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NONCUBIC CENTERS IN CUBIC CRYSTALS AND THEIR 

SPECTRA IN EXTERNAL FIELDS 

A. A. KAPLYANSKII 

A. F. Ioffe Physical Technical Institute, Academy of Sciences of U. S. S. R., Leningrad K-21, U. S. S. R. 

R6sumC. - Aprks une revue sommaire des propriktks gtnkrales de centres locaux dans le rkseau 
cubique, possedant leur propre symktrie ponctuelle, non cubique, les points suivants sont traites : 
1) classification des centres non cubiques (CN) en sept categories d'apres la classe de leur symetrie 
et orientation dans le reseau ; 2) nombre de positions inergktiquement equivalentes de CN B 
orientations diffkrentes dans le cristal (cc dkgtneration d'orientation D) ; 3) modeles en oscillateur 
pour les transitions optiques aux CN et anisotropie optique (( latente )) des cristaux cubiques ren- 
fermant des CN. Le principe genkral de l'ktude des CN est discutk, qui consiste B faire usage d'une 
action anisotrope sur le cristal, intkressant sklectivement certains groupes de centres. Les proprit- 
tks caracttristiques de la fission des raies du spectre des CN sont examinees, sous l'action sur le 
cristal : 1) de la dkformation klastique uniaxe ((c effet pido-spectroscopique ))) ; 2) du champ 
klectrique extMeur (effet lineaire de Stark pour des centres dkpourvus d'inversion) ; 3) du champ 
magnktique exterieur. I1 est rendu compte de l'information sur les proprittks des centres et des 
transitions optiques, obtenue en examinant les spectres sous l'influence des effets extkrieurs. Des 
exemples sont donnks de l'ktude exptrimentale de la fission associke B la dkformation et de l'effet 
linkaire de Stark pour une skrie de raies sans phonon dans les spectres du ffuorure de lithium 
colork. 

Abstract. - A short review is given of the general properties of local centers in a cubic lattice 
which possess an inherent noncubic point symmetry. The subjects considered are : (l) classification 
of noncubic centers into 7 types in accordance with the class of their symmetry and orientation 
in the lattice ; (2) the number of energetically-equivalent positions of noncubic centers differing 
in orientation in the crystal ((c orientational 1) degeneracy) ; (3) oscillator models for optical tran- 
sitions in noncubic centers and (( latent )) optical anisotropy of cubic crystals with noncubic cen- 
ters. A general approach to the study of noncubic centers is discussed consisting in applying an 
anisotropic perturbation to a crystal which would act selectively on individual groups of centers. 
Also considered are characteristic properties of the splitting pattern of spectral lines of noncubic 
centers with the following perturbations applied to the crystal : (l) elastic uniaxial strain (a piezo- 
spectroscopic )) effect) ; (2) external electric field (a linear Stark effect for centers which do not 
possess inversion ; (3) External magnetic field. Information concerning the properties of centers 
and of optical transitions obtained in the study of spectra under application of external perturba- 
tions is reviewed. Examples are given of an experimental investigation of the strain-induced splitting 
and of the linear Stark effect for a number of zero-phonon lines in the spectra of colored lithium 
fluoride. 

1. Introduction. - A fairly large part of various the defect charge produces a local compensation of 
impurity and defect centers in cubic crystals possess the excess impurity charge ; 
an inherent point symmetry corresponding to lower, 4. An imbedded molecule or radical which retain 

noncubic 'YmmetrY groups ['I. In particular, their characteristic features in the crystal lattice ; 
most of the types of color centers are noncubic. 
Figure 1 shows schernatically some well known 5. A single impurity ion or Frenkel defect located a t  

noncubic centers in the lattice of alkali halide crystals : a point with a noncubic local symmetry of the 
field : 

1. M is a color center consisting of two F-centers 6. An impurity ion located at a point with the 
and possessing rhombic symmetry ; 

cubic symmetry destroyed through a displacement of 
2. An association of two impurity ions (ion pairs) ; surrounding atoms, for instance, as a result of the 

Jahn-Teller effect ; 
3. An association consisting of a divalent impurity 

ion and a cation vacancy. Such associations of an 7. A self-trapped hole (a V,-center). 

impurity ion with another charged defect occur fre- These examples which could be made more nume- 
quently in the case of heterovalent activation where rous illustrate the diversity in the physical nature of 
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0 0 depend on their physical nature. It is these most 
+ - + - + - + - + - +  general properties of noncubic centers determined 

- by their symmetry which represent the subject of the 
t - @ -  + -0- a present review report. In many cases these properties 

+ - + -0- t -0 can be derived on the basis of simple symmetry 
considerations, elementary group theory methods - + - + - + - + - + -  
and phenomenological perturbation theory. Thus 

+ - + - + - + - T T . - +  
0 in its major part this report will deal with noncubic \+.! B-+%+ - + - +  - - + -  ~enters of any physical nature. 

+ - + - + - + - t - +  
G3 

FIG. 1. - Noncubic centers in the lattice 
of alkali halide crystals. 

non-cubicity and the prevalence of this type of 
centers. 

The presence in a high symmetry cubic lattice of 
noncubic centers with strongly anisotropic physical 
properties brings about specific changes in various 
physical phhenomena observed in crystals with suc 
centers, as well as some completely new phenomena. 
The study of these phenomena yields information on 
the properties of noncubic centers. 

Many important properties of noncubic centers 
and the associated phenomena are determined exclu- 
sively by the symmetry of the centers and do not 

2 .  General Properties of Noncubic Centers [Z]. 

CENTER SYMMETRY. - The point symmetry group 
of a center belongs to crystallographic groups repre- 
senting subgroups of the crystal point group. We 
shall consider here crystals of the class Oh which 
include many crystals of interest for the solid state 
physics, among them alkali halide crystals. 

Table 1 shows Oh subgroups divided into crystallo- 

1. Tetragonal . . . . . . . 

2. Trigonal . . . . . . . . . 

1 3. Rhombic . . . . . . . . l 
[ 4. Monoclinic . . . . . . . )  

5. Triclinic . . . . . . . . . 

FIG. 2. - Noncubic centers in a cubic lattice. 
A : polyhedra characterizing the symmetry of centers ; B : dipole oscillators of centers ; C : piezospectroscopic tensor for centers. 
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graphic classes. It can be seen that there can exist in a 
Oh-crystal centers belonging to the tetragonal, trigo- 
nal, monoclinic and triclinic symmetry classes. It 
should be noted that the above symmetry groups are 
realizable in principle, however in practice some of 
them are apparently not realized in crystals. Hexa- 
gonal centers cannot exist in cubic crystals. 

The axes and planes of symmetry of the centers are 
oriented in the lattice in accordance with definite 
crystallographic directions. Figure 2A shows a 
possible arrangement in the cubic lattice of centers 
of the five abovementioned symmetry classes. The 
centers are conventionally denoted by polyhedra 
corresponding to the highest symmetry of a given 
class. Rectangular coordinates X,  y, z are directed 
along the three cube axes. It turns out that only seven 
types of noncubic centers can exist in a cubic crystal, 
which will differ in the symmetry class and orientation 
in the lattice, namely : 

1. Tetragonal centers with a fourfold axis directed 
along the < 100 > axis of the crystallographic cube. 

2. Trigonal centers with a threefold axis oriented 
along the < 11 1 > spatial diagonal of the cube. 

3. Rhombic centers I with orthogonal twofold 
axes (or normals to the symmetry planes) oriented 
along the < 110 >, < l i 0  >, < 001 > directions. 

4. Rhombic centers I1 with three orthogonal 
twofold axes oriented along the three cubic axes. 

5. Monoclinic centers I1 with a twofold axis (or a 
normal to the symmetry plane) coinciding with the 
< 100 > direction. 

6. Monoclinic centers I with a twofold axis (or a 
normal to the symmetry plane) coinciding with the 
< 110 > direction. 

7. Triclinic centers whose orientation in the lattice 
is not restricted by any conditions. 

ORIENTATIONAL DEGENERACY OF CENTERS. - The 
most important feature of noncubic centers consists 
in that the centers occupy in the cubic lattice several 
energetically equivalent positions with different orien- 
tation. This is illustrated by figure 3 showing several 
positions of a particular type of centers which, as is 
seen, are oriented along several < 110 > directions. 
The number of such orientations or, in other words, 
the multiplicity of the orientational degeneracy of 
centers R is equal to the ratio of the orders of the 
crystal symmetry groups G and of the center 

Table 2 shows the multiplicity of orientational dege- 
neracy for centers of different symmetry in Oh crystals 
for which G = 48. It is seen that the less symmetrical 
the centers are, the larger is the number of ways in 
which they can arrange in the lattice. 

FIG. 3 .  - Diagram of orientational degeneracy of centers 
and of its lifting as a result of uniaxial compression. 

Under ordinary conditions all possible positions 
are populated with equal probability. The centers 
form in a crystal R differently oriented groups with 
statistically the same number of centers in each group. 
The existence of several groups of noncubic centers 
in a crystal together with the anisotropy of physical 
properties of individual centers determine the spe- 
cific properties of cubic crystals with noncubic centers. 

OPTICAL PROPERTIES OF CENTERS. - The properties 
of optical transitions between electron levels of a 
center are determined by matrix elements of the electric 
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or magnetic dipole moment for the electric and magne- crystal with noncubic centers is optically isotropic 
tic transitions, respectively. Nonzero elements for throughout the spectral region. Feofilov has termed 
transitions between different levels are given by this effect a ((latent optical anisotropy of noncubic 
group-theoretical selection rules. centers [3]. 

The optical properties of centers can be conveniently 
described using the analogy between the probability 
of a quantum mechanical transition and the emission 
of a classical dipole oscillator. A transition with one 
nonzera component of the electric dipole moment 
can be considered as the case of a linear Hertz oscilla- 
tor. As is well known, the spatial distribution of 
emission of such a dipole is strongly anisotropic in 
character. There is no completely polarized emission 
in the direction of dipole vibration, and it is maximal 
in the equatorial plane. Following this analogy, one 
can consider each transition in the center as due to an 
oscillator with a definite shape and orientation in the 
center. 

Figure 2B shows elementary oscillators describing 
transitions in centers of different symmetry which 
were obtained by means of the group - theoretical 
analysis. In tetragonal and trigonal centers are pos- 
sible linear n-oscillators along the center axis and 
plane circular o-oscillators normal to it. In rhombic 
centers we can have n-oscillators oriented along the 
three center axes. In monoclinic centers there are 
possible linear n-oscillators oriented along the axis, 
or plane elliptical oscillators at right angles to it. For 
each center combinations of these oscillators are also 
possible. Therefore absorption or emission of light 
by individual centers is characterized, as a rule, by a 
strong anisotropy in spatial distribution. 

The oscillator orientations are rigidly fixed with 
respect to the crystallographic axes in accordance 
with the actual center positions shown in figure 2. 
It is essential that the orientation of the dipole oscilla- 
tors in the lattice is in some cases not uniquely connec- 
ted with the center symmetry. Indeed, < 100 > linear 
oscillators can exist with four types of centers - tetra- 
gonal, rhombic I, rhombic I1 and monoclinic 11. This 
should be taken into consideration in the determina- 
tion of the geometrical center symmetry from the 
properties of dipole transitions in the centers. 

The anisotropy of optical properties of individual 
noncubic centers results in an anisotropic absorption 
and emission of light by each group of (( parallel )) 
centers of a definite orientation in a crystal. However 
the optical anisotropy of centers becomes completely 
averaged out owing to the existence in a lattice of 
several possible orientations for noncubic centers and 
to a statistically uniform distribution of centers with 
respect to these orientations. As a result, a cubic 

3. Spectra of Noncubic Centers in External 
Fields. - To reveal and to study the latent anisotropy 
of noncubic centers in cubic crystals, one should 
subject the crystal of interest to some anisotropic 
external action which would selectively affect indivi- 
dual groups of centers [l]. Since the physical proper- 
ties of centers are strongly anisotropic, the effect of a 
directional perturbation, and hence the response of 
centers to this perturbation will be different for 
centers of different orientation with respect to the 
direction of outer action. Studying the response of 
centers to a differently oriented perturbation, which 
may reveal itself in various physical phenomena, one 
can gain information on noncubic centers in the lattice. 

To exert directional action, one can use : 

1. Polarized (or nonpolarized) light beams ; 

2. Uniaxial elastic compression (or tension) ; 

3. External electric field E ; 

4. External magnetic field H. 

All the existing methods of study of the noncubic 
centers in cubic crystals are based on the use of the 
above actions or their combinations. 

Indeed, polarized light as a means of selective exci- 
tation of individual center groups is employed in two 
well known techniques which have found wide use in 
the study of color centers in crystals : a) anisotropic 
bleaching of crystals with centers (Nikitine [4], 
Ueta [ 5 ] ,  Feofilov [6]) ; b) polarized luminescence 
(Feofilov [7]). The study of these phenomena yields 
the (( optical structure )) of the centers, i. e. the orien- 
tation in the lattice of oscillators describing the corres- 
ponding transitions, which permits to infer data on 
the geometric symmetry of the centers. It would be of 
interest to extend the available calculations of blea- 
ching and polarized luminescence to all abovemen- 
tioned oscillator combinations which can exist in 
noncubic centers of different symmetry. 

The effect of the other three actions - strain, elec- 
tric and magnetic fields - on noncubic centers can 
be studied in a number of physical phenomena. We 
shall dwell here on the corresponding effects in optical 
spectra of crystals. The role of these spectroscopic 
methods in the investigation of color centers has consi- 
derably increased due to the discovery in the spectra 
of many color centers of a discrete vibronic structure 
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including sharp zero-phonon lines of purely electronic 
transitions (see, for example, [S-l l]). 

EFFECT OF ELASTIC STRAIN ON THE SPECTRA OF 

NONCUBIC CENTERS. - A (( p i e ~ ~ ~ p e ~ t r ~ ~ ~ ~ p i ~  )) 

method has been proposed and used in 1959 [l21 in 
the study of noncubic centers in cubic crystals. It  is 
based on the investigation of the splitting of spectral 
lines of centers in uniaxially stressed crystals. Consider 
a crystal with noncubic centers occupying several ener- 
getically equivalent positions 1,2, ... (Fig. 3). Assume 
transitions between any two nondegenerate levels of the 
centers m, n to give in the spectrum a line of frequency 
v,, which in a free crystal is the same for all centers 
1,2, ... Now subject the crystal to uniaxial compression 
along the P-axis. The strain will obviously act diffe- 
rently on centers 1, 2, ... which have different orienta- 
tions with respect to the compression axis. These 
centers become now energetically nonequivalent (the 
lifting of orientational degeneracy), and the optical 
transition frequencies v,, in the centers become 
different because of a different shift of the correspon- 
ding levels. Thus strain should result in a splitting of 
a single spectral line into several components, each 
of them associated with transitions in the groups of 
centers with a definite orientation relative to the axis 
of compression. 

As is seen, this splitting is not connected with any 
real energy level splitting of individual centers but is 
due only to a different shift of levels in the centers 
oriented differently with respect to the compression 
axis. It should be noted that this splitting should in 
principle occur always, with any transitions in any 
centers of noncubic symmetry. 

The three principal characteristics of splitting obser- 
ved experimentally - the number, the shifts, the inten- 
sity and polarization of the strain splitting compo- 
nents - are closely connected with the most important 
microcharacteristics of noncubic centers. 

Table 3 shows the number of splitting components 

Tetragonal . . . . . 
Trigonal . . . . . . . 
Rhombic I.  . . . . . 
Rhombic I1 . . . . 
Monoclinic I. . . . 
Monoclinic I1 . . 
Triclinic . . . . . . . 

in a crystal compressed along the < 100 > , <: 11 1 > 
and < 110 > directions for centers of the above 
seven possible types of noncubic centers. It is seen 
that the number of components depends uniquely on 
the actual type of center. 

The transition frequency shift for a center can be 
written in the following form 

where oik are stresses in the lattice, and Aik some 
coefficients which form, as do the stresses, a second- 
rank symmetric tensor. The number of independent 
parameters of this piezospectroscopic )) tensor is 
two for tetragonal and trigonal, three for rhombic, 
four for monoclinic and six for triclinic centers (see 
Fig. 2C). The shifts of the splitted spectral line com- 
ponents are expressed through these parameters. 

The components of a strain-splitted spectral line 
are generally strongly polarized. The obvious reason 
for this lies in the fact that these components are 
connected with transitions in individual groups of the 
centers which absorb and emit light anisotropically. 
Calculations show that the polarization of components 
depends uniquely on the multipolarity of transition 
and on the shape and orientation of the optical 
oscillator in the center (see Fig. 4). 

Thus an investigation of the strain splitting in the 
spectra permits to determine the following properties 
of noncubic centers : 

1. The actual type to which the center of interest 
belongs, i. e. the class of symmetry and the orientation 
of the center in the lattice. This characteristic is 
directly connected with the geometric structure of the 
center and provides a reliable criterion in the selection 
of physical models of centers. 

2. The piezo-spectroscopic tensor for the spectral 
line which characterizes quantitatively the effect of 
elastic strain in the lattice on the center levels, as well 
as permits to predict the line shift at hydrostatic 
pressure. 

3. The multipolarity of transition for the spectral 
line and the equivalent oscillator characterizing 
nonzero matrix elements of the dipole moment for 
the transition. These data are essential for the know- 
ledge of the symmetry properties and of the nature of 
electron levels in a center. 

We have considered here line splitting due to diffe- 
rent shift of center levels and to the strain-induced 
lifting of the orientational degeneracy. The pattern 
can become still more complicated due to the splitting 
of orbitally - degenerate electron levels. of individual 



C 4 - 4 4 A. A. KAPLYANSKII 
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FIG. 4. — Intensity and polarization of components of the noncubic center line-splitting resulting 
from the strain-induced lifting of orientational degeneracy. 

centers as a result of a further lowering of the center • ' ' » 
symmetry caused by strain. Such doubly-degenerate 5^Ji>. \ (- 52* 
levels (£) exist in tetragonal and trigonal centers. The <- 4* I ' ̂  
strain-induced line splitting for transitions involving rree I jSW? __:_ . 
these levels was considered theoretically by Runci- n * * ^ ^ ^ ^ ^ ^ 
man [13] who took into account the splitting of these • A. • 

A large number of papers have been devoted to an wk 
experimental study of the strain-induced line splitting = 

in the spectra of noncubic centers [13-29]. In our ex t I F 
group we studied mainly activated crystals (fluorite j __MM««§BI 
containing rare-earths [12, 20], alkali fluorides with A r> J t - J I B 
uranyl [19]) and colored lithium fluoride [12, 22]. The ^ j * 
research on color centers where the piezospectroscopic, : 

method proved to be very useful [12, 21-29] is reviewed _ j p , n Wt 
at this Conference in a special report by Dr. Hughes. J cj. H S f l ^ B 
I shall restrict myself here only to one work carried I —• 
out by Moskvin and myself [22]. i 

We studied a nonidentified zero-phonon lumines- 11" l"°J 
cence line at 5 240 A of colored lithium fluoride which ^T WBSSSB&M'* I S S l & f i ! 
has also a resonance analog in absorption. In figure 5 ^ F II HtOlK • 
is shown the line splitting under compression along 1—1 

light with polarizations E || P and E ± P. As is seen, c^ £ II [HO] I 
the line yields polarized triplets under compression . . . . 

pattern agrees completely with the predictions for ;L„ I ^ ^ ^ ^ ^ ^ ^ ^ • i ^ ^ ^ ^ ^ B 
rhombic centers II where all axes are parallel to the F l Q 5 _ strain-induced splitting of zero-phonon 
cube axes. If we assume the line to belong to an i^-ag- luminescence line of colored LiF at 5 240 A [22], 
gregate center, then the simplest model will be a center 
based on three nearest anion vacancies forming an symmetry obtained appear much more complicated 
isosceles rectangular triangle in the cube plane with the and artificial. The stability and the conditions for 
C2„ symmetry. All the other models satisfying the formation of the X 5 240-center have not been studied 
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in detail, and it is unknown to what extent they agree 
with the above model. 

LINEAR STARK EFFECT IN NONCUBIC CENTER SPECTRA. 

-The action of an external electric field on the electron 
levels of noncubic centers depends, in the first place, 
on the inversion center symmetry. If the point symme- 
try group of a center contains an inversion, then the 
matrix elements of the (( odd )) perturbation which 
in this case is the external electric field E, will vanish 
for the individual electron levels of the center posses- 
sing a definite parity. The field can thus reveal itself 
only in the second order of the perturbation theory, 
yielding a quadratic shift or level splitting. At the 
same time, if the center symmetry does not contain 
inversion, the external field can produce a linear Stark 
effect on center levels. 

The first to draw attention to a possibility of a 
linear Stark effect in the optical spectra of inversion- 
less centers were apparently Overhauser and Riichardt 
[31] in 1958. They studied the effect of an electric field 

on broad bands of M- and R-color centers in KC1 
and NaCl in order to shed light on the inversion center 
symmetry. Recently the linear Stark effect was obser- 
ved experimentally in the spectra of a number of 
uniaxial crystals including ruby [32, 331. 

Many essential properties of the linear Stark effect 
in the spectra of inversionless noncubic centers in 
cubic crystals are determined solely by the symmetry 
of the centers and of their electron levels. These pro- 
perties have been studied in my recent work carried 
out together with Dr. Medvedev [35] using group- 
theoretical methods and the phenomenological per- 
turbation theory. 

Consider at first the effect of the field on the levels 
of individual centers. In table 4 there are listed all 
noncubic inversionless centers which can exist in 
0, crystals, as well as their levels characterized by 
irreducible representations of center groups. Column 
3 contains expressions for the linear shift and level 
splitting in electric field for all levels. In groups with 

Center 

/ g,, A,. E;, E; 

Cl 

CS 

A,, A29 B,, B29 E' 

A,, B,, B,, B,, E' 

Levels 

- 1  A,, A,, B,, B,, E, E;, E; 

A,, A,, B,, B,, E, E;, E; 

Linear Stark Effect 

A, E' 

A', A"; E' 

A, E, + A, Ey + A, G, 

Ax Ex + Ay E, 
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one selected symmetry axis the electric field compo- 
nents ell and 8, are taken with respect to this axis. 
The phenomenological parameters determining the 
magnitude of the effect are denoted by A for the shift 
and by B for the line splitting. Zero indicates absence 
of the linear effect for levels. 

As seen, there is no linear effect at all for some 
inversionless centers (D,, D,) and for many levels of 
other centers (D,, S,, D,,). In the case of centers with 
a selected rotational symmetry axis (C,, C,,, C,, C,,, 
C,, C,,) the linear level shift is caused only by the 
projection of the field on the axis of the centers. The 
splitting of the doubly-degenerate E-level in trigonal 
centers is determined by the projection of the field 
on the plane normal to the axis of the centers. The 
splitting of the doubly-degenerate E-level in tetragonal 
centers occurs only in the case of centers with mirror- 
rotational axis (S,, D,,) and is determined by the 
projection of the field on this axis. Thus the action 
of electric field on the levels of noncubic centers is 
strongly anisotropic. 

When considering the effect of electric field on 
crystal spectra, one should take into account the orien- 
tational degeneracy of centers. The axes of centers 
belonging to different groups make different angles 
with the external field, and hence they experience 
different action from the field. Similar to the case of 
strain-induced splitting, there can occur here a split- 
ting of spectral lines due only to a lifting of the orien- 
tational degeneracy of centers in the field and to a 
different shift of levels and of transition frequencies 
for centers with different orientation (the so-called 
(( pseudostark )) splitting [32]). There can occur also 
an additional line splitting caused by a real field- 
induced splitting of doubly-degenerate electron levels 
in trigonal and tetragonal centers. All these cases 
have been considered in reference 1351 containing 
calculations of the number of the splitting compo- 
nents, of their polarization and relative intensity, as 
well as of the relative shifts of components with the 
field acting parallel to the < 100 >, < 111 > and 
< 110 > directions in a crystal. 

A number of characteristic general features of the 
linear Stark effect are seen on spectrograms showing 
field-induced pseudostark splitting of the lines of 
trivalent cerium embedded in the fluorite lattice. As 
shown earlier by the piezospectroscopic technique [20], 
the ions are situated in local fields of different-tetra- 
gonal and trigonal-symmetry which are due to the 
presence of compensating defects near cerium ions 
(Fig. 6). These experiments in which linear Stark 
splitting in the spectra of cubic crystals was apparently 

FIG. 6. - Linear pseudo-Stark splitting 
off-d absorption lines in CaF2 - Ce3 +. 

observed for the first time 134, 351 have yielded valua- 
ble information on rare-earth centers. In figure 6 one 
can easily see a strong dependence of the splitting 
pattern on the center symmetry and on field orienta- 
tion in the crystal. One can also see that the compo- 
nents are polarized. 

Note that the pattern of linear splitting turns out 
to be symmetric in all cases with respect to the posi- 
tion of the spectral line in a free crystal. This indicates 
that the pattern does not depend on the sign of the 
field despite the linear character of splitting. This 
independence is only natural for a 0, centrosym- 
metric crystal and is due to the fact that for each 
orientation of the center there always exists another 
orientation, differing in inversion, for which the action 
of external field will be just opposite in sign. 

A study of the linear Stark effect permits, in the 
first place, to obtain information concerning the pro- 
perties of the inversion symmetry of centers which 
cannot be gained by optical means which do not 
make use of electric field. However the class of sym- 
metry and the orientation of centers in the lattice 
quite often cannot be determined here just as unambi- 
guously as in piezospectroscopic investigations. It is 
only natural since the strain-induced splitting is 
determined by a second-rank tensor (ellipsoid) which 
is more (( sensitive )) to symmetry properties, whereas 
the pseudostark splitting is determined by the vector 
of the dipole moment which can be oriented in the 
same way with centers of different symmetry. From 
the polarization properties of the Stark splitting one 
can derive also the multipolarity of optical transitions, 
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and in some cases also optical oscillators for the lines. 
Recently we together with Medvedev have succeeded 

in observing linear Stark effect on zero-phonon lines 
of color centers in lithium fluoride [30]. The spectro- 
gram of figure 7 shows a small polarized splitting of 

Calc. LiF, 4874 A 

v + 
FIG. 7. - Polarized splitting of 1 4 874 zero-phonon 

absorption line of colored LiF in an electric field!, < 100 > . 

the Z 4 874 absorption line with an electric field along 
< 100 > . The magnitude of splitting constitutes 
about 1.8 cm-' at 100 kV/cm. According to various 
publications [25, 361 including piezospectroscopic 
studies, this line belongs to a transition A -+ E bet- 
ween the ground nondegenerate and upper doubly- 
degenerate levels in an ionized F,-center. The trigonal 
symmetry of the center (C,,) does not contain inver- 
sion, so that application of a field can result in a 
linear level shift and splitting of the upper degenerate 
level. Because of an orientational degeneracy of cen- 
ters in the field cl ,  < 100 >, one should observe a 
polarized quartet shown in the figure. The observed 
pattern of triplet splitting agrees with calculations if 
one assumes the middle component of the triplet to 
be an unresolved double line. 

One could also establish a very weak field-induced 
broadening of the R,-line at 391 nm belonging to 
inversionless R-centers. The field does not affect in 
any way the 1 5 234 line of NI-centers which, generally 
speaking, can be considered as evidence for the inver- 
sionless models of centers. 

A large Stark effect was observed on one of noni- 
dentified long wavelength zero-phonon absorption 
lines of colored lithium fluoride at 6 955 A. Figure 8 
shows the line splitting caused by application of 
strain and by electric field along < 100 >. It is seen 
that the number of the pseudostark splitting compo- 
nents (a triplet) exceeds that of the strain-induced 
components (a doublet). This usual situation is due 
to the additional effect of the field which makes 
nonequivalent those centers whose orientation differs 
only in inversion and which experience the same 
perturbation under strain and yield one compo- 
nent in the stress-spectrum. The magnitude of the 
pseudostark splitting constitutes about 4 cm-' at 

Calc. LiF, 6955 A 

!'+ 
FIG. 8. -Polarized splitting of 1 6 955 absorption line of 

colored LiF under strain and in external electric field applied 
along < 100 >. 
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100 kV/cm. These patterns of the strain-induced and 
pseudostark splittings indicate that the corresponding 
inversionless centers have rhombic I or monoclinic I 
symmetry. The actual model of the center can appa- 
rently be considered after a further study of the pro- 
perties of the nonidentified line at 6 955 W whose 
description we have not been able to find in publica- 
tions on lithium fluoride. 

ZEEMAN-SPLITTING IN THE SPECTRA OF CENTERS. - 
The anisotropy in the g-factors of the levels of non- 
cubic centers results apparently in the spectrum of 
centers in a magnetic field representing a superposition 
of the spectra of centers with different orientation rela- 
tive to the field. Arkhangelskaya and Feofilov [37] 
have calculated the Zeeman splitting for a number of 
simple cases. An analysis of the Zeeman pattern per- 
mits in principle to determine the symmetry of centers 
and of their levels as well as the multipolarity of tran- 
sitions. It  should be noted that in contrast to the 
strain - and electric field - induced splittings, the 
line splitting in a magnetic field is always connected 
with the splitting of levels of individual centers. The- 
refore the Zeeman technique is applicable only to the 
study of noncubic centers with degenerate levels. 'It 
cannot be used, for instance, for the investigation of 
noncubic centers with rhombic, monoclinic and 
triclinic symmetry which possess an even number of 
electrons, since the levels of such centers are always 
nondegenerate. Experimental observations of the 
Zeeman splitting in the spectra of noncubic centers 
are scarce and they concern mainly activated crystals 
[18, 37,381. The effect of magnetic field on zero-phonon 
lines of complex color centers was studied by several 

f/eI/  I 
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authors [25, 39, 401, however, as for as we know, no 
line splitting has been observed up to now. 

Now a concluding remark. In  the above conside- 
ration of the spectroscopic effects of external fields 
there was made an assumption that the distribution 
of centers in all possible orientations remains uniform 
in external fields just as in the case of a free crystal, 
which holds for many centers. All groups of centers 
are in this case represented in the optical spectrum 
by their components. However in a number of cases 
the physical structure of a noncubic center permits 
its relatively easy reorientation. An external action 
renders different orientations of centers energetically 
nonequivalent, and as a result the centers assume 
preferential orientation corresponding to the lowest 
energy possible, in accordance with the Boltzman 
distribution. The reorientation of centers results in a 
number of very interesting phenomena which have 
been studied in detail under application of both 
stress and electric field by Watkins, Kanzig, Corbett, 
Luty and other authors [41]. As a result of such pre- 
ferential orientation of centers, only those components 
which correspond to energetically advantageous 
orientations remain in the spectrum. Dichroism is 
usually observed here because of polarization of 
components. It should be noted that dichroism appears 
also in the case of splitting of individual center levels 
from which the transition takes place, where Boltz- 
man distribution over the sublevels is always realized. 
Dichroism often can be used to  derive the character 
of splitting in the spectrum which is essential in cases 
where direct observation of the splitting cannot be 
readily carried out, for instance, because of a large 
width of the lines. 
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