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in F-center —OH (OD ) defect pairs in KC1

G. Halama and K. T. Tsen
Department of Physics, Arizona State Uniuersity, Tempe, Arizona 85287

S. H. Lin
Department of Chemistry, Arizona State Uniuersity, Tempe, Arizona 85287

F. Luty
Department ofPhysics, Uniuersity of Utah, Salt Lake City, Utah 84112

J. B.Page
Department of Physics, Arizona State Uniuersity, Tempe, Arizona 85287

(Received 10 November 1988; revised manuscript received 27 February 1989)

Anti-Stokes Raman spectroscopy has been employed to investigate energy-transfer processes in
F-center —OH (OD ) -defect pairs in KC1. The experimental results demonstrate that at least a
good part of the electronic excitation energy becomes transferred to the vibrational states of neigh-
boring OH or OD ions. In contrast to the F-center —CN -defect pairs in CsC1, only the lower
(n ~ 2) vibrational energy levels of OH or OD are populated and detected. A model which con-
siders the E-V transfer through dipole-dipole interactions is proposed to account for the observed
experimental results.

I. INTRODUCTION

Recently, F-center —molecule defect complexes in ionic
crystals such as alkali halides have attracted a consider-
able amount of attention. ' This is partly because of
their potential application as solid-state systems capable
of tunable near-infrared laser operation and partly be-
cause of the interesting physics they bring about. It is
well known that an F center in ionic crystals can be asso-
ciated with a variety of anionic, cationic, or vacancy
point defects. For example, optical aggregation of an F
center in highly OH -doped KC1 crystals at T-240 K
leads to the formation of F-center —OH -ion pairs. In
contrast to F-center —CN - or F-center —OH defect
pairs in cesium halides, ' in which the electronic absorp-
tion is split into two bands, these pair defects in host
crystals of NaC1 structure are characterized by a single
broadened and red-shifted electronic absorption. In addi-
tion, measurements of the FH(OH ) center ground-state-
bleach recovery kinetics under pulsed laser excitation in
KC1 show that the nonradiative deexcitation of the F~
electron occurs extremely rapidly, i.e., on the order of
subnano seconds. Under excitation of the electronic
transitions of FH(CN ) defects by a visible light, one ob-
served an energy transfer into CN vibrational energy as
evidenced either by the 4.8-pm CN vibrational emis-
sion' or by the detection of the population of various ex-
cited CN vibrational states in anti-Stokes Raman-
scattering experiments. In contrast to the case of F-
center-CN defect pairs, no trace of the OH stretching
vibration emission has been observed in a variety of host
crystals, particularly, in KC1. * Therefore, the most
basic remaining unanswered questions are: Is there
electronic-vibrational (E V) transfer into the O-H defect?
If the answer turns out to be positive, then what is the

coupling or energy-transfer process through which the
FH electron loses its excitation energy so efhciently to the
OH -ion neighbor?

Anti-Stokes Raman scattering has been demonstrated
to be a viable technique for probing energy-transfer pro-
cesses in F-center —CN defect pairs in CsCl. In this pa-
per, we have used this spectroscopy to examine the
energy-transfer mechanism in F-center —OH (or OD )

defect pairs in KC1. We demonstrate for the first time
that at least a good part of the F-center electronic excita-
tion energy is transferred into the vibrational states of the
attached OH or OD . A model which considers the
E Vtransfer th-rough dipole-dipole interactions (i.e., the
Dexter-Forster mechanism) is proposed to account for
the observed experimental results.

II. EXPERIMENTAL TECHNIQUE AND SAMPLES

The same beam from the second harmonic of a cw
mode-locked yttrium-aluminum-garnet (YAG) laser
operating at repetition rate of 76 MHz is used to excite
the F-center electron and for in situ probing of the vibra-
tional population of the OH or OD through anti-
Stokes Raman scattering. The average power of the laser
is about 1 W and the pulse width is -60 ps. The laser
beam is focused onto the surface of the sample with a
spot size of —100 pm. In order to collect as much scat-
tered light as possible, 90' scattering geometry is em-
ployed. The anti-Stokes Raman signal is analyzed by a
double monochromator and a standard photon-counting
system. The sample is kept in contact with a constant
flow of cold He gas ( —10 K). The temperature of the
laser-irradiated area is estimated to be =60 K, which is
larger than 10 K because of the very high average laser
power ( —1 W) used in the experiments.
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The F~(OH ) and F~( OD ) crystals studied in this
work were grown by the Czochralski technique and addi-
tively colored at the University of Utah. They contain
about 2X10' cm F centers and about 5X10' cm
OH or OD . The sample used was first quenched at a
temperature of -250 C and carefully transferred in the
dark at room temperature into the cryostat. At
T= —30 C the F centers were aggregated into F~(OH )

or F~(OD ) pairs by exposure of the crystal to a Hash

lamp for about 20 min.
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m. EXPERIMENTWr. RESULTS

%'e present in this work measurements on two types of
defect systems, i.e., F~(OH ) and FIr(OD ). Figure 1

shows the experimental results obtained for F~(OH ) de-
fects in KC1 at T=60 K. Three anti-Stokes Raman lines
denoted by 2, 8, and C appear at 3650, 3600, and 3410
cm '. These Raman lines are extremely weak but remain
observable up to T=160 K. The highest energy line A
lies very close to the stretching mode frequency v& =3643
cm ' of the isolated OH defect. We attribute the two
lower energy lines B and C to the U = 1~0 and U =2~1
vibrational OH transitions in the F&(OH ) complex.
Apparently, the presence of a "soft" F-center neighbor
lowers slightly the OH stretching frequency relative to
that of the isolated defect, while our observed anhar-
monic shift v(8) —v( C) = 190 cm coincides closely
with the one ( = 170 cm ') observed for isolated OH de-
fects. '

Because (1) the crystal contains a very high concentra-
tion of OH and (2) the relative intensity of Raman lines
3 and 8 does not change significantly when the tempera-
ture varies from 60 to 160 K, we believe that the presence
of the additional line 3 indicates that, besides the close
F/OH pair, a more widely separated F/OH pair
configuration exists, characterized by an OH frequency
nearly equal to that of the isolated OH ion and by a
slightly weaker E-V transfer process so that only the U = 1

state has been populated.

—2700
I
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I

—2540

Figure 2 shows the anti-Stokes Raman spectrum for
F&(OD ) defects in KCI at T=60K. Two extremely
weak Raman lines labeled D and E at 2680 and 2660
cm ' are detected. Again, we think that there exist two
types of F/OD configuration. Line D is located very
close to the frequency of the isolated OD defect and is
the result of energy transfer between the excited F center
and a distant OD defect, whereas line E originates from
a near F&(OD ) pair defect

We have also carried out polarization measurements
on these crystals Und.er ( 100 ) polarized excitation
light, all three bands of FII(OH ) and the two bands of
F~(OD ) centers show about the same Raman intensity
for perpendicular (010) as for parallel (100) polariza-
tions. These results are quite di8'erent from those ob-
tained for F&(CN ) defect pairs in which a Raman signal
associated with parallel polarization has been found to be
much stronger than a perpendicular one. Experiments
are under way to clarify this observation.
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FIG. 2. Comparison of experimental and theoretical reso-

nance Raman spectra of F~(OH ) defect pairs for highly doped
OD in KC1.
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FIG. 1. Comparison of experimental and theoretical reso-
nance Raman spectra of F~(OH ) defect pairs for highly doped
OH in KCl.

rV. THEGRV

The observed di6'erential scattering cross section per
unit solid angle per unit frequency is given by

d o.

d0dco, ,
' dQdco,

where d o.;/dQd~, is the differential scattering cross
section for the ith state, p, is the initial population of ith
state, the summation over i covers the initial states, co, is
the scattered light frequency, and 0 is the solid angle.

The above expression for the resonance-Raman scatter-
ing (RRS) cross section is quite general; for the time-
resolved RRS," p,. is a function of time describing the
time evolution of the system. In the present work, p;
represents the steady-state. population of the vibrational
states of OH or OD in the F-center —OH (OD ) sys-
tems due to the EV transfer, and vibrational emission and
relaxation. In the following, we show how to determine
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p; by using the density-matrix method (i.e., the master
equation approach) and how to calculate the single-level
RRS cross section.

A. Time evolution of the density matrix

First let us determine the population of the various
states by using the stochastic Liouville equation

dp
dt

iL—p ——[V,p] —I p,
where p is the density-matrix operator, L is the Liouville
operator of the system, V is the interaction potential of
incident radiation field given by D(co„)exp( i co„t—)
+D( —co„)exp(ice„t) with co„being the frequency of the
incident radiation, and I is the damping operator which
describes the relaxation and dephasing of the system.

We would like to apply the Liouville equation to the
energy-level scheme shown in Fig. 3. In our model we as-
sume that the system is at the very lowest temperatures,
the incident radiation pumps the system from the elec-
tronic ground state (g) to the electronic excited state (E)
of the F center from where it very rapidly relaxes into the
relaxed excited state (a) which has a long (=10 sec)
radiative lifetime. Due to the perturbing Hamiltonian
H, it can decay from this a state to various vibrational
states, m, m —1,m —2, . . . , of OH or OD . The wave
functions of the system are given by the Born-

Qppenheimer approximation. The time evolution of di-
agonal density-matrix element of the a state is given by

d-
dt

+(i/&)( V,gpss~, g Vg, )+I;~„=0, (2b)

where —I „'=I" +g I ", p„ is the diagonal
density-matrix element for the a state, pa and p, are
off-diagonal elements between the a state and g state, V,~
and V, describe the coupling of the radiation field to the
system, and I", is the decay constant for all the possible
decays out of the excited state a. Now consider the off-
diagonal elements between the a state and g state,

d
+t co, p', +(i/fi)V, (p —p„)+I;gp, =0, (2c)

dt

D,g(~„)
(3)

i(co, —co„)+I;gg

where D, (co„)=(aID(co,)Ig ). The substitute Eq. (3)
into Eq. (2b) to get

'(Pgg Paa)
Pag

dPaa + W,g(co„)(p„—pgg )+I',~„=0,dt (4)

where co,g =(E, E)/fi, E—, and Eg are the eigenenergies
of their respective states, and I,' equals the damping
constant for these states. If we substitute for V and cal-
culate the elements V, and V, and use the rotating
wave and steady-state approximations, we get

T

Unrelaxed Electronic excited
state (E) of F center

Relaxed electronic excited
state (a) of F center

where W, (co„) represents the absorption rate constant

2/&'I & ~ ID(~, ) Ig & I'I .,W,g(co„)= I, +(co —co„)

y 8
, fll

Vibrational
excitation
states of OH-
or OD-

where I, =I', .
Then consider the matrix elements for the vibrational

states

mm +~mmPaa+ ~mmPmm +~mm Pm + 1,m + 1

(6)

&ag( r)

8 p 8r
N —1, Al —1

lTI, fA

fll-1, Al —1

(m- j. )

8 p 8
g, g

8 p 8
'm-2, m-2 m-l N-1r ITl-2, ITl-2

(m-2)

/Unr e 1 axed e 1 ect rani c
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I

E 1 ectronic ground state (g)
of F center

FIG. 3. Model of electronic-vibrational energy transfer in
E~(OH }and E~(QD ) defect pairs complexes in KC1.

where the superscript or subscript m and a stands for the
excitation level of the vibrational mode and the electronic
excited state, respectively', I " is the radiationless tran-
sition rate from the relaxed electronic excited state to the
mth vibrational excitation, I is the transition rate for
all possible decays out of the mth vibrational state, and
I' +' +' is the transition rate from the (m+ 1)th vibra-
tional excitation to the mth vibrational excitation.

Equations (4) and (6) will be the master equations used
to analyze the experimental results either for time-
resolved spectroscopy or steady-state spectroscopy. For
the experimental results reported in this paper, we will
use the steady-state solutions to Eqs. (4) and (6). Thus we
obtain

Pgg

W, (co„)+I',;
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aa m +1,m+1
~mmPaa+ ~m, m Pm +1,m +1

I mm

The original treatment was for the case in which the elec-
tronically excited donor D transfers its electronic excita-
tion to the acceptor 3 by the dipole-dipole interaction;
after accepting the excitation energy the acceptor A be-
comes electronically excited. In our case, D is the F
center and 3 is OH or QD . The F center is initially
excited by optical absorption and the excited F center
transfers part of its excitation energy to the OH (or
OD ), but the OH (or OD ) is only vibrationally excit-
ed, 1.e.,

D (el*)+ A ~D+ A(vib*) . (10)

From Eq. (8) we see that the mth vibrational level can be
pumped from level a by the EV transfer and from the
upper vibrational m + 1 level by radiative or nonradiative
vibrational relaxation processes. Next, we discuss the
theoretical treatment of the EV transfer. Here we modify
Forster's theory for electronic energy transfer, ' i.e.,

D (el*)+ A ~D + A (el* ) .

where

P~ PD R
(15)

R is the distance between the donor and acceptor (i.e., be-
tween the F center and OH or OD ),

~ ——(c' 'I~Ie' )) (bea) (16)

p is the dipole operator, pD is the transition moment
from relaxed electronic excited state to the electronic
ground state of the donor (i.e., E -center), and

( q ( A )
I p I

(p( A ) ) —( c ( A )
I I

(p( A ) ) (17)

Pa Pw+0 dpi'
dX p

(18)

where p~ is the dipole moment of the acceptor (i.e.,
OH or OD ) because the electronic wave function of
OH or OD remains unchanged during the transition
or

A similar situation is.observed in the quenching of singlet
O2 by solvent molecules. ' ' '"' Jang et a/. first qualita-
tively discussed the possibility of the application of this
mechanism to the E-center —OH (OD ) problem.
Fowler' ' ' also applied this mechanism to the F-
center —CN problem and found that it is not applicable
to that system. In a forthcoming paper, we shall show
that for the F-center —CN system, a di6'erent mecha-
nism is required.

B. Energy transfer

In this section, we present the theoretical treatment of
the EV transfer rate constant —I " . We shall start with
Fermi's Golden Rule expression for the electronic transi-
tion a —+b. The transition rate is given by

W, 6
=—ggP, „ I (au IH'Ibu')

I 5(E„Eb„), —
U U

1&.'b=, INDI
dpi'

BAD+axo

where g„D denotes the relative orientation factor for 3
and D. For our problem we are concerned with the tran-
sition an ~bn', i.e.,

IPD I gD
an bn

dpi'
dx p'

2
Xnn'

where x denotes the vibrational displacement of the dia-
tomic acceptor. In Eq. (15), e represents the dielectric
constant.

For our purpose, we shall express the EV transfer rate
constant in terms of an energy gap, transition moments,
Huang-Rhys constant, etc.

0,'b can be written as

where P„ is the Boltzmann factor and 5(E,„Eb, ) is th—e
5 function. Using the adiabatic (i.e., Born-Oppenheimer)
approximation,

) C e @ @(A)(I)(D) e e( A)e(D)

x gyp(D)
I ( e(D)

I

e(D) ) I
2

U U

X 5(E.'D' EbD'+ n fico n—'A~), —(20)

(12)

I5u ) =e e, , e =e(")e( ', e, , =e",,'e', ,',
b bU' & b b b & bu' bU' bU'

where (N„4(, ) represent the electronic wave functions
while (e,„,e(„) denote the vibrational wave functions,
we obtain

~. ,= „gg~.„I(e.„IH.', Ie„,) I'5(E., —E„,),
U V

x„„.=(n IxIn'& (21)

for OH or OD . Notice that Eq. (20) can be simplified
s16

where E' '=E' '+g. (u + ')fico and E—=E'
+g (uJ+ —,')A'(u with E,' '=fico,' ' and Eb
=Arab being the energy at the minima of electronic
ground state and relaxed excited state, respectively, '

co~ is
the frequency of the jth mode of the Condon coupled os-
cillator to the donor (F center), and co is the frequency of
the stretching mode of the acceptor (i.e., OH or OD ),
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1 PD 'BAD P a
atf ~bB g2 2R

2 2%'
xnn'

ACOj

QS co coth
. J

1/2 exp

'co'D' —~'D'+ nm —n'm —~S coa b J J
J

ACOj
2+S cojcoth 2kT,

1/2dp
dx p

2, 2~
xon' 2

QSJco&.
J

1 PD '9~a
ao bn '

g2 62R
exp

2+SJcoj.

where S denotes the dimensionless normal coordinate displacement for the jth mode, and that at T=O

2 'co'.D' c—o(bD) —n' coy co,s, '
J (23)

It follows that for the F-center/OH or F-center/OD system we have

2

j j a bexp 2+S co
' co' ' —co' ' —co —gS co ~ — co' ' —co'D' —2co —QS coj j a b J JWoo b) lx0)l J J

(24)

and that for the comparison between the F-center/OH and F-center/OD systems we find

W,0 b)(OD)
W 0-b((OH)

exp —2+S co co —co —co —QS.co
Ix0) (OD ) I', , (D) (D)

(OH)I2 J 1 b oD J 1

co'D' —~'D'-~ -~~S co- 'a b' OH ~ j j
J

(25)

W, () b2(OD )

W 0 b2(OH)

Ixo, (oD) I'

lx„(OH)l'
1

2+S&co&
'm' ' —m' ' —2~ —~~S aa b OD ~ j j

J

For harmonic oscillators we have

u'D' —m'D' —2~ —~S ~ '
a b OH ~ j j

J
(26)

p
Xn+1 n

A'(n +1)
2@co

(n +1)
2P

(27)

where P=@co/fi= 1 lfi(pI( )'~, IC being the force constant, )Lc the molecular reduced mass, and

lx„'„„(oD)l'
lx„'+, „(oH)I'

POI-I

POD

8&0 b)(OD)

W&0 b)(OH)
POH

POD

1/2

co'D' —o)'D' —co —~S ~'
a b OH ~ j j

J
(29)

To calculate xo2 we need to introduce anharmonicity, i.e.,

( 0 Qi 0)
(30)

where g„ is the wave function of the perturbed oscillator, p„, 1() are wave functions of the unperturbed harmonic oscil-
lator, and

'=ax +3

It follows that
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xoi &@il&'l@l ~i.&&il&'lpo&
EO EO EO EO EO EO2 I 0 1 0 3

(32)

(33)

(34)

(35)

and

a3A
02

p
Therefore we obtain

(36)

exp 2yg ~& & ~(D) ~(D) ~ ~g ~ '2 ~(D) (D) 2 ~g ~ '2
3 5 ~ J J j j a b - ~ j jaO~bl P ~

J
(37)

and

W&o bp(OD )

ao b~(O»

I'

PoH
exp .

PoD
2@S,co,

' ' co.'D' co',D' —2cooD —yS, co—,
' (co'.D' —coP' —2coo„—+S,c—o, )'

J J J

E„=(n+—,
' )%co—y, (n + ,' ) fico, — (40)

The anharmonicity constant a 3 can be estimated by using
the Morse oscillator

V= Vd( 1 —e '") (39)

and
co,o=(E, Eo)/Pi=co 2y—,co, —

and for the 1~2 transition we have

(46)

Experimentally, g, can be determined as follows. For
the 0—+1 transition we have

then C02~
—

CO 4+~60 . (47)

and

a3 = —Vda, E =2Vda

X3
Q3 (42)

It follows that

(48)

Here Vd is the dissociation energy. Notice that

AQ)
Xe 4Vd

K y,
2f1co

and

=—,'y, exp 2+S.co)'
Wo b~ j

x '~' ' —~' ' —~—ps~ '
a b J J

J

(43)

(44)

(45)

It should be noted that in Forster's original treatment
the energy-transfer rate constant 8', b is expressed in
terms of the spectral overlap between the emission spec-
trum of D and absorption spectrum of A. In our prob-
lem, it will mean the spectral overlap between the elec-
tronic emission spectrum of the F center and the vibra-
tional absorption spectra of the acceptor (i.e., OH or
OD in our case). In treating the F-center —CN prob-
lem, Fowler' ' ' also used this spectral overlap expression
for W,

C. Calculation of the single-level
resonance-Raman scattering cross sections

Now the calculation of the differential scattering cross
section will be sho~n. The quantum states of the system
are given by the adiabatic approximation. First start
with the usual definition of the differential scattering
cross section of the (au )th state' '
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au d au au
2 2

dQ dc02 dQ dco2

aa m+1m+1I mm
p +Imm~ aa Imm

mm mm
Pm+i, ~+i

~au, au ~Zau, au I

(co,„„—co, +co2) +I 2„„ (49)

where p& and pz are the electronic transition moment ma-
trix elements, co,„,„ is the Raman shift frequency, ~, and
~2 are the incident and scattered light frequency, respec-
tively, and

which is expressed in terms of the cross sections between
au and aU states:

~i~)W ~'~S 2I'

dQ dc02

We have obtained the expression for I " in Sec. IV B.
Because of very high OH or OD concentration in

our samples, the decay rate I of the mth vibrational
state should consist of two parts;. the first part comes
from the transition to the lower (m —1) vibrational
states; the other comes from the phonon-assisted transi-
tion to the neighboring OH or OD which does not
participate in the electronic to vibrational energy
transfer. The total decay rate I can be therefore writ-
ten as'

mBco' n(co )
I =mA+

P~Pa~~~a

au, aU

&uiu'&&u'iu &

i ( coi, „coi ) + I b„
(50) where A, 8 are constants, cu is the anharmonic frequen-

cy shift of the mth vibrational level,

& u
~

u'
& and & u'~ u & are the vibronic overlap integrals.

In Eqs. (49) and (50), u and u represent the vibrational
states for the ground electronic states while U' denotes
the vibrational states for the intermediate (or resonance)
electronic state.

The diSculty in calculating the RRS is in the calcula-
tion of Z,„„.There are several methods that can be
used to calculate Z,„„the one which we used follows
closely the derivation of Ref. 17.

In the RRS calculation, we consider two modes; one
mode has the average frequency of lattice modes coupled
to the F center (those which broaden the F-center absorp-
tion), and the second mode is the OH or OD stretch-
ing mode. Because of the strong electron-phonon cou-
pling associated with the average F-center frequency, the
calculation is most conveniently done by making a half-
range Fourier transform of Z,„„,using the short-time
approximation, and doing the time integration as in the
time-correlator method' (rather than taking usual fre-
quency domain approach of explicitly summing over the
individual vibrational levels).

V. ANALYSIS QF EXPERIMENTAL RESULTS
AND DISCUSSION

To carry out the theoretical analysis of the experimen-
tal data, we need to combine Secs. IV A —IV C. By com-
bining the calculations of the population of the various
vibronic states of OH or OD with the calculations of
the single-level RRS cross section, the relative intensity
of the various vibronic peaks of the RR spectra can be
obtained. Then we can compare the intensities of the
different vibrational transitions in the theory and relate
them to the experimental results for the F-center/OH
(OD ) defect pairs.

To calculate the population of the various vibrational
excitation, we will use Eq. (8). We can simplify our
analysis by assuming that the (m +1)th vibrational level
decays primarily into mth vibrational level either by radi-
ative or nonradiative vibrational relaxation processes.
Thus, Eq. (8) becomes

(b,co 2co Sco)—]——(52)

Then with Eq. (51) and the realization that the third vi-
brational state is not populated, i.e., p33=0 and single
level RRS cross sections, we can compute the relative
magnitudes of the RRS cross sections of the various tran-
sitions for the OH or OD cases and compare them
with the observed experimental results.

The parameter set that gives the best fit to our experi-
mental results is: h~ = 15 600 cm ', 6= 190 cm
S=50, Soli =0.01, SoD =0.014, and 8 / 2 =3. 17X 10
g . The corresponding fits are shown in Figs. 1 and 2.
We notice that these parameters lie within a reasonable
range of a pure F center in KC1 crystal.

As a further test to our proposed model, we have car-
ried out a comparison between the nonradiative decay
rate (as predicted from this theory) and the radiative one.
We have found that the former is at least one order of
magnitude larger than the latter. These results are con-
sistent with the observed experimental measurements
that a sum. cient amount of electronic energy has been
transferred to OH or OD so that their vibrational

1
n(co )=

exp(irico /k Ji T) 1—
with k~ being the Boltzmann constant, and pz,pa and
co&,coa are reduced masses and frequencies of the neigh-
boring OH or OD ions and F~(OH /OD ) centers,
respectively.

We notice that the only fitting parameter from the
I term will be the ratio 8/A because the experimen-
tal results only provide information on the relative inten-
sity of various transitions.

We will now simplify the expression given by Eq. (45).
As a reasonable approximation, we can replace co by an
average lattice vibrational frequency co and let S=g.S.
and a~=co.' ' —~', 'to get

~ap ~2 Xe 1 ——2exp [(Aco —co —Sco )
~aP~ b ~

2 2SQ



13 464 G. HALAMA, K. T. TSEN, S. H. LIN, F. LUTY, AND J. B.PAGE 39

states are populated and detected in our anti-Stokes Ra-
man scattering experiment. Time-resolved RRS experi-
ments on F-center —OH or —OD systems in KC1 are
currently under way in order to fully test this theory.

Finally, we address the issue of fitting Raman lines A
and D. In principle, these two Raman lines can be fit
within our model by assuming that they are the result of
light scattering from a widely separated F-center —OH
or F-center —OD pair defects; however, because of the
following reasons, we do not think that this analysis will
be informative:

(l) the concentration of this widely separated F
center —OH or F-center —OD pair defects, which par-
tially determines the anti-Stokes Raman signal, is not
known;

(2) the actual separation distance between the F center
and OH or OD is not known in this configuration;

(3) a wide range of the Huang-Rhys coupling constants
for the QH or OD are found to be able to fit the ex-
perimental results since the theoretical criterion now is to
obtain only the U = 1 —+0 transition within the experimen-
tal accuracy in each of the defect systems, i.e., F-
center —OH and F-center —OD
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