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Electronic, vibrational, and configurational relaxation of the F,(OH™) center in KBr
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The relaxation after optical excitation of tikg,(OH™) center in KBr is studied with a picosecond pump-
probe technique for induced transparency. Three different relaxation components can be distingyished:
nearly temperature-independent component decaying in a fetii pa;component which decays slower than
10 ns at all temperatures; afiii ) a strongly temperature-dependent component with a time constant of the
order of 100 ps at 50 K and at least 10 ns below 20 K. We observe essentially no effect on the relaxation time
of the components under OH-0OD™ substitution. Because of its picosecond time scale, its temperature
independence, and the Raman measurements presented in an earlier paper, we identify the first component as
a radiationless electronic transition during lattice relaxation, which occurs mainly near the first crossing point
reached. This corresponds to the excitation of one quantum of the stretch vibration. Because the other com-
ponents change from induced transparency to induced absorption under probe-wavelength variation, they are
very probably not related to electronic relaxation processes. The nanosecond component is interpreted as
vibrational relaxation. It appears in the relaxation scans as a result of the influence of the stretch vibration on
the electronic absorption. Effects of the probe power on the relaxation measurements below 30 K, show that
also optical conversion between the two KB5(OH™) configurations is involved in the relaxation process.
These configurations possess different electronic absorption bands and are essentially different orientations of
OH™ with respect to thé center. The third, strongly temperature-dependent component is associated with the
recovery of the thermal equilibrium between these configurati®&163-182806)03434-0

. INTRODUCTION CN™ impurites does not completely suppress the
luminescencé? but aggregation of th€ center to OH and
This is the third in a series of three papers, in which theoD~ does!*~1® Observations of efficient vibrational lumi-
relaxation properties of the;(OH") andF,(OD") center  nescence of the CNion'**” and anti-Stokes resonant Ra-
in KBr are studied. In the previous papeéF&af._l, rt_aferred 10 man scatteringASRRS of the OH™ (Refs. 2 and 18and
here as paper |, and Ref. 2, or papertHe vibrational fre- o\~ jong®2 after optical excitation of th&,,-center elec-
quencies and populations of the impurity ion were studied by, haye proven that there is in these cases energy transfer
means of mfra_red absorption and resonant Raman scatteriNgom the F-center electron to the high-frequency internal vi-
In this paper time-resolved measurements on the relaxat'oﬁ'ration of the neighboring diatomic impuritjelectronic-
processes of thEH centers are prefs.ented. - . vibrational (E-V) transfet. In the case of th&,(CN™), sev-
In most alkali halide hosts, efficient radiative relaxation eral quanta of the impurity vibration are excited by the

occurs after optical excitation of tHecenter® The emission rav transfer tina most of the available electroni
can be quenched by radiationless relaxation processes. In tfr@€ray lranster, accepting most of the avarable electronic

case of thecrossoverprocess, the- center returns to the energﬁj In paper Il it was estaplis_hed that ?n the case of t_he
electronic ground statduring the lattice relaxation in the Fr(OH™) centerin KBr the excitation of a single quantum is
excited state. The Dexter-Klick-Russel critefiSrstates that  Most likely. S o
this occurs near the crossing point between the potential en- AS in the case of intrinsic nonradiatie-center relax-
ergy curves of the ground and excited electronic states, if thation, the question arises whether the nonradiative electronic
crossing-point energy is lower than the energy reached aftéglaxation in the case of E-V transfer occurs during or after
optical excitatior?~8 If the lattice relaxation is fast the cross- lattice relaxation from the RES. The number of vibrational
over process may be avoided, so that the relaxed exciteguanta involved in the E-V transfer process presents a strong
state (RES is reached. From the RES the second type ofindication of the nature of the nonradiative relaxation, for it
radiationless relaxation can occurgrizontal vibronic tun-  determines which vibrational levels can be involved. Yet
neling occurringafter the lattice relaxatiod- 1 The two pro-  time-resolved measurements are required to determine the
cesses can be distinguished by time-resolved measurememtsture of the relaxation mechanism. In absence of these mea-
of the ground-state recovery, because the crossover procesgrements, crossover transitions were considered as a possi-
must occur on the time scale of the lattice relaxati@@0  bility to explain the excitation wavelength dependence of the
fs—10 p3g, while the horizontal vibronic tunneling process vibrational luminescence for the JFCN™) center in CsCl
may be much slowert!? and KCI?! Early time-resolved measurements of the elec-
The F-center luminescence can also be quenched by agronic relaxation ofF ;(OH™) centers:*?2-?4also suggested
gregation of theF center to an impurity with a high- that a crossover transition might occur. An actual observa-
frequency intramolecular vibration, such as QHDD ™, and  tion of a possible crossover process was presented recently in
CN™. In hosts with the NaCl structure the presence ofRef. 25. A fast relaxation component, with a decay time of
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about 3 ps, was observed for aggregates of F centers witslow components can be increased by up to a factot'1.6.
OD™ and OH in KCI and RbCI. Since one is pumping and probing an electronic absorp-
Apart from the nonradiative relaxation processes, thdion band, one expects primarily to observe electronic relax-
FL(OH™) center in KBr has other interesting properties. Atation processes. But even in the case of the unperturbed
low temperatures there is optical bistability between a rede€enter other processes have to be considered. Each kind of
shifted and a blue-shifted absorption band, with peak posiexcitation that affects the electronic absorption contributes to
tions of 587 and 615 nm at 4 K, respectivéfy?’ The differ-  the measurements. Because of the strong electron-lattice cou-
ent absorption bands have been associated with differeqing, the probe beam can only be absorbed again when the
orientations of the OHR ion, which is in a(200) position lattice is near its equilibrium for the electronic ground state.
with respect to theF center, in units of the interatomic This means that also lattice relaxation is involved. In the case
distance:?” This adds a complication to the system, sinceof a crossover transition, the lattice relaxation is the rate-
electronic ground and excited states should be associatdithiting process, rather than the electronic transiivhe
with each configuration, as well as vibrational states. At allF3(OH™) center possesses several additional degrees of
temperatures, the two configurations are efficiently convertefreedom: (i) The excitation of the stretching mode of the
into each other by resonant optical excitatisee paper | and impurity may have an effect on the absorption band of the
II). Above 10 K the two configurations also convert ther-neighboringF center, as was observed for thRg(CN ™) in
mally into one anothe??® CsCI¥® Therefore, vibrational relaxation of the stretching
The present paper studies the relaxation of themode, which occurs on a time scale of at least several
F(OH™) center in KBr by means of a pump-probe tech- nanoseconds®! could be visible in our measurement)
nique for optically induced transparency with a higher timeThe OH™ also has a librational degree of freedom, which
resolution than before and with a more systematic temperanay be of importance(iii) Because thig- center has two
ture and excitation-wavelength variation. In Sec. Il the ex-configurations with different absorption bands, one may ex-
perimental technique is discussed. The induced-transparenggct a contribution from the efficient optical conversion be-
data are presented, and a possible interpretation discussed timeen these two configurations. One should realize that the
Secs. Il and IV. We present our conclusions in Sec. V. latter three contributions induce a transient shift of the elec-
tronic absorption, rather than transient bleaching. This means
that depending on the wavelength of the probe beam, they
IIl. EXPERIMENTAL DETAILS are observed as induced transparefjysitive sign or in-

The optically induced transparency technique uses tw&luced absorptiorinegative sigh The experimental setup
pulsed laser beams to observe the relaxation of th@nly enables one to determine thedative sign of different
systen?®2°First, a small fraction of the centers is excited by €laxation components.

a pump pulse. Due to the decrease of the ground-state popu- 1heé OH and OD" doped KBr samples were grown at
lation, the transmittance of the sample increases, and this [§& University of Utah, or supplied by the University of
detected by a delayed probe pulse. The pump-pulse inducégsnabrek. The OI3-F doped samples had a concentration
intensity change of the probe pulse is measured as a functiclightly below 10 mole fraction. The crystal with the
of the delay time between pump and probe pulse. We use@D~ doping (8.8<10™* mol) also contained a fraction of
two different experimental setups. In the first one a mode©H™ (1.5X10"* mol). The sample preparation and optimal
locked Ar* laser synchronously pumps one or two F—Fn conversion are discussed in paper II.
Rhodamine-6G dye lasers. If a single dye laser is used for

both pump and probe, the time resolution is about 7 ps. lll. ELECTRONIC RELAXATION

When different dyes lasers are used for the pump and probe
beam, jitter reduces the resolution to 20—30 ps. The advan-
tage of using two different lasers is that the tuning range of Figure 1 summarizes the results of the ground-state recov-
the R6G laser$575—-640 nm allows us to pump and probe ery measurements with 0.5-ps time resolution. In the decay
preferentially either of the two configurations of the of the Fy(OH™) andF,(OD™) center, there is a fast relax-
FH(OH™) center. In the second setup a single dye laser istion component with a time constant between 1.5 and 3 ps
pumped by a pulse-compressed frequency-doublednd an amplitude which can exceed 50% of the total induced
Nd:YAG-laser, which yields a time resolution of 0.5 ps. transparency. Within the experimental error, this time con-
Phase-sensitive detection is applied, with a high-frequencgtant is independent of temperature and is not affected by
modulation of the pump beantl0 MHz and a low- isotope substitution. Considering our care to prevent the for-
frequency modulation of the probe bedB60 H2z. Since the mation of unwanted aggregate centers and the large ampli-
phase adjustment of the high-frequency lock-in amplifier detude of the fast decay component, we can attribute it only to
pends on the relaxation time, a slow and a fast relaxatiothe F,;(OH™) center. We also verified that there is no such
channel cannot be detected in phase simultanedti$lgr a  fast component in undoped KBr, even if a large amount of
determination of the relative amplitudes of the relaxationF-center aggregates is present.

components, two scans have to be performed with a phase At 5 K, we observe that the decay time of the fast com-
difference of 90°. One should also take into account thegonent is about 3 ps when pumping and probing the system
accumulation effect of the excitation, when a component deat 620 or 600 nm, and about 1.5 ps when probing it at 580
cays slower than the repetition period of the excitationnm. This is true for both th&,(OH™) andFy(OD™) cen-
pulses. At a pulse repetition rate of 82 MHz and a pumpters. It indicates a slightly different relaxation behavior of the
beam modulation frequency of 10 MHz, the amplitude of““red” and “blue” configurations. Because there is optical

A. Experimental observations
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T T T ciple, this process can be observed and can give rise to
(negative signals in induced-transparency measurements, if
the absorption from the excited state overcompensates the

() F center — KBrOH- reduced absorption from the ground state. This is unlikely,
600nm —~ — pure KBr since we observe the fast component when pumping and
5K probing near the maximum of thg, band, and the oscillator

strength associated with this band is fairly high=0.75)3

For the undisturbedr center, it is known that the excited-
state absorption is found in the near infrared, far away from
our probing light*

The lattice relaxation can also be observed in the ground-
state recovery measurements, if the electronic relaxation is
faster than the lattice relaxation. This is the case when the
electronic relaxation occurs near the crossing point between
\ the potential curves of the ground and the excited electronic

"N state, during the lattice relaxation in the excited stafe.
FH(OD‘i e v T~ 10-ps relaxation component observed in the induced-

¥~ 120K transparency measurements on Eheenter in Nal was inter-
""""""""""""""""""""""""""""""" preted as a contribution due to this crossover proteBsr
the isolatedr center in KBr this process cannot occur, since
the crossing point lies above the energy reached after optical
excitation. When energy transfer to the stretching mode of

INDUCED TRANSPARENCY (arb. units)

§ G s00mm OH™ or OD™ occurs, additional potential energy curves have
i B W L e to be considered, which are shifted upwards by a multiple of
20 30 the vibrational frequencyFig. 2), as has been tried also for

CN™.2! They represent an electronic state of fRecenter
with an excitation of the stretch vibration. The additional
curves introduce new crossing points with the excited elec-
tronic state, which lie considerably lower than the ones of the
unperturbed- center.

The parameters for the potential curves were derived from

DELAY TIME (ps)

FIG. 1. High-resolutior(0.5 p9 induced transparency measure-
ments onF,(OH™) andF,(OD™) centers in KBr.(a) The relax-
ation & 5 K of F centers in pure KBi(dashed ling and in KBr:

OH™ (full line). The presence of a signal before zero delay time is .. . . :
due to the buildup of a component slower than the repetition time o ptical-absorption data for théunperturbedl F center in

10 ; ;

the laser pulseél2 ns. (b) The relaxation of thé-,;,(OH™) center Br.” Thus, they Fepresem thesdand 2-like state, which

(full line) and theF ,(OD") center(dashed lingat 5 K, with an are most relevant in the case of the crossover process. Some

excitation wavelength of 600 nnfc) Relaxation of thd=,(OD™) at of the aSpeCFS that hf’;lve been neglected are the fo_ll_ov@lmg.

5 K (dashed ling 30 K (full line), and 120 K(dotted ling, with an 1€ electronic energies for the pufecenter are modified by

excitation wavelength of 600 nnfd) Relaxation of theF ,(OD™) the presence of the |mpur|ty, as is obvious from absorption

center at 5 K, measured at a wavelength of 620(futi line), 600  SPectralii) Also, we should include two types &, centers

nm (dotted ling, and 580 nn{dashed ling with different features, at least for the electronic ground
state.(iii) Due to the electric dipole of the molecule the 2

bistability at this temperature, the majority of thg centers  States of theF,, center may be split(iv) It is not known
are expected to be in the blue configuration with the laser aihether the twoF, center configurations remain stable in
620 nm, and in the red configuration with the laser at 5gdhe excited electronic state. Therefore, it should be stressed
nm. However, the observed signal is the ground-state recoyhat the diagrams of Fig. 2 may only be used to have a rough
ery of a small fraction of excited centers. Because the conidea of the relevant energies in the problem.
figuration of aF, center can be changed in the excited state, Because of the high vibrational frequency of Otand
we do not know to what mixture of red and blue centers outOD ™, even the crossing point corresponding to one excited
decay curves correspond. vibrational quantum in the ground state is well below the
Apart from the fast electronic relaxation component, welevel reached by optical excitation. In principle, any of the
have observed that the relaxation of 8ag(OD ™) center at5 New crossing points could cause the fast electronic relaxation
K, when measured at 580 nm, includes a smaller, fast rise dhat we observe. The efficiency of the transition at a crossing
the induced transparendyFig. 1(d)]. The rise time of this Point is determined by the competition between the lattice
component is about 1.8 ps. relaxation rate on the one hand, and the rate of the simulta-
neous electronic transition of theé center and vibrational
transition of the OH on the other hand. The lattice relax-
ation rate is lower near the RES of thg, center, which is
The time scale of the fastest component is in the range dfavorable for the crossing points with higher vibrational lev-
the lattice relaxation, which follows an electronic transitionels of the OH ion. But if the crossover process at earlier
of F centers and other color centéfsS3 After optical exci-  crossing points is highly efficient, only a negligible fraction
tation lattice relaxation occurs in the excited state. In prin-of the excited centers will reach the lower lying crossings.

B. Crossover relaxation and E-V transfer
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FIG. 2. Configuration-coordinate diagram for thg(OH™) andF(OD™) centers in KBr, incorporating the vibrational energy levels of
the impurity. The validity and applicability of these diagrams are discussed in the text.

Resonant Raman measuremefsise paper )l show that  barriet! then implies a very strong isotope effect on the
the primary E-V transfer for th& ,(OH™) center only ex- electronic transition rate, in contrast to the observations. And
cites the vibrational level for the red configuration, while for because the energy barrier is also the thermal activation en-
the blue configuration the transfer efficiency to the levelergy for the tunneling process from the RES, it is also im-
v=2 was estimated to be 10% of the transfevtel. That plied that the relaxation would be temperature dependent. Of
mainly one quantum is excited in the E-V transfer suggestgourse the presence of crossing points near the RES could
that the system most often branches to the ground state at thause the relaxation of this state to be so fast, that the rate-
first crossing point. Since for ODthe first crossing point  determining process for the ground-state relaxation is again
lies higher in energy than that for OHthe lattice relaxation the lattice relaxation. However, in this case the excitation of
rate is higher and one expects a less efficient population diigher vibrational levels of the impurity ion would be more
the first vibrational level of OD than of OH . Indeed, for likely. In particular, the crossing points for transfer of two
the blue configuration of the ,(OD™) a higher probability OH™ quanta and three ODquanta nearly coincide with the
to populate the second and third vibrational levels was foundRES in Fig. 2. The excitation of these levels in the primary
than for theF (OH™) center. For the red configuration no E-V transfer is very smallsee paper )l
difference was observed. In addition, no population of the Some caution should be applied in interpreting the time
v>3 levels was observed under primary-transfer conditionsgonstant of the fast component as the ground-state recovery
although these vibrational levels can be observed unddime. For a simpler system, such as the pareenter in Nal,
strong repumping, especially for OD This indicates that one can assume that the lattice relaxation is the rate-
the crossover ab=1 andv=2 is indeed highly efficient. determining process for the ground-state recovery, and iden-
We expect that only a very small fraction of the excitggl  tify the measured time constant with this lattice
centers reaches the RES. relaxation'*?> The F ,(OH") center is a more complicated

This model for the relaxation process is also consistensystem, because each configuration of Fhge center pos-
with the very similar relaxation rate observed for Oldnd  sesses its own set of electronic levels, coupled to the vibra-
OD™, in spite of the completely different energy-level tional levels of the impurity. If one solves the set of rate
scheme of the vibrational excitations with regard to the elecequations of a model for this center, such as those presented
tronic transitions: For a crossover transition the rate-limitingin Fig. 3, one finds solutions which depend on combinations
process is the lattice relaxation, which is essentially the samef the different relaxation rates of the system. The guantita-
in the two cases. The observed temperature independencetige interpretation of the observed relaxation times depends
also in agreement with the assumption of a crossover prosn the relaxation scheme presumed for Ehe center.
cess. Conversely, if the RES would be reached in the optical In addition, there is the small, fast rise of the induced
cycle of theF,(OH™) andF4(OD™) centers, different en- transparency observed in Figdl, that is yet unidentified. It
ergy barriers would be observed for vibronic tunneling to thecan be assumed that this component could also appear with a
ground electronic state and simultaneous excitation of ongositive amplitude, in which case can probably not be distin-
vibrational quantum of the stretching mode, because of thguished from the electronic relaxation itself. This might be
different crossing-point energies fdoE,(OH") and for partially responsible for the observed wavelength depen-
F4(OD™). The exponential dependence on the energydence of the relaxation rate.
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FIG. 3. Some possible models for thg,(OH™) center, illustrating electronic and vibrational relaxation. The levels of the red configu-
ration are labeledR, those of the blud. The subscripts indicate the vibrational state, the superscript * the electronic excited state.

IV. SLOW RELAXATION COMPONENTS electronic relaxation can be seen in some scans, e.g., the one
A. Experimental observations r?cesozrged with the pump beam at 580 nm and the probe beam
a nm.
Besides the fast component discussed in the previous sec- |n Sec. Il it was argued that the fast 3-ps component,

tion, there are slow components visible in Fig. 1. To studyassociated to electronic relaxation and the associated lattice
these, we present measurements with a lower time resolutio@|axation, corresponds to induced transparefpysitive
(=30 p9 but a longer delay rangél600 p3. Figures 43)  sjgnal). In the decay scans with 30-ps time resolution this
and 5 show a set of ground-state recovery curves observed @mponent is observed as a small unresolved peak at probe
50 K. The data were recorded with the pump laser at 580 anglavelengths between 610 and 630 nm. We assigned a posi-
620 nm, resonant primarily with the blue and red configura+jve sign to the small transient peak and then determined the
tions, respectively. The probe wavelength was varied ovegign of the other scans by requiring a gradual change of the
the tuning range of the R6G dye laser. Similar measuremenigmplitudes with probe wavelength. A negative contribution
were performed for several temperatures between 5 and Ybes not necessarily imply that the total signal becomes
K. Both the pump and the probe beam have an average lasgggative at a particular time delay. Rather, there is a rise time
power of about 10 mW, typically. The phase adjustment offor induced transparency associated with it instead of a decay
the high-frequency lock-in amplifier is performed at the thetjme.
end of the scan, so that the slowest component is in phase. The slowest and the intermediate relaxation component
The amplitude of the fast component is reduced by this progre the dominant contributions visible on Figs. 4 and 5, due
cedure and by the low time resolution. The correspondingo the limited time resolution in this case. With higher reso-
scans 90° out of phase were also recorded to account for thgtion (Fig. 1) it is clear that their actual contribution is only
phase error. Since we are arguing here mainly on the timgoo, or less, at least under the excitation conditions used.
scale of the relaxation, we displayed only the in-phase mearhe observed amplitude of the slow components in Figs. 4
surements. and 5 is exaggerated by the phase adjustment and by the the
In the case of anisotropy in the sample, the relaxatioraccumulation effect of several excitation pulses at a modula-
measurements can depend on the polarization of the puntjpn frequency of 10 MHz.
and probe pulses. Anisotropy may be due to the nature of the The “intermediate” component with a time constant of
sample itself, or can be caused by the incident light. Inducethe order of 100 ps at 50 K, as visible on Figs. 4 and 5, is
transparency measurements were recorded with paralleliglways positive when the pump laser is at 620 nm. With the
polarized and with perpendicularly polarized pump andpump laser at 580 nm, its amplitude becomes negative at
probe beams, and did not yield a polarization dependence iwavelengths above 615 nm. The amplitude of the slowest
samples of good quality. relaxation component, with a time constant of the order of
Three different time scales are observed in the decay afianoseconds or tens of nanoseconds, is positive if the probe
the induced transparency. Of course, one cannot separateon the red side of thE bands and negative if the probe
components slower than the limited time delay ra(@00 is on the blue side.
p9 of the experimental setup or faster than the 20-ps resolu- For a correct analysis of the wavelength dependence in
tion. There is a very slow contribution, decaying on a timeFigs. 4 and 5, one should consider the following. The aver-
scale of nanoseconds or even tens of nanoseconds. Its ampige concentrations of red and blue centers, as seen by the
tude is positive or negative, depending on the probe wavepump and probe beam in the time-resolved measurements,
length. The sign of a second component with a time constardare determined by the balance between optical and thermal
of a few hundreds of picoseconds at 50 K also changes, whemreorientation. At each wavelength and power setting of the
varying the wavelength of the probe beam. Finally, the fasprobe pulses the average concentration of red and blue cen-
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FIG. 4. Induced transparency measurements
on (@ the Fy(OH™) center and (b) the
FL(OD™) center in KBr, at 50 K. Because of the
use of different lasers as source for the pump and
probe pulses, the resolution is about 30 ps. The
pump pulse is at 580 nm, the probe pulse is var-
ied as indicated with the scans.

INDUCED TRANSPARENCY (arb. units)
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0 500 1000 1500 0 500 1000 1500
DELAY TIME (ps)

ters is different. Therefore, the induced transparency signal &, (OD™) this results in a repumping of the electron before
a fixed time delay as a function of probe wavelength cannothe OD™ has relaxed vibrationally from previous E-V trans-
be interpreted directly as the change of the absorption speger events, even at low laser powers. In the delay measure-
trum induced by the pump beam. This remark is only rel-ments the total average laser power incident on the sample is
evant as long as optical conversion is not negligible withabout 20 mw, which is large enough to cause some repump-

respect to thermal conversion. Resonant Raman measurry. Although the Raman measurements were performed
ments show that thermal conversion dominates above 25 lgith a cw laser beam, the result remains relevant, since the

(see paper )l

Figure 6 presents the temperature dependence of the — T T T
induced-transparency scans with both the pump and probe A = 620nm T = 50K
wavelength at 600 nm. At low temperatures, this wavelength pume
is almost equally resonant with the blue and red configura-
tion of theF , center. At higher temperatures the bands shift 635nm
towards the red, and the laser is primarily resonant with the
blue center. The experimental data thus show a combination
of temperature and wavelength dependence, which should be
taken into account. At 5 and 10 K, the presence of the 3-ps
component is visible, but it is not seen at higher tempera-
tures. A comparison with Fig.(&) shows that the relative
amplitude of the fast component is indeed much lower at 30
than at 5 K. The decrease of its relative amplitude is prob-
ably linked to the increasing effect of thermal reorientation.
The two other components are both very slow below 20 K
and are indistinguishable. One of them, which we will call
the intermediate component, becomes faster than the maxi-
mum optical delay with increasing temperature. Above 50 K
we can easily separate it from the slowest contribution. At 40
K, it is about 700 ps; at 50 K this decreases to 300 ps and at
60 K to 80 ps. Above 70 K, the experimental resolution
determines the shape of this component.

We also measured the ground-state recovery of the the
FL(OD™) center[Fig. 4(b)]. The results are very similar to

INDUCED TRANSPARENCY (arb. units)

those forF,(OH™). There is some isotope effect on the —-500 0 500 1000
amplitude and sign of the two slower components, but the
decay times do not change significantly. Raman measure- DELAY TIME (ps)

ments revealed that there is an important difference between
the Fy(OH™) andF4(OD™) centers: Either the vibrational FIG. 5. Induced transparency measurements onFthedH ")

lifetime of the OD is considerably longer than that of the center, complementary to those of Figa} The pump pulse is now
OH™, or the transfer efficiency is high€¢Bee paper )| For  at 620 nm.
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course be quenched by any relaxation process on a time scale
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KBr:F,(OH™) A = 600nm sufficiently faster than theadiative relaxation time of the
_/L ....................... 5K F4 center, which can be of the order of microseconds. Fhe
J —Fy conversion process will produce mainly the stablest
10K pairs, which can be expected to have a sialH~ distance

and thus a relatively fast radiationless relaxation. The mea-
surements presented in paper Il show that for at least a frac-
tion of the “loose pairs” there is an energy transfer to the
OH™ ion of similar nature as for thé, center, because
mainly the first and second vibrational levels are populated
by the primary transfer. This suggests that the radiationless
relaxation of these centers could be similar, i.e., a crossover
process, which would imply a very fas&(0 p9 relaxation
component for these loose aggregates. But there is no con-
clusive evidence in this direction, nor is there any evidence
that such an E-V transfer occurs @l remaining loose
F-OH™ pairs. A comparison between the relaxation pro-
cesses in partially and completely aggregated samples pro-
vides no evidence for an additional relaxation component in
partially aggregated samples. At least we know that the con-
tribution from the electronic relaxation of these unaggregated
F centers is not expected to have a negative sign. Thus it
cannot provide a complete explanation for the observed slow
NPT IR B RPN B | or intermediate components, although it could contribute to

INDUCED TRANSPARENCY (arb. units)

0 500 1000 1500 2000 the observed amplitude of these components.
The small amount oF, centers present in the sample can
DELAY TIME (ps) be excited by their absorption band underlying the

F4-center band. However, for tHe, concentrations in our
FIG. 6. Temperature dependence of the ground-state recovery amples the absorption strength 4s3% of that of the
the F,(OH™) in KBr, recorded with both pump and probe at 600 Fy-center band, and so will be its contribution to the
nm and with a resolution of about 30 ps. induced-transparency measurements. A slow, negative com-
ponent has been observed in undoped KCI contaiRicgn-
ters and a large concentration Bfcenter aggregates. It
was tentatively attributed to electronic energy transfer from

repetition period of the pulses used here is shorter than th&e F center toF, centers, creating the tripl€;, center, that
estimated vibrational lifetime of OD. Apparently, the re- has absorption bands underlying théband. We performed
pumping present for OD has no significant effect on the ground-state recovery measurements infheenter band of
time constants, but could be responsible for the somewhan undoped KBr crystal containing a much larger amount of
different amplitudes. The difference in vibrational relaxationF, centers and othéf-center aggregates than was present for
times also has an effect on the phase adjustment of th&e measurement of Figs. 4 and 5. Effects as observed for
lock-in amplifiers, so that the observed relative amplitudes oKCl, were not present for KBr, neither were they present in
slow and fast components are different. doped KBr crystals befor&— F, conversion. For thd-
center the electronic relaxation is much faster than that of the
unperturbedF center, strongly reducing the probability of
energy transfer té, centers afteF— F conversion.

We have to consider possible weak effects arising from Measurements on the intrinsic luminescence quenching of
small amounts of unwanted centers, which might explain thehe F center in NaBr revealed a relaxation component, attrib-
presence of the slow components. The luminescence quenchited to the conversion & centers td=~ centers and recap-
ing and the absorption spectra indicate that the large majorityure of conduction electroré.Even in undoped KBr, maxi-
of the F centers are aggregated to an Obr OD™ impurity.  mally 10% of theF centers can be converted ko centers
However, these are not sufficient to exclude “loose pairs,”below 90 K at lowF-center concentratior’. The presence
i.e., stable combinations &f centers and OH impurities at of OH™ impurities reduces the ionization efficiency, even
a distance which is larger than in tig,(OH") center. The before optical aggregatiof:!® Therefore, we can exclude
luminescence of th& center is quenched by the OHeven  that electron tunneling from the excitédcenter to a neigh-
before anF,, aggregate center is creat¥éd® Indeed, the boring F center, which occurs at higR-center concentra-
anti-Stokes Raman spectra in paper Il show that there is E-Yons, causes a high ionization efficiency in our case. It has
transfer fromF centers to impurities, whose frequency is notbeen observed that electron transfer can occur betwedn the
affected by the nearby presence of &ncenter. Time- center and the OH, but only for som&=-OH™ pairs, which
resolved measurements of the decayFotenters in doped have to be at a relatively large distance from each other.
sampleseforeaggregatiort®?2show a wide range of relax- On the basis of the time scale of the 3-ps component and
ation components. The luminescence of Eheenter will of  the distribution over the vibrational levels due to the E-V

B. Elimination of slow electronic contributions
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transfer, it was concluded that crossover processes are proftretching mode can cause reorientation of the QWith the
ably observed. One may consider the case that the probabssociated change in absorption. About 3600 tuf energy
ity of avoiding the crossing points is nonzero. Additional is gissipated into rotational degrees of freedom, and the ro-

relaxation components on a time scale slower than the latticgional barrier for the OH is assumed to be less than 1000
relaxation can then occur due to electronic nonradiative re:

! . . cm~ 1. Reorientation of the molecule is a likely consequence.
laxation from the RES. Such a simultaneous observation of imilar as in the previous case the effect would be small, if
crossover process and a transition from the the RES wa '

S L . The thermal reorientation is faster than the vibrational relax-
e.g., proposed for the intrinsic nonradiative relaxation of the

F center in Naf®® However, since both the intermediate and ation. . .
slow component have a negative sign somewhere in th This brings us to the important question of how and when

wavelength range between 595 and 620 nm, they are prolS-e optical reori.entation of the OHion takes place. The
ably not related to electronic relaxation: It was argued in Secnfrared-absorption measurements of paper | have shown that
IIl that excited-state absorption, associated with the negativlliS @ very efficient process, with quantum efficiencies
sign of electronic relaxation, is not likely to be observed so”b-r and; ., of the order of 0.6 and 0.3, respectively. For
close to theF ,-band maximum. In the same section it was clarity, we will enumerate the possibilities. We illustrate
explained that a large isotope effect would be expected fothem in Fig. 3.
transitions from the RES on a time scale longer than lattice (1) The optical excitation and subsequent nonradiative re-
relaxation, because different tunneling barriers result fromaxation of theF,(OH™) center excites the stretching vibra-
the energy-level scheme. For the intermediate relaxatiotion of the ion, but does not directly induce reorientation nor
component only a small difference is observed. excitation of the librational mode. The slow component is
then associated with the vibrational excitation. On a nano-
second time scale, it is converted into librations or rotations,
C. Vibration, libration, and reorientation of the impurity causing reorientation of the OHion. If thermal reorienta-
Since none of the slower components can be associatdin is relatively slow, a relaxation component related to it
with electronic relaxation, we have to consider the vibra-could then be present after vibrational relaxation.
tional and rotational excitations of the impurity molecule that  (2) The reorientation of the OH occurs during the rapid
could modify the ground-state absorption properties of theslectronic excitation and deexcitation cycle. It could be, e.g.,
Fy center. Librations of the OHmight accept part of the a consequence of the dissipation into phonons of most of the
energy released by the nonradiative relaxation of the elecelectronic energy. In this case, thermal reorientation can be
tron. But it is not very likely that the librational mode, with experimentally observed immediately after electronic relax-
an energy of about two optical phonons, would have a life-ation, because the thermal equilibrium between the two con-
time as large as-100 ps or longer. The linewidth of the figurations has been disturbed.
undisturbed OH librator in KBr is of the order of 10 (3) A combination of the previous possibilities may occur:

71 . . . . ) A ) |
cm™ - at very low temperatures and is associated in Ref. 3% g gptical excitation and subsequent nonradiative relax-
with lifetime broadening. This would imply a lifetime of the 4tion as well as the vibrational relaxation initiate a reorien-
order of 1 ps. One could speculate that the libration is re,¢qn

sponsible for the small, fast component with a negative sign,
apparent in Fig. @) (Sec. lll). But it cannot be responsible

for the slower components. D. Dependence of the ground-state recovery on laser power
The strong temperature dependence and the subnanosec-

ond time scale of the intermediate relaxation component cqontributions of optical reorientation processes may be
above 50 K are in contrast with the known fe?‘t“';es of th&gentified by their effect on the relative concentrations of the
vibrational relaxation of the stretching vibratiéri! The oo < hie configurations of tife, center. The higher the

stretching vibration of the impurity ion, with a lifetime of at Ia§er power, the larger this effect will be. The dependence of

least several nanoseconds, may be the cause of the slow L around-state recovery sianal on probe power is presented
relaxation component. All estimated lifetimes for this vibra- . 9 y slg P P P

. I he | h of th | in Fig. 7 fqr temperatures of 5 and_ 65 K. For easy compari-
ﬂ(;n are well above the length of the delay stdgee paper son, the induced-transparency signal was divided by the

The vibrational relaxation can play a role in the ground-PUMP and probe power. At 65 K the induced-transparency

state recovery in several way® The excitation itself of the Measurements are apparently proportional to the probe
stretching mode of the OH can cause changes in the POWer. Since ellec'tronlc saturation effects are gv0|ded by the
ground-state absorption. A similar effect has been experiuse of low excitation power, this is expected if the concen-
mentally observed for thE ,(CN ") center®® (ii) The relax- tration of the centers is essentially independent of power. At
ation of the stretching vibration creates librational modesd K, however, the amplitudes of the very fast relaxation
Even if the vibration itself does not modify the ground-statecomponent and of the slower componefsich are indis-
absorption, the librational or rotational excitation created bytinguishable at this temperatgrare not proportional to the
vibrational relaxation may do so. This would result in a slowlaser power. Even the sign of the slow contributions can
component, because the vibrational relaxation of the stretclehange under probe-power variation. At 600 nm there is in-
ing mode is the rate-determining process. However, the&uced transparency with a 6-mW probe, and induced absorp-
population of the librational modes is expected to be neglition with a 1-mW probe. At 590 nm the sign effect is oppo-
gible, because of its short lifetiméiii) The decay of the site to the one observed with a 600-nm probe. At 610 nm
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FIG. 7. Dependence on probe laser power of the ground-state recovery measurement, at temperatures of 5 and 65 K. The intensity is

normalized by dividing it by the probe power.

there is induced transparency for both probe powers. A simition, and the pump pulse primarily with the red configura-
lar series of measurements at 20 K shows that the probeion. With increasing probe-beam power the concentration of
power effect increases when the difference between pumghe red configuration will be higher. A higher number of
and probe wavelength increases. The effect decreases wiglanters will thus be excited by the pump beam and a differ-
increasing temperature and from 30 K on it is essentiallyent fraction of the excited centers will be converted to the
absent. It is observed for both ODand OH doped other configuration. At temperatures above the bistability
samples. range, the probe and pump pulses not only compete with
_ The effect at low temperatures shows that the concentrgsach other but also with the thermal relaxation. If the thermal
tion of centers is modified by changing the probe power. Thgqqrientation at elevated temperatures is faster than the opti-
repumping off centers before vibrational relaxation could | reorientation caused by the probe, the signal is no longer
prqvide an explanation. A power increasga changes the pOpl(lj-ependent on the power of the probe’ pulses.
Ia_uon of the levels Of. the stretc_h v_|bra'F|o(r$ee_ paper )l The interpretation of the power effect as a consequence of
Since anF, center with an oscillating impurity molecule optical and thermal reorientation of tife, center is sup-
may have different electronic relaxation properties than an . 3} s
Fy center with the molecule at rest, a power dependence ¢ prted _by the following argument§) The equilibrium con-
centrations under a weak probe beam and a stronger pump

be understood in this way. But although there is still a sligh . .
repumping observed in the ASRRS measurements o eam are expected to be different th_gn those in the case of
KBr:F,(OD") at the powers used for the induced- comparable power for the two beanis) The effect is ex-

transparency measurements, it is absent in the case BfCted to be largest if the equilibrium imposed by the probe
KBr:F.(OH"). Since the probe-power effect is observed forbeam alone is as different as po§3|ble from the one imposed
both isotopes, the repumping possibility is ruled out. by the pump beam alone. This is the case when the probe
The two different configurations of the,, center can be beam is resonant with a differeRt,-center configuration as
optically converted into each other, but also relax to a therthe pump beam. This agrees with the increased probe-power
mal equilibrium distribution above 10 K. On this system we effect with increasing difference between pump and probe
focus two series of laser pulses at different wavelengths, oneavelength (iii) The effect disappears from 30 K on, where
with a low-frequency modulation and one with a high- the thermal reorientation rate is increased. This agrees with
frequency modulation. This will cause a complicated behavihe conclusion from the Raman-scattering measurements that
ior. For simplicity, consider the situation at very low tem- with similar excitation powers the thermal reorientation
perature, where thermal relaxation is absent. Let, e.g., thdominates the optical conversion above 25dK paper I).
probe pulse be resonant primarily with the blue configura- After having established that the optical reorientation of
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the molecular impurity indeed affects the induced-which result from a fitting of the decay curve to a single

transparency measurements, we should still assign it to orexponential, actually represent different superpositions of at

of the relaxation components observed at higher temperdeast two different relaxation components.

tures. By an argument of elimination, one would conclude

that the intermediate component, with a time constant of the

order of 100 ps at 50 K, is related to the thermal reorienta- V. CONCLUSIONS

tion: Vibrational relaxation can only be associated with the

slower component, which decays at all temperatures in at 10 explain the isotope effect and the temperature,

least several nanosecon@see paper )| The intermediate €Xcitation-wavelength, and power dependence of the time-

relaxation component exhibits an essential feature of théesolved induced-transparency measurements, we propose

thermal reorientation of the impurity molecule. Since thethe following picture of the relaxation of the,(OH™) cen-

probe-power effect on the induced-transparency measuréer. After optical excitation, thé&  center relaxes within a

ments disappears at temperatures of about 30 K, one expedtsv picoseconds to the electronic ground state by an elec-

that the reorientation rate is strongly temperature dependemionic relaxation during the lattice relaxation. At the same

there. This is true for the intermediate component and itsime the OH" stretch vibration is excited, mainly to the level

time scale drops below the nanosecond time s(filg 6). v=1, which corresponds to the first crossing point reached
One may wonder whether a thermal reorientation time ofjuring lattice relaxation. Still, one should be able to show

the OH" molecule of the order of 100 ps at 50 K can be that the electronic transition rate near the first crossing point

expected. The reorientation of the free Okdepends g jarge enough to be competitive with the very fast lattice
strongly on the host lattice. For KBr:OHt occurs on atime  rg|axation so closely after optical excitation, in particular in

scale of 10us at 1.3 K, but in KCI at the same temperature ¢, 55 of ,(OD"). Host-crystal variation may have im-

the time i? .10 ns. This suggests that the reorientation rate iﬁortant effects on the E-V transfer and the mechanism of the
very sensitive to perturbations, such as the presence Bf an

) ; . electronic relaxation, since the position of the crossing point
center. The OH tunneling can therefore be quite different b gp

for the Fy center than for the free OH One should realize \\'/V;r?eEjESpeCt to the energy reached after optical excitation is

that the value we observe here is the reorientation rate for the Closelv after the electronic relaxati f the OH
vibrationally excitedOH™ ion, which might also be differ- . osely alter the electronic relaxation, some of the
impurities appear to be reoriented. The efficiency of this fast

ent. The reorientation rate of the free OHilso exhibits a . ! . .
strong temperature dependefi€&elow 5 it is proportional optical reorientation is unclear as yet, as well as the way it
@cceurs. It might occur during the lattice relaxation within the

to T, with a similar dependence in various hosts. Between ' ) : Cranatiy
and 15 K it was found to be proportional ® in RbBr. If electronl_c excited state. Lat_tlce relaxation implies an out-
we extrapolate this to higher temperatures, we find a reoriward shift of the nearest neighbors of thecenter. In par-
entation rate 1dfaster at 50 K than at 10 K. Reorientation ticular the motion of the K cation between th& center and
rates of the order of magnitude of 100 ps at 50 K are thus ndhe OH™ might stimulate the reorientation of the OHsince
unrealistic. The vibration of the Kion between the F center the position of this ion is closely related to the orientation of
and the OH might also have an important role in the con- the OH %" It is also possible that the reorientation is related
version of the two configurations into another, because it$o the electronic transition itself: the libration of the OH
average position is different in either of them. Little is might accept some of the energy that is dissipated by this
known about this vibration, but it is assumed to be soft, sqrocess, or even act as a promoting mode for the trandition.
that it would be easily excited at higher temperatdfes. Below 30 K, the OH remains in its new orientation for
The relaxation time of the intermediate component, whichat least several nanoseconds, whereas at 50 K thermal reori-
we associated with the reorientation rate, is very similar forentation occurs on a time scale of the order of 100 ps. Our
OH™ and OD . One may expect that the different librational interpretation of this relaxation component could be con-
frequencies and masses of the Oind OD' result in dif- ~ fimed by comparing time-resolved measurements on
ferent reorientation rates. However, thg IaFtlce dlstortlonFH(OH—) in different host lattices. Strong differences are
_around_the ion, that :)s_ thought to be of critical importance forexpected between host lattices in which Erg{OH") center
its reorientation rat&’ is expected to be very similar for the possesses only one configuration on the one Ii&), and

two isotopes. . 7 , )
; ; . . hosts in which it twi nfigurations on the other
It is an important observation that the thermal reorienta- osts ¢ pOSSEsses two configurations o € othe

tion component that we have identified occimsmediately hand(KBr, RbBr, and K).

after the fast electronic relaxatiofFig. 4). This proves that h Thte E[h'r:d _(k:)orrtl_ponenr:_ 'i ?SSOC!?tgdegh \t/hf rel?xatg)_n of
at least part of the reorientation of the impurity ion is done € stretch vibration, which IS excited by E—V iranster. since

during the fast electronic relaxation, of course without ex-iN€ Stretch vibration probably decays into librations and

31,4142 o
cluding that the decay of the OHstretch vibration induces fotations; one can expect reorientation of Otafter

additional reorientation. In Sec. lll we have mentioned thatvibrational relaxation. The short time scale we are looking at
the observed decay time of the fast compondnt & de- does not allow us to confirm this. Neither is it possible to
pends on the excitation wavelength. This indicates that théletermine whether the reorientation due to the decay of the
optical reorientation process is not random, i.e., the mix oftretching mode, or the one connected to the electronic tran-
configurations that returns to the ground state does depergition is responsible for the large quantum efficiency of the
on the relative presence of the configurations before excitaeptical conversion between the two configurations of the
tion. This implies that the fitted 1.5 and 3 ps relaxation timesfF(OH™) center. Measurements on a longer time scale than
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