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A kinetic equation is obtained for strongly and weakly coupled tunnel centers. In the case of weak
coupling the equation is valid at any ratio of the tunnel splitting to the relaxation level width, and also in
any resonant field (the field frequency is close to the frequency of the local oscillation or of the electron
transition). The repopulation of the wells in the field is considered. If the time of the tunneling into the
excited state is shorter than the time of tunneling to the ground state then the optical orientation takes
place in relatively weak fields. The repopulation kinetics of centers with orientations [100] and [111] in

cubic crystals is described in this case by the presented equations. The self-induced rotation of the plane
of polarization of resonant radiation in cubic crystals on account of the optical orientation of the

impurities is analyzed.

PACS numbers: 78.50.—w

1. INTRODUCTION

Impurity molecules and noncentral ions in cubic crys-
tals usually have several equivalent equilibrium posi-
tions in the unit cells, and resonant tunneling can take
place between these positions./**?) The tunneling leads
to a splitting of the energy levels of the intrawell local
or quasilocal oscillations, as well as of the electron
levels. If the potential barriers between the equilibrium
positions are large enough, then the splitting for sever-
al lowest excited states is small in comparison with the
distance between the levels. The dynamics of the tunnel
center is determined in this case by the relation between
the characteristic relaxation time 7 and the tunnel split-
ting Ae. In the case TAe> J the below-the-barrier
states are essentially of the tunnel type, and their wave
functions are transformed in accord with the represen-
tations of the cubic group (see e.g.,®’), while the role
of the relaxation reduces to a small broadening of the
levels. In the opposite case 7A€ <, the relaxation de-
stroys the coherence of the equal-energy states of the
impurities in different wells, i.e., it makes the tunnel-
ing in fact nonresonant. As a result, the center be-
comes effectively localized, the reorientation process
acquires a hopping character, and the time of the tunnel
transition turns out to be of the order of #%/[7(A€)?].

The peak of the impurity absorption of light near the
frequency of the intrawell transition at TAe > 7 has as a
result of the tunnel splitting a fine structure, and at
TAe¢ < i it is smooth and, generally speaking, asym-
metrical. In the case of absorption by local or quasi-
local oscillations, the fine structure and the asymmetry
of the spectrum can be connected also with the internal
anharmonicity of these oscillations.!? If the nonequi-
distant character of the level due to the oscillations ex-
ceeds the level width, and the temperature is low
enough exp(hw,/T) > 1 (hw, is the energy of the first ex-
cited level), then the interaction of the local oscillation
with the resonant raidation (w= w;) can be described
within the framework of the two-level model with tun-
neling between the wells.

We consider hereafter the case when the ground state
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of the tunnel center is quasilocalized, 7,A¢,<</%. Itis
clear from general considerations that the overlap inte-
grals of the intrawell wave functions should be larger
for the excited level than for the ground level, i.e.,
A€,,.> A¢,. Consequently a relatively weak resonant
radiation can lead to a substantially anisotropic distri-
bution of the tunnel centers over the equivalent minima.
Resonant optical orientation (ROO) can be easily under-
stood in the case of two-well potential if the dipoie ab-
sorption in the wells occurs at mutually perpendicular
polarizations of the radiation (E, and E,). Let E =0.
Owing to the tunneling through the excited level, an im-
purity initially in the ground state in the well x can, af-
ter absorbing light and relaxing, turn out to be in the
ground state in the well y. If the tunneling time in the
ground state is larger than in the excited state, then
pumping by the field E, will make the population in the
well y larger than in the well x. The intensity of the
resonant radiation needed to produce a substantial popu-
lation difference, is determined by the ratio of the tun-
neling times in the ground and excited states; this ratio
can be very large at Ag,,. > A€, (if 7,,.A€,,.> %, then
the excited center is situated in the different well with
practically equal probability and the tunneling time of
the transition is close to zero).

In the case of strongly coupled tunnel centers, owing
to the increase of the overlap integral, the activation
energy of the hops between the wells may turn out to be
much smaller in the excited state than in the ground
state, and the tunneling time is correspondingly expon-
entially smaller. Optical orientation was experimentally
observed for several types of strongly coupled cen-
ters.!™® The ROO theory for strong coupling is given
in the Appendix.

To investigate the ROO it is convenient to use the
kinetic equation. It is derived in Sec. 2 for a many-well
tunnel center with weakly coupled dipole transition. In
Sec. 3 we develop the quasistationary approximation,
derive the balance equation for the well populations at
TAe «<#, and analyze the weak-field ROO. Owing to the
reorientation of the resonant radiation, a cubic crystal
with tunnel centers becomes anisotropic. The resultant
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self-induced rotation of the polarization plane of the re-
sonant radiation is investigated in Sec. 4 for various
centers. Itis shown that the rumber of independent
component of the nonlinear polarizability increases in
the resonance region.

2. MODEL OF TUNNEL CENTER WITH WEAKLY
COUPLED DIPOLE TRANSITION. KINETIC EQUATION

We consider a two-level tunnel center in the case
when the intrawell wave functions are strongly localized.
The Hamiltonian of the system in a resonant external
field can be written in the form

H=H,+H*H, H.,=mu2 a;#a.—ﬁ-z Zl’,maisan, n=1; (1)

H=— Zjl.(t)a,-,"am“}‘ h.c. (2)

Here H, is the Hamiltonian of the tunnel center proper
(the energy is reckoned from the ground level in the
well); aj, and a;, are the operators of creation and an-
nihilation of a center in the well 7 in the ground (a=0)
or excited (a=1) states, satisfying the usual relations:

[aia, a;5* }=500s.

The parameters V determine the resonant tunneling,
|V|«<w, Inthe Hamiltonian (2) of the interaction with
the field we took into account only the resonant intra-
well terms (f,,~e“‘",w=w°) under the assumption

I, |<<wg; fo(8) = (d,E(¢),d, isthe dipole moment of the in-
trawell transition, and E is the field intensity. It will
be assumed in the future for concreteness that the di-
rection of the dipole moment d, coincides with the sym-
metry axis of the intrawell potential and, consequently,
the excited level is nondegenerate within the limits of
one well.

The Hamiltonian H, describes the oscillations of the -
continuous spectrum in a crystal with a defect and their
interaction with the tunnel center:

H1=H7A+Hi(:: +Hi(:: H ”’A"'Z @gbetbg; (3)
)

b, and b, are the operators of annihilation and production
of the oscillations of the continuous spectrum ¢; w, is
its frequency. The term

H=Y Valbetbet) Y aae @)
iq a

determines the change of the equilibrium positions of the
oscillations of the continuous spectrum upon reorienta-
tion of the impurity. This interaction is quite substan-
tial for tunnel centers!”®’ and will henceforth not be re-
garded as weak.

The intrawell dipole transition is assumed to be
weakly coupled with the phonons, so that the width T'; of
the light absorption line and the corresponding shift are
small, Ty <w,,w, (where w, is the maximal frequency
of the continuum oscillations that are significant for the
relaxation). The weak-interaction Hamiltonian takes the
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form

1= 2 Vit ab; bt Y (autanlifbs 04} + hel.  (5)
The first term in (5) corresponds to the change of the
phonon frequencies both following the reorientation and
following the transition of the impurity to the excited
level, while the second term is nonadiabatic and, gen-
erally speaking, anharmonic. In second-order pertur-
bation theory it describes the decay of the excited state
with emission of one or several phonons and the level
shift. No account is taken in (4) of the dependence of
Vi, on a, which in the case of a weakly coupled dipole
transition leads to a small level shift. In addition, as-
suming a weak overlap of the wave functions of the dif-
ferent wells, we have left out of H,,, the terms propor-
tional to a;,a,,(1 - 6,,).

In second order in H“ﬁ,’ , the half-width of the light-
absorption peak at ¢“o/T> 1 in the absence of tunneling
is (cf. 1°));

[y=Tn+T, l‘,,n'f“"‘=n2|V.M,,'-V,,,,.,-Pﬁ,,(ﬁq+1)6(m.—mq-),
—

r= i“[ dt exp (iont) Us(Q) U (0)dp,  iig=[cxp (@ /T)~1]",

(6)

T, and T are the parameters of the modulation ar 2 Je-
cay broadenings, (... ), denotes averaging over the
phonons with Hamiltonian H,,. The broadening of T, is
due to the relaxation of the phase difference of the wave
functions of the ground and excited levels due to the
quasielastic scattering of the phonons by the impurity.

When tunnel transitions between wells are considered,
the analog of modulation broadening is obviously

Y4t =0 2 IV‘GW"'V:GW'I:HG (ﬁq+i) 6(0—0y). (7)

w

The dynamics of the tunnel center depends on the ratio
of the time of the interwell transition 7;,, to y{;*, and
the value of 7,,, depends in turn on the interaction HY).

If this interaction is very strong,
Y ve-vilvosst,
q

the problem of the tunnel center is close to the problem
of the small-radius polaron, see the Appendix. In this
section we consider the case of not too strong a cou-
pling'’ and low temperatures, so that

17l >Tpor, V«ja=V¢,-aexp[—Z'IV;,—V,—.,I’(2ﬁ,,+1)/2(n,’], (8)

q

where T, is the damping due to H{.); it is proportional

at least to (V/w,)? and is analogous to the damping of
the small-radius polaron. {9

To analyze the ROO and the nonlinear polarizability
of tunnel centers it is convenient to eliminate H{.) with
the aid of the standard canonical transformation
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S=exp [ -y V‘qam*a,u(b,—-b,*)/m,] )

iag

The operator of the intrawell dipole transition remains
unchanged in this case, Saj a,,S*=aja,,; the transfor-
mation of HZ) gives rise to terms that reduce in second
order in H‘!";t’ to a renormalization of w, and G, and in
the approximation (8) V,,, is replaced by v, ja- In se-
cond order in H{?} and in first order in H, and V‘ja, the
kinetic equation for the density matrix

p(t)=exp (iﬁ)ot Za..‘an.) Sps[Sp (t)St]exp (—im,t Z,a.ﬂa,.,)

can be derived in the region of long times ¢ > wg', w’! by
the method of the integral operator equation,’*!! as was
done in 12°4) for other systems with several resonant
dipole transitions:

9p

W =-T Z (@ns*an, pHpantan) +2 2 CmaGmo® Amifn;* tng

- Z’ (1=8mnbas) Yma**Ama * AmaBAns* Ans—i 2 ZV...“[amu*au, pl

maaf men G

+i " Um0 “an*ant he., 1, Spp=1. 9)

The expressions for the parameters of the modulation
broadening ¥28 in (9) are obtained from (6) and (7) with
the aid of the obvious replacement of the indices (inas-
much as the modulation broadening is due to phase re-
laxation, it contributes to the damping of only the off-

diagonal matrix elements of 5);

17 v, V.
T = — | et : — M bt ___":_}
_ > [e dt<U {b,(t) R ORE

V. Vo
X Un* {b.(O)—m—', byt (0)——‘”—'}> . T=Tmn>ITmal.
q q

PA
The renormalization of w, on account of the phonons is
assumed carried out in (9), and the corrections
~|V|/w,, T'/w,, |fl/w, and y/w, are assumed discarded.
In addition, it is assumed that 7>T,y, | V| (but
exp(wy/T) > 1 and Eq. (8) is satisfied).

Equation (9) is valid at arbitrary |V|/r, and |f]/T,,
and therefore allows us to consider both the fine struc-
ture of the spectrum of absorption by a tunnel center (at
|[V1>r,), as well as a smooth spectrum, and also the
weak-field and strong-field (absorption saturation)
cases. It can be shown, in particular, that when ac-
count is taken of the quadratic corrections in |V|/I;<1
the absorption spectrum becomes non-Lorentzian, but
remains symmetrical.

3. QUASISTATIONARY APPROXIMATION. OPTICAL
ORIENTATION IN WEAK FIELDS

The operator equation (9) for an N-well center is
equivalent to a system of N(2N+ 1) linear equations for
the matrix elements p™%=Sp(a;4a,,P), Which in the gen-
eral case can be solved with the aid of a computer.
However, if the tunnel splitting is small compared with
the reciprocal relaxation time (this is apparently fre-
quently the case for under-the-barrier excited lev-
els*5)) and the impurity is localized in wells, Eq. (9)
can be solved analytically. The criterion for the local-
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ization is slowness of the change of the well population

pa= Y\ pu™ (10)

during the time |V, |™ of the resonant tunnel transi-
tion. Since, as seen from (9),

% =-2Im Z Z 7 mnoPaa™, (11)

m(ven) o

localization calls for smallness of the off-diagonal ele-
ments | g% < p,.

The structure of Eq. (9) is such that the elements of
p diagonal and off-diagonal in the upper indices (intra-
and interwell) relax and interact with the field indepen-
dently of one another, and the connection between them
is due only to tunneling. If the field amplitude varies
slowly:

dlnf,

7 <T,y, (12)

fa(t) =Fa(t)oxp(—iat),

then, in the case of small tunnel splitting
2 IT el €T = +ya,
(13)

the system relaxes in the following manner: after times
~max(I'™,y™) equilibrium is established within each
well [two-level system in a monochromatic field with
summary level population p,(t) = const as a result (11)
and (13)]; the interwell elements of p likewise reach
their quasistationary values in this case. The latter
can be determined in first order in ¥/y from the sys-
tem of equations

T ol K Ta=va",

H

¥ i <I'y'=2lFyat,

[Cma®f+iQ (8a0—0s0) ] fhnm"-2rmu6uoapo§xn"'"’—i[fm54|+fm'5¢o] ﬁ::: s

'-H[].n'aaa"’fnﬁﬂn] ﬁam:l—n":-i{rm:ﬁ:n"""rmnn.ﬁus"m]' m#*n, > v,
(14)

pn = pm expl—iQt (6,0 — 8g0)], R=w — w,, Withf and p,

dependent on the time as a parameter:

—i e I'(I,—iQ)exp (iQt)

Pos ifa (t)p.(t)mv
l"alj..l'

T ([ Q%) +2Tlfal? (15)

Poo"=pn (t) —pu"™",
Pys""=pa (t)

For each (m,n) pair, (14) constitutes a system of
four equations that can be readily solved. Substituting
the solution in (11), we obtain

i pa=1i. (16)

dpa
- -g [Can () pa (t) —Cma () pm (D) ],

Equations (16) take the form of balance equations and
describe the slow variation of the well populations. The
explicit expression for C,, is in the general case quite
complicated and is not given here, but it is seen from
(13) and (14) that C,,~ |V|?/T%8« |V| «<T,7, i.e., both
the localization criterion and the quasistationarity con-
dition are satisfied (with large margin). The need for
sufficiently rapid relaxation for reorientation of the
hopping type was noted already in'®?, but it was not
made clear there which are the quantities that relax,
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what causes the relaxation, and how the reorientation
process is to be described.

If the multiwell potential has an inversion center,
then it is possible to obtain from (16) an analogous sys-
tem of N/2 equations for §,=p ,+p; ) is the number
of the well that is the reflection of the well ), with
Cpum=Cum+Cum»Com=Csm. The last equality is due to the
fact that the inversion changes only the sign of the field
in the coefficients C,,, but this change is equivalent,
by virtue of (12), to a time shift A¢=7/w < V|7, I,
which cannot be reflected in C,,. Consequently, C,
contains only even powers of the field.

Greatest interest attaches to consideration of the ROO
in the case when the tunnel splitting for the excited
level is much larger than for the ground level, and
orientation is possible even in fields that are weak com-
pared with those that lead to saturation.

If the inequalities
lvmll>|Vnmo|, 'me/F»anmo/Vnutl. (17)

are satisfied in addition to (13), then in non-saturating
fields we obtain from (14)~(16)

Com=AuntBunlfal’,  Aun=2F 2o/ Trm,

Tl e (T+T ) +Q*(To—T)

B""‘=2?':""‘ m 2 2 01\ 2 ’
P ' T(T+Q?) [ (Tma) 2 +Q%]

Tolf1%/ (T, +Q%) <T, Tam.

(18)

In the case of a weakly coupled dipole transition the
resonant field leads to a mixing of the wave functions
of the ground and excited intrawell states (as resonant
tunneling in the case of equal-energy level). Conse-
quently the parameter C,, does not reduce to the sum
of the probabilities of the hops in the ground and ex-
cited states, but if (17) is satisfied C,, contains only
the squares of the moduli of the fields that act in the
wells. The relation between the field-free rate of re-
orientation A4,,, and B,,,|f,|? in (18) is arbitrary.

To illustrate the repopulation of the wells, we con-
sider a two-well system at constant [f[2 The solution
of (16) with allowance for (18) takes in this case the
form

1+1£,1°B,/ A,z ' . 1+11:1°B/A 2
9:(')=[P|(0)—m] exp[— (24 +B.fl )tl‘*‘m,
P:(“’) i+|f|lzB|:/ 12 2 2 s
W=t T B A, IR
(19)

According to (19), the change of the well populations
from the initial value to the final stationary value is
monotonic. The maximum repopulation takes place if
the field excites transitions in only one of the wells,

[T | fi]*> A/ Bu> | f| .
In this case
pa(=) /o, (=) =fi|*B./ > L.

i.e., in a relatively weak field, when (17) is satisfied,
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practically total depletion of one of the two equivalent
wells is possible.

The system (16) and (18) can be easily solved also
for a larger number of wells in the case of tunnel cen-
ters in cubic crystals, if the symmetry group of the
multiwell potential is O,, and the minima are oriented
in the directions [100] and [110]. For the total popula-
tion of the wells that are equivalent with respect to in-
version, p,, Eq. (16) takes the form

dﬁ N/2 N2

hid N 2 * —_
T=—?(A+Bl!n!)m+Z(A+Bllml )Bms Zp"—i. (20)

Muai Nemi

The parameter A for the centers [100] and [111] is re-
spectively equal to 2A(,44310303 204 A 11301 +A unimin

(the expressions for B are analogous), while N =6 and
8. Equation (20) can be represented in a reduced form
by going over to the dimensionless time A¢ and to the
field (B/A)Y %, Therefore the kinetics of the optical
orientation for the different tunnel centers with wells

in the direction [100] or [111] is the same (for centers
with minima along [110] there are no such minima; an
equation such as (20) contains the dimensionless param-
eters of the concrete center).

The stationary solution of (20) in a monochromatic
field is of the form

Nz N2

= 11 (e 2 )[BT (1+200)]"- e

Mt =1 vt
(mwen) \rke)

If the field is relatively strong for all wells, B|f,|?/A
> 1, then the population distribution (this takes place
also in the case of two wells) does not depend on the
field,

=] Y If../f..l‘]_‘.

If the field is strong for only wall well and for its re-
flection (this is possible only for [100] centers), |f,|?
»>A/B> |f, 4|2, the well is depleted. If, on the con-
trary, the field is weak for only one well, then prac-
tically all the centers go over into this well. In con-
trast to the case of two wells, the transition from the
field-free distribution p,(0) to (21) takes place, gener-
ally speaking, in nonmonotonic fashion, since the char-
acteristic equation corresponding to (20) has several
roots.

It is of interest also to consider the optical orienta-
tion in the case when the tunnel splitting of the excited
level exceeds the width of the absorption line |¥,,,|
> Ty, T4, > |V, o|. If a transition to a nondegenerate
(for simplicity) tunnel level takes place under the in-
fluence of resonant light, then immediately after the
absorption the center can be with equal probability in
any of the cells. Starting from (9), we can show that in
weak fields the kinetics of the ROO is described by
formulas (16) and (18), where
Fo=T+N-1 Y Yom,

Aun=21T ol /Yamy  Bam=2[[N(T*+9%) ],

N=FYToET, Ynn®y | Prnno] KoYmn® ~ (18a)
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(it is assumed that the rate of establishment of equilib-
rium within the tunnel multiplet is low, y,‘,“n «T). For-
mulas (16), (18), and (18a), with allowance for some
renormalization of the parameters, are valid also in
the case when the excited level is above the barrier
(the tunnel splitting V,,,, does not enter in (18a). Thus,
the field dependence of the ROO in the region of weak
fields is the same for large and small tunnel splitting
of the excited level.

4. SELF-INDUCED ROTATION OF THE RADIATION
POLARIZATION IN RESONANT OPTICAL
ORIENTATION

Optical orientation of tunnel centers by linearly po-
larized resonant radiation makes the impurity cubic
center anisotropic. This anisotropy can be revealed,
for example by the absorption of the additional weak
light, but it influences substantially also the propaga-
tion of the orienting radiation itself, by rotating its po-
larization plane. Self-induced resonant rotation of the
polarization was considered in4! in the saturation of
the absorption by the impurity dipole transition 4,,

-~ T,,, and also in saturation of the absorption by two-
level tunnel centers. The tunnel-center model in®4! is
analogous to that of the present paper, but it was as-
sumed there that the radiation pulse duration is short

in comparison with the tunneling time, and the latter
was not taken into account at all. In the case of long
pulses, the principal anisotropy mechanism, as shown
below, can be precisely the reorientation of the centers.

The nonlinear polarizability of an impurity crystal at
low tunnel splitting (13) and at a slowly varying field
amplitude can be represented by using (15), accurate
to terms ~V/I*%, in the form

-1
o (0, E) = == B tic 2 G Qe T (ToHiQ) po [T (T +82) +2T [ d,E[2] -,
4a

(22)

where € is the dielectric constant of the host crystal;
c, is the impurity concentration and is assumed to be
quite small; d,, is the projection of the dipole moment
in the well » on the direction of * (at p,=1/N and 2=0
Eq. (22) coincides with formula (13) of''*J). Maxwell’s
equations and the material equations (22) and (16) de-
scribe in self-consistent fashion the propagation of the
resonant radiation in the crystal.

The anisotropy of the polarizability X... is due to the
field dependence of p, and of the denominator in (22).
If (17) is satisfied, then strong nonlinear effects can be
observed in relatively weak fields, |dE|? < TT,, when
the field dependence of the denominator is negligible.
The nonlinearity of the polarizability sets in this case
after a time ~(4 + B|f| ). The stationary polarizabil-
ity in a monochromatic field at w=w, in the case of tun-
nel centers with [100] orientation can be obtained from
formulas (22) and (21):

Im o (@0, £) = S’

_ cod* 1+az([Ex|‘:+|Ex;|l)+a‘|Eann|’ (23)
T, 3+2a*|El*+a* (|EE, *+|E.E.|*+|E,E.|*) ’

%77, a*=d’B/A.
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Expression (23) is valid for arbitrary values of a?| E|?,
but formally (23) can be regarded as an expansion of

the susceptibility up to fourth order in the field, with
the nonlinear and linear components of the polarizabil-
ity tensor dependent on the field via the invariants of

the group O, [the denominator in (23)].?) 1t is of interest
to note that x¥, depends only on the squares of the
moduli of the field components. This means that, for
example, the expression for the absorped power aver-
aged over the period contains the invariant

Z 1B, By ]2,

xvex’

but not the invariant

Y e,

o’

In the phenomenological approach with expansion of the
polarization in the real field, the absorbed power would
contain both invariants, and the coefficient of the first,
without allowance for the time dispersion, would by
twice as large as the coefficient of the second. The in-
crease in the number of the independent components of
the polarizability tensor is due in this case to the reso-
nant character of the absorption.

It is seen from (23) that the optical orientation leads
to bleaching of the impurity crystal. I, e.g., E, , =0,
then

1 =cd/ [3To(1+2a*| E|*/3) ].

The field dependence of the absorption coincides in this
case with x”(E) dependence upon saturation of the ab-
sorption by a nondegenerate two-level system, but the
character of the bleaching is different: the tunnel cen-
ters leave those wells in which they are excited by the
field, and cease to absorb the latter. If several field
components differ from zero, then the components that
are more weakly absorbed will be those whose ampli-
tude is larger. This will change the propagation direc-
tion and the plane of polarization of the light.

In the case when the radiation propagates along the
z axis (this propagation direction is stable) and is lin-
early polarized, Maxwell’s equations with (23) taken
into account reduce to the system

dIEL|* 3IE.I? 1+a*|E,|? L Amo, cod?
dz I, 3+2a|El*+a'|EEy|* ce™ T,

@*=d"Bjyooy/ A i)y %y %1=T, Yy %1%, (24)

which has one simple integral

E,(z)/E«(z) = E,(0)/E.(0) lexp {—a’[|E\(2) |*

—|E«(2) |*=(|E,(0) |*~ | E<(0) |*) )/2}. (24a)

It is seen from (24a) that if E,(0)/E (0)> 1 then the ratio
E,(z)/E,(2) increases with crystal thickness, but if
E(0)/E_(0)<1, this ratio decreases. Thus, the plane
of polarization rotates towards the nearest of the type
[100] axes. This is understandable, since the larger
field component depletes its wells more strongly and is
absorbed less. The limiting direction of the polariza-
tion depends exponentially on the field intensity:
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FIG. 1, Dependence of the angle of the self-induced rotation of
the polarization plane on the intensity of the incident resonant
radiation for tunnel centers with orientation [100]. The radia-
tion propagates along the [001] axis, and the initial angle be-
tween the vector E and the [100] axis is 30°. Curves 1-7 corre-
spond to crystal thicknesses 1/[,=0.2, 0.6, 1, 2, 3, 4, 5 (I, is
the weak-field absorption line).

E,(w)/E (=) =|E,(0)/E.(0) Jexp{—a*(|E,(0) |*— | E.(0) |*)/2}.

The field dependence of the angle of rotation of the
polarization has a peculiar character for crystals of
finite thickness. This dependence is shown in Fig. 1
[the multiple reflection was not taken into account in the
course of the solution of (24)]. The maxima on the
Ac(E) curves is due to the bleaching of the erystal in
the strong fields. It can be clearly observed if the di-
rection of propagation of the radiation coincides with
the orientation of one of the wells (in this case, with
the [001] well). Owing to the preferred filling of this
well, a decrease takes place in both the absorption co-
efficients of the individual field components and in their
difference, which in fact causes the rotation of the po-
larization,

d E,

L1022~ oEl
4 " E, a”l

at a?|E|®> 1. The position of the maximum ac(E)
shifts towards larger fields with increasing crystal
thickness I; for thin plates (I/ 1,<<1) the value of Aa is
maximal at a?|E,|2=3"2|E /E | .

In the case of tunnel centers with [111] orientation
and resonant radiation propagating along z ([001]) the
wells [(=1)*(~1)#+ 1] are equivalent at & =B or a#8
(¢,8=0.1), and the system reduces to a two-well one
with effective-well orientations [110] and [1T0]. Solving
at =0 the system of equations similar to (24)

. d|E,|* — (1+a2|E. ) EL? &____EZ_BUHI
T dz . 1+a(El¥72 ' 3 Ay (25)
Ex'—“__—[Ex_('_i)xEy]v 2!7":1!21 ‘Z#'Al.
12
we obtain
E\(3)E.(z) =E (0)E.(Q)e*'%,
v=r, exp {@*|E,(0) |*[vy— 1+ (1=0) (vs/v) "e~*/"]}, (25a)

re=v(s)=|E.(2)/E(2) |*, v,=v(0).

The function v determines the rotation of the plane of
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polarization of the radiation. It is seen from (25) and
(25a) that as it propagates in the crystal the vector E
rotates towards the nearest of the directions [110] or
[170]:

v() =v, exp(—2a°E.(0) E,’ (0)).

The angle of rotation of the polarization depends mono-
tonically both on the crystal thickness and on the inten-

sity of the incident radiation.

In contrast to the centers [100] and {111], for centers
with orientation [110] not only the velocity but also the
direction of the rotation of the polarization plane, prop-
agating along the [001] axis, depend on the parameters
of the concrete center and on the field intensity. There-
fore in a sufficiently thick crystal, owing to the de-
crease of the radiation intensity with thickness, the di-
rection of rotation can be different in different sections.

5. CONCLUSION

From (16), (18), (18a) and the Appendix it is seen
that the kinetics of the weak-field ROO for both strong
and weak coupling is described by the balance equations.
This is evidence that the duration of the reorientation act
is short, 7,,, <C;L. The last inequality is the criterion
for the localization of the tunnel center in the wells. In
the nonequilibrium case it is equivalent to the inequality
| p’g';l <1 at m#n. Inthe considered models we have
Trno™ | Vemo| - We note that in the case of strong cou-
pling we have | V,,,|™> C;% and for weak coupling

ano I e Tmno < cr-nl;n'

The most stringeht requirement that limits the ap-
plicability of the results at low temperatures in the
case of weak coupling (for strong coupling we have con-
sidered only the region of relatively high temperatures)
can be the condition |V, 0| < I'® in (13), since I'%,
~(T/w,)" at T <w,. When (13) is violated, the local-
ization can be due to random fields if the mean squared
level splitting is %> | 7,|2. Since the parameter V, is
usually small,*®! weak random fields are sufficient for
the localization. At |V,,.|<|T%%+i(An, = A,0)| (Apa
is the shift of the level « in the well m) the quasista-
tionary approximation is applicable, and in (15) it is
necessary to replace Q by ,=2+4,,-4,_,, while in
(14) T2 must be replaced by I'*2+i(A,, - 4,,) (the re-
laxation due to transitions between wells with participa-
tion of a phonon of frequency w,=4,, - 4,, is not taken
into account). The second of the criteria (17) is re-
placed by an inequality of the type

| Vamal Vamt | €Tmat* [ (1ma®) 2+ A7/ [{am® ((Tma*) +A7) 1,

which can be much less stringent at T <w,,. Although
the general character of the optical orientation does not
change, the averaging over the random field in equa-
tions (14)~(16) at arbitrary |a|/I28 is a relatively easy
matter only if the number of wells is small.

In the experiments, Turner et al.’® and Blume et al !
measured the quantum yield 1 of the ROO—the probabil-
ity of reorientation of the center as a result of photon
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absorption. It is seen from (16) and (18) (see also the
Appendix) that this quantity is determined by the ratio
B,./9(§) at strong coupling and by B, (I2+Q?)/T, at
weak coupling. For strong coupling in the case I' > I',,,,
we have

B /@ (R) =2Tmat/T~exp(—Emat/T).

Such an activation dependence of 7 was indeed observed
in'®®) for strongly coupled M and F, centers. At I,
> I'> I, the quantum yield turned out to be indepen-
dent of temperature, B,,,/¢(®)=2/N [this expression is
obtained also in the case of weak coupling for a tunnel-
ing excited level, see (18a)]. If (13) and (17) are satis-
fied then, according to (18), n decreases with increas-
ing both on account of the decrease of V,, and because
of the increase of the relaxation parameters. We note
that the stationary nonequilibrium distribution of the
tunnel centers is determined by the parameter B,,,,/A,,m,
which does not have the same temperature dependences
as 7.

When holograms were recorded by the ROO method
in™), no account was taken of the self-induced rotation
of the polarization plane of the resonant radiation which
is quite large and limits the possibility of recording
images in thick crystals. At £+ 0 both the ratio of the
field components and the dephasing change with changing
distance, and this also decreases the possibilities of
using ROO for three-dimensional holography.

The authors thank V. S. Vikhnin for a discussion of
the results.

APPENDIX

Consider the optical orientation of a weakly coupled
tunnel center. The Hamiltonian H{}) in (3) is in the case
of strong coupling

=Y Vie(bitbe*) aua* ace Aa.1)
iaq
We shall assume that for all {ia}# {jg}
0! (L-;-‘-'&> O 11, 1V . (A.2)
q

As already noted, in the absence of a field the prob-
lem of the strongly coupled tunnel center is close to the
small-polaron problem. It is known (see'*®™) that at
sufficiently high temperatures the main mechanism of
the polaron mobility are the hops between the localized
states. It is easy to show that the probability of hopping
of a tunnel center from a well 7 into a well j in the state
a at sufficiently small V,,, is

J— =t
2Te=1Val*¥2n [Z(V;,,—V,a,)‘/sh(m./ZT) ] exp(—E/T),
q

Eju=T Zm,-=(v..,,—v,-,,.,) Hth(0/4T),  @m T3l Pyl
" (A.3)

For strongly coupled tunnel centers in alkali-halide
crystals there exists apparently a sufficiently wide
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temperature interval where, besides (A.3) the relation
T <P is satisfied. By virtue of the latter inequality,
the Stokes shift 2P greatly exceeds the line width & of
the optical absorption, where (cf.8?)

P=Y VurVud'or,  8=2Y (Vu—Vu)*(25+1), P38,
L] e

(A.4)
Therefore the resonantly absorbed radiation

fnt)=Fm()e™™, B=0—w—P, |8]|~8, dfn/dt<]nd,

causes in practice no induced transitions from the ex-
cited to the ground state. If (A.3) and (A.4) are satis-
fied, the kinetic equation for the density matrix @)
takes at ¢ » w} the form?®

ap :
_=_§: Z' + +q, —9a, .+ +
o Tnna (@ma* @ma pHBme* Ama—28ma* @raPlna* @ma)

mwn @

—-Q (ﬁ) 2 |fm (t) |2 (amo*amep+ Dama+amo—24m+amopamo+am)

—FZ (@mit s PAmy* Ay —28mo* Ay PAmi* Amo) ,

”

Spp=1, ¢(Q)=nu%“exp[——(ﬂ/6):]. (A.5)

Here 2T is the probability of a decay transition from
the excited state to the ground state (e.g., with emis-
sion of a photon), and it is assumed that I' <w,,,dI/dw,
<TI/P.

Equation (A.5) differs substantially from the kinetic
equation (9); in the case of strong coupling the diagonal
and off-diagonal elements are not entangled and the off-
diagonal elements decay within a time ~IT,,, I'"!(if the
transformation S is not performed, then the interwell
elements turn out to be ~T';,,/| V;, | <1); in the case
of weak coupling the resonance field plays with respect
to the transitions between levels the same role as reso-
nant tunneling does with respect to interwell transi-
tions, and in the case of strong coupling the field pro-
duces transitions only to an excited level; we note also
that in the case of strong coupling there is no interfer-
ence between the decay processes in the different wells,
and from among the terms proportional to I,,, in (9),
there remain in (A.5) only the diagonal ones.

Since E,,, <E;, as a result of the increase of the
overlap integrals in the excited state, it is of interest
to consider the case I';,, » I';,,, when the optical orien-
tation of the tunnel centers proceeds in relatively weak
fields @ (@) |f|?< T (if 1> ¢ (@) |f|%/ > exp(-P/T), then
the impurity crystal can amplify the light at the fre-
quency w,-P," but Eq. (A.5) is violated only in the
case when the probability of the induced transitions
from the excited state to the ground state becomes com-
parable with the probability of the spontaneous ones).

At I'> T,p0y I'mmy the intrawell equilibrium is estab-
lished more rapidly than the interwell equilibrium, the
quasistationary approximation is valid, and we can ob-
tain from (A.5) the equation (16) for the well popula-
tions. If T, > I, and I'>¢(Q)|f|2, then the coeffi-
cients C,, in this equation reduce to the sum of the

probabilities of the reorientations in the ground and ex-
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cited states and are desc_gibed by formula (18), where
A =20 Bym = 2T @ (Q)/T. The ROOkinetics, the
stationary distribution, as well as the self-induced ro-
tation of the plane of polarization of the radiation are
described under these conditions by formulas (19)-(25).
In (22) the factor

[(I+iQ) [T (T+92%) +2r,]d,E]*1

must be replaced by the coefficient

T@+iz@® 1@= %QSS exp(=t — 5+ ) a.
[

Since the time of energy relaxation at w,> w,, is quite
large (I'~107-10° sec™ for the F center in KCl accord-
ing to the estimates off*®7), the following relation may
hold in a definite temperature interval

| -3 (=2 NS

In this case the fastest process is the equalization of
the populations of the excited states in different wells,
and the problem is similar to the case considered in
Sec. 3, that of large tunnel splitting of the excited
level. The kinetic equation for slowly varying well
populations at I'>> ¢(Q) |f l2 takes the form (16), (18a),
where A,,,=2T,,,, and B,,,=2¢(2)/N. We note that it
does not contain the parameters of the tunneling in the
excited state or the energy relaxation parameter I.

D For many tunnel centers the change of the static dipole mo-
ment upon reorientation is p <« eq, (a; is the lattice constant),
and at any rate the polarization interaction is less than for a
small polaron, .

DThe authors are grateful to M. I. D’yakonov and E, I. Rashba
for pointing out this property of the susceptibility. It can be
shown that for centers with orientations [111] and [110] the
structure of the numerator and the denominator in the ex-
pressions for the polarizability is analogous to the structure
(23), but they are polymonials of sixth and tenth degree in the
field, respectively.
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3The canonical transformation that relates 3 with the total den.
sity matrix is analogous to that used in Sec. 2, but now

§=exp [—Zviaqaiu"' 50 (b, -0}, )/wq] .
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