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In contrast to the well-documented caseFoCN™ pairs, little is known about the electronic-vibrational
(E-V) energy transfer between &hAcenter electron and the stretching mode of a neighboring @hpurity.
We studied this phenomenon fB¥xOH™ andF-OD™ pairs in KBr by means of Stokes and anti-Stokes resonant
Raman scattering. Using CCD-multichannel detection, we were able to obtain more detailed and reliable data
than was the case in previous measurements on this center in KCI. StépwiBg conversion experiments
revealed the existence of sevefalOH™ aggregate centers with stretching-mode frequencies withi®
cm ! from that of the undisturbed impurity ion. In particular, the stretching modes of the two bistable
configurations of the=(OH™) center in KBr were identified. Polarized measurements were not able to
distinguish between parallel and perpendicular orientations of the impurity with respectRg, thefect axis
in these configurations. The primary E-V transfer process for both isotopes was characterized by accurately
measuring the excitation-power dependence of the population of the vibrational levels. The influence of V-V
transfer is negligible, as was verified by variation of the impurity concentration. With the assumption that each
excitedF  electron transfers energy to the impurity vibration in its relaxation cycle, the vibrational lifetime of
OD™ and OH in theFy center is estimated to be of the order of 100 and 10 ns, respectively. Its isotope effect
and its temperature independence suggest that decay into hindered rotations is the relaxation mechanism of the
stretch vibration[S0163-182806)03334-4

I. INTRODUCTION gate F,(OH™) center in KCI and RDCI, a fast relaxation
component with a time scale of about 3 ps was attributed to
This paper presents Stokes and anti-Stokes resonastectronic relaxation, due to a crossover procéds. con-
Raman scattering(SRRS and ASRRS results on the trast to the radiative relaxation of the CNstretch vibration
F4(OH") center in KBr, using CCD-multichannel detection. on a millisecond time scafe'® the intramolecular vibration
The first paper of this seriéRef. 1, to which we will refer as  of the unperturbed OH impurity decays nonradiatively in a
“paper I”) discusses infrared-absorption measurements ofew nanosecond¥ This has been attributed to the decay of
these systems, while a following pap@ef. 2, or “paper the vibrational motion into librational modes. It could be
[1”) will present time-resolved measurements of their elecdemonstrated that also in the KE[;(OH™) case there is at
tronic relaxation. least a contribution of E-V transfer to the electronic relax-
In most alkali halides(except in NaBr, Nal, and the ation, by using anti-Stokes resonant Raman scattéring.
lithium halides the F center exhibits an efficient electronic With this technique a laser beam resonantly excites the
luminescence after optical excitation with a decay time of theF ;-center electron. The Stokes and anti-Stokes resonant Ra-
order of ~1 us3* The presence of a molecular impurity man scatteringSRRS and ASRRSof the same beam is then
(OH™, CN7) in its neighborhood cafpartially) quench the used to measure the stationary distribution of the Qiver
electronic luminescence. Due to the observation of both eledhe molecular vibrational levels that was induced by E-V
tronic and vibrational luminescence, the electronic relaxationransfer. The measurement of the primary-transfer efficien-
and the electronic-vibrationdE-V) transfer process in the cies to the different vibrational levels is important, since the
case ofF ;(CN™) could be characterized relatively well, al- efficiencies are determined by the mechanism of nonradia-
though some fundamental questions remain unanswered. Thige relaxation and by the interaction between the stretch
guenching of the electronic luminescence could be correlatedibration of the impurity and theF-center electron. The
to the transfer of the electronie-center energy to the stretch populations of the vibrational levels of tHe,(OH™) and
vibration of the CN' impurity (E-V transfei.’> An overview F(OD™) center in KCl derived by ASRRS, were fitted to a
of this work can be found in Ref. 6. theoretical model, in which the impurity was assumed to act
In hosts with the NaCl structure, the quenching of theas a promoting mode for the nonradiative relaxation of the
electronic luminescence is much more efficient whenFhe electron through dipole-dipole interactibh.However, the
center is aggregated to the OHmpurity.”® The OH™ im-  observed effect upon OH-OD™ isotope substitution could
purity is positioned on &200 position relative to ther not be explained in this way. Also, that work was done with
center, in units of the interatomic distarté’ For the aggre-  high pulsed laser power{1 W average powgmecause of
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the weakness of the ASRRS effect and the usage of photactly the same conditions, rejecting all data points with ex-
multiplier detection. High excitation powers have severalcessively high values, and averaging the other ones. In this
drawbacks, as will become clear in Sec. V A. way we were able to reliably detect anti-Stokes signals down
The F(OH™) center in KBr has the particular feature to 0.005 counts/s. In such conditions, the integration time
that two different configurations exist, which are bistable beapplied for a data point is of the order of 20 min for a single
low 4 K, and have different electronic absorption characterscan. Several laser lines of a Kand an AF laser were
istics. After cooling from room temperature # K the ab-  seqd, as well as a R6G dye laser. Samples were cleaved
sorption band is blue-shifte@®88 nm) with respect to that of along(100) planes. A perpendicular scattering geometry was
the unaggregateBl center(601 nm). It can be optically con-  ysed, in which the incident light was polarized along a
verted into a red-shifte@515 nm band, and back® Because 100y axis. No polarization analyzer was used for the scat-

the absorption bands strongly overlap, this conversion is alreq light, except in the case of the polarized Raman mea-
ways incompletepaper ). We will refer to the configuration  g;rements presented in Sec. IV B.

which possesses a red-shifted absorptibA & as the“red Due to the large difference in the Raman shift of OH
center” or “red configuration” R), and to the other con- 4,4 OD" the wavelength of the scattered light can differ by
figuration as the “blue center” or “blue configuration” 30 nm for the two species. To verify that any differences in
(B). If the temperature is raised again to 10 K and higheri,e Raman intensity are not due to a different spectral effi-
one observes first a return to a blue-shifted absorption, a“&ency of the Raman spectrometer and the detector, we de-
then a gradual red-shift of thEy absorption band as the termined the spectral efficiency by measuring the emission
temperature increases above 10 K. The two configurationgpectrum of a calibrated lamp. The spectral sensitivity of the
are essentially differenl00) orientations of the OH rela-  monochromator and the detector makes it more favorable to
tive to theF-OH™ axis:*" In paper |, this is discussed in gpserve the Stokes scattering with an excitation wavelength
detail. shorter than 570 nm and the anti-Stokes scattering with an
excitation wavelength longer than 550 nm. In these condi-
Il. EXPERIMENT tions, the variations of the efficiency remain limited to less
than a factor of 2. Since calibration of the stretching modes
Measurements were performed on a KBr crystal dopethy means of laser plasma lines turned out to be insufficiently
with 8 10™* mol OH™ (University of Osnabick) and on  accurate, we used the frequency of the unperturbed impurity
samples containing both OHand OD (Crystal-growth line, known from IR data, to derive the exact frequency of
Laboratory of the University of Utgh One of them con- the OD" and OH modes of the aggregate centers in the
tained predominantly OD (8.8x10™* mol OD” and ASRRS and SRRS spectra. Consistent results were found in
1.5x10"* mol OH™), a second one was exactly equally this way for the Stokes and anti-Stokes frequency of the
double doped1.4x 103 mol), and the third one contained F,, center modes, and the results are also in agreement with
much lower but nearly equal OHand OD" concentrations the Fourier transform infraredFTIR) measurements of
(0.6x10"* mol OD™ and 0.8<10™* mol OH"). The equal  paper .
OH™ and OD doping is particularly interesting for a com- For most of the measurements we used a helium-flow
parison between the,(OH™) and theF ,(OD™) center un-  cryostat, which can be cooled down to 4.0 K. Under resonant
der exactly the same conditions. The OHnd OD concen-  excitation, the laser light is strongly absorbed by thg
trations were determined by measuring the infrareccenter. Eventually it is completely converted into phonons
absorption of the stretch vibration. and a lot of heat is dissipated in a very small part of the
F centers were created by additive coloration at 650 °Gsample. This implies that the temperature in the laser beam
under a K-vapor pressure of 5 mbar. The resulingpncen-  may be considerably higher than indicated by the tempera-
trations were between>510'® cm™3 and 1.5<10* cm™3.  ture sensor in the cryostat, which indicates the average
Before they were mounted in the cryostat, the samples wersample temperature. The local temperature is therefore deter-
annealed to a temperature of 400 °C and quenched to roomined from the Stokes and anti-Stokes intensity of the pho-
temperatureF— Fy conversion was performed by exposing non spectrum. The local temperature depends on the laser
the samples to weak 600-nm laser light at a temperature bg@ower, the laser wavelength, the average temperature of the
tween 230 and 245 K. In crystals with an impurity concen-crystal, and on th& ,-center concentration. Its power depen-
tration of the order of X 10~ 2 mol, a 40-min light exposure dence turned out to be quite linear. This allows for a quick
with an intensity of the order of 3 mWcm 2 was used for check of the local temperature in each experiment at one
most of the measurements. By monitoring the quenching opower setting. For the F-center concentrations used, the tem-
the luminescencé® and the shift of the optical-absorption perature increase under 647.1-nm excitation is of the order of
bands®1€ it was determined that this results in a complete0.1 K mW L. The values indicated further on refer to the
conversion and that th&, concentration was kept suffi- local temperature, unless stated otherwise.
ciently low. In the low-doped samples a 240-min optical The laser power incident on the sample has been cor-
conversion with an intensity three times higher was necesrected for the losses at the windows of the cryostat. There is
sary. an additional complication in determining the laser power in
The Raman spectra were recorded using a DILOR XY-he focus of thecollectinglens, i.e., the volume from which
800 triple monochromator with CCD-multichannel detection.the Raman scattering signal is detected. The absorption of
The resolution was 2.5 cnt or better in all cases. The the light by the sample reduces the laser power in this vol-
spikes occurring in the spectra due to CCD detection wer@me. To avoid this effect as much as possible, we collect the
eliminated by comparing several scans recorded under eXight scattered from a region near the border of the sample,
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FIG. 1. SRRS and ASRRS spectra in a KBr:
OH :0D" crystal, doped with 14103 mol of
100 each. The SRRS spectrum is recorded at 57 K
with 514-nm excitation, the ASRRS spectrum at
13 K with 647-nm excitation. Three stages of
—F, aggregation are presente@ Quenched.
50 (b) After an optimalF— Fy conversion(c) After
an excessively long aggregation. The lower of the
two spectra is recorded with a higher resolution,
but with some distortion of the relative ampli-
tudes.
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where the laser intensity and thus the Raman signal iappear. The positions of the lines are listed in Table I. A
largest. letter refers to a Raman transition associated with a particular
The OH —OD™ substitution allows one to compare the OD™ related defect configuration. If in addition subscripts
E-V transfer process of two chemically identical moleculesare used, they indicate the vibrational quantum number of
with strongly different vibrational energie$3617.4 and the initial and final state in the Raman transition.
2668.4 cm?! for the unperturbed OH and OD, The R andB modes are associated with the two different
respectivel§*). Much of our work was done on samples configurations of theF,(OD~) center, observed in elec-
with equal OD and OH concentrations. This should allow tronic absorptiort® vibrational absorption, and electron-
us to obtain equal concentrations df,(OH™) and nuclear double resonanéENDOR) measurements. They
FL(OD™) centers. The differences between the absorptiorare at their maximum with respect to all other modes after
bands of theF,(OH™) andF4(OD™) are small(paper ).  the optical conversion used for Fig(h). In the ASRRS
One can assume in good approximation that FhgOH™) spectra theR and B lines associated with th&, center
andF ,(OD") have the same excitation rate for a given laserappear at- 2675.0 and—2659.1 cm %, respectively. This is

wavelength. in agreement with the FTIR results of paper |. Before con-
version these modes are weak, because there is only a small
. RAMAN SPECTRA statistically formed fraction oF ,; centers. Stepwise optical
OF THE STRETCHING VIBRATIONS conversion shows th& andB grow with the same amount,

A. StepwiseF—F conversion
. _ TABLE |I. List of F4(OD™) and F4(OH™) stretching-mode
The perturbation of OH or OD™ due to a nearby cen- ek positions. The spectra are calibrated by comparingthiee,
ter (or any other defegtcauses small shifts of the frequency \hich appears at the frequency of the unperturbed vibration, with

of the stretching-mode vibration. As discussed in paper lgata from infrared-absorption measurements. The experimental er-
two shifted vibrational absorption line8(and R) can be  roris +0.5 cni?.

identified and attributed to the bistable blue and red configu
rations. By our Raman experiments we provide an indepenF,(OD™) in KBr 0—1 1-2 23
dent confirmation of these attributions, and observe addi—R

tional vibrational lines. 2675.0 2582.1 2490.8
To identify these lines we performed SRRS and ASRRS 2659.1 2565.7 24734

measurements of the ODstretch vibration after stepwise Y 2668.4 2575.2 2483.4

aggregation. Figure 1 presents Stokes spéamder 514-nm X 2657.0 2563.4

excitation at 57 K and anti-Stokes specti@nder 647-nm Y 2652.4 2558.5

excitation at 13 K obtained in the same KBr:ODcrystal at Z 2678.2

three different'stages(:a) quenched(b) .after the optimal F.(OH) in KBr 01 12 2 .3

F—Fy conversion, andc) after an additionaF aggregation

with an 18 times stronger illumination. The lower spectrumR 3626.4 3452.5

of the two presented &g) is recorded under the same con- B 3603.6 3428.8 3256.3

ditions as the upper one, but with a three times higher resay 3617.4 3443.3

lution. Apart from theR and B lines associated with the x 3600.6 3425.4

F,(OD™) center(paper ), yet unidentifiedJ, X, andY lines
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independent of the—v =1 transition. This is what one ex- Y, andZ. The simultaneous decrease of ReandB modes
pects for two lines related to the same center. After the opsuggests that under excessive aggregation theénter is
timal conversion of Fig. (b) they are an order of magnitude destroyed and more stable aggregates are created. The ap-
more intense than in the quenched sample. Their relativpearance of th&, Y, andZ modes in ASRRS proves that
intensity depends on the temperature and the excitatiothere is also E-V transfer in these aggregates. They m#&y be
wavelength(Sec. IV). The SRRS spectra of Fig. 1 have beencenters bound to a pair of impurity ions. Oheighbors at
recorded at a temperatu(g7 K) and wavelengti{514 nm  (200) positions are known to have strongly shifted vibra-
where theR mode is absent. tional frequencies of 2691 and 2655 ¢t The X and Y
The U mode occurs at exactly the same frequency as thenodes are close to the latter. Also, tKeandY modes are
vibration of the isolated impurity ion. We verified this by already weakly present after the optimal conversion in the
tuning the laser beam in the same experiment from an uncokrystal with an impurity concentration of x40~ 3 mol
ored sample into a colored one, and from an uncolored sufFig. 1(b)], but they are not observed after optimal conver-
face region of the colored sample into the colored interiorsion in the crystal with much lowe0.6x 10~* mol) OD™
part. This showed that within the experimental errerQ.5  doping. The long aggregation also causes a broadening and a
cm 1) the Uy, transition for OD is found exactly at the shift of the electronic absorption band and the appearance of
frequency of the undisturbed stretching vibration both beforea shoulder near 540 nm. Themode is the strongest one in
and afterF— F,, conversion (2668.4 cit). One expects to  the SRRS spectrum under 514.5-nm excitation and is only
observe mainly unperturbed ODimpurities in a quenched weakly observed in ASRRS under 647.1-nm excitation,
sample, and in the SRRS spectrum of Fige)the U lineis  whereas the wavelength dependencX ahode is much less
relatively strongly present. Of course the number of isolategrominent. This suggests that themode is related to the
OD™ impurities is, under any condition of conversion, muchadditional feature at 540 nm in the optical-absorption spec-
higher than the number aggregated wittcenters. But the trum.
large majority of OD impurities is not close enough to &n
center to have a resonantly enhanced Raman scattering, and
their SRRS signal is therefore relatively weak. Under optical
conversion, we observe that themode increases slightly in The observation of ASRRS in Fig. 1 shows that the first
the SRRS spectrum. Especially important is that we see ixcited vibrational level of the OD stretch vibration is
clearly appear in the ASRRS spectrdifiig. 1(b)], which  populated by resonant electronic excitation of theenter.
proves that there is E-V transfer between Eheenter and the  Apparently, not only thé=y; center is involved in the energy
U modes. We attribute this to the creation of “loose aggre-transfer, since also other modes are observed. We are prima-
gates” consisting of OD impurities at a not too large dis- rily interested in how thd--center energy is distributed over
tance from the= center. This distance must be small enoughthe different vibrational levels of the impurity. Figure 2 pre-
so that(i) the SRRS of these is resonantly enhanced,(ahd sents ASRRS and SRRS spectra for both the™ Géhd
E-V transfer occurs between tfecenter and the OD ion, OD™ stretch vibrations over a broader spectral field, such
causing a strong ASRRS, while the vibrational frequencythat also transitions between higher vibrational levels can be
remains unchanged. observed. The group of Raman lines at the highest Raman
After the very long optical conversion of Fig(d addi- shifts are the fundamental vibrational transitions
tional Raman lines appear clearly, which are labeleKas (v=1)«(v=0) of the different OD and OH  related cen-

B. Population of the vibrational levels
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ters. It is clear that the Raman spectrum of the Qdtretch -3600 -3500 -3400 -3300 -320
vibration shows similar modes as in the case of O(af. LI L B B S B B B B B S B R B R
also Table ). The other groups of Raman lines correspond to 10 ASRRS
transitionsv—v =1 between the higher vibrational levels. R B

For all the observed transitions, the anharmonicity shifts be-
tween the fundamental mode and the first overtone lie close
to the values(93 and 174 cm?') observed for isolated
OD~ and OH defects® It is slightly smaller and larger for
the R mode andB mode, respectively, and it decreases with
increasing vibrational quantum number.
The ASRRS and SRRS spectra exhibit some essential dif- 21

ferences between OHand OD . (i) The Raman scattering
from the excited vibrational levels is an order of magnitude
weaker in the case of OH even though the SRRS from the
ground statey =0 has a comparable intensity as in the case | J B

| Il | ©

(o]

ILOB>!E +2o5‘:
T -~

of OD™. (ii) With the same excitation power the population
of higher vibrational levels relative to that of the=1 level
is smaller in the case of OHthan in the case of OD
Whether these observations are related to a faster vibrational
relaxation of OH than of OD", or whether this isotope
effect reflects differences in the E-V transfer efficiency, will !
be discussed in Sec. V. | | | SRRS
I
|

INTENSITY (arb. units)

PYRONS SUUT ST R ST ST WU A0 N T SN S AN W T SR O SO T A WO S W
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At temperatures below®@K a more serious limitation for I
the observation of Stokes scattering of the stretch vibration is I ()
the appearance of a luminescence background. This back- KBr:F,(OH™)
ground has been subtracted in Fig. 2, but it makes the accu-
rate measurement of the weak scattering from higher vibra- I ! (a)
tional levels difficult and SRRS could only be observed with [ |
the excitation wavelength at the high-energy side of the ab- T T T
sorption band. Therefore, most of the measurements were
performed in ASRRS, in spite of the disadvantage that the 0 100 200 300 400
population of thev =0 level cannot be measured. FREQUENCY (cm'1)
Although Fig. 2 shows only Raman transitions up to the
third excited level, transitions up to the-54 could be ob- FIG. 3. Comparison of the SRRS phonon spectrurtappureF
served under these conditiorffig. 4). The fundamental centers andb) F,,(OH™) centers. Above thitc) the ASRRS spec-
questlon |S Whethd“) the hlgher Vlbrat|0na| Ievels are popu_ trum Of |tS R, U,. and B StretChing-mOde transitipns and the Ob'
lated by the primary-transfer process, i.e., due to e|ectroni§erveq phonon sidebands. For details of the assignment of the pho-
excitation of F, centers with the OD impurity in the "On Sidebands, see text.

v=0 level, or (i) the vibrational energy is stepwise in- A yery similar line appears in the phonon spectrum of the
creased due to repumping of tit, electron before the ¢ (op~) aggregate(Fig. 4). This excludes that this line
OD_ is able to relax vibrationally, as was the case for thecoyid be due to some libration or rotation of the ion around
ASRRS measurements on tf&,(CN") center:®* The i center of mass. The similarity of the phonon spectra for
power dependence of the ASRRS and SRRS measuremet- ang oD indicates that there s little influence from the
discussed in Sec. V A will answer this question. molecular ion on the lattice vibrations. In addition, as can be
seen from the corresponding ASRRS Raman spectra, also
shown in Figs. 3 and 4, there is a great difference in the
population of the vibrational levels of the stretching mode
The electron-phonon coupling of an unrelaxed p&re for OH™ and OD . This too seems to have little effect on the
center can be determined accurately by measuring the phghonon coupling.
non frequency distribution in its SRRS spectrum. In Fi@) 3 As has also been observed for,(CN™) centers in vari-
this is shown for a sample containing both Olnd OD in  ous host$! phonon sidebands appear at the-v —1 modes
its quenched state, in which basically BIcenters should be in the ASRRS spectrum, which are very similar to the low-
unaffected by the OH defects. The spectrum after optical frequency SRRS spectrum. FigurécBshows this for the
F—F4(OH™) aggregation(in a sample doped only with OH™ case. The sideband spectrum of the strongQlLtran-
OH™) is shown in Fig. &). Comparison with Fig. @  sitions appears between these and the weakef Zransi-
shows that the SRRS has changed only slightly: The twaions. In principle, a sideband spectrum can occur for the
peaks near 108 and 123 cm representing the optical R, theU, and theB mode. Comparison with Fig.(8) shows
phonons to which the F center mostly couples, are slightithat agreement between the phonon spectrum and the ob-
shifted and broadened. A new band appears near 208erved sideband spectrum can only be achieved when shift-
cm 1, well above the limit of unperturbed phonons in KBr. ing the frequency zero-point of the SRRS spectriimnbe-

KBr:F

C. Electron-phonon coupling
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FIG. 4. SRRS phonon spectrum &f;(OD™) centers(lower
spectrum and the ASRRS spectrum of i, U, andB stretching-
mode transitions and the observed phonon sidebéamuiser spec-
trum). The weak sidebandgobservable between the stretching jng modes in ASRRS and SRRS, under variation of tempera-
modes are expanded by a factor of 5. For details of the assignmen{;re and excitation wavelength. The behavior of Byecen-
of the phonon sidebands, see text. The ASRRS spectra in this figuig ynder laser excitation is of interest for the time-resolved

and the previous one are obtained in the same crystal, doped wi

equal amount$1.4x 10~ mol) of OH™ and OD', at nearly equal
power (=80 mW) and temperatur€l2 K).

low theR; o line of the ASRRS spectrurfe). If sidebands of

54

bands can be distinguished because of their different width,
indicates that this is not so. The sideband corresponding to
the 203 cm'! line overlaps with the phonon-sideband of the
2— 1 transition, but by comparing the-21 sidebands to the
1—0 spectrum one can conclude that there cannot be a sig-
nificant contribution from the 203 cnt sideband. It is there-
fore possible that the 203 cm sideband only appears for
the R mode.

IV. OPTICAL AND THERMAL CONVERSION PROCESSES

A. Temperature and wavelength dependence
of the F center modes

In Sec. Il A theR andB modes were associated with the
two different configurations of th& center. Our associa-
tion of theR andB stretch vibrations with the red and blue
configuration of theF, center, respectively, was recently
confirmed by the FTIR absorption measuremgpiper ).

At low temperatures, these configurations are stable and can
be optically converted into one another. At higher tempera-
tures, a thermal conversion process occurs. There is an im-
portant difference between our Raman measurements and the
infrared absorption measurements of paper I. In infrared ab-
sorption, the concentrations of the “red” and “blue” centers
are determined only by optical conversion in the range
T<10 K, and by the thermal conversion elsewhere. But in
our work theF center is excited by the laser beam, which
disturbs the thermal equilibrium and makes also unstable
configurations detectable. We will study tReandB stretch-

Plaxation measurements, which were done with pulsed laser

excitation(presented in paper )il

The temperature dependence of the peak ASRRS intensi-
ties of theR, 9, By, andU; o modes is presented in Fig. 5
for excitation wavelengths of 647 and 568 nm. The overall

the U andB modes are present, they must be much weakelASRRS intensity is larger under 647-nm excitation than un-
The integrated intensity of the sidebands compares to that afer 568-nm excitation, even when taking into account that
theR; o mode itself as abodt: 1. It isalso interesting to note the efficiency of the spectrometer under 568-nm excitation is
that the extra line near 205 ¢, relative to the phonon only 60% of that under 647-nm excitation. This is true even
modes near 110 and 120 ¢ appears to be about 10 times for the B mode, which is associated with a blue-shifted ab-
stronger in the sideband spectrdio than in the SRRS spec- sorption band. It is possible that excitation in the low-energy
trum (a). tail of the electronic absorption band results in a stronger
The upper spectrum of Fig. 4 shows the ASRRS spectrunenhancement of the Raman scattering. The degenemte 2
of F4(OD™), in the same doubled-doped KBr:OHDD™ levels of theF center are probably slightly split by the pres-
sample as Fig. ®), and under nearly identical conditions of ence of the OD impurity ion, so that both the red and blue
excitation wavelength, laser power, and temperature. Besonfiguration of the=,, center have an electronic absorption
cause of the higher populations of the higher vibrational levband which consists of several overlapping—2p transi-
els for OD" than for OH", (Sec. Ill B) and the near coinci- tions. This can produce a wavelength-dependence of the
dence of the anharmonicity shift and the phonon frequenciesesonant Raman effect, if thgp2states couple differently to
much of possible phonon sidebands of Be U, and R the vibration of OD ion. In addition, the structural differ-
modes are buried under the next higherv —1 transition. ences between the red and blue configurations will result in a
The sidebands that are still visible in the gdpgpanded by different coupling, which could produce a much larger RRS
a factor 5 can only be attributed to the coupling of tlBe  cross section for the blue configuration. TBenode is stron-
transition to lattice phonons. Compared to the Ot&se, the ger relative to theR mode under 568-nm excitation than
ratio of the sideband intensity to that of the vibrational modeunder 647-nm excitation. This is due to a stronger resonant
itself is an order of magnitude smaller. One may suggest thagnhancement, because this wavelength is closer to the maxi-
the sidebands of th® mode might be more intense, but a mum of the blue-shifted absorption band.
study of the transitions with a high resolution, in which the Despite the differences in overall intensity, the tempera-
stretching-mode vibrations and the possible underlying sideture dependence is similar for 647 and 568 nm, and we can
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10 568-nm excitation X4) than under 647-nm excitation
L ' o Y (x1.5). This indicates that the optical conversion favors a

KBr:0D™ smaller number ofB centers under 568-nm than under
Above 40 K there is a steep decrease of bothRhgand

. wa experiments! the Fy, center in KBr could not be detected

can also observe thd mode, and we see that it is the only

than under 568-nm excitation. At 90 K, the signal of the

" (a)
o
A 647nm 28mW \- 647-nm excitation. This effect identifies tfB mode as as-
. sociated with the blue-shifted electronic absorption band.
B, modes. The same phenomenon could be observed in
B1 0 vibrational absorption(paper ). Similarly, in ENDOR
" R above 20 K. This is in all three cases a reversible process, not
S5 F ) ] related to any destruction of they center. In ASRRS we
A mode which continues to increase in strength with raising
A I'-‘>1 0 o temperature, although much more noticeable under 647-nm
o/o\ 9

Ui, line exceeds that of th& and B modes. The logical
D N A conclusion is that at higher temperatures, thg center
_e—* o 8- “a gradually loses its distinguishabR and B configurations,
AL A and enters a state which has a vibrational frequénegrly
0 bl . . e identical to that of the isolated OD In particular the vibra-
i _ AN tional excitation of the K ion, located between th center
4+ KBr:0D / a (b) B and the OH impurity, could be important in destroying the
- N . TH . .
568nm 55mwW / = B bistability effect. A soft mode was associated with thé K

INTENSITY (counts/s)
c
o
/
/P

1.0 vibration!! which can easily be excited at relatively low
. temperatures. The observed)“mode” at high temperatures
2 / U — thus may become the sum of the ASRRS from distant
. u-gu_u-" 1.0 F-OD" pairs and the ASRRS 6, centers in this new state.
x5 ce 0%0e R Only the latter cont.rlb.utlon increases, and more promlnently
+'{ t2i2 Aaa, N ::4/ T'o. » under 647-nm excitation because thg band is shifted to
the red at higher temperatures.
10 20 50 100 One should not regard the presented measurements as a
quantitative indication of the relatii@ andB concentrations
TEMPERATURE (K) as a function of temperature. The effect of the incident laser
) _light on the configurations, the populations of the vibrational
FIG. 5. Temperature dependence of the anti-Stokes stretchingyels, and the resonant Raman enhancement, are all strongly
mode intensities@) under 647.1-nm, 28-mW excitation ant)  gependent on the absorption band shape. Experimentally, we
under 568-nm, 55-mW excitation in the same crystal. The operbnly observe a composite band, which even under the best

symbols in (@) represent measurements in another sample. The,, horimental conditions is a strong mix of red and blue cen-

ASSR intensities of the latter were approximately scaled to com; :
; . . - X r r). The sh f this strongl n n tem-

pensate for slightly different experimental conditions. Drawn Imeste s (paper ) e shape of this strongly depends on te

) : perature. At low temperatures, this is probably related to

are intended as guides to the eye. . P .
strong changes in the thermal equilibrium populations of the

R and B center$!® The insensitivity of the relative
distinguish three temperature ranges. Below 25 KB -y +1 intensities to temperature variatiofe. Sec. V Q
intensity is nearly constant, while a decreaseRef can be  seems to indicate that the excitation rate, and hence the ab-
observed. The absorption measurements show that at the logérption at the laser wavelength, are approximately tempera-
end of this temperature range optical bistability occurs andure independent below 35 K. At higher temperatures the
that there is a thermal equilibrium above 10 K. The incidentshapes of th&k andB electronic absorption bands change.
laser light causes an optical conversion, which dominates
over the thermal conversion up to 25 K. At this temperature,
the thermal and optical conversion rates must be about equal.
With the excitation power used, the latter rate is of the order Having identified the twd-, stretching modes with an
of 1P s™1 (cf. Sec. V Q taking into account the essentially electronic absorption band, one can try to obtain information
full quantum efficiency for optical conversigpaper ). Be-  on the particular symmetry of these configurations by means
tween 25 and 35 K we see a sharp increase oBff)ginten-  of polarized Raman scattering. Measurements were per-
sity, and a corresponding but smaller decreas®gf. In  formed for(001) polarization of the incident light. The Ra-
this region the thermal conversion determines the concentraman scattering was recorded for light polarized parallel
tions, which then become independent of the excitatioq001) and perpendicula¢010) with respect to the incident
wavelength. For thé4(OH™) case paper | shows that the laser beam. The results for ASRRS under 647-nm excitation
thermal equilibrium is 2:1 in favor of the blue configuration. at 20 K and for SRRS under 514-nm excitation are presented
For F(OD™) the preference towards blue is even strongerin Fig. 6. For all stretching modes the ratio of perpendicular
We also observe that the increase Bf, is larger under to parallel scattering intensity is zero within 4%. The ab-

B. Polarized Raman spectra
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L) L) L) L] I L] L] L] L} Ll L] T ) l L] L) T T 60
647nm o (@ [| (6) Y 514nm
30K i 70K |
~20 I AsrRs ] SRRS
N
3 i T {001){001) FIG. 6. Polarized Raman-scattering spectra of
L | U 1 the F4(OD™) center in KBr. (a) Anti-Stokes
spectra,(b) Stokes spectra. Due to the tempera-
E 10 | _ ture (70 K) used for SRRS, thR mode does not
% {001)001) X [ appear in the Stokes spectrum. TXeY, andZ
Ll U modes are very strong in this spectrum because it
2 R A Y was recorded after excessive optical conversion.
{010){001) {010)(001)
MW
0 I I 1 I i I i n 1 I s . i | ' I A 1 O
—2680 —-2660 2660 2680

RAMAN SHIFT (em™")

sence of perpendicular scattering means that for both ththe excitation wavelengtthence exciting the different com-
F 4-center configurations the polarization properties are components of theé= band$ may therefore help to reveal the
patible with theC,, :A; representatio”’ i.e., the OH im-  possible lower symmetry of the blue configuration.

purity in a(200) position with respect to th& center and

aligned parallel to the defect axis. V. E-V ENERGY-TRANSFER PROCESS
In the case of the red configuration this agrees with the _
ENDOR results. But according to the model of Ref. 11 the A. The primary-transfer process

OH™ orientation for the blue center is perpendicular to the |t js essential for the interpretation to obtain the popula-
defect axis, and the OH stretching vibration transforms tions of the vibrationally excited levels due to the primary-
then according to th€,,(010) A" representation. The cor- transfer process, i.e., the transfer arising from excitingfthe
responding Raman tensor possesses also off-diagonal comenter while the molecular impurity is at rest. This assump-
ponents, allowing both parallel and perpendicular polarizedion is made, e.g., when the experimental data are related to
Raman scattering. However, this symmetry determines onlyheoretical calculations such as in Refs. 15 and 19. In the
that off-diagonal elementsan differ from zero, but this is  case of the RRS measurementsqi{(CN™) this was clearly

not necessarily the case. In resonant Raman scattering, pafot the casé’ It can be derived from the millisecond vibra-
ticular elements of the Raman tensors can be enhanced whifnal lifetime of CN-, obtained from vibrational
others are not, depending on the electronic transition res@mission®! that at the laser powers uséto mw — 1 W

nant with the incident light, and thus on excitation wave-theF,, center is strongly repumped before the Tilbration
length. The importance of this effect has already been dems damped. The repumping is expected to be a less crucial
onstrated for thé=5(Li ") center’® This effect can result in  problem in the case of OH because the vibrational lifetime
an apparent symmetry increase of the defect. This explangs six orders of magnitude shorter than that of TK How-

tion is even more likely because we see no perpendiculagver, the vibrational lifetime has only been measured for the
scattering for theX and Y modes, which are attributed t0 jsglatedOH™ defect(3 ns in KBp.?*

complex aggregates with unknown, but probably lower, sym-  Experimentally, the population of the vibrational levels
metry[Fig. 6b)]. The selective resonant enhancement is extan be derived from the Stokes or anti-Stokes Raman inten-

pected to be important in particular in the case of resonaniities by means of the formula for a harmonic oscill&t?>
excitation of an anisotropic electronic absorption band. Al-

though a single absorption band is observed for eagh lyps1(@+ @, ps1)(v+1)N,P, (5.1a
configuration, the threefold degenerate &tate is probably
split, so that the band consists of strongly overlapping com- Iy o1 (@—w, .,—1)%0N,P, (5.1

ponents with different polarization properties. When in addi-

tion the E-V transfer efficiency is dependent on the OH with | the Raman intensity of the transitian—v=1 in
orientation with respect to the center and the incident po- counts/sN, the population of vibrational level, andP the
larized light, an alignment effect could occur for the vibra- laser power.

tionally excitedF, centers. In the case of the anti-Stokes If the E-V transfer is much faster than the vibrational
spectra, this can have an additional effect on which Ramarelaxation proceséaper Il) the steady-state populations of
tensor components can be observed in the experiment. Polahe vibrational levels can be related to the quantum efficien-
ized Raman measurements by a more systematic variation ofes », of exciting vibrational level in the primary E-V
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FIG. 7. Excitation-power dependence of the
relative populations of th& ,-center vibrational
levels under 647-nm excitatiotta), (b), and (c)
show the relative populations of tH®, R, and
U of the F,(OD™) center, respectively. The
solid symbols correspond to concentrations of
0.6x10 % mol OD™ and 0.8<10 % mol OH",
the open symbols to concentrations of
1.4x 102 mol of both. (d) Shows the relative
populations of theB and R modes of the
FL(OH™) center. Drawn lines are intended as
guides to the eye.

transfer process. In the case of SRRS it is convenient ttional level is comparable to that af=0. To obtain the
express the populations relative to the population of thelistribution over the vibrational levels due to the primary
E-V energy-transfer process, we therefore extrapolate the ex-
perimental data to zero excitation power. For the blue center
the steady-state populatiom$, in the primary-transfer re-
gime turn out to be nonzero far<3. The ratioN,/N; is
0.141+0.005 andN3/N;=0.026+ 0.002. For the red center
only the population of the first excited state is clearly non-

v=0 level:

(5.2

in which v, is the relaxation rate of vibrational leveland

A the electronic excitation rate, which depends linearly orzero andN,/N; tends to zero aP=0 (<0.04). The power

the incident poweP. In the case of ASRRS we consider the dependence in the case of OHs weaker and for the blue
center only nonzero populations for<2 are observed for

relative populations with respect to that of the=1 level,

becauseN, cannot be determined:

Nv_ﬁ

1_2?—017%)
Nl Yo .

1=

(5.3

Repumping is avoided as long &,<<Ng, which is true

when the electronic excitation raf is much smaller than

the vibrational relaxation ratg, . Combining Eq(5.1b and
Eq.(5.2), itis clear that in the primary-transfer regini¢; is
guadratically dependent on the laser power. This is observed

in our system for excitation powers up to 20 mW, which
means that we are at least close to the primary-transfer pro-

cess.

A more stringent criterion for no repumping is that in the

primary-transfer process the relative ASRRS intensiies
(5.3)] are independent of the excitation power. Figurés,7

7(b), and 7c) show the dependence of the relative popula-
tions of theF,(OD~) modes on laser power under 647-nm
excitation, in samples with two different impurity concentra-

tions (0.6<10" % and 1.4<10~2 mol). Obviously, the rela-
tive populations depend on the excitation power and repump-
ing does occur in spite of the expected short vibrational

lifetime of the impurity. In the case of the SRRS under
514-nm excitatior(Fig. 2) the presence of repumping is also

the primary transfefFig. 7(c)]. Under 568-nm excitation
only the blue center is strong enough to obtain a reliable
power dependencé-ig. 8 and itsN,/N; ratio tends to a
lower value than under 647-nm excitation.

The transfer efficiencieg, were estimated by means of
formula(5.3), assumingy,=0 andy,=v vy;. The results are
summarized in Table Il. A general observation is that the
transfer efficiency to the first excited vibrational level is larg-

RELATIVE POPULATION

r . T -
KBr:0D~
0.4 [ se8nm "sk»  B24/Bio -
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FIG. 8. Excitation-power dependence of the populations of the
clear by the fact that the population of the first excited vibra-vibrational levels of thé=|,(OD™) center, under 568-nm excitation.
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TABLE |l. Estimated quantum efficiencies for energy transfer ,,  means that a fraction of the electronically exciteg

in the F4(OD™) center. See Sec. V for details on the derivation of .o \ta s relaxes without transferring energy to the stretch vi-
these numbers from the experimental data. . - . - -
bration. Since the electronic luminescence is strongly

R(OD") B(OD") R(OH") B(OH") quer'mhed', this would imply that the stgt.ic perturbations of
the impurity ion on the= center are sufficient to produce a
71 ~1.0 0.72 1.0 0.9 high nonradiative electronic relaxation rate with respect to
72 <0.02 0.20 0 01 the radiative decay rate. For typ®{F, centers and the
73 0 0.08 0 0 KCI:F(Hg ), however, the electronic emission efficiency is

only slightly affected by the static effects of the impurty.

est in all cases. This is in contrast to the E-V transfer in thel his is also true for KCE,(CN™),* which is probably a
FL(CN™) center, where the probability is highest to exciteMore relevant case for comparison with,(OH™) and

the vibrational level most resonant with the emission energy-+(OD™). In host crystals with strong(CN™) electronic
(v=4)8 In the case of thé(OH") and theF,(OD") luminescence quenching, the vibrational emission efficiency
center in KBr this would be =2 andv =3, respectively, if demonstrates that electronic relaxation is always accompa-
the emission energy for the, center is not shifted too much nied by vibrational excitation of CN2® Nevertheless, it is
from the one of the unperturbddicenter. Hence, the number still important to verify this also forF,(OH™) and

of vibrational quanta excited does not match the electroni¢=;,(OD~). A nonzero 75, affects the absolute efficiencies
emission energy of th& center, as was the case for the 5, (v>0), but not their relative values with respect to each
FL(CN™) center® other.

The transfer efficiency values summarized in Table Il |tis possible that after E-V transfer, the vibrational energy
should be considered with care, because several assgmptiqgsagain removed from the system by V-V transfer. Since
were needed to calculate them. The supposed relationships occurs exactly at the position of the unperturbed impurity,
between the vibrational relaxation rates,=v y1, may not  jt js possible that this mode is excited by V-V transfer from
be satisfied. This assumption is valid when the damping of;hatignally excitedF,, centers. In the case of CNthis is

the stretching mode is caused by an interaction, linear in t R o
. . L ' ._Known to affect the vibrational levels of tHey center con-
displacement of the oscillator. This is the case for the radia-

tive relaxation rates of the CNmolecule forv<6.2 Few sidgrably at high impurity concentratioﬁ%lf V-V transfer is
: Lo e . taking place, one expects a concentration effect on the popu-

data are available about the vibrational lifetime of higher, .. . .
vibrational levels of OD and OH . It is assumed that in lations of the_FH-center modes, since the e_ff|C|ency of the
these cases, the stretch vibration of the isolated molecul -V_transfgr Is & function of the_average d|stance_betwe§n
decays into rotation¥ For OH™ and OD impurities in t e impurities. Measurements with two concentrations, dif-
solid Ne and for NH impurities in solid Ary, is about fefing by a factor of 2QFigs. a) and Ab)], show that there
4 v,.2128|f those results give a relevant order of magnitude!S N° concgntra_uon_effecp The negllglb_le effect of V-V t_ra_ns—
for the possible deviations fromy,=vy;, Eq. (5.3 still fer even with high |mpur.|ty concentrations is r.10t. surprising.
yields the highest E-V transfer efficienay, in most of the The V-V transfer rate is related to the radiative lifetime
cases. Only for th& mode ofF,(OD™), 7, and ; may be through the dipole transition matrix elements. The nanosec-
comparable. ond nonradiative relaxation of the OHstretch vibration

This proposed mechanism for the nonradiative relaxatioriherefore also suppresses the efficiency of the V-V trarifer.
of the stretch vibration raises an additional question on thé\t higher temperatures, when the intensity of Reand B
validity of the values given in Table Il. Since the and B modes decreases strongly and that of thenode rises, the
configurations are associated with different orientations okituation is less clear. However, we limit ourselves in this
the OH in the F center, the decay of the stretch vibration section to low temperatures.
into a rotational mode above the rotational potential barrier
can imply the following conversion, e.g., a réq, center in
vibrational levely relaxes and has a probability to decay into B. Vibrational relaxation and repumping

a blue center in vibrational level—1. In combination with .
o ) . To analyze the power dependence of the population of the
the E-V transfer process, this is a possible explanation for the y P P Pop

observed efficient optical conversion  between th&wbratlonal levels, we include in the model of Sec. V A that a

Fy-center configurations. Alternatively, the relaxation of thewbratlonally excited- center can be electronically pumped

stretch modes excites phonon modes, which may include th‘é{ith an excitation raté\ independent of its vibrational state

soft mode of theK™ ion between theE center and the U The efficiency of the transition from the electronically
Y excitedFy center in thevth vibrational state to vibrational

g‘;_bﬁﬂd éggvg?si%rfonr\éiresslggsmir:h;r‘:‘eW;{éIr(]ac'lljgtlir;%sthggﬁ‘ velv’ in the electronic ground state, is also assumed to be
result in some correctirc)ms But because the co(rqrection on the - >ame as the primary E-V transfer efficiengy -, deter-
: fined in the previous section. We assume again that

opulation of a level is proportional to the population of the . A
IF:evF(jals above, and the pgpurl)ation under prir?1a$y transfer con?v ™~ VY% The solution for the steady-state population is then
ditions falls off sharply with increasing vibrational quantum
number, the corrections are small. They may be important
under conditions of strong repumping.

N2_1A ) 11_770_7]1
Another assumption made was thag=0. A nonzero N, 27 ™72 1=

: (5.49
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TABLE Ill. Vibrational lifetimes 7, for the stretching mode in the,(OD™) andF,(OH™) centergsee
Sec. V C for details The temperature indication of “4 K” is used for calculations based on measurements
of the power dependence. The local temperature increases with incident laser power at a rate of the order of
0.1 K mW™1. P is the incident laser poweA is the vibrational excitation rate, angd is the vibrational
relaxation rate.

Excitation Fy center 7,=y1 T Ay tp1t AP
SRRS 7 mW 530 nm R(OD") 330 ns 5K 0.038 mW!  1.2x10° s 'mw?!
B(OD") 600 ns 5K 0.056 mW!  0.9x10° s 'mw?
SRRS 200 mW 514 nm  B(OD") 70 ns 65 K 0.046 mW!  6.5x10* s Imw?!
B(OH") 4.6 ns 65 K 0.0003 mW*  6.5x10% s tmw?
ASRRS 647 nm R(OD") 110 ns “4K”  0.041 mwW?!  3.9x10° sTimw !
B(OD") 140 ns “4K”  0.018 mw?!  1.3x10° sTimw !
R(OH") 7ns “4K” 0.0026 mw?! 39x10° s mw!
B(OH") 25 ns “4K”  0.0032mw?!  1.3x10° s imw?!
Ny 1/A 2 ) 1 C. Vibrational lifetime of the F;(OH™) center
—=—|— — + =(1— no— 7)) — . . : .
N, 6(7/1) (1=m0)"+ 5 (1 =m0 771)3/1 The population ratioN; /N, in the primary-transfer re-
gime and the ratidN,/N; in the repumping regime are both
11-mo—m—m2 (5.4b) linearly dependent on the excitation powwith a slope:
3 1-n0 '
A(1=7o)y; P L (5.5

In the limit of zero excitation power, Eq$5.4) are indeed
equivalent to the expressioriS.3) for the primary-transfer  Therefore the vibrational lifetime/; of the OH™ and OD
regime. In spite of the simplifications, formulés.4) fit the  stretching mode of th&,, center can be determined, if we
experimental data of Figs.(& and 1b) well for excitation  assumes,=0 and estimate the electronic excitation rate
powers between 1.7 and 35 mW. At higher laser powers, thgorresponding to a laser powBr When a laser beam with
predicted populations for vibrational levels higher tha”wavelength)\ and powerP is focused on the sample to a
v=1 systematically exceed the experimental values. At 15Qadiusr of about 10um, the excitation raté for a particular
mW, the difference between experimental and theoreticat | configuration R or B) is given by
values ofN,/N; is more than a factor of 2. The deviations
increase with the vibrational quantum number. In view of the 1 1 P\
approximations made, there may be several reasons for the A2)= & —2 g PEXA(~ thio?), (5.6)
deviations at high laser power, such as, an electronic excita-
tion rate and an E-V transfer efficiency depending on thawvhich depends on the penetration distancg& andu are the
vibrational quantum numbeR« B conversion, and a non- concentration and the absorption constant for that configura-
valid y,=v vy, approximation. The latter possibility could tion, whereasu,y is the total absorption constant. The exci-
not only be caused by the nature of the vibrational relaxationtation rates estimated fro(6.6) result in the vibrational life-
as explained in Sec. V A. When the vibrational energy istimes in Table Ill. They are only an order of magnitude,
roughly equal to the electronic absorption energy of e sinceA is a difficult parameter to determine exactly. A laser
center, a V-E back conversion is possible. In the case of thpower of 50 mW at 647 nm, e.g., corresponds to an excita-
FH(CN™) center in CsCl, back conversion processes wergion rateA= (150 ns) ! at the surface of the sample. After 1
suggested to be responsible for the fact that the vibrationahm penetration in a sample with a<110'’ cm™ 23 concentra-
levelsv>8 could not be populateth. tion of B, this rate decreases to less than (500~ hAsRaman
Laser powers higher than those displayed in Fig. 7 resulscattering is collected from a region near the surface, but we
in a strong bleaching of the ODstretching modes, although do not know its position exactly and within the observed
the intensity of the SRRS phonon spectrum remains thénteraction volume the excitation power decreases. Neverthe-
same. It occurs when the population of the 5 vibrational |ess, the ratio between the vibrational lifetimes of Olind
level is clearly observed. This could be explained in twoOD™ is reliable, sinceA is the same in the two cases. The
ways. (i) The F, center dissociates into &ncenter and an  spectra for the different isotopes are recorded in the same
isolated OD ion. At room temperature the, centers have crystal (with equal doping under exactly the same condi-
a lifetime of the order of hours, indicating that they are nottions and the absorption bands foF,(OH") and
very stabl€. (i) The OD  itself dissociates. It is known that F,(OD™) are very similar. Also, the relative values for the
OH™ impurities dissociate and produce interstitia] lden-  vibrational lifetimes for theR andB configurations are reli-
ters, when they are electronically excit®dThe energy nec- able insofar as the relative strength of their absorption band
essary for either process to occur may be supplied by energyan be determined.
transfer from a high vibrational level of the ODmolecule, We estimated the vibrational lifetimes in two ways.(i)
in the electronic ground or in the electronic excited state olWe calculated it from the rati®l, /Ny. This can be deter-
the F center. mined only from SRRS spectra, but it has the advantage that
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expression(5.2) for v =1 is independent of the assumptions the vibration decays into localized rotations of the
made on the excitation rate, the vibrational lifetime, theimpurity?’?833-33t has been proposed that the energy of the
transfer efficiencies in the repumping regime, and on comvibration is transferred to the highest accessible rotational
plications with theR< B conversion. However, the scatter- state, with only a minimal contribution from phonottsBe-

ing from the excited vibrational states is weak compared ta@ause this high rotational level is not thermally populated
the luminescence background in SRRS, because low excitaver the entire studied temperature range, no dependence on
tion power must be used for the primary transf@n. From  temperature is expected from this process. The different
ASRRS spectra the value 8{1— 7,)y; ‘P~ was obtained effective-mass dependence of the level spacing foearly

by the fitting of Eq.(5.4) to the power dependence of the free rotator ¢ u~ 1) with respect to the one of the stretching
population ratiogcf. Sec. V B. The values forr, obtained  Vibration (~u~ ' was the physical reason for the observed
are listed in Table lll. The most notable result is that theisotope effect in the noble-gas solids: for Olizss rotational
lifetime for OD™ is an order of magnitude larger than for quanta are excited than for OHduring the relaxation of a
OH~. Temperature variation at a constant excitation powewibrational excitation. The model of Freed and Meti,

in the repumping regime for the ASRRS intensities showgvhich assumes a free rotator, predicts in our case a relax-
that the relative populations of the vibrational levels are esation rate of OD that is 39 times slower than that of
sentially independent of temperature. According to &3 OH".

this means that the vibrational lifetime of the stretching The rotation of the OH in alkali halides is definitely
mode is temperature independent below 30 K forRheon-  more strongly hindered than for the molecular impurities in
figuration and below 90 K for th& configuration. the noble-gas solids and the rotational level spacing will be

The reliability of our estimates depends strongly on thecloser to the one of a librator{(x 3. It has been argued
validity of our assumption that in each electronic relaxationthat this is the reason for the nearly equal vibrational life-
process at least one vibrational quantum is excited, otimes for the unperturbed OHand OD in KCI.% The
equivalently ,=0. In Sec. VA we argued that this is a larger observed difference between OBnd OH" lifetimes
reasonable assumption, although it is not possible to verify iin the F, center could be attributed to a different spacing of
on the basis of the SRRS and ASRRS results. Still, one coulthe rotational levels than for the isolated ion, i.e., a differ-
explain the experiment by assuming that Oldnd OD, ence in the potential which hinders the rotation. There is
instead of having strongly different vibrational lifetimes, nothing surprising about this, for all models of thg center
have a nonzero and differemt. From expressioni5.3) and  predict significant changes of the position of the molecule,
the experimental values it is then derived that—(4,) compared to the position of the isolated one. And the studies
should be at least an order of magnitude smaller for OH of OH and NH relaxation in noble-gas solids reveal that the
than for OD , meaning that the E-V transfer is very ineffi- vibrational decay into rotations is highly sensitive to distur-
cient. To achieve realistic values for the relative population®ances of the impurity site.
of the vibrational levels, one would then be forced to assume
a much longer vibrational lifetime than was measured for the
isolated OH. Also, one expects thaty, is similar for
OH™ and OD, because the static effects of these two ions The appearance at low temperatures of a mode at the fre-
are expected to be equal. Finally, we will show in the nextquency of the unperturbed stretch vibration suggests that it is
paper, paper lll, that the electronic relaxation rates for theelated to impurities, which are not accompanied byFan
Fy(OH™) and F,(OD") center are nearly identical, sug- center as close as in the,-center configuration. Because
gesting that they have a similar relaxation mechanism, anthe position of thdJ mode coincides with that of the isolated
thus a nearly identicad,. impurities it cannot be observed with infrared absorption,

Therefore we conclude that the vibrational lifetime is in- and the electronic absorption of the associdtedenter is
deed much longer for ODthan for OH', and also that it is  buried under that of thE; centers. It has been observed that
temperature independent. A temperature-independent vibr@ven before aggregation tHe center-luminescence is re-
tional relaxation has also been established for the unpeduced by 35% if 4.% 1073 mol of OH™ are present in a
turbed OH impurity.**3° For KBr:OH™ a vibrational life- sample. The reduction strongly increases with temperature,
time of 7 ns has been measured, close to the one we obserw@aching 95% at 60 R These numbers clearly indicate that
for the F;(OH™). But the isotope effect for the unperturbed there is some interaction betweBrcenters and OH impu-
impurity seems to be different: The relaxation time for KCI: rities, at larger distances than th200) configuration of the
OD™ (3 ng is only slightly larger than for KCI:OH (2 n9,>®  Fy center. This is likely to be an E-V transfer process, but it
in contrast to the difference of an order of magnitude that wedoes not need to be of the same nature as observed for the
observe in the case of tHe, center. F4 center.

The features of the vibrational relaxation of both per- At higher temperatures the intensity of the mode in-
turbed and unperturbed OHare clearly different from the creasegSec. IV A). This indicates that thE ;(OH™) center
behavior expected for decay into phonons. The latter is chaenters a state with a vibrational mode, that within the experi-
acterized by a strong temperature dependence, and tmeental resolution coincides with the truemode. These are
energy-gap law predicts an increase of the relaxation rate oglearly vibrational modes of two different systems. That the
deuteration, because fewer phonons are required to dissipdtav-temperaturé) mode is not directly related 6 centers
the vibrational energy. Experimental and theoretical work orcan be argued from its different concentration dependence.
diatomic impurities in noble-gas solids has shown thdea And in lowly doped samples thR and B modes are ob-
creaseof the relaxation rate on deuteration can be found ifserved before optical conversion, which proves that there are

D. Nature of the U mode
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already somd-, centers, but there is no correspondidg average distance between tRecenter and the impurity in
mode. We will discuss here only thé mode that appears at the loosely bound pairs is concentration dependent. Because
low temperatures. the E-V transfer efficiencies can be expected to be strongly
The vibrational excitation of th&) mode after electronic dependent on thE-OD™ separation, the concentration varia-
excitation of theF center, as is witnessed by the ASRRS andtion for the U mode can be understood. An experimental
SRRS spectra, raises the following questiofis:Does the problem is that the resonant Raman enhancement can be ex-
transfer of theF-center energy to the distant impurity sites pected to be different for differerff-OH™ distances. This
occur directly by E-V transfer, which means that the distancenakes a comparison with earlier luminescence-quenching or
between the= center and these impurity is still sufficiently electronic relaxation measurements on unaggregated
small, or is the energy transfer indirect by V-V transfer from F-OH~ sample&3® very difficult. Our U mode observation
vibrationally excitedF,, centers?ii) Is the scattering from could possibly be due to a relatively close pairFotenter
the U configuration nonresonant or resonant Raman scatte@H™ with a relatively small abundance, which only has a
ing? In the latter case, again, one observes only impuritieminor effect on the statistics of the-center relaxation.
which are sufficiently close to interact with &ncenter.
After optimal conversion in the low doped sampfeg.
7(c)] aratioU,; ,/Uq 1~ 1 is observed, which was zero in the
guenched crystal. If the scattering were nonresonant from By means of a SRRS and ASRRS study of Oldnd
unperturbed impurities, which were vibrationally excited dueOD™ modes, as observed under resonant excitatidhe#n-
to V-V transfer from vibrationally excitedr centers after ters associated to these impurities, we identified several types
conversion,U; ,/Ug;~1 means that 1/3 of the free OD of associations. We observedJamode, which is interpreted
impurities is vibrationally excited. Since the concentration ofby us as originating fronF-OH™/OD~ complexes at a wider
the unperturbed impurities is orders of magnitude larger thadlistance than in th& center. These occur even before ag-
that of theF ;; centers and since the ODvibration decays on  gregation in crystals with a sufficiently high OHor OD™
a nanosecond time scale, this would imply a very efficientconcentration. Interactions between loosely assochiieeh-
V-V transfer. Changing the V-V transfer efficiency by ters and OH had already been observed by means of lumi-
OD™ -concentration variation would then change the distribunescence  quenching and  ground-state  recovery
tion of the energy over the vibrational levels of thg,  measurements®3¢ The electronic absorption band is not af-
center’® Measurements of the vibrational population of thefected. Our Raman spectra clearly show that their stretching
F. center with two strongly differing concentratiofSigs.  mode is unshifted from that of the isolated molecular impu-
7(a) and 7b)] showed that this was not the case. rity, within 0.5 cmi %, and that a rather efficient energy trans-
The picture of theU mode we propose is therefore as fer into thev =1 andv =2 states of the molecule occurs.
follows. TheF aggregation at 250 K does not only produce We were also able to identify two stretching mod8s,
Fu centers, but alsé-OD™ pairs with a larger separation. and B, attributed to the two configurations of the
The Raman intensitiet), ,,; (v>0) are resonantly en- F,(OH™) center, in which theF center and OH are at
hanced and are the result of direct E-V transfer between th¢200) neighbor positions. In KBr, thR andB configurations
distantF-OD™ pairs. TheU, ; Stokes intensity is the sum of are characterized by their bistable red- and blue-shifted elec-
RRS from the distanE-OD™~ pairs and nonresonant scatter- tronic absorption bands, respectively. The identification
ing from unperturbed OD impurities, because its intensity agrees with the infrared vibrational absorption measurements
is somewhat weaker than tlieonresonantscattering inten-  of paper |. The Raman study is complicated by the efficient
sity of the unperturbed ODin an uncolored region of the optical conversion between the two configurations. We con-
crystal. The smaller intensity can be the consequence of aleluded that at temperatures below 30 K the equilibrium be-
sorption of the excitation beam by tlkeand F centers in  tween the red and blue configuration is determined mainly by
the colored part of the sample. The nonresonant contributiothe optical pumping of the system, but that above this tem-
should obviously be larger in the highly doped crystal, as iperature, the thermal reorientation process is dominant. We
clear from the~10X higherU,,/Bg; andU; ,/Bg; [Fig.  also observed phonon sidebands in the ASRRS spectrum of
7(c)] ratios in the highly doped than in the lowly doped the R andB modes, which have a very different strength for
sample after —F, conversion. The presence of a consid-OH™ and OD . The shape of the phonon sidebands is very
erable resonantly enhanced contribution is clear from theimilar to that of the SRRS spectrum of thg center, which
50% increase of th&, , intensity afterF—Fy conversion is again similar to that of unperturbééicenters in KBr.
in the highly doped crysta{Fig. 1) and an increase by a By studying the power dependence of the ASRRS inten-
factor of 3 in the low doped crystal. THeOD™ pairs with  sitiesl, ,_; we determined the primary E-V energy-transfer
larger separation are absent before conversion in the latt@fficiencies to the excited vibrational levels of the
sample, as is concluded from the absence ofuhe. ; in- FL(OH™) and the F4(OD™) center. By using a simple

VI. SUMMARY

tensities (>0). Both F; centers and the distaf-OD™ model including some simplifying assumptions, one can con-
pairs are present in the highly doped quenched crysfal clude that the E-V transfer is essential mostly to thel
ASRRS of Fig. 1. and v=2 states, with the highest quantum efficiency in

The concentration dependence of tg ,_, /U,y inten- v=1 for both OH and OD . This is in contrast to the
sity ratios, in contrast to the concentration independence faresults forF(CN™), for which it was found that a maximal
the R and B modes, indicates that thd mode probably amount of energy is involved in the E-V transfer, resulting in
represents an average BfOD™ pairs with different separa- the excitation of three or four vibrational quafitZhe ob-
tions, and not a single configuration. One can expect that theerved occupation of the higher levels, up tov=5 for
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OD™, is due to a secondary process of repumping of vibrasion, theB and R modes decrease and several new mod(_es
tionally unrelaxedF  centers. Despite the relatively short (X, Y, andZ), appear in the SRRS and ASRRS spectra. This
vibrational lifetime of OD', repumping occurs already at occurs particularly in samples with high OHand/or OD

laser powers above 20 mW. In the case of OHigher

doping. We attribute these modes tentatively to the associa-

power is necessary for repumping. From the repumping, wittiion of F centers to OH or OD™ defect pairs(studied ex-

some assumptions, the vibrational lifetimgwas estimated
to be of the order of 100 and 10 ns for ODand OH,

tensively for isolated molecular defegtdhe observation of
a strong ASRRS signal of th¥ andY modes shows that

respectively. The temperature independence of the vibreefficient E-V transfer occurs again under electronic excita-
tional lifetimes and the increase of the lifetime on deuteration of these defects.

tion suggest that the stretching mode decays into hindered All these observed, R, B, X, Y, andZ modes show a
rotations of the molecule, as is observed for diatomic impufully parallel polarized Stokes and anti-Stokes resonant Ra-
rities in solid noble-gas lattices. This vibrational decayman spectrum. This has not yet been understood or analyzed.
mechanism in combination with the E-V transfer may be theWe will study the mechanism of the E-V energy transfer in
origin of the optical conversion between the two configura-the F center in paper lll, after we have discussed our time-
tions of theF ,(OH™) center in KBr. resolved measurements of the relaxation.

At temperatures above 50 K the Raman lines of fhe
center disappear, in agreement with the vibrational absorp-
tion measurements of paper |. As a tentative explanation, we
suggest that at these temperatures the molecule is less andSupport by the NFW@Belgian National Fund for Scien-
less localized in bistabl® and B configurations, and be- tific Research the I[IKW (Interuniversitary Institute for
haves like an oscillator with a frequency nearly unshiftedNuclear Sciencgs and the Belgian Lotto is gratefully ac-
from that of the isolated molecule. We will discuss the opti-knowledged. E.G. and M.L. would like to thank the NFWO
cal and thermal reorientation of the impurity ion in more for financial support, and F.L. wishes to thank the NSF for
detail in paper lIl, with the assistance of time-resolved meaits support Grant No. DMR-92-23230. F.L. thanks his co-
surements. workers C.P. An and V. Dierolf for help measuring by FTIR

After “over aggregation” in the opticaF—Fy conver- the OH and OD concentrations in the used crystals.
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