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Electron-spin memory and magnetic-circular-dichroic effects in the luminescence
of I' centers in KI, KBr, and KC1
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We have solved the rate equations of the optical pumping. cycle of the F center in the case of two spin-
mixing parameters, e+ and & . The solutions and the experimental results for the magnetic circular
dichroism of the F-center emission are in complete agreement, and have allowed for the first time the
measurement of the "anisotropy" of the electron-spin memory, i.e., (& —e+)/(e + e+). This quantity will

be very useful in order to clarify the role of the various processes responsible for the loss of the spin memory
in the optical cycle. Moreover, from the rate equations we have been able to find the value of the
polarization in the relaxed excited state, which is essential to calculate the spin-orbit splitting in emission.

I. INTRODUCTION II. OPTICAL PUMPING CYCLE

In the last few years several theoretical and ex-
perimental efforts have been made in order to
clarify the nature of the relaxed excited state
(RES) of F centers in alkali halides. As far as ex-
perimental work is concerned a special place is
reserved to magnetic-circular-dichroic (MCD) ef-
fects in luminescence, to which we have made
some contribution. ' From the knowledge of such
MCD effects it is possible to calculate important
parameters characterizing the RES—for instance
the spin-orbit coupling. Unfortunately such a
calculation requires the precise value of the elec-
tron-spin polarization in the RES, I'z, which can
be inferred from the solution of the rate equations'
of the optical pumping cycle of the I' center. We
have solved these rate equations in a previous
work, ' but we have found some discrepancies be-
tween the experimental results and the theoretical
expectation.

However, in the rate equations a central role is
played by the spin-mixing parameter e which takes
into account the slight loss of electron-spin mem-
ory exhibited by the I center during the optical
cycle. Recently it has been suggested" that the
choice of a unique value of e cannot be justified at
all for the optical transition of the E center. By
keeping in mind this suggestion we have solved
again the rate equations in a few special cases and
we have found good agreement with the experimen-
tal results. The conclusions outlined previously'
concerning the RES are confirmed, and in addition
we give in this paper the values of relevant prop-
erties of the spin-mixing processes.

A decade ago it was found" that the electron of
the I' center exhibits in an external magnetic
field an almost complete spin memory during the
optical pumping cycle, Fig. 1. In other words, the
direction of the spin is slightly affected by the ab-
sorption and emission of photons, and by phonon

CD

CD

LJJ

Configuration coordinate

FIG. 1. Opticalpumping cycle of I' centers in alkali
halides showing the photon (1,3) and phonon (2, 4) pro-
cesses.
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relaxation. In order to describe completely the
optical pumping cycle it was necessary to define
the spin-mixing parameter e, which is the fraction
of spins flipped during one complete cycle. The
introduction of e in the rate equations proved to
be very useful in the description of a large variety
of effects depending on the magnetic field. "'7
However, by using the spin-mixing parameter in-
troduced previously we were unable to explain
some details found in the measurement of small
MCD effects in the luminescence of I centers. "
Independently it has been shown experimentally
that the electronic polarization of the ground state
(GS), P, does not follow completely the theoretical
predictions made on the basis of the previous sim-
ple rate equations. ' This last observation has
been the starting point of a new critical study on
the spin mixing, which brought new important re-
sults. "' In the following we will review the main
properties of e, and we will use them to write the
appropriate equations.

The slight loss of spin memory is a consequence
of the electron states not being pure magnetic
Zeeman levels. So a reversing of the spin is ex-
pected only when such states are partially mixed.
The major contribution to ~ during the cycle rep-
resented in. Fig. 1 comes from process 1, where
the electron is excited from the GS, 1s-like, to a
2p-like state. Indeed there is a considerable
spin-orbit coupling in the 2P state, which mixes
the pure spin levels. The two radiationless pro-
cesses 2 and 4 are not known in detail so it is not
possible to forecast exactly their influence upon

However, it is believed that they affect very
little the spin states. '"' Finally, the hyperfine
coupling between the I" center and the surrounding
nuclear spins gives some contribution to e at low
magnetic fields. Such interactions is present in
the GS and much more in the RES, where the elec-
tron wave function is very diffuse. For this rea-
son hyperfine mixing is often associated with lum-
inescence.

A correct analysis of the various causes of spin
mixing shows a peculiar difference between pro-
cess 1 and all the others. " Indeed, the spin mix-
ing due to spin-orbit coupling is different for the
spin-up and the spin-down electrons. So it is
necessary to introduce two values e+ and z for
the two Zeeman levels. On the contrary all the
other processes lead to an isotropi. c value for the
spin-mixing parameter, i.e., e, = e
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FIG. 2. Optical pumping cycle of the I" center with the
magnetic sublevels (shown). The figure refers to the
case of anisotropic spin mixing, e & e, . The Zeeman
splittings are not drawn to scale.

tion is the main mechanism for spin mixing, so
that e+ ce . We have neglected all the other con-
tributions to the spin mixing for the following rea-
sons. First of all, we study the effects iT magnetic
fields high enough so that the hyperfine interaction
can be neglected. Second, the contribution due to
the radiationless transitions, if any, is small and
isotropic and the effect of &* on the rate equations
seems to mitigate the anisotropy as it was shown
in some simple cases. '"Moreover, by neglecting
c* one avoids further complication of the rate
equations, whose solutions are often difficult to
obtain in analytical form.

In Fig. 2 n+ (n ) is the population of the M, =+-,'

(M, = ——,') state, T, is the spin-lattice relaxation
time in the GS, 4 is the energy separation of the
Zeeman sublevels in units of K~T, where K~ is the
Boltzmann constant and T the absolute tempera-
ture, and ~ is the lifetime of the RES. The corre-
sponding quantities referring to the RES are indi-
cated by the subscript p. The rate equations of
the optical cycle are

dn+ n~ 1 n++ n
'T Ti: 1+8

= -u+n+ +-

dn np 1 n++n=-un+ '- ——n
dt v T, — 1+e

dn p+

dt
=(1 —e,)u, n, +e u n

n~ 1 )It' n~, +n,

III. RATE EQUATIONS

Figure 2 shows the level scheme of the optical
pumping cycle of the I" center in a magnetic field.
We assume that the spin-orbit coupling in absorp-

dnp =(1-e )u n +e,u, n,

np 1 11' np++np
1+e-&P ~
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Sy using the substitution n =n+ —n, N=n++n,
np=np —np Np np +np Q +Q = U Q Q = PP„
where P, is the dichroic differential absorption, "
e++e =2m„and e —e, =5, Eqs. (1) become

(1 —P', ) — tanh ~
p ~0. ~0 1p

p

1+2 + P,
(5)

dn tU 1 n U 1—= —
I
—+ —n+~ + —P, — tanh —~N,dt (2 T, 7 2 ' T, 2)

dnp U v n
d 2

'=—[(1-2~ )-5P ]n 1-+

——[ (1 —2e,)P, —5]N- ta,nh~ Nz,
U 1

1p

dN dNp U U ~N=—P n- —N+~ .S

In order to start with more manageable equations
we will make two approximations that we will keep
from now on. First of all we confine our attention
to the strong-pumping case, i.e. , —,'U»1/T„and
so it is possible to drop the term containing the
spin-lattice relaxation time T, in dn/dt. Second,
we assume P,n/N«1, which is always satisfied
within a few percents at worst, because n/¹P,
andP, ~1. As a consequence we have Np=NU z7
from the third equation of (2) at equilibrium,
dN/dt = -dN~/dt = 0. Eventually by defining the
polarization of the GS, P =n/N, and of the RES,
P~=nz/X~, we obtain

Equation (4) reduces to Eq. (Qb) of Ref. 3 if we put
7/2e, T,~«1 as is the case for magnetic fields less
than = 30 kG in KI and KBr.""'"Besides, 5/2e,
&1, as we will show later in the paper, and P, «1,
so the terms 5P,/2e, and P, can be neglected In.

this case Eqs. (4) and (5) simplify to

P =P, +5/2@0,

Pp= 5/2e .
(6)

( I)

It is obvious that the term 5/2e„which can be op-
posite in sign with respect to P„has a big impact
on both P and Pp. Indeed, they are quite different
from the old solution" for which 5=0, i.e. , e+

Note that both P, and 5 vanish if the pumping
light is linearly polarized.

P, P, sinet, 5 5 sinut (8)

B. Pumping with modulated polarization

If the pump beam is sinusoidally modulated be-
tween cr, and o we have to make the two following
substitutions in Eqs. (3):

2 dP = -P+Pp+P,

'=[(1 —2a,) —5PJP —(1~
P PP

lp

—(1 —2&,)P. + 6 ——tanh —s
lp

(3)

where &o/2v is the frequency of the modulation.
The solutions of Eqs. (3) in the case of modulated
pumping can be simplified by dropping terms in
5' and P', . Besides, we did not take into considera-
tion terms oscillating at higher harmonies. In
conclusion the amplitude of the polarization can be
expressed as the sum of two vectors as in the fol-
lowing:

which represents a system of two equations with
two unknown quantities P and Pp.

IV. SOLUTION OF THE RATE EQUATIONS

We have solved the coupled differential Eqs. (3)
in two cases: The stationary case where the pump-
ing beam has a fixed polarization, circular right
(v'), circular left (o ), or linear (w), and the case
in which the pumping beam, constant in intensity,
is modulated sinusoidally between the two states
0' andy .

0
(10a)

P = P(1)+P(2)j,
P = iP,(1)+P,(2)i,

where P (1) and Pz(l) represent the old solutions"
for which 5 =0, and P(2) and Pz(2) contain the con-
tribution of 5. In order to calculate th6 sums in
Eqs. (9) the phase shifts y= p(1) —y(2) and p~
= cp~(1) —y~(2) between the two vectors have to be
known. The final result for I' is given by

A. Pumping with fixed polarization

The polarization of the GS and the RES are given
by

P (2) =
26O (7 (d +(d +E' U )

(1 —260)(d t+ 260U iT
y(1) = arctan

(u(2e, + ~'&u') ' 2

(10b)

1+ -,+—— tanh~5 7'

2&pTgp 26O 2QpTyp . 2
71+ + P,

(4) e U-7'u' n
y(2) = 6,rctan

(d 2 2

(10c)

(10d)
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and for I'~ by

(11a)

2c, (r'[d'+[d +e', U')'i' '

qr p(2) = arctan 2, (w-0), (11c)eoU- v(d

e,U+ &u'2/U / n

([(1—2e,) + (2/)))Ttd')td '
)( 2 ) '

(11d)

On the right-hand sides (in parentheses) we give
the ranges of variation of the phases when the
modulation frequency m changes from 0 to ~.

In order to explain the features of the solutions
we have sketched them in a qualitative manner,
which, however, retains the main properties, in
Figs. 3(a) and 3(b).

We consider the case 5/2e, &P,. Keeping in
mind that one has to take int6 account the phase
shifts to have the total polarization, we can make
the following observations. The polarization of the
GS has a significant value only at very low fre-
quency of modulation, [d &e,U (e,U» 10~ at the
maximum reasonable pumping levels). Indeed at
higher frequencies the polarization is lowered by

p UV'' 2

(1-2e )P,

e.U

FIG. 3. Qualitative behavior of the solutions for P {a)
and I p {5 ) vs the frequency of modul ation . The fre-
quency scale is not linear and only the main features
are reported along with some significant parameters.
See text for details.

the factor —,'-UT which is at most -10 '. However,
for u ca, U there is a contribution to P due to the
anisotropy of the spin-mixing parameter, P(2)
=6/2e„which can have the same sign of P, or
the opposite.

In the RES the situation is quite different. %'hile

Pp(1) takes its broad maximum value at interme-
diate frequencies, e,U«d & T ', Pp(2) gives its main
contribution only at low frequencies, v &e,U (note
that 6 & t)/2c, because 2~, &1). In this case the two
effects, the dichroism ln absorption P, and the
anisotropy of the spin memory, t)/2e„are quite
well separated in frequency.

As a last observation we wish to point out that
the polarizations P and P p as defined in Eqs. (9)
coincide with the stationary solution (6) and (7)
when + Q. Indeed this must be the case because
the modulation pumping reduces to the stationary
one when the frequency of modulation approaches
zero.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Some years ago we have reported extensive
experimental measurements both on the diamag-
netic and the paramagnetic effects of the E-center
emission in Kcl, KBr, and KI."At that time we
were really puzzled by some results that we could
not understand in the light of the then known theo-
ry,

One of these unexplained results was the offset
of the diamagnetic signal obtained with 0' or 0
polarization of the pumping beam with respect to
that produced by ~ polarization. This offset, which
we called S„has been displayed in Figs. 3 and 4 of
Ref. 1, and more clearly in Figs. 4 and 5 of Ref.
12, where the diamagnetic signals have been nor-
malized to the luminescence intensity. It is evi-
dent at this point that the constant signal S, is ori-
ginated by the polarization of the RES given by for-
mula (7), i.e., S,~Pp=5/2e, . For magnetic fields
higher than 30 kG solution (7) is replaced by (5),
where the relaxation time in the RES„T,&, plays
an important role. In a previous paper' we used
the formula (5) together with the measured non-
linearity of the diamagnetic effect above 30 ko to
obtain T,p in KBr a.nd KI.

The anisotropy of the spin memory can also ex-
plain the behavior of the paramagnetic effect AS~,
especially at low frequencies of modulation, w

0. Indeed we have been able to fit the old exper-
imental data (Figs. 9-11 of Ref. 1) by using Eqs.
(9) and. (11) containing the new term Pp(2) [see Eq.
(11b) and Fig. 3(b)]. The results of the fitting ob-
tained by a least-square computer program are
reported in Pigs. 4-6, where the theoretical curves
are plotted together with the experimental points



ELECTRON-SPIN MEMORY AND. . .

KI
KCI

2-
0

0
1

10' 10' 10'

modulation frequency (Hi)

I

10'
10 lg 10

modulation frequency (Hz)

10

FlG. 4. Paramagnetic effect 4S& at 20 kG as a func-
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tal points.

for KI, KBr, and KCl, respectively. In Table I we
report the curve-fitting parameters. The I', val-
ues have been taken from the literature. ' The
pump rate U has been calculated by measuring the
pumping power impinging on the samples. Be-
cause the value of U is only approximately known,
there is an uncertainty in the numbers reported in
the table, which reflects on the values of the spin-
mixing parameter c,. Indeed fx"om the fit we es-
sentially derive the product e,U; see formulas (11)
and Fig. 3(b). The values of U reported in the ta-
ble represent the maximum power used. The vari-
ous fitting curves on each of Figs. 4-6 are obtained
with the same set of parameters by changing only
the value of U according to the levels of pumping
power used. The good general agreement of the
fit is a strong proof gf the fitness of the rate Eqs.
(1) to explain the optical cycle of the E center.

Leaving out the anisotropy of the spin memory,
6/2e„which represents a new result, all the other
parameters in Table I almost coincide with those
found previously. ' Furthermore, the existence of
a spin-mixing anisotropy does not substantiaOy

3-
K Br

FlG. 6. Same as Fig. 4 for KC1. Pumping power on
the crystal surface, ~p = 12.5 mW for circles and 2 +p
for crosses.

change our knowledge of the properties of the
RES.' But let us clarify better this point. As
stressed in the Introduction, there is a strong in-
terest in knowing the numerical values of the po-
larization in the HES, Pz. From Egs. (11),. with
the parameters of Table I, we have calculated the
va, lues of Pz at intermediate frequencies of modu-
lation, c,U& (d & v. '. Table II reports these values
along with those of g =e —e+ at the wavelength of
the pumping radiation. The numbers in parenthe-
ses are obtained by taking the values of e, given
by Mollenauer et al. ' At this point we can calcu-
late the spin-orbit splitting ~Xi in the RES. The
values (meV) are 1.0 (O. V) for KI, 0.6 (O. I) for KBr,
and 0.4 (0.4) for KCl. The numbers in parenthe-
ses are obtained by taking the values in parenthe-
ses for Pz in Table 11. These new values of ~Xi are
almost the same as those given previously, ' and as
a consequence the conclusions drawn there remain
substantially the same.

Recently Imanaka et al." solved the rate equa-
tions of the optical cycle in the stationary case,
by taking into consideration the various processes
(see Chap. II) leading to the spin mixing. More-
over, they measured S, in KBr pumping at the
same our wavelength and they found S,= 1.4 & 10 '
against our value' S,= 3 & 10-'. Because it was
found' that S, decreases in KBr at high concentra-
tion of E centers, we suspect that the discrepancy
could be due to different sample coloration.

TABLE I. Values of the parameters used for the
fitting of the experimental data in Figs. 4-6. See text
for details.
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FIG. 5. Same as Fig. 4 for KBr.

KI
KBr
Kcl

0.4
0.15
0.05

&mm

(sec ~)

15 x 104
7.0 x 104
3„5x104

0.3
0.02
0.005

6/2cp

0.05
0.34
0.02

(@sec}
J

2.5
1.3
1.0
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6328
6328
5145

0.030 (0.025)
0.014 (0.027)
0.0002 (0.0004)

0.13 (0.18)
0.13 {O.ll}
0.05 (0.05)

TABLE II. Anisotropy of the spin-mixing parameter
6 = & —&, is given at the wavelength of the pumping radi-
ation &&, along vrith the calculated values of the polari-
zation P, . The numbers in parentheses are calculated
using the values of eo given by Molleanuer et aL.

X& (A) 6=e Pp

tance of the measurements of the anisotropy of the
spin memory, i.e. , 6/2e, = (e —e,)/(e +e „). First
of all, its insertion in the optical cycle of the I'
center by means of the rate Eqs. (l) explains sat-
isfactorily the experimental results. "Second,
we hopy that from its knowledge it will be possible
to clarify much better the role of the various pro-
cesses which contribute to the final value of the
spin-DDZLng parameter.
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