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spectral dependence of self-induced rotation of the plane of
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Theoretical and experimental investigations were made of the spectral dependence of self-induced rotation of
the plane of polarization in the case of resonance excitation of reorientable impurity centers in cubic crystals.
A complex nonmonotonic spectral dependence was observed. The experimental results on KCl crystals with

F,(Li) centers were in quantitative agreement with the theory.

Propagation of resonance radiation in crystals with
reorientable impurity centers is accompanied by self-in-
duced rotation of the plane of polarization (SRPP).! The
reason for this rotation is self-induced dichroism due to
optical alignment of impurity centers.?? The effect was
first observed experimentally for F A (Li) centers in KC1
crystals,! These centers are of interest because the re-
orientation time in the ground state of these centers is
extremely long even at liquid nitrogen temperatures. How-
ever, the probability of reorientation of a photoexcited
center is ~ 1/2 (Ref. 3). Therefore, the SRPP appears in
such a system even in very weak nonlaser fields.»’

We shall report a study of the spectral dependence
of the SRPP and analyze the physical mechanisms re-
sponsible for the effect in the case of F A (Li) centers in
KCl. The SRPP mechanism involves breakdown of the
selection rules in the case of absorption in an FA, band.
Without allowance for this breakdown, the dipole moment
of the relevant transition is parallel to the axis of a cen~
ter, i.e., to one of the crystallographic (100) axes. There-
fore, radiation traveling along the [001] axis should not
excite the ¥ A centers oriented along the axis. Conse-
quently, all the Fp centers would be oriented along the
(001} axis (if the field has components along the [100] and
[010] axes). This would have resulted in a complete
l_i)leaching of a crystal and suppression of the SRPP, which
18 contrary to the experimental evidence.i"¢

One of the reasons for the breakdown of the selection
Tules may be the noncentral position of the Li* jon in an
FA(Li) center! discovered in Ref. 7. In fact, if the equi-
librium position of Lit is displaced from a lattice site,
then the Jocal symmetry of the center decreases and light
Polarized perpendicular to the axis of the center is ab-
:Orbed in the Fpa, band (the axis of the center passes
hrough an F center and a lattice site near which an Lit
fon is located).

However, in practice the breakdown of the selection
fules need not be due to a noncentral position of the ion in
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a center. In particular, especially at liquid nitrogen tem-
peratures, it may be associated with phonon-induced mix-
ing of the wave functions of nondegenerate and degenerate
excited levels and also with the influence of defects of
other types. The spectral dependence of the SRPP allows
us to analyze the form of the absorption band forbidden in
respect of the polarization,

1. OPTICAL ORIENTATION OF Fjp(Li) CENTERS AND
SE LF-INDUCED CHANGE IN THE POLARIZATION IN
A DOPED CRYSTAL

It is shown in Ref. 1 that optical orientation of strong-
ly coupled centers is described by the rate equations

A9y N
ot == z (Crmta =~ Comimhs 2 = 1 (1)

in »

where pnﬁis the population of the n-th equilibrium position
in a unit cell, The probability of reorientation of C

then consists of the probability of reorientation in the
ground and excited states:

Com == Ay - Bum 2 E:‘dﬂ, (n, w) EE,; (%
Here, E is the envelope of the electric field of the radia-
tion [the total field is E = ReE exp(~iwt)]; &(n, w) a ten-
sor which describes the absorption of light at a frequency
w by a center in the n-.th orientation [(E’“&E) is the prob~
ability of photoexcitation per unit time).

W=z y z) (2)

Equations (1) and (2) were derived in Refs, 1 and 8
for the case of resonance excitation when the frequency w
lies within the impurity absorption band, In the case of
different absorption bands the relative probabilities of re~
orientation in an excited B, state are generally differ-
ent. In considering the Fp (Li) centers in KC] we shall
ignore the difference between By, for the nondegenerate
(Fa,) and degenerate (Fp,) bands. It is shown in Ref. 3
that the quantum efficiency of the reorientation process is
the same for both bands and it amounts to ~1/2, More-
over, as in Refs. 4 and 5 we shall ignore reorientation in
the ground state, i.e., we shall assume that Ay, = 0.
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In the absence of inhomogeneous broadening due to
the random field of other defects (neglect of inhomogene-
ous broadening is justified at moderately low tempera-
tures), the tensor axxv(n, w) for an Fp (Li) center be-

comes diagonalized in a coordinate system linked to the
axes of the centers and is described by two functions «,
and a, [a 5 =y »(w)]. The parameters o, and o, govern
the absorptmn cross section of light polarized parallel
and perpendicular to the axis of a center. Without allow-
ance for the breakdown of the selection rules we find that
o, differs from zero for the Fu, band, whereas in the
case of a, this is true of the F 4, band. The correspond-
ing maxima of the coefficients o , occur at different fre-
quencies. It is important to stress that because of break-
down of the selection rules the coefficient oy has a small
peak (see the Appendix) in the FA, band.

Since the [100] and [100] directions are optically
equivalent, it follows that the FA centers have only three
inequivalent orientations along the {100}, [010], and [001]
axes (along which it is convenient to direct the coordinate
axes x, y, and z). It follows from the symmetry considera-
tions that the matrix of probabilities of reorientation Cum
has only one independent component and for Apy, =0, we
have

Com=311 Eg|* -+ a ([EP—| Ey[®), Ey=(En), (3)
Here, 4, ,==§, ,(w)=uq, ,B,,; the directionn is selected
along the axis ofa center in the n-th orientation. Equa-
tions (1) and (3) obtained allowing for the explicit spectral
dependence prsxt make it possible to find the distribution of
the orientations of the centers as a function of the polari-
zation and frequency of the incident light; clearly, the
steady- state distribution prs)t is then independent of the in-
tensity.

The reduced Maxwell equations for a doped crystal
are of the following form under steady-state conditions:

E,
TR 3, [ — &) i ) )

If, as pustulated below, light travels along the [001] axis,
then n = x or y in Eq. (4). The quantities §, , are gov-
erned by the resonance polarizability of the reorientable
centers. They are related to the absorption cross sec-

tions a5 ~ @y , by
” drh
n,zERe 51, 2= c\/(; Coﬂx, 2 (5)

where € is the permittivity of the host crystal and C is
the impurity concentration.

The orientation of the centers has the consequence
that P’;’sép;’ in Eq. (4) and, consequently, the absorption
coefficients and the phase velocities for the field compo.
nents Ey and E,, are different. Solving Egs. (1), (3), and
(4) subject to Eq. (5), we obtain the following simple trans-
cendental equations describing the SRPP:

= 5",' In [tg 4 (d)/tg & (O)], 6)

g
51

¢ (d) =9 (0) +

where
tg 24 (d) [ cos2¢ (0) P )
tg2y (0 [coszu F] =

)
1 (E 251 +
(3

— &)’
@=T K Z_ST——)?’

1
T et
2 43
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Here, the quantities ¢(d), ¢(0) and ¢(d), ¢(0) describe pg_
spectively the ratio of the absolute values of the fielq Copy,
ponents E, Ex and the difference between the phaseg of
these components at the exit (z = d) and entry (z = 0) of the
crystal:

g=arctg|E /Bl ¢=Arg (E,/E,). )

The parameters ¥ and ¢ depend in a known manner? oy the
Stokes parameters which describe the polarization of ty
incident light.

It is clear from Eqgs. (6) and (7) that the ratio Ey/E
varies monotonically with the thickness because 3> g,
Then, irrespective in which band the resonance absorpti(m
takes place (i.e., to which of the frequencies w, , is the
frequency of light w closest), the ratio |E /Exl increageg
if |E (O)/EX(O)!> 1 and decreases in the oppos1te case,
Under exact resonance conditions when w =w; or w=y
and |37, /(] — %) | < 1, the difference between the phase cop,.
ponents ¢ does not change and if the incident light is lin.
early polarized, it does not become depolarized. The
angle between the plane of polarization and the [100) axig
deduced from Eq. (7) is ¢ for ¢ =0 and —1 for ¢ =7, 1t
is clear from Eq. (6) that in the course of propagation of
light its plane of polarization rotates to the nearest crys.
tallographic axis of the (100) type.!*® On detuning from
resonance the value of ¢ varies monotonically with the
thickness. If |&—¢,|/|% — &, | is sufficiently large, the po-
larization ellipse oscillates.’

The following nontrivial property of the self-induced
anisotropy follows from Eq. (6): although a change in the
ratio of the field component tany inthe FA(w ~w,) band
occurs in the same way as in the Fp, (w ~ w,) band in the
range of frequencies where the absorption cross sections
o, and o, are similar, the anigsotropy is weak (I -« when
|§,—E,] = 0). This is due to the fact that the polarized
light corresponding to different bands orients the centers
in different ways.

The expression (6) simplifies if the reduced crystal
thickness d/I is small. Then, the increments in the angles
¢ and ¢ are given by

dr sin 4% (0)

W=+"H—U<O)~~umm:

" "
E\ - :2 54’

B» =
P & — &, cOSLY

o dil<t,

and the maximum (for a fixed crystal thickness and a
fixed light frequency) value of ¢y is

| 3 max = (d/41) (3 + 1)"’/1‘ (9)

Since in the case of a high degree of polarization of the
incident light the ellipticity is a quadratic function of the
phase mismatch ¢ (Ref, 9), it is clear from Eq, (8) that
the linear polarization of light is hardly affected in the
case of weakly anisotropic absorption (d/ <« 1) even far
from a resonance. Equations (8), (9), (6), and (5) describe
explicitly the spectral dependence of the SRPP if we al-
low for the familiar (see Ref., 10 and the Appendix) fre-
quency dependences of the absorption cross sections in the
Fa( and Fp, bands,

2. EXPERIMENTAL METHOD
The spectral dependence of the SRPP in KCl crystals
with FA (Li) centers was investigated using samples of
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¢ mm dimensions cleaved along (100) crystallo-

hic planes. The source was a 30-W incandescent lamp
g which light was directed via a UM-2 monochromator,
fronLarizer (Glan—Thompson prism), and a long-focus on
ample immersed in liquid nitrogen. The Fp(Li) cen-
{ers were created in radiation-colored KCl:Li crystals
(20 Mrad dose) by photostimulated conversion of the F to
the F centers.’ The low intensity of the incandescent
jamp light transmitted by the monochromator made it
necessary to employ crystals with a low optical density in
the region of the absorption bands of the investigated cen-
ters so as to ensure an acceptable time for the attainment
of an equilibrium distribution of the orientations of the
centers (we aimed to ensure that the time in question did

pot exceed 1 h).

x 8%

a8

Measurements were carried out as follows, Linear-
ly polarized light traveled along the [001] direction, At
each wavelength we determined the dependence of the
SRPP angle on the polarization azimuth at the entry to a
crystal (a similar curve recorded using an He-— Ne laser
of the wavelength A = 633 nm was reported in Ref. 4).
These curves were used to determine the maximum angle
of rotation at a given wavelength and a relevant point was
then plotted. The experimental error in the determination
of the angle did not exceed 1°, In this situation there was
practically no depolarization,

3. DISCUSSION OF RESULTS

Since the experimentally determined SRPP angles
were small, the results could be interpreted using the
simple and clear expression (9). The validity of Eq. (9)
was confirmed by the practical absence of depolarization
of light even in the wings of the absorption bands. The
experiments confirmed also all the other qualitative fea-
tures of the SRPP predicted by Eqs. (9), (6), and (5) and
by the results in the Appendix. In fact, the experiments
demonstrated clearly two wide SRPP peaks corresponding
tothe F 5, and Fu, bands. These bands were separated
by a dip right down to zero and, according to Eq. (6), this
dip corresponded to the equality of the absorption cross
sections in the two bands (so that {~! vanished even for
overlapping bands). According to Eqs. (9), (5), and (6),
near the maximum of the FA, band (w =w,), and in its
high-frequency wing, where a, > a,, we should have

[ imay | = p) ;.-; &g~ ap,
)

ag 3> a,. 10)

Therefore, the SRPP spectrum and the position of its
maximum should be identical with the corresponding char-
acteristics of the absorption cross section o,. Using the
!‘fsults of Ref, 3, we easily showed that this indeed took
place,

Characteristic features were observed in the SRPP
Spectrum in the region of the Fa band. As pointed out in
the Introduction, the SRPP in the Fa, band is due to
breakdown of the selection rules. This follows directly
from Eqg, (9) and (6): if we ignore the absorption at w=w,
Inthe degenerate band (¢ 'y = 0), it follows that § —~e and
I3ase| 0. 1f the absorption in the degenerate band is
Weak, so that £',/£] < 1, then

3
I N‘max | X 2_‘ d (EiEé)‘/’ -~ (a;az)vz’

vz “> e (1)
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FIG, 1, Spectral dependence of the self-induced rotation of the plane of
polarization in KCI with FA(Li) centers, The arrows identify the positions
of the absorption band maxima of the Fa(Li) centers at the He— Ne laser
wavelength, The theoretical (continuous) cutve is plotted using Eqs. (6) and
(9). The relative thickness is d/I =0,65.

It follows from the results in the Appendix that the ab--
sorption cross section o, ~ oy (w) [see Eq. (A.3)] has a
maximum in the FA, band. Even when the simple model
represented by Eq. (A.1) is used, the profile of this band
is different from the profile of the o, « 0;(w) maximum.
However, the difference between these profiles is slight.
Therefore, the spectral dependence of Eq. (11) should be
close to the spectral dependence of the absorption coeffi-
cient of the nondegenerate band o (w). This is indeed ob-
served experimentally., However, the spectral maximum
of theSRPP is shifted somewhat toward higher frequen-
cies relative to the o, (w) maximum. It follows from the
results in the Appendix that such a shift may be associated
with the nonadiabatic mechanism of breakdown of the
selection rules, The sign of the shift is described cor-
rectly by Egs. (A.3)-(A.5) and the magnitude of the shift
is greater than that of the frequencies of the local vibra-
tions near an Fu (Li) center® (by a factor of about 1.5).
Such a difference may be associated with the approximate
nature of the model described by Egs. (A.1) and (A.2) or
with the experimental errors.

We shall base a quantitative description of the experi-
mental curves (such as that shown in Fig. 1) on Eqgs. (5),
(6), and (9); we shall use a very rough approximation. In
fact, we shall assume that the functions @, (w) and a,(w)
in'Eq. (5) are Gaussian in the vicinity of the frequencies
Wy 5 and the parameters of the F4, and Fp, bands are
those given in Ref, 3. In the range w £ wy,;,, (where wyjn
is the position of the dip of the SRPP curve) the expres-
sion for «, is that given by Eq. (A.3) with a suitable fac-
tor. The theoretical curve in Fig. 1 is obtained using two
fitting parameters, One of them ig the effective thickness
of a crystal d (the concentration of the centers was not
determined experimentally) and the other is the ratio A,/
{Ag/~y) in Eq. (A.3) representing the shift of the o,(w) peak
relative to the o, (w) peak in the FA, band. The value of
the parameter A,/(A,2,) is assumed to be 0.1 (which cor-
responds to the shift 6w, somewhat smaller than the local
vibration frequency). The value of the parameter A, is
determined in such a way that the ratio £}/¢} at the He—
Ne lager frequency is equal to 0,04 obtained in Refs. 4
and 5.

1t is clear from Fig. 1 that such a simple approxima-
tion not only provide a qualitatively correct description of
the complex spectral dependence of the SRPP, but also
gives a fairly satisfactory quantitative description of the
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positions of the maxima and dip, of the widths of the maxi-
ma, and of their relative intensities.

1t is clear from the results of our investigation that
a study of the SRPP spectrum provides an effective means
of finding the spectral positions of the SRPP maxima and
minima (which are of interest in various applications) and
it can also be used to determine the microscopic proper-
ties of reorientable centers, In particular, in the case of
the FA(Li) centers in KCl the results show that break-
down of the selection rules in the Fp, absorption band is
probably due to a phonon-induced mixing of the wave func-
tions of the degenerate and nondegenerate excited electron
states,

APPENDIX

We shall consider breakdown in the selection rules
for the absorption of light of frequency w located within
the Fo band. As already mentioned, in'the simplest case
it is related to the displacement of the equilibrium posi-
tion of the Li™
ly low temperatures the characteristic times 7, for the
reorientation of Li*™ between equivalent potential minima
in a plane perpendicular to the axis of the F5 center are
small compared with the reciprocal of the photoexcitation
probability and Cppy7p «< 1. On the other hand we have
wTy > 1. Therefore, light "senses" an Li* ion in an in-
stantaneous displaced equilibrium position and the selec-
tion rules break down, The symmetry of a center aver-
aged over a time > Tp 18 Cyy and the absorption process
can be described by two coefficients «; and a,,

An essentjally similar situation arises also in the
case when the Lit equilibrium position is located at a lat-
tice site, In this case the selection rules break down be-
cause of nonadiabaticity.

If we consider only the electron— phonon interaction,
which ig linear in respect to the phonon creation and an-
nihilation operators by and by, the Hamiltonian of the sys-
tems becomes

He=Hy+H, + H;-+- Hj,

Hy=aofa -+ wy 3 af, 300 Hu= 3 o,
r=1,2 k

H,= a‘al(s1 by =-H,e. ) 2 (a3, 382, yotiyoaby + Hac), A.1)

Hi= Y afas )0, + Hocoy = 3 (wiby + ebi),
B x
h=1.

Here, af, aj, 1:12 »and a, » are the electron creation and an-
nihilation operators for a nondegenerate and one of two
doubly degenerate states (A labels the directions perpen-
dicular to the axis of a center); w, and w, are the ener-
gies of the corresponding levels. The interaction H;j is
adiabatic, whereas H; is nonadiabatic. It is H; that mixes
the wave functions of the degenerate and nondegenerate
levels and therefore causes breakdown of the selection
rules if the Li* ion is noncentral.

In the case of a strong band splitting w,—w,; (com-
pared with the band widths 4, ,) the profile of an absorp-
tion peak near the frequency J)l for light polarized in the
A direction is described by!?

1 ©
9. (0) == (w2 == )" Re | dt Car (1) 0y ()
0

o (003 (0)),  »=u{A.2)
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ion from a site in a unit cell,” At moderate-

In the strong electron— phonon interaction case whep
Ay 2 PuWp (wp is the Debye frequency), the profile of 5
peak of the function oy (@) can be found quite readily
employing the usual method.!? In the first order with e
spect to wp/A, the result is

)
o (w) = (Ao — 4, “15{:)‘) a1 (), ]
do= 3 (i + Ke) Av=Fox (e — K.
k k

fir== (w2 — o) o P (Ap 1), fle = (wg— )| ofp |2 8y,
fiy = [exp (w,/T) — 1]

A3

The function oy (w) in Eq. (A.3) gives the profile of a nop.
degenerate absorption band. When a correction ~wp /s
included, it becomes

.’!

6y () =(1 — 4, o )a‘“’ (w), af® (w) = (21:A1)"‘/z exp’[-— _(_m_-_z—x;.iz_]’
1
A;=[z|uk|2 2ﬁ,‘+1} , 2|uk|zmk A4

k
In Refs. 10 and 11 the spectrum of forbidden transitiong
was analyzed by the method of moments in the more gen.
eral case of transitions to degenerate levels. We can
show that the moments of the distributions (A.3) and (A 4)
are identical with those found in Ref, 11. In the specific
case when the nonadiabatic interaction Hi depends only on
the momenta of ions in a crystal, we have

Ay= (03— wy)™ P o | el (A.5)
&

It is clear from Eq. (A.3) that the profile of the peak
which is forbidden in respect of the polarization of the ab-
sorption in the nondegenerate band is close to the profile
of the 0;(w) peak, On the other hand, the peak oy, (w) is
more asymmetric and shifted relative to o (w) by

oy = +A|/A»-

(Fefae =145 D)

(A.6)

The order of magnitude is given by 6w; ~wp. Whena
local vibration of frequency w; appears near an impurity,
we have 6w, ~ w} [according to Ref. 6, this applies to the
Fp (Li) centers]. If breakdown of the selection rules is
associated with the noncentral position of the Lit jon, then
the shifts dw, ~ 7;1 and, generally, dw, are less than for
the nonadiabatic ‘mechanism of the selection rule break-
down.
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