispersion
in the region of absorption bands (the Macaluso-
Corbino phenomenon) was qualitatively described, in
particular, by Carrol^8-1. Only relatively recently were
theoretical expressions proposed for the dispersion
MOR and MCD in the region of the absorption bands. A
detailed bibliography of both theoretical and experi-
mental papers related to this group of problems is
contained in the extensive review of Buckingham and
Stevens ̂  and in the bibliographical review of Palik
andHenvis[10].

1. Macroscopic Analysis

Let us consider a plane-polarized electromagnetic
wave with angular frequency w. We assume that the
wave propagates in a positive direction of the z axis
through an isotropic medium, for example a cubic
crystal with complex refractive index n = n - ik, which
n and k are the usual (real) refractive index and ab-
sorption coefficient respectively. Such a wave can be
represented in the form of a superposition of two cir-
cularly polarized waves of equal amplitude

(1)E (en) = E+ (co) + E_ (<o)

FIG. 1. Passage of polarized light through
an optically active medium. The linearly
polarized light is transformed into elliptically-
polarized light. The angle of rotation $ of the
major axis of the ellipse is determined by the
phase difference of the components E+ and
E_; the ellipticity 0 is determined by the
difference between the intensities of these
components.

The plus and minus signs correspond here to right -
and left-circular polarizations (Fig. 1). In the presence
of a static magnetic field, the two circular oppositely-
polarized components propagate with different veloci-
ties (n+ * n_), and furthermore they are absorbed at
different rates (k+ * k_). As a result, an incident
linearly-polarized light passing through a medium in
the direction of the magnetic field is transformed into
elliptically-polarized light (Fig. 1). In polarimetric
experiments one measures either the angle of rotation
* of the major axis of the ellipse relative to the plane
of polarization of the incident light (the Faraday effect),
or the degree of ellipticity ® —the angle whose tangent
is equal to the ratio of the minor and major axes of the
ellipse (magnetic circular dichroism). In the notation
employed, the angle of rotation * and the ellipticity ©,
measured in radians per unit length, are expressed in
terms of the difference between the quantities n± and
kj. as follows:

o = -£>,-„_), (3a)

(3b)

where a = 2wk/c.
The optical constants n and k can assume arbi-

trary values for each given frequency. However, if we
regard n(«) and k(w) as functions of the frequency,
then one of them, for example, k(w) or a(a>), being
known in the frequency interval from 0 to <*>, deter-
mines completely the other, n(w). The character of
this rather general relationship was first established
by Kronig[11] and by Kramers [12]:

n(io) — l = -|- jj a'k («') [co2 — co'2]"1 da', (4)

where, in complex notation,

(2)

where the integral should be taken in the sense of the
principal value[13]. It is to be expected that analogous
relations connect the frequency dependences of $ and
®, since they are in essence quantitative measures of
the effects connected with the action of the crystal on
two circularly-polarized components, for each of
which there are dispersion relations of the Kramers-
Kronig type (4).

To obtain the dispersion relations between * and ©,
we write down Maxwell's equations for a nonmagnetic
medium:
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[VE] = — f H ' , (5>*

(6)

Eliminating H' from these equations, we obtain one
equation relating the electric field intensity vector E
with the electromagnetic induction vector D:

(7)

T h e s o l u t i o n o f ( 7 ) i s s o u g h t i n t h e f o r m o f a p l a n e

m o n o c h r o m a t i c w a v e ( 1 ) a n d ( 2 ) . T h e r e s p o n s e o f t h e

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

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

D = E + 4 t f P ( P — p o l a r i z a t i o n v e c t o r o f t h e m e d i u m ) ,

w h i c h i s c o n n e c t e d w i t h E v i a t h e c o m p l e x d i e l e c t r i c

t e n s o r € i i ( w ) :

(8)

In the case of isotropic media, the tensor £ij(w) re-
duces to a single constant e(w). An external static
magnetic field lowers the symmetry of the system, and
we return to the need for characterizing the response
of the medium by means of the tensor ?(w). It can be
shown from symmetry considerations that in cubic
crystals, independently of the orientation of the ex-
ternal static magnetic field (if we confine ourselves to
effects of first order in the field), the tensor e"(«) is
given by[14>15]

/ exx n.xy 0
e((o) = !

Y 0 0
(9)

Equations (7) and (8) should be solved simultaneously
with account taken of (1), (2), and (9). When nonmag-
netic media that permit transmission investigations
are considered, it is advantageous to simplify the
problem by noting1-151 that in this case the refractive
indices for the two circularly-polarized components
n± are close to each other: n+ « n_ ~ n0, where n0 is
the refractive index of the medium in the absence of a
magnetic field, and furthermore nf - n?
then

k+ - k2;

rt — ni = (10)
(11)

w h e r e e ^ l * a n d e ^ 2 * a r e t h e r e a l a n d i m a g i n a r y p a r t s

o f t h e c o m p o n e n t s o f t h e t e n s o r £ x y ( £ x y = e x y

+ i e ( 2 ) ) . I n t h i s a p p r o x i m a t i o n , t h e F a r a d a y r o t a t i o n

a n g l e $ a n d t h e e l l i p t i c i t y ® a r e w r i t t e n i n t h e f o r m

0 =-. — - (12)

To establish the dispersion relations connecting * and
©, we can now use the well known relations between the
real and imaginary parts of the dielectric tensor1-161.
As a result we obtain

(D ((o) = — - ? (026 ((»') [(to2 —co'2) to']"1 Ao',

) = — — ^ 0)O (<•>') [to2 — o lda'.

( 1 3 )

( 1 4 )

A r e l a t i o n o f t h e t y p e ( 1 4 ) w a s u s e d t o f i n d t h e c h a r a c -

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

m e a s u r i n g t h e d i s p e r s i o n o f t h e F a r a d a y r o t a t i o n 1 1 5 1 .

T h e s a t i s f a c t o r y a g r e e m e n t b e t w e e n t h e c a l c u l a t i o n

r e s u l t s a n d d i r e c t m e a s u r e m e n t s o f M C D o f f e r e v i -

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

t i o n s ( 1 3 ) a n d ( 1 4 ) f o r t h e a n a l y s i s o f t h e d i s p e r s i o n o f

M O R a n d M C D i n n o n m a g n e t i c m e d i a w h i c h l e n d t h e m -

s e l v e s t o t r a n s m i s s i o n i n v e s t i g a t i o n s .

2 . S e m i q u a n t i t a t i v e A n a l y s i s

T h e m a c r o s c o p i c a n a l y s i s p r e s e n t e d i n S e c . 1 i s

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

( n 2 : » k 2 ) a n d i s b a s e d o n t h e a s s u m p t i o n t h a t n a n d k

d i f f e r f o r t h e t w o c i r c u l a r l y - p o l a r i z e d c o m p o n e n t s . T h e

r e a s o n s f o r t h i s d i f f e r e n c e , h o w e v e r , w e r e n o t c o n -

s i d e r e d . F u r t h e r d e v e l o p m e n t o f t h e t h e o r y , p a r t i c u -

l a r l y i t s e x t e n s i o n t o t h e r e g i o n o f t h e a b s o r p t i o n b a n d s ,

s h o u l d b e b a s e d o n t h e p r i m a r y p h e n o m e n o n , n a m e l y

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

( t h e Z e e m a n e f f e c t ) . I t i s e a s y t o v e r i f y t h a t t h e c h a r -

a c t e r o f t h e M O R a n d M C D d i s p e r s i o n c u r v e s i n t h e

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

o n e k n o w s t h e c h a r a c t e r o f t h i s s p l i t t i n g a n d t h e r e l a -

t i v e i n t e n s i t i e s o f t h e o p t i c a l t r a n s i t i o n s i n t h e l e f t

( < r . ) a n d r i g h t ( a * ) c i r c u l a r p o l a r i z a t i o n s . I n o r d e r t o

c a r r y t h e f o r m a l a n a l y s i s t h r o u g h t o c o n c l u s i o n , l e t u s

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

b e r o f e l e c t r o n s , i n w h i c h t h e g r o u n d a n d n e a r e s t e x -

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

e l e c t r i c d i p o l e t r a n s i t i o n i s a l l o w e d ( F i g . 2 , 1 ) . I n t h i s

s e c t i o n , i n t h e a n a l y s i s o f t h e d i s p e r s i o n o f M O R a n d

M C D , w e s h a l l a s s u m e t h a t t h e c o n t o u r o f t h e c o r r e -

s p o n d i n g a b s o r p t i o n b a n d i s c l o s e t o G a u s s i a n i n f o r m

a ( E ) = a<°>e[-<£-№'>2/«2J, ( 1 5 )

w h e r e E i s t h e e n e r g y , a < 0 > i s t h e m a x i m u m v a l u e o f

t h e a b s o r p t i o n c o e f f i c i e n t ( a < 0 ) = 2 W k ( 0 ) / c R ) a t E = W ,

a n d 6 i s t h e w i d t h o f t h e c o n t o u r . W h e n a n e x t e r n a l

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

s p l i t . I n a c c o r d a n c e w i t h t h e s e l e c t i o n r u l e s t w o

o p t i c a l t r a n s i t i o n s a r e r e a l i z e d i n t h e s y s t e m , o n e i n

* [ V E ] = V x E .

e)

F I G . 2 . D i s p e r s i o n o f M O R a n d M C D i n s y s t e m s d e s c r i b e d b y t h e

leve l s c h e m e I. I n F i g s . I I , t h e d a s h e d c u r v e s r e p r e s e n t t h e d i s p e r s i o n o f

n a n d k f o r i n d i v i d u a l c o m p o n e n t s , w h i l e t h e so l id c u r v e s r e p r e s e n t t h e

s u m m a r y d i s p e r s i o n o f * a n d © . a ) A > 5 , n+ = n - , k + = k_ ; b ) A «= 5 ,

n + = n_ , k + = k _ ; c ) A « 8 , n + ¥= n _ , k+ =£ k_; d ) A < 5 , n + > n_, k + > k_;

e ) A < S , n + < n _ , k + < k_.
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the polarization a+ and the other in the polarization
cj_ (vr transitions in the system K II H can be disre-
garded). Thus, the contour of the absorption band in
the magnetic field can be represented in the general
case in the form of a sum of two contours of the type
(15), which generally speaking are shifted in frequency
(W+ * W_) and differ in intensity (al0 ) * a{-0))*.

The last circumstance may be due either to a r e -
distribution of the populations of the magnetic sublevels
of the ground level under the conditions of thermal
equilibrium or to the difference between the amplitudes
of the optical a+ and a. transitions in the magnetic
field. In real systems, these factors act, generally
speaking, simultaneously and the main problem in the
interpretation of MOR and MCD is to separate from the
summary dispersion curves the individual contributions
due to the different factors. Let us examine the char-
acter of the dispersion of the difference effects (3a) and
(3d) in various particular cases. If the frequency shift
of the o% and a. components, A = W+ - W_, greatly
exceeds the width 6 of the absorption band A ^> 6, then
the MOR and MCD dispersion curves consist essen-
tially of two individual curves * t ( E ) , *-(E) and
a+(E), a-(E). These curves overlap slightly (Fig. 2, II
a), where it is assumed for simplicity that aV1 = ai0).
In order to transform the MCD contour into the MOR
contour, we can use the dispersion relation (13) in the
form

(16)

For the contours of type (15), the improper integral
(16) can be calculated under the condition that
6 <C w[17>18], as is the case with all the optical phe-
nomena of interest to us, and as a result we get

<!•<*>= -^=\4r + F(^^-)-^A^\ . (I?)2(E-rW)

where

F (.r) = •\e"*dy, (18)

A p l o t o f t h e f u n c t i o n F ( x ) i s s h o w n i n F i g . 3^19>2O\ i n

t h e r e g i o n s w h e r e F ( x ) r e a c h e s a m a x i m u m , t e r m s o f

t h e o r d e r 6 / W c a n b e n e g l e c t e d ; t h e n

_ - ^ W ^ L ) . ( 1 9 )

In regions far from the center of the band, E - W
2> 6, we have asymptotically

(20)

The case considered above is encountered in crys-
tals relatively rarely, principally for transitions within
screened shells of rare-earth ions and iron-group
transition-metal ions. The corresponding information
can be obtained here also without making use of MOR
or MCD, for example with the aid of the Zeeman-
spectroscopy method. In this connection, the case of
greatest interest is that of broad absorption bands,
when the frequency shift of the components a+ and ff_

-as

FIG. 3. Plot of the function

is A <C 6. In this case an investigation of MOR and
MCD is in essence the only source of information con-
cerning the structure of the energy space and their
splittings in the magnetic field. Characteristic MOR
and MCD dispersion curves that can be observed in
this case are shown in Figs. 2, II, b-e. In Fig. 2, II, b
is shown a case when A ~ 5 and the intensities of the
components k+ and k_ are identical. In this case the
MOR dispersion curve has a characteristic U-shape
form and the MCD curve has a characteristic S-shape
form. Fig. 2, II, c shows the form of the MOR and
MCD dispersion curves in the case when A « 6, but the
components have different intensities. Finally, Fig. 2,
II, d-e show MOR and MCD dispersion curves for the
limiting case when the shift of the bands is small
(A -C8), but k+ > k_ or k_ > k+. The extremal points
of these curves can be used to estimate the parameters
of the quantum-mechanical system.

On the basis of expression (19), it is easy to find a
relation between the maximal (negative) value of the
angle of rotation of the plane of polarization (*min)
for the MOR dispersion curves of the type shown in
Fig. 2, II, b with the value of the frequency shift of the
a t and a_

In 2 \l/2 0

In I In 2 \l/2 a<0)
(I)inm= —— I -IT A.1/2

This can be done also by relating the quantity A to the
extremal points of MCD dispersion curve.

For the dispersion curves of the type 2, II, d-e, we
obtain directly from (3b)

S t a r t i n g f r o m r e l a t i o n ( 1 9 ) , w e o b t a i n a l s o [ 2 1 ]

'De 2. yn

(22)

(23)

*We disregard here the changes in the contour shape when a mag-
netic field is applied (see below).

In accordance with the foregoing, the difference ai0>

- a(0) can be due to the difference between the ampli-
tudes of the optical a+ and a. transitions. Then t/+0>

7 aim~ | < v . | i M . . . ) | 2 - | ( . . . | P - | . . . ) | 2 , where
P± = Px ± iPy. a n d relations (22) and (23) make it
possible to estimate the parameters of the mutual in-
fluence of the states in the magnetic field ("mixing"
of the states), which lead to a difference between the
amplitudes of the optical a t and a. transitions. On
the other hand, if the g-factor of the ground state is
not small, then the difference ai0) - c*(0) will be de-
termined mainly by the difference of the populations of
the magnetic sublevels of this state. Then a{0)
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- ai0) ~ a<0)tan h (gl/3H/2kT). The Faraday rotation
has in this case a temperature dependence character-
istic of the paramagnetic susceptibility of the sub-
stance. In order to emphasize this fact, this case of
Faraday rotation is sometimes called "paramagnetic."
It is significant mainly at low temperatures. We note
that in this case it is possible to determine the g-
factor of the ground state from the temperature depend-
ence of the MOR or MCD. The temperature-independ-
ent Faraday rotation due to the very fact of the splitting
of the states in the magnetic field (Fig. 2, II, b) is
sometimes called "diamagnetic"[9]. We shall hence-
forth use the terms "diamagnetic" and "paramagnetic"
rotation only as convenient abbreviations.

The foregoing analysis of the dispersion of MOR
and MCD was based essentially on a definite shape of
the absorption band (in this section we considered an
isolated band of Gaussian shape), and was carried out
in the approximation of the so-called "rigid shift"—
all the changes of the shape of the band in the presence
of an external magnetic field were limited to a shift of
the band as a whole (without a change in its shape),
which is valid only for electron-vibrational bands due
to the interaction of the electron transition with fully-
symmetrical oscillations (in the absence of the Jahn-
Teller effect, etc.). in122"241 there was developed a
method of analyzing magnetooptical experiments as
applied to F-centers in alkali-halide crystals, making
it possible to lift these limitations and to take into ac-
count the changes occurring in the contours of the ab-
sorption bands when an external magnetic field is ap-
plied. It is based on the use of the method of moments
developed by Lax[25] as applied to the optical absorp-
tion of crystals. In Sec. 2 of Ch. in, this method will
be considered in greater detail using concrete exam-
ples of color centers and impurity centers in crystals.

3. Microscopic Analysis

The most consistent analysis of the dispersion of
MOR and MCD in the region of absorption bands can
be made within the framework of the microscopic ap-
proach, by calculating * and ® "from first principles,"
which reduces to quantum-mechanical calculations of
the polarizabilities (susceptibilities) of the individual
optically active centers in the presence of an external
static magnetic field. Such a program was realized in
part in1-9'261, where theoretical expressions were pro-
posed for the dispersion of MOR and MCD in the region
of the absorption bands, making it possible to cover a
large group of magnetooptical experiments in K II H
configurations. Following Buckingham and Stevens, we
supplement Maxwell's equations (5) by the material
equation relating the vectors E and D, in the form

D = E - \n y Ar
am" (24)

where m is the electric moment induced by the elec-
tromagnetic field, and Na is the number of optically
active centers in the state a. For media having no
natural optical activity

(25)</, z,

a function of the static magnetic field H. Equations (6),
(24), and (25) should be solved simultaneously with (1)
and (2) taken into account, and yield as a result

T ^ - ' S ^ K . - O . (26)

where q> is the complex angle of rotation:

<p = (D_te. (27)

We took into account here the difference between the
external electric field and the field acting on the indi-
vidual center in the condensed medium. Assuming a
Lorentzian effective field, this leads to the appearance
of a factor (n2 + 2)2/9n, where n is the average value
of the refractive index. The electric polarizability
tensor otvu can be calculated quantum-mechan-
ically'-26'27-', and as a result, for a complex angle of
rotation in the region of a group of transitions a — b,
we obtain in the considered approximation

| NaX (to, ioto) tfQa (a -> b), (28)

where X(a>, coba) is a complex function describing the
form of the dispersion and absorption in the vicinity of
the individual resonance o>ba,

(29)X(W, ta) — if (l», CO*,),
and Q a ( a — b) is the imaginary part of the product of
the matrix elements of the dipole moment m = S e r i

i
of the subsystem (of the separate optically-active
center) over the states a and b:

(a —* b) --= Im {(a | mx \b)lb\ m, j a/). (30)

Introducing the oscillator strengths for two circularly-
polarized components, proportional to the individual
populations of the states a,

fbu '-- —~foi— I \a (31)

where m± = mx ± toy, we can represent the expres-
sion for the complex rotation angle in the form

S (32)

We see therefore that the Faraday rotation (the real
part of cp) is proportional to the summary circular
dichroism for all the transitions, with allowance for
the corresponding dispersion factors[26]. The factors
Na, X, and Q a in (28) are functions of the static mag-
netic field H namely Na via the Boltzmann factor,
which determines the relative populations of the state
a, X via a>ba> a n d Qa v*a the wave functions of the
states a and b, perturbed by the field H. The corre-
sponding quantities are expanded in powers of H and
only the first-order quantities are retained as a rule.
The concrete forms of the expressions depends on the
form of the function X and on the ratio of the quantities
w, wba» Tba> and kT and on the Zeeman splittings
w,(1)H (wba = w.<0) + o)(1)H). For the case of an isolated

ba ba ba
broad absorption band described by the function
X(w, a>ba), and at not too low temperatures (K
<C kT), we obtain expressions of the type

where is the electric polarizability tensor and is <l> (n —> b) -•- '* ," ^ " ' - A',1"' co'2g' (co or*/ (M. co,,,) [h ' —-)
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H {a _, o'g (co.
(33)

where g'(w, u>ka) and f'(w, o>ba) are certain functions
of the frequency and depend on the functions g and f,
respectively, while A, B, and C are constants that do
not depend on u> but depend on the parameters of the
quantum-mechanical system.

On the basis of the statements made in Sec. 2, the
temperature-independent A-term, due to the very fact
of the Zeeman splitting of the energy levels a and b in
the magnetic field, can be classified as diamagnetic;
the temperature-dependent C-term, due to the differ-
ence between the populations of the magnetic sublevels
of the ground state a can be classified as paramag-
netic; the B-term is due to perturbations of the wave
functions of the states a and b as a result of "mixing
in" of wave functions of neighboring levels. The maxi-
mal values of the contributions of the A, B, and C
terms to the magnetooptical rotation and to the circu-
lar dichroism for the bands of the form X = ( w ^
- o>2 + iaiFka)~\ corresponding to a damped oscillator,
are listed in Table I. Expressions similar to (33) were
first derived by Serber [6 ' for the case u>ba - w 2> Fba
(far from the absorption bands) as a generalization of
the initial Kramers formula^. They are valid only for
bands due to the electric-dipole transitions. A general-
ization of the initial Kramers formula with allowance
for transitions of another type—electric-quadrupole and
magnetic-dipole—was given by Shent26] for bands having
a Lorentz shape. In this case the expressions (31) for
the oscillator strengths contain, besides the electric-
dipole term, also the electric-quadrupole and magnetic-
dipole terms.

III. EXPERIMENTAL METHODS AND ANALYSIS OF
CONCRETE SYSTEMS

As was already noted, the obvious application of the
MOR and MCD methods for the study of crystals is for
isotropic systems having broad absorption bands, for
which the Zeeman method is therefore useless. Indeed,
most investigations were performed with such systems,
particularly with cubic crystals of alkali-halide and
alkali-earth-halide salts, containing color centers and
activator centers, among which a prominent position is
assumed by centers produced by rare-earth activators.
Many investigations were performed with complexes of
transition metals having incomplete d shells. We pre-
sent below the main results of these investigations,

Table I. Maximum values of the
contributions of terms A, B, and

C to the MOR and MCD

3VHV

- ki

prefacing them with a brief description of the employed
experimental procedures.

1. Experimental Methods for the Investigation of MOR
and MCD in Crystals

The measurement of MOR and MCD reduces to a
determination of the angle of rotation of the polariza-
tion plane of plane-polarized light passing through the
sample, when the latter is placed in a longitudinal mag-
netic field (MOR), or the difference between the absorp-
tion coefficients of the sample for two opposite direc-
tions of circular polarization of the transmitted light
(MCD). The systems used for the observation of MOR
and MCD do not differ in principle from those em-
ployed in the study of natural optical activity or natural
circular dichorism'17'181; the main difference lies in
the presence of a magnetic field, which is produced in
most modern installations by means of superconducting
solenoids. Fields of 5—50 kOe are customarily used.
Inasmuch as the main information is extracted from
dispersion curves, the variable element of the appa-
ratus is a monochromator that scans the wavelength of
the transmitted light. For the investigation of para-
magnetic effects, deep cooling of the samples, fre-
quently to subhelium temperatures, is employed.

In measurement of MOR one customarily employs
phase methods in which the sample is placed between
immobile or rotating polarizers, and the phase differ-
ence of the modulation of the measuring and reference
light beams following application of a magnetic field is
determined (Fig. 4a). Schemes are also possible based
on a comparison of the intensities of light beams pass-
ing through a sample placed between polarizers, using
two directions of the magnetic field (Fig. 4b). To ob-
tain maximum sensitivity it is advantageous in this
case to orient the polarizers in such a way that their
axes make an angle of 45°[29].

A typical experimental setup, based on the phase-
measuring principle, is shown in Fig. 5[18]. The ac-
curacy with which the angle of rotation of the plane of
polarization is determined in good modern spectrum-
polarimetric installations reaches 0.001°. To eliminate
the rotation due to the main material of the investigated
system (the matrix crystal), many installations are
provided with the devices employed in many investiga-

••r-ri

0

F I G . 4 . E x p e r i m e n t a l s e t u p s f o r t h e m e a s u r e m e n t o f M O R . a ) P h a s e -

s y m m e t r i c a l s y s t e m ; b ) s y s t e m w i t h i n v e r s i o n o f t h e m a g n e t i c f i e l d .
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FIG. 5. Diagram of phase-
meter setup for the measure-
ment of MOR (from [18]).

tions of solutions, wherein this rotation is compensated
by transmitting the light additionally through a similar
crystal that does not contain the investigated centers
and is placed in a magnetic field of opposite direction.

The MCD can be measured, for example, by using a
very simple system with reversal of the magnetic field
(Fig. ea)^301. It is more convenient, however, to place
a rotating achromatic x/4 plate between the sample
and the polarizer (Fig. 6b). In this case the state of
the polarization of the light incident on the sample
varies periodically, changing from circular polariza-
tion in one direction to the opposite polarization via a
linear polarization state. In the presence of MCD, the
receiver registers a signal modulated at double the
frequency of rotation of the x/4 plate. The rotating
A./4 plate can be replaced by an adjustable Pockels
cell (see[31]).

Sufficiently detailed descriptions of installations for
the measurement of MOR and MCD can be found in
many original papers115'18'23'24'31"331. Many papers are
devoted especially to the description of spectropolari-
meters [36] .

2. Color Centers and Impurity Centers in Crystals

The advisability of using magnetooptical rotation for
the study of color centers and impurity centers in
crystals was pointed out by Dexter as early as in
1958[371. The experimental investigations were started
five years later, and have grown considerably in scale

F I G . 6 . E x p e r i m e n t a l s e t u p s

f o r t h e m e a s u r e m e n t o f M C D .

a ) S y s t e m w i t h i n v e r s i o n o f t h e

m a g n e t i c f i e l d ; b ) s y s t e m w i t h

m o d u l a t i o n o f e l l i p t i c i t y .

by now. The main purposes of the heretofore per-
formed magnetooptical investigations are the following:
1) investigation of the fine structure of the electronic
levels that determine the broad absorption bands of the
intrinsic and impurity defects; 2) investigation of the
electron-vibrational interactions in crystal; 3) deter-
mination of criteria for the verification of the adequacy
of models proposed for the centers, and 4) identifica-
tion of absorption bands of color centers and impurity
centers in less thoroughly investigated materials
(rare-earth fluorides, oxides, etc.).

The absorption bands due to elementary intrinsic
crystal-lattice defects in alkali-halide crystals—F
centers—have an appreciable width (~2000 cm"1), and
are determined by optical transitions between the elec-
tronic states of type % and 2P, which interact strongly
with the lattice vibrations.

The presence of a fine structure of the excited state
of F centers (spin-orbit splitting of the 2P terms) was
first established by MCD investigation in colored KBr
crystals'301. The spectral behavior of the absorption-
coefficient difference ki/" - k-t/2 for transitions from
two magnetic sublevels of the ground state ^ ( l + V2)
and I - %)) was measured at a temperature 1.85°K in
circularly-polarized light with two mutually-opposite
directions of the magnetic field (Fig. 7). Knowing the

spectral dependence of ky = C/z) ()&. *;I + k_i/2 ) in the
absence of the field, it is possible to determine
separately the absorption coefficients ki/V" and ^-\}z •
They represent two similar curves spaced 130 cm"1

apart (Fig. 7).
These results can be interpreted with the aid of the

system of energy levels of the F centers in the
"alkali-atom model" (Fig. 8). The fine-structure
parameter A—the magnitude of the spin-orbit splitting
of the state 2P—is negative, i.e., the level 2Pi/2 lies
above the level 2P3/2. If we take into consideration the
relative intensities of the transitions in the polariza-
tion o\ , then we find that 2A/3 = 130 cm"1, i.e.,
A « 200 cm"1. Using an intense source of excitation
by means of circularly-polarized light, it was possible
to effect an appreciable inversion of the populations of
the states | Yz) and | - %). An investigation of the fine
structure by measuring the MOR dispersion was first
performed for the absorption F band in KC1[38]. Figure
9 shows by way of a characteristic example (from the
data oftl8]) the spectral dependence of the MOR of
additively-colored KC1 crystals at temperatures 4.2
and 65°K. The MOR dispersion curve coincides in its

F I G . 7 . 1 - D i s p e r s i o n o f M C D

f o r F c e n t e r s i n K B r c r y s t a l s . T =

1 . 8 5 ° K ; 2 - s e p a r a t e d f r e q u e n c y

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

c o e f f i c i e n t s k + w " , s p a c e d 1 3 0

c m " 1 a p a r t ( f r o m [ 3 0 ] ) .

O O t O O o — o O
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FIG. 8. Energy level scheme of F
center ("alkali atom model").

-+1/Z
--1/2

FIG. 9. Dispersion of
MOR in the region of the
absorption F band of ad-
ditively colored KG crys-
tals at 4.2 and 65° K
(from [18]).

character with that shown in Fig. 2, II, b. If it is as-
sumed that the shape of the F band is close to Gaus-
sian1151, then we can use formula (21) for the maximum
(negative angle of rotation of the polarization plane
*min- The effective energy shift AE can be estimated
with the aid of the level scheme (Fig. 8), and as a re -
sult we get1181

AE ^ ^ in I ,,,~ I A, (ori)

where g2 and g3 are the spectroscopic-splitting factors
of the states 2P3/2 and 2Pi/2 respectively. Combining
expressions (21) and (34), we can obtain a formula for
*min a t not too low temperatures

3kT ,
(35)

where 6i/2 is the half-width of the absorption band.
The first term in (35) describes diamagnetic Faraday
rotation *dia> a n d the second paramagnetic rotation
*para> which depends on the spin-orbit splitting of the
state 2 P . Thus, the parameter A can be determined
from the temperature dependence of the ratio
*para/*dia = -(9/n)A/3kT.

In the "alkali-atom" model, no account is taken at
all of the influence of the lattice vibrations of the de-
generate excited state of the F center. Since the width
of the band exceeds by one order of magnitude the
measured value of the spin-orbit splitting A, the inter-
action between the F centers and non-cubic lattice
vibrations can be expected to lift the degeneracy of the
orbital P state and makes it impossible to describe
it in terms of the orbital angular momentum (the Jahn-

Teller effect). In the "alkali-atom model," in addition,
it is impossible to predict the change of the shape of
the F band when a magnetic field is applied, since this
shape is determined by the influence of the lattice
vibrations (to interpret the experimental data it is
necessary in this case to use the "rigid shift" approxi-
mation (Ch. in, Sec. 2)). A much more rigorous
analysis of the magnetooptical experiments on F cen-
ters was presented by Henry et al.[22^, where the rather
approximate energy level scheme of the F center in
the "alkali-atom model" was not used, and it was pro-
posed that: 1) the F center has cubic symmetry and
2) the F band is due to the transition from the sym-
metry state Fi—orbital singlet—to the symmetry state
F4—orbital triplet.

The analysis was carried out within the framework
of the method of moments. The changes in the optical-
absorption bands were described in terms of changes
of the shape function of the absorption band f(E), which
is connected with the absorption coefficient u(E) by
the relation

HJ&-, (36)

where C is a constant characteristic of the system
under consideration. The moments of the function f(E)
were determined in the following manner. The area
or the zeroth moment is

A=\f(E)dE. (37)

The first moment or the center of gravity of the band
is

E = A~i[ Ef(E)dE.

The higher-order moments are

{£") = yl-1 ? (£ — 1)" j(E)dE,

(38)

(39)

When a longitudinal magnetic field is applied, the con-
tour of the absorption band, observed in right- or left-
hand circular polarizations, changes in general in such
a way that f±(E) is replaced by f±(E) + Af±(E). The
changes of the moments are of the form

<i£"> = -4-1 <\(E — E+)nAf^(E)dE. (40)

They can be calculated on the basis of MCD data, since
®(E)~f + (E) . Indeed, according to (3b) we have ®(E)
~ Af*(E) - Af_(E), but Af+(E) = -Af.(E), so that
Af+(E) - Af.(E) =2Af+(E). On the other hand, the
changes of the moments can be related to the quantum
characteristics of the system.

Under a number of simplifying assumptions (absence
of anharmonicity, no mixing of the states, and a definite
limitation on the electron-phonon interaction), the
change of the first moment of the F band (the change of
the center of gravity—the shift), observed in right-or
left-hand circular polarizations, was calculated to be

(41)

where gort, = |( x |
coupling constant,

Lz | y ) |, X is the spin-orbital
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With the aid of (41) it is possible to obtain a more
rigorous expression for the effective energy shift AE
= AE+ - AE. in formula (21):

(43)

where A = (72)XgOrb i s the spin-orbit splitting of the
2 P term. Then the ratio *para/*dia assumes the
form

Opara
®dia (44)

For purely atomic P states we have go rb = 1, and we
obtain the same result as in the "alkali atom model."
In a cubic crystal field, go rb may differ from unity.

Under the same assumptions it was shown, further-
more, that the area or the zeroth moment of the band
is not changed by a field H, i.e.,

<A£°) = 0. (45)

In the calculation of the changes of the higher moments
of the band, the Zeeman splitting was not taken into
account (in expression (41) it is necessary simply to
omit the diamagnetic term). The result being

<A£±> = ±2(-§-)<S,>, (46)

<A£1) = + 2(A) 2 j i ) f ( 4 7 )

(SE*,) = :S (_\E± > [<£*>Cub ; 4 (<£2>nOncub+ T ( T ) =) ] • ( 4 8 )

Here < E 2 ) c u b and < E 2 ) n o n c u b are the contributions
made to the second moment of the band by interactions
with cubic and noncubic lattice vibrations:

r(£2)noncut>—2 (-g-J (49)

In this approximation, the parameter A can be deter-
mined by measuring (AE+) and using (46). The rela-
tion x = ( E 2 ) n o n c u b / ( E 2 ) c u b can be obtained by meas-
uring the quantities ( A E + ) , ( E 2 ) , and (AE3.) and using
(48) subject to the condition (49). The parameter x
characterizes essentially the fraction of the Jahn-
Teller distortions of the cubic center.

The complete system of equations of the method of
moments, (45)—(49), was first used to interpret the
MCD data obtained in the investigation of F centers in
CsBr and CsCl crystals[39>4o:l, where the absorption F
bands have a partly resolved structure. For CsBr,
measurement of (AE±) yields A = 332 ± 40 cm"1

(measurement of ( A E | ) yields the very close value
A = 333 ± 50 cm"1). Measurements of the quantities
( E2> (in the absence of a field), and < AE± > leads to
values (E 2 ) c u b = (218 ± 40 cm"1)2 and <E 2> n o n c u b
= (289 ± 50 cm 1)2. The value of A obtained in this
manner does not agree with the energy interval between
the two partly resolved peaks in the spectrum of the F
centers in CsBr (630 cm"1). If these two peaks are
connected with transitions to the states 2P3 /2 and
2Pi/ 2 , then the discrepancy can be attributed to the
fact that the noncubic types of oscillations "mix" the
states 2P3/2 and 2Pi/2, causing their mutual repulsion.
An estimate of the magnitude of the splitting, with
allowance for the repulsion, yields a value A « 600
cm"1. A similar analysis was made also for F centers
in CsCl and KC1[23]. For the F centers in KC1, in

particular, it was found that x = (E 2 > n 0 n c u b /<E 2 ) c u b
= 1.10 ± 0.11. The data obtained with the aid of the
MCD investigation offer evidence that the fraction of
the Jahn-Teller distortions of the cubic F center in the
crystals under consideration is quite appreciable.

A summary of the data obtained by the investigation
of MOR and MCD for F centers in alkali-halide crystals
is given in Table II, which is taken from Margerie 's
paper at the Conference on Color Centers (Saclay,
1967)[42].

A number of papers [23>43~45] are devoted to the nature
of the centers responsible for the so-called K-band,
observed in the short-wave side of the F band in a
number of alkali-halide crystals. A number of hypoth-
eses have been advanced with respect to the nature of
this band. An investigation of MCD[23'43>45] and MOR[44]

in RbCl crystals and others has shown that the K band
is due to the same F centers and is connected with
transitions of these centers to higher excited states
(transitions of the type Is — 3p, 4 p , . . . , etc.). Just as
for the F band, the spin-orbit splitting is negative.

In the cited paper[23], they investigated besides the
ordinary F centers also the MCD of the so-called F A
centers produced in alkali-halide crystals in which an
extraneous alkali metal is introduced as an impurity,
and constituting F centers in a non- cubic crystalline
field. The tetragonal distortion due to the presence of
foreign ions near the F centers leads to a lifting of the
three-fold orbital degeneracy of the excited states and
to a splitting of the F band. The experimentally ob-
served behavior of KCl-Na crystals in a magnetic field
agrees fully with the behavior expected on the basis of
a preliminary theoretical analysis[22].

Table II. Spin-orbit splitting (A and g factors
for F centers in alkali-halide crystals)

Crystal

NaCl

NaDr

KF

KC1

KBr

KJ

RbCl

RbBr

CsCl

CsBr

CsJ

A, cm-'

—57+9
—41+8

-228+50

—40+7

—61±12
—9,2+19

-186+15
— 188+15
— 155+31

— 320+50
-242+26
— 140+15
-204+10
—205+20
—261+52

—300

-330
—340+68

—300+20

3

2.8

0.95+0.1
1.3+0.1

1.6

1.4+0,1
2.1

1.2

2.8

Method

MCD*)
MOR

MCD

MCD*)

MCD*)
MCD
MOR

MCD*)
MCD
MOR

MCD*)
MOR
MCD*)
MOR
MCD*)
MOR

MCD*)

MCD*)
MOR

MCD*)

"The method of moments was used in the data reduction.
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F A centers are related to Z centers, which were
observed in alkali-halide crystals with alkali-earth ion
impurities. The MCD of Zi centers produced in
RbCl-Sr crystals by exposure to x-rays and subsequent
irradiation at -30°C was investigated in[46] at 1.9°K.
Just as for F centers, the sign of A turned out to be
negative, and the absolute magnitude of A amounted to
approximately 120 cm"1. Analyzing the results, the
authors have reached the conclusion that the models of
Seitz and Pick are in error, and that a model suitable
for the description of Zj centers is that proposed by
Hartel and Luty^47] (electron localized in a cation-
anion vacancy near the impurity ion).

A similar conclusion was reached by the authors
of[106], who analyzed in the "rigid shift" approximation
the dispersion of MOR in the region of the Zi band in
the crystal KCl-Oa, Sr at T = 4.2°K.

Besides the simplest F centers, complicated aggre-
gate centers, including several F centers, or centers
representing associations of F centers with vacancies
of one sign or another, can be produced in non-acti-
vated ionic crystals. Double F2 centers (M centers)
have a ground state of the type ^o and cannot exhibit
paramagnetic rotation. Triple R centers, modeled by
an aggregate of three F centers forming a triangle in
the (111) plane, were investigated in KC1 crystals at
3.1° K by the MCD method1"8^. In full agreement with
the hypothesis by Silsbee[49], it was established that the
ground state of the R center can be treated as an or-
bital doublet with 2E symmetry (in accordance with the
Csh symmetry group of the R center) with spin-orbit
interaction reduced by the dynamic Jahn-Teller effect.
The Jahn-Teller effect decreases in this case the
orbital momentum of the system bA (here A is the
orbital momentum of the undeformed center and b is
the Jahn-Teller reducing factor), and with it also the
magnitude of the spin orbit interaction Axb. The cor-
responding decreases of bA and Axb, however, are
noticeably different, and this may be due to internal
stresses (deformations) in the crystal, which greatly
influence the magnitude of the MCD effect.

The influence of deformations on the magnitude of
the MCD effect was demonstrated in[50], where MCD
was investigated under conditions of directional de-
formations both in the narrow phenonless absorption
line and in the region of the broad electron-vibrational
structure of the R2 band produced in KC1 and KF
crystals by an electronic transition in the R center
from the ground state 2E into the excited state 2A2.
An analysis of the experimental data was carried out
with the aid of the method of moments under the as-
sumption that the magnetic interactions in the R center,
compared with the deformation interactions, can be
regarded as a perturbation and the average magnitude
of the internal stresses in the crystal can be approxi-
mately estimated. Investigations were made of the
change of the zeroth and first moments for the phonon-
less line in the presence of a magnetic field. The
changes of the zeroth moment (the area under the
phononless line) exhibit a dependence on the stresses
in the sample. In the region of the electron-vibrational
structure of the R2 band, the changes of the zeroth
moment A following application of a magnetic field,
dA(H), were calculated in accordance with (37) for

transitions including an even number of E phonons
non-fully-symmetrical lattice vibrations of type E)

and an odd number of E phonons

<M(//)=—^^el

(50)

(51)

Here nx and nv are the populations of the sublevels of
the ground state (the splitting has mainly a deformation
character and is practically independent of the field H),
and e is a small parameter proportional to H, charac-
terizing the degree of "mixing" of the wave functions
of these sublevels in the magnetic field. (It is precisely
this "mixing" of states which leads in this case to the
observed MCD effect.) The difference between the
signs in expressions (50) and (51) makes it possible to
employ MCD data in the region of electron-vibrational
structure to determine whether an even or an odd
number of E phonons takes part in the formation of the
given absorption peak, for in the latter case the MCD
signal would have sign opposite to that of the MCD
signal on a purely electronic phononless line, which
coincides also with the MCD signal on transitions in
which an even number of E phonons take part. In the
given case of the R2 band in KC1 and KF, the MCD
signal has no "negative" peaks, but certain peaks in
the absorption correlate with the minima in the MCD
signal.

A thorough investigation of R centers in the KC1
crystal by means of MCD was undertaken in t l07]. The
MCD was measured both in the region of the R2 band
and in the region of the Ri band due to the electronic
transition to the doubly-degenerate excited state
(E— E transition). The dispersion curves were ana-
lyzed with the aid of the method of moments, applied
to the case of a degenerate ground state (just as in1-50 ,̂
only changes of the zeroth and first moments were in-
vestigated). With respect to the R2 band, the data of
these investigations are in good agreement. The re-
sults of investigations of MCD for the Rx band confirm
the conclusion that the excited state for the Ri transi-
tion belongs to the E-type with weak Jahn-Teller dis-
tortion.

The MCD method was also used to investigate R'
centers (four-electron system obtained by adding one
more electron to the R center) in the LiF crystal [108].
The MCD was measured on the 8328 A phononless R'
line in order to determine the multiplicities of the
states A and E that take part in the optical transition.
The observed MCD is similar in shape to that shown
in Fig. 2, II, b, i.e., it is proportional to the derivative
of the line shape, with a proportionality coefficient
— y, where y is the effective energy shift of the a+ and
a- components of the type (43). The measured tempera-
ture dependence of the MCD presupposes that (Sz) = 0.
This makes it possible to set the R' line in correspond-
ence with the transition between the triplet states 3A
and 3E. It was also established that the parameter of
the spin-orbit coupling is positive in the case of the R'
center (it is negative in the case of the F center).

Besides the intrinsic defects—electron and hole color
centers—broad absorption bands may be produced in
ionic crystals by defects connected with the presence
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of foreign ions in the crystal lattice, and unlike the
already mentioned Fz and Z centers, optical transi-
tions between the levels of these ions are responsible
for the absorption. An investigation of MOR and MCD
of such ("activator") centers may yield information
concerning their energy and geometrical structure.

As established by EPR investigations11511, when KC1
crystals activated with silver are exposed to x-rays
(T = 77°K), two types of defects are produced: V^
centers (Cli) and neutral silver atoms Ag°, which have
as the ground state ^Si/2 (configuration 4d105s). The
absorption band near 23600 cm"1 is due apparently to
transitions of the 2 S ^ 2 P type in Ag° atoms. The
band overlapping with it, connected with a transition
of the 2S — 2£ type in the Vfc center, makes no con-
tribution to the rotation. The MOR dispersion in the
region of these bands was investigated in[24] (Fig. 10).
The asymmetry in MOR picture is due in part to the
asymmetry of the unperturbed contour of the absorp-
tion band, and in part to changes in the higher moments
of the shape function of the band when the field is ap-
plied.

The observed contour of the MOR curve was trans-
formed with the aid of the dispersion relation (14) into
a MCD contour, and then the first moment was calcu-
lated. The parameter \' = 2A/3 obtained in this
manner, which determines the fine structure of the
excited state 2 P of the Ag° atom, amounts to 370 cm"1

in KC1, and is approximately half as large as the cor-
responding value for the free atom (613 cm"1). This
discrepancy can be ascribed to the influence of co-
valence effects[24'52].

With the aid of the MCD method, investigations were
made also of the A band of impurity absorption in
KI-T1, KBr-Pb, KBr-Tl, and KCl-Pb crystals [31].
These bands are connected with spin-forbidden transi-
tions 'So — 3Pi and (6s)2 — (6s) (6p) in the Tl+ and
Pb2+ ions (the transitions are due to the admixture of
singlet JP states as a result of spin-orbit interaction).
The g-factors of the excited state were determined
with the aid of relation (43), where <SZ > = 0. The ex-
pected value of the g factor for the state 3Pi in the
free-ion approximation is 1.4. The reasons why the
experimental values turned out to be much smaller
(0.6—0.8) are not quite clear, but here, too, covalence
effects can play an important role.

400 500

FIG. 10. MOR dispersion in
the region of the atomic bands
(Ag°) in irradiated KCl-Ag crys-
tals (T = 4.2° K) (from [24]).

Intl09], the MCD method was used to investigate the
A bands of impurity absorption in KCl-In, KBr-In, and
Kl-In, connected with the transition of the indium ions
(In*) to a triply-degenerate excited state (5s)2 1S0
— (5s) (5p)3Pi. An analysis of the form of the MCD
dispersion curves has confirmed the theoretical con-
clusion[uo] that a doublet structure of the A absorption
bands is present in these crystals, due to the dynamic
Jahn-Teller effect.

All the investigations referred to so far were car-
ried out with "pure" and activated alkali-halide crys-
tals. Of course, this group of objects does not limit
the regions of applicability of the MOR and MCD
methods. In[531 it was indicated, on the basis of an EPR
investigation that F centers exist in crystals of alkali-
earth fluorides. The optical absorption spectra of ad-
ditively colored samples of CaF2, SrF2, and BaF2 are
quite complicated, for in addition to the F bands these
crystals reveal also many other bands of comparable
intensity, due apparently to aggregates of F centers'-541.
The positions of the maxima of the absorption F bands
in such a situation can be established by investigating
the MOR (or MCD) dispersion[55), since the aggregate
states, unlike the F centers, are not paramagnetic.
The positions of the maxima observed experimentally
at 4.2°K[55] agree with the results of the calcula-
tion[56'57] (see Table in).

Table III. Positions of the maxima of the F band and
values of the spin-orbit interaction constants x in

alkali-earth fluorides (from[55])

Crystal

CaF2

LlaF2

Observations
•1 ~± ^K

V ! 5

( i l l

P o s i t i o n s o f m a x i m a

T h e o r y :>«

: S K S

-'i2(>

4 7 3

T h e o r y i ?

( i i d

>., c m

— ill)

— W>

SOB

T h e M O R d i s p e r s i o n i n c r y s t a l s o f a l k a l i - e a r t h

o x i d e s ( M g O a n d C a O ) i r r a d i a t e d w i t h n e u t r o n s w a s

i n v e s t i g a t e d i n t 3 2 a i . T h e a b s o r p t i o n s p e c t r a o f t h e

i r r a d i a t e d c r y s t a l s c o n s i s t o f b r o a d i n t e n s e b a n d s i n

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

b a n d s i n t h e v i s i b l e r e g i o n . U l t r a v i o l e t b a n d s c a n b e

a s c r i b e d t o t r a n s i t i o n s i n F c e n t e r s ' - 5 * " 6 0 1 . T h e M O R

d i s p e r s i o n w a s i n v e s t i g a t e d i n g r e a t e s t d e t a i l f o r C a O

c r y s t a l s ( F i g . 1 1 ) , i n w h i c h t h e s e b a n d s l i e i n a r e l a -

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

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

s u f f i c i e n t t r a n s m i s s i o n , e t c . ) . T h e c h a r a c t e r i s t i c p e a k

o f t h e M O R c u r v e n e a r 3 . 7 e V , a s c r i b e d t o t h e F c e n -

t e r s , i s d i s t o r t e d o n t h e s h o r t - w a v e s i d e b y t h e i n c r e a s -

i n g b a c k g r o u n d , b y i n s t r u m e n t a l l i m i t a t i o n s , a n d b y t h e

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

f i n e t h e c h a r a c t e r o f t h e M O R d i s p e r s i o n i n t h i s r e g i o n ,

t h e d o u b l e r e s o n a n c e e f f e c t w a s i n v e s t i g a t e d 1 6 1 1 . I n -

v e r s i o n o f t h e s p i n s y s t e m ( u p t o 8 0 % ) w a s p r o d u c e d b y

a p p l i c a t i o n o f m i c r o w a v e r a d i a t i o n a n d r a p i d a d i a b a t i c

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

v a l u e ( g = 2 . 0 0 0 1 ) . T h e c h a n g e o f t h e r o t a t i o n a n g l e

A 4 > w a s e q u a l i n t h i s c a s e t o d o u b l e t h e p a r a m a g n e t i c

F a r a d a y e f f e c t * p a r a - T h e d i s p e r s i o n c u r v e o f t h e
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FIG. 11. MOR dispersion in neutron-irradiated CaO crystals (from32a).

double resonance effect, A*(w), shown in Fig. 12,
makes it possible to determine immediately the posi-
tion of the maximum of the absorption F band in CaO,
namely 3.73 ± 0.06 eV. Relation (21) makes it possible
to estimate the spin-orbit splitting parameter A. If we
write the relation in a different form, noting (see Ch. I,
Sec. 3) that a(0) ~ Nf(n2 + 2)2/9n, where N is the
number of F centers per cubic centimeter and f is the
oscillator strength of the transition, then we get at
sufficiently low temperatures

J () t h U r )( W \ (A \
l ^ J (w)

where W = Rw0 is the center of gravity of the band,
X = 27Tc/a>0, and I is the thickness of the sample. For
the samples investigated in [ 3 2 a ] , N = 3 x 1017 cm"3,
A = 3300 A, I = 0.5 mm, n =2.2, and H = 11 kG. The
observed value *nrin = 2° yields for fA a value 55
cm"1. Putting f « 0.8, we get A » 70 cm"1, which
amounts to only one-third of the value A = 225 cm"1

for the free Ca+ ion. For MgO we have A ~ 30 cm"1.
It was shown in[ -1 as a result of a MOR investiga-

tion that the narrow 3557 A line on the long-wave edge
of the F band in CaO is a phononless line due to a
purely electronic transition in the F center. In addition,
certain simple details of the dispersion curve of the
magnetooptic rotation in the F-band region were estab-
lished. The spin-orbit splitting parameter A was de-
termined in this case by the method of moments
(formula (41)): A = -(80 ± 10) cm"1, which agrees
within the limits of the calculation accuracy with the
value A = -70 cm"1 given above.

MOR investigations[111] have made it possible to
identify the optical absorption band belonging to F
centers in SrO and BaO, and to measure the values of

CaB, 17 "ft,
Thickness 0.475 mm
3X 1017F center/cm3

FIG. 12. Dispersion of
double resonance in CaO crys-
tals with color centers (T =
1.7° K) (from [32a]).

the spin-moment interaction constants x' = 2A/3 in
CaO, SrO, and BaO. The measurements were made of
samples irradiated with neutrons and protons (maxi-
mum optical density ~2). The absorption F bands in
SrO and BaO lie near 3 and 2 eV respectively. The
spin-orbit interaction constants x' were determined
on the basis of MOR data with the aid of the method of
moments, and turned out to equal -24 cm"1, -185 cm 1 ,
and -265 cm"1 for CaO, SrO, and BaO respectively.
We note that the value x' = -24 cm"1 deviates greatly
from the data of[32], according to which x' = -50 cm"1.
The causes of this discrepancy are still not clear.

3. Rare-earth Activator Centers

As is well known, the most characteristic feature of
rare-earth activator centers is the presence of an in-
complete 4f shell, which is sufficiently well screened
from the influence of the nearest surrounding. The
parity-forbidden optical transitions between the levels
of the configuration 4f̂  correspond to narrow absorp-
tion and emission bands, which can be investigated by
the Zeeman-spectroscopy or with the aid of the piezo-
spectroscopic effect1-62^. The Faraday effect in the
region of these narrow absorption bands was investi-
gated by H. Becquerel et al.*, but these investigations
were not pursued further, since the information ob-
tained in such cases does not differ essentially from
that extracted from investigations of the Zeeman split-
ting. It is known, however, that besides the forbidden
f—f transitions, there can be observed in the optical
spectra of the ions of the rare-earth series also parity-
allowed transitions in mixed configurations, for exam-
ple for 4r i~15d, which appear in the form of broad
intense bands in the absorption and luminescence
spectra[63].

In the case of trivalent rare-earth ions, the greater
part of the terms of the mixed configurations lie in the
far ultraviolet region of the spectrum, where the num-
ber of transparent bases is limited, as a result of
which these terms have not been investigated in
detail.[64] Some exceptions are the Ce3+ and Yb3+ ions,
whose mixed-configuration levels lie relatively low.

Allowed f—d transitions are extensively represented
in the spectra of divalent rare-earth ions, which are
characterized by a relatively low location of the energy
levels of the mixed configurations [63>651. Broad intense
absorption bands are observed in this case not only in
the UV region, but also in the visible and IR regions.
The large width of the bands excludes the possibility of
obtaining suitable information with the aid of spectro-
scopic research methods in external fields, with the
exception of the MOR and MCD methods.

In recent years, MOR and MCD investigations in the
region of dipole interconfiguration transitions were
performed for a number of doubly and triply charged
ions in cubic crystals of alkali-earth fluorides (MeF2)
having the structure of fluorite[66>75]. We mention here
only the most characteristic examples of such investi-
gations that have been interpreted by now to some de-
gree.

a) Systems with even numbers of electrons. The

3» 35 3.6 3.7 3.8 .iff 40
Energy, eV *The results of these investigations are given in [2 ].
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ground state in the cubic crystal field is as a rule an
orbital singlet, as a result of which there is no para-
magnetic rotation. The MOR and MCD effects are due
in this case either to magnetic splitting of the energy
levels of the excited states (diamagnetic MOR and MCD),
or to a redistribution of the intensities of the o\ and
<j_ transitions under the influence of the magnetic field.

By way of an example let us consider the samarium
ion in a fluorite crystal (CaF2-Sm2+, configuration 4f6,
lower level of ground state 7F0—orbital singlet ' l ^ ) .
For this system, the MCD dispersion was investigated
in the region of narrow lines on the long-wave edge of
the absorption band I (650—600 nm)[68] and the MOR
dispersion in the region of the absorption band n
Umax = 426 nm)[69]. An investigation of the MCD dis-
persion was made for two purposes: 1) to test the pro-
cedure, by redetermining the g-factors of the levels
263 and 14497 cm"1, which were previously obtained by
another method and which are equal to 1.3 and 0.39,
respectively, and 2) to measure the g-factors of other
levels, which cannot be obtained with the aid of the
standard technique by virtue of the appreciable width
of the corresponding absorption lines. It was estab-
lished empirically that the observed MCD dispersion
curve in the region of each line is described by the
relation

V 7 O—, V * i O d\ (53)

where k?" is the absorption coefficient in the absence
of the field. The coefficient A characterize the differ-
ence between the observed MCD curve and the dkCTv/dv
curve. This method was used to find the g-factors and
the coefficients A for a number of levels'685. The MOR
dispersion curve in the region of band II (Fig. 13)[69] is
apparently a superposition of two S-shaped curves
which have opposite rotation signs at the maxima. By
calculating the relative intensities of the o± compon-
ents it can be shown that the isolated pair of states
effectively influencing one another in the presence of
a magnetic field, produces opposite signs of the Fara-
day rotation in the corresponding pairs of transitions'701.

An analogous investigation of the MOR dispersion
was carried out for the ion Yb2 + in fluorite (configura-
tion 4f14, ground state 1S0(1r1) in the region of the 365
nm absorption band (T = 300°K, H =10 kOe), where the

FIG. 13. a) Absorption spectrum (top) and MOR dispersion (bottom)
in CaF2-Sm2+ crystals (T = 300° K, H = 10 kOe). b) Energy level scheme
of Sm2+ in a cubic crystal field (symmetry On) and in a magnetic field
(symmetry C4h)(from [69]).

b)

FIG. 14. a) Absorption spectrum (top) and MOR dispersion (bottom)
in CaF2 -Yb2+ crystals (T = 300° K, H = 10 kOe). b) Energy level scheme
of Yb2+ in a cubic crystal field (symmetry On) and in a magnetic field
(symmetry C4h) (from [69]).

rotation is predominantly diamagnetic (Fig. 14), and
for the Dy2* ion (configuration 4f10, ground state 5I8
(2T3)) in the region 400-700 nm, where the rotation is
determined mainly by the redistribution of the intensi-
ties of the CT+ and <7- components in the region of the
f-d transitions'69'701.

b) Systems with an numbers of electrons. In this
case the ground state in the cubic crystal field is as a
rule a Kramers doublet, as a result of which the MOR
and MCD exhibit a temperature dependence character-
istic of paramagnetism. From the form of the disper-
sion curves of the paramagnetic MOR and MCD it is
possible to assess directly the predominance of one of
the a components in the transition. If, in addition, the
symmetry of the lower level is known (from EPR data)
then, by determining theoretically (or from results of
an investigation of the Zeeman effect on the f-f transi-
tions) the location of its magnetic sub levels, and by
using the selection rules with allowance for the rela-
tive intensities of the CT+ and CT_ transitions (which are
obtained theoretically), it is possible to establish the
symmetry of the second level that takes part in the
optical transition. A similar investigation, carried out
over the entire spectral interval, makes it possible to
construct the mixed-configuration energy-level scheme
and to arrange them on the energy scale (in the pres-
ence of theoretical predictions) by comparing the levels
of equal symmetry.

Such level schemes were constructed for the ions
Ho2 + f71], Tu2+[71 '72], Ce3+t73l, a n d a l s o Tj3*t74] i n c r y s .
tals of the fluorite type (MeF2). By way of an example,
Fig. 15 shows the absorption spectra, the MOR disper-
sion curves, and the energy level scheme of the mixed
configurations of the ion Tu2t, established by the
method described above on the basis of an analysis of
the MOR[71] and MCD[72] data. Analogous data are
shown in Fig. 16 for trigonal activator centers in
CaF2-Ca3+ crystals, and in Fig. 17 for U3+ ions in
CaF2

[74].
Another method of analyzing data on the Faraday

rotation in fluorite crystals activated with divalent
europium (CaF2-Eu2+) was proposed in[26>75]. For free
ions in the S-state, electric dipole transitions are al-
lowed to the states of the type P: S — Pj- i , P j , Pj*i.
If the frequency of the incident light is sufficiently r e -
mote from all the levels of the P j multiplet (is located
far beyond its limits), then the rotation is proportional,
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FIG. 15. Absorption spectrum (top) and MOR dispersion (bottom)
in CaF2 -Tu2+ crystals (T = 4.2° K, H = 13 kOe). The dashed lines indi-
cate the resolution into elementary absorption bands and their contri-
bution to the MOR. <J>tneor-summary dispersion curve, *exp-experi-
mental curve, b) Energy level scheme of Tu2+ ion in a cubic crystal
field (On) and the level splitting following application of a magnetic
field (C4h) (from [71]).
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w i t h g o o d a c c u r a c y , t o t h e m e a n v a l u e o f t h e o r b i t a l -

a n g u l a r m o m e n t u m p r o j e c t i o n ( L g ) , a n d c o n s e q u e n t l y

i s v a n i s h i n g l y s m a l l f o r i o n s i n t h e g r o u n d S s t a t e l 3 \

T h i s w a s e x p e r i m e n t a l l y c o n f i r m e d f o r t h e i o n s G d 3 + [ 7 7 ]

a n d M n 2 t [ 7 ' l T h e s m a l l r e s i d u a l p a r a m a g n e t i c r o t a -

t i o n i s i n t h i s c a s e p r o p o r t i o n a l t o t h e m a g n e t i z a t i o n .

W h e n t h e l i g h t f r e q u e n c y i s c l o s e t o o n e o f t h e P j

l e v e l s , b u t d o e s n o t f a l l i n t o t h e r e g i o n o f i t s Z e e m a n

s t r u c t u r e , t h e r o t a t i o n f o r i o n s i n t h e g r o u n d S s t a t e

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

n e t i z a t i o n . T h i s r e a s o n i n g c a n b e e m p l o y e d i n s o m e

c a s e s a l s o f o r i n t e r s t i t i a l S - s t a t e i o n s i n c r y s t a l s . I n -

d e e d , i n a c u b i c c r y s t a l f i e l d , t h e S t a r k s p l i t t i n g o f t h e

P j l e v e l s i s v e r y s m a l l ( ~ 1 0 c m " 1 ) , s i n c e t h e c u b i c

c r y s t a l f i e l d s p l i t s t h e P t e r m o n l y i n h i g h e r o r d e r s

o f p e r t u r b a t i o n t h e o r y i n c o n j u n c t i o n w i t h t h e s p i n -

o r b i t i n t e r a c t i o n ^ 7 9 1 . T h e q u a n t u m n u m b e r J i s t h e r e -

f o r e s u f f i c i e n t l y g o o d . A s i m i l a r s i t u a t i o n i s r e a l i z e d

a p p a r e n t l y f o r E u 2 * i o n s i n f l u o r i t e ( w h i c h h a v e , l i k e

t h e i s o e l e c t r o n i c G d 3 t , a g r o u n d s t a t e ^ S 7 / 2 , w h e r e a n

a p p r e c i a b l e F a r a d a y r o t a t i o n , p r o p o r t i o n a l t o t h e

m a g n e t i z a t i o n , w a s o b s e r v e d ^ 7 5 1 i n t h e v i s i b l e r e g i o n .

T h e r o t a t i o n i n t h e v i s i b l e r e g i o n f o r d i v a l e n t r a r e -

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

d i p o l e i n t e r c o n f i g u r a t i o n t r a n s i t i o n s ( 4 f ) 7 — ( 4 f ) 6 ( 5 d )

f o r E u 2 * . T h e f o r e g o i n g r e a s o n i n g s h o w s t h a t i n t h i s

c a s e t h e e l e c t r i c - d i p o l e t r a n s i t i o n s i s r e a l i z e d i n a

s t a t e o f t h e P j t y p e ( P 5 / 2 , P 7 / 2 , P 9 / 2 ) . T h e M O R d i s -

p e r s i o n w a s i n v e s t i g a t e d a l s o i n [ 7 5 1 i n t h e r e g i o n o f

n a r r o w a b s o r p t i o n l i n e s : t h e 4 1 3 0 A l i n e s o f E u 2 * i n

C a F 2 ( a t l o w e u r o p i u m c o n c e n t r a t i o n s ) , l o c a t e d o n t h e

l o n g - w a v e e d g e o f t h e f - d t r a n s i t i o n r e g i o n , a n d t h e

f o u r n a r r o w l i n e s o f N d 3 + i n C a F 2 , c o r r e s p o n d i n g t o

t h e i n t e r c o n f i g u r a t i o n ( 4 f ) 3 — ( 4 f ) 3 t r a n s i t i o n s . T h e M O R

d i s p e r s i o n h a s i n t h e s e c a s e s a c h a r a c t e r i s t i c S - s h a p e

( r e g u l a r o r i n v e r t e d , o f t h e t y p e s h o w n i n F i g s . 2 , I I ,

d a n d e ) . T h e e x p e r i m e n t a l l y o b t a i n e d v a l u e s o f <S>rnax

i n t h e r e g i o n o f t h e f o u r l i n e s o f N d 3 * i n C a F 2 w e r e

u s e d t o v e r i f y r e l a t i o n s o f t h e t y p e ( 3 2 ) , w h i c h g i v e t h e

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

a n d t h e l i n e w i d t h ( f o r l i n e s w i t h a L o r e n t z s h a p e ) .

T h e a g r e e m e n t b e t w e e n t h e c a l c u l a t e d a n d e x p e r i m e n t a l l y

o b t a i n e d v a l u e s o f * m a x i s s a t i s f a c t o r y .

I n [ 8 0 ] , u s i n g a n i s o t r o p i c a c t i v a t o r c e n t e r s i n C a F 2 -

C u 3 + a n d B a F 2 - U 3 + a s e x a m p l e s , i t w a s s h o w n t h a t

m e a s u r e m e n t o f t h e M O R a n d M C D c a n b e u s e d t o -

g e t h e r w i t h o t h e r m e t h o d s [ 8 1 ] t o d e t e r m i n e t h e o r i e n t a -

t i o n o f t h e a n i s o t r o p i c a c t i v a t o r c e n t e r s i n a c u b i c

c r y s t a l l a t t i c e ( t o r e v e a l t h e " l a t e n t o p t i c a l a n i s o -

t r o p y " ) - T h e m e t h o d s b a s e d o n a n i n v e s t i g a t i o n o f t h e

c i r c u l a r a n i s o t r o p y a r e i n t h i s c a s e m o r e u n i v e r s a l

t h a n t h e o t h e r s w i t h r e s p e c t t o t h e c h o i c e o f o b j e c t s ,

s i n c e t h e y c a n b e s u c c e s s f u l l y u s e d f o r t h e s t u d y o f

n o n l u m i n e s c e n t c e n t e r s w i t h b r o a d b a n d s . T h e d a t a

o b t a i n e d f o r t h e c r y s t a l s C a F 2 - C a 3 + i n d i c a t e d , i n

a g r e e m e n t w i t h t h e d a t a o b t a i n e d b y o t h e r m e t h o d s ,

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

w i t h m a x i m u m n e a r 3 0 5 n m h a v e t e t r a g o n a l s y m m e t r y .

A n i n v e s t i g a t i o n o f M O R f a r f r o m t h e a b s o r p t i o n

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

4 cm

F I G . 1 7 . a ) A b s o r p t i o n s p e c t r a ( t o p ) a n d M O R d i s p e r s i o n ( b o t t o m )

i n C a F 2 - U 3 + c r y s t a l s ( T = 4 . 2 a n d 3 0 0 ° K ) . b ) E n e r g y level s c h e m e o f

t h e U 3 + i o n in a t e t r a g o n a l c r y s t a l l i n e f ie ld. ( S y m m e t r y C 4 V ) a n d t h e i r

s p l i t t i n g s f o l l o w i n g a p p l i c a t i o n o f a m a g n e t i c f ie ld a l o n g t h e t e t r a g o n a l

a x i s ( s y m m e t r y C 4 ) ( f r o m [ 7 4 ] ) .
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was made with yttrium-aluminum garnet crystals ac-
tivated with erbium (Y3Al5Oi2-Er3*) as an example[a2].
The dependence of * on the wavelength of the light is
described by the relation (20) or W = (62 ± 4) x 10"3

cm"1. Thus, the energy of the lowest term of the ex-
cited mixed configuration of the Er3+ has been estab-
lished, and agrees within the limits of the specified
accuracy with the energy of the lowest 4f — 5d transi-
tion (64.2 x 103 cm"1 according to the data oft64]) in the
Er3+ ion (configuration 4fu, ground term 4Ii5/2).

The influence of a microwave electromagnetic field
on the Faraday rotation in a constant magnetic field
was investigated in'-831, where it was shown that a com-
bination of the action of these fields expands the
methodological capabilities of the EPR method, making
it possible to investigate the saturation of spin systems
by means of optical observations. The authors observed
in CaF2-Eu2t crystals the saturation of the sub levels
of the ground state of the Eu2* ion ("Sv^) and deter-
mined their g-factors.

4. Complexes of Transition Metals with Incomplete d
Shells

The absorption bands of complexes of transition
metals located in the visible and near UV regions are
due, as a rule, to transitions within the incomplete d
shell. The intensities of these transitions depend on
the nature and on the geometrical configuration of the
ligands surrounding the central ion, and are usually
small, since the corresponding transitions are parity-
forbidden in first approximation. For octahedral com-
plexes, the absorption in the visible region is appar-
ently connected with the odd vibrational modes of the
ligands, which disturb the symmetry center; the oscil-
lator strengths of the transitions are in this case
f ~ 10"4— 10"5[84:i. For tetrahedral complexes,
f « 10"3. Such a relatively strong absorption, according
to[84], can be due to the following: 1) mixing of 3d and
4p orbits in a tetrahedral crystalline field and 2) mix-
ing of 3d orbits and of the wave functions of the ligands
(covalence effects). This shows that the crystal-field
theory is insufficient to explain the intensities in the
absorption of such complexes, and calls for further
development. MOR investigations have recently come
into use for the determination of the limits of applica-
bility of the crystal-field theory in complexes of transi-
tion metals [85"88]. In particular, the Faraday rotation
of the tetrahedral complex CoClf" was investigated
theoretically in[87] on the basis of the theory of the
crystalline field. Satisfactory agreement between the
calculated and measured1891 values of the Verdet con-
stants at individual frequencies (near the maximum of
the absorption band ~14500 cm"1) was obtained. It was
therefore concluded that the MOR can be satisfactorily
described within the framework of the crystal-field
theory, in spite of the fact that it encounters the afore-
mentioned difficulties when it comes to explaining the
intensities in the absorption of such complexes and
when attempts are made to explain the natural optical
activity[90].

A critical analysis of investigations of this kind was
presented in[871 on the basis of the notions developed
in Sec. 3 of Ch. I. The transition 4A2 —

 4Ti(P), re -

sponsible for the 14500 cm"1 absorption band of the
CoClf" complex, is considered. The wave functions of
the corresponding states are written in the approxima-
tion of the weak crystal field[87], with no limitations
imposed on the nature of the e and t2 orbits, making it
possible to consider simultaneously two variants of the
theory: 1) the theory of the crystal field, when the t2
orbits are a mixture of d and p orbits of the central
line, and 2) a variant of the molecular-orbital methodt91],
when the e and t2 orbits are a mixture of d orbits of
the central ion and the wave functions of the ligands.
In the limits when the spin-orbit interaction can be
neglected, the parameter C in formula (33), which
determines the fraction of the paramagnetic rotation,
is equal to zero. The parameters A and B, which
determine diffraction of the diamagnetic rotation and
the rotation due to the "mixing" of the states, are cal-
culated: 1) within the framework of the crystal-field
theory:

- ^ = 0 . 3 3 , -yr-—- T-F~ • - T T — ~ 0 . 2 A E . (54)

where AE =3500 cm 1 and D is the oscillator strength
of the transition 4A2 —

 4Ti(P):
2) within the framework of the simplest variant of

the MO method:
0,97

~~AE~

Thus

0,14
AE

- = 0.53, - 0.08 0,58.

(55)

(56)

In principle, relations (54)—(56) provide a rather
precise criterion for the applicability of either of the
treatments. However, at the present time one can
only estimate the contributions of the terms A and B,
using the ratio of the maxima of the corresponding
dispersion curves 9A/4rB (see Table I), and also
T ~ 2000 cm"1 and the relation (45). As a result,
9A/4rB « 0.79, i.e., the contributions of the terms A
and B are comparable at the maximum of the band. In
determining the Verdet constant at the 14390 cm"1 fre-
quency it is therefore not permissible to neglect the
contribution of the term A, as was done in[87]. In this
connection, the conclusion that the crystal-field theory
is applicable for the description of the MOR of CoCI2"
complexes can apparently not be regarded as sufficiently
well founded.

Mention should be made of a group of investigations
of the Faraday rotation in magnetically centered crys-
tals— ferrimagnetic garnets with structure Y3Fe2(FeO4)3.
where the yttrium can be replaced by different ions of
the rare-earth series, for example Gd, Dy, Tb, and
Ho. The rotation of the plane of polarization observed
in this case is, generally speaking, not the Faraday
effect in its usual sense. In magnetically concentrated
crystals, the magnetic field is produced more readily
by exchange forces inside the medium, rather than by
external forces. The external magnetic field in this
case only orders the exchange fields, acting on individ-
ual electrons, or in other words, destroys the domain
wall[99].

Ferrimagnetic garnets have intense optical absorp-
tion, the long-wave edge of which is located near
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X ~ 1 fJ.. The Faraday effect in the near IR, sufficiently
remote from the absorption edge, A > 4 JH, was inves-
tigated in a number of studies'94"1013. It was shown that
in this region the MOR is due to the precession of the
magnetic moments of the ferrite sublattices under the
influence of the magnetic field of the light wave, i.e.,
it is a consequence of magnetic resonance194'95'961. In
this case an investigation of MOR can be used to deter-
mine the Lande g-factors of the ions taking part in the
f errimagnetism.

The Faraday effect in the region of the edge of the
absorption band of ferrimagnetic garnets was also in-
vestigated experimentally[92] and theoretically[93]. It
is connected with the optical transition 6S — 4Ti (4G)
in the Fe3+ ion (configuration 3d5), which is in the
electric crystal field of octahedral symmetry and in a
strong exchange field. In the first approximation, the
transition is parity forbidden (f ~ 10"9), but it becomes
much stronger owing to an admixture of states of oppo-
site parity 6P(3d44p) resulting from electron-phonon
interaction (f ~ 10~4-l(T5). If it is assumed that the
corresponding absorption band has a Gaussian shape
(15), then, taking the ratio of the maximum polarization-
plane rotation angle (21) to the absorption coefficient
at the center of the band, we get *max/a<0> =0.013.
Experiment yields 0.008. The order-of-magnitude
agreement is evidence that the developed theory is not
contradictory.

The Faraday effect in yttrium and holmium iron
garnets was investigated in[112>113] in strong pulsed
magnetic fields (up to 160 kOe) in the visible region of
the spectrum (in tl\e vicinity of 6000 A). In rare-earth
iron garnets, the MOR can be regarded as a sum of
independent contributions of all the ferrite sublattices.
The MOR of the Fe3+ ions in the ground S state, at a
fixed temperature and magnetic field intensity, will be
proportional to the projection of their magnetization
on the light propagation direction*. The MOR of the
rare-earth sublattice is of opposite sign and of differ-
ent magnitude than the resultant MOR of the iron-ion
sublattices, at the same direction of their magnetiza-
tions. This means that there is no compensation of the
MOR but there is compensation of the magnetic mo-
ments at the point Tc (magnetic compensation temper-
ature). On going through T c , an abrupt reversal of the
sign of the MOR is observed, due to the turning
(changing of the directions of the vectors) of the mag-
netic moments in sufficiently strong magnetic fields.
Investigation of these processes by the MOR method
makes it possible to obtain additional information on
the sublattice motion; this information is usually ob-
tained by measuring the total magnetic momentrB4].

The same method was used to investigate the MOR
in the antiferromagnetic crystals MnF2 and
RbMnF3

[114]. The MOR dispersion in the visible region
can be approximately represented in the form of a

*It should be borne in mind that in this case the temperature de-
pendence of the MOR is rather complicated, in view of the fact that
the investigated spectral region is adjacent, on the short-wave side, to
the intrinsic absorption edge at 20000 cm"1, and is adjacent on the long-
wave side to the broad intense absorption bands at 11000 and 16400
cm"1!92].

sum of two terms: a quadratic term dependent on the
frequency (formula (20) with W » E), due to the ab-
sorption of light in the region of the maximum ultra-
violet, and a frequency-independent term that varies
with the temperature (formula (20) with E S> W), due
to the magnetic-dipole transitions in the microwave
region of the spectrum (antiferromagnetic resonance).
The appreciable change of the coefficient of propor-
tionality between the rotation that is quadratically de-
pendent on the frequency, and the magnetization (by a
factor of almost 5 in the MnF2 crystal) in the process
of antiferromagnetic ordering (upon cooling below the
Neel point) indicates that appreciable changes take
place during antiferromagnetic ordering in the excited
state that takes part in the high-energy optical transi-
tion. This circumstance, in particular, does not make
it possible to connect this transition with the 6S6(3d5)
— 6P(3d44p) transition within the individual manganese
ion.

MOR was also used to investigate the long-wave ab-
sorption edge in ferromagnetic crystals (halides of
chromium (CrCl3, CrBr3, and CrI3) t l l5 ], due to the
charge transport from the halide ion to the Cr3+ ion.
The MOR data were interpreted within the framework
of the concept of transitions within a complex that in-
cludes the Cr3 + (3d3+) ion and the six halide ions sur-
rounding it. On the basis of the MOR data it was pos-
sible to determine the electron configuration of the
excited state (in terms of the molecular orbitals) and
to explain the tremendous rotation (50000 deg/cm) that
is characteristic of these compounds.

IV. CONCLUSIONS

We have described above certain method of investi-
gating the energy structure of crystals on the basis of
the dispersion investigations of the characteristics of
the light (linearly or circularly polarized) passing
through a material medium along an external static
magnetic field. It can be seen that these investigations,
which have been excessively developed in recent years,
make it possible to extract considerable information
which is inaccessible to other methods. We can now at-
tempt to indicate certain possible trends for further
development of research of this type.

First, it becomes possible to employ measurements
of the degree of circular polarization of luminescence
to investigate the energy structure of solids [42>69]. By
way of an example, we can consider the simplest
energy-level scheme shown in Fig. 2, I. In the pres-
ence of an external static magnetic field, under condi-
tions of thermal equilibrium, it becomes possible to
observe a definite degree of circular polarization of
the luminescence connected with transitions from the
upper magnetic sublevels (by virtue of the difference
between the populations of the upper sublevels at suf-
ficiently low temperatures). Such an "inverse para-
magnetic effect of MCD" can be regarded as an optical
supplement to EPR investigations under conditions of
overpopulation of the upper states. There are still no
reliable experimental data on the observation of such
phenomena.

We can indicate also another possible trend of the
magnetooptical methods, in which an external static
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magnetic field is dispensed with, namely search for
magnetooptical effects in optical-frequency fields. At
the present time there is a known corresponding elec-
trooptical analog[102], where the birefringence effect is
used for the registration of small Stark splittings of
levels in electric fields of optical frequency. We can
expect analogously small Zeeman splittings of degen-
erate levels under the influence of the magnetic com-
ponent of a powerful high-frequency electromagnetic
field, corresponding to the region of the magnetic dipole
transitions including the considered degenerate level.
To register these splittings one can apparently use ef-
fects of depolarization of the reference light. It should
be noted, however, that the effects expected in this
case have no direct bearing on the traditional MOR and
MCD described above.

Mention can also be made of the so-called "inverse
Faraday effect," observed recently in a number of in-
vestigations. The gist of this phenomenon is that transi-
tions connected with the change of the magnetic moment
of the system are effected in the medium under the in-
fluence of a strong circularly-polarized light flux.
These changes are revealed by a current pulse which is
produced in the circuit in which the medium is con-
nected.

The inverse Faraday effect was observed in a ruby
crystal under the influence of circularly-polarized
radiation from a Q-switched ruby laser[103-1. A current
pulse was produced in a coil surrounding the crystal
target, and the magnitude of the pulse offered evidence
that up to 20% of the chromium ions in the ruby changed
their spin state. An analysis of the pulse has made it
possible to estimate the spin-lattice relaxation time,
which turned out to be 10~7 sec at room temperature.

Unlike this case, where the spin inversion was the
result of a transition of ions into real states, the in-
verse Faraday effect was observed in[1<Ml in the region
of transparency of the investigated media, i.e., in ex-
citation of virtual states. This phenomenon was inves-
tigated in optical glasses, in certain organic and inor-
ganic liquids, and in fluorite crystals activated with
divalent europium (CaF2-Eu2+), which are transparent
to the radiation of the employed ruby laser. The theory
of the inverse Faraday effect is presented in[105].
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