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Femtosecond time-resolved spectroscopy of self-trapping processes
of holes and electron-hole pairs in alkali bromide crystals
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The dynamics of the lattice relaxation of holes and electron-held)( pairs generated by the band-gap
excitation in alkali bromide crystals has been studied in femtosecond time regime at temperature range from 6
to 300 K. In KBr including electron-trapping impurities, where relaxation of holes takes place without inter-
action with electrons, it is found that the self-trapped hole in the form of a halogen-molecular iov, the
center, is generated via a transient localized-hole center as a precursor. This transient hole center shows broad
optical absorption bands in the visible region and has a lifetime of about 3 ps at 273 K. It is found that in pure
KBr and RbBr, the relaxation processes @flf) pairs have two distinct stages. In the first stage, which
terminates within 6 ps after excitation, the transient hole centers are generated as in doped specimens, and their
interaction with electrons results in the fast formation of a Frenkel pair consisting Bf @nter, a halogen
vacancy trapping an electron, and Encenter, an interstitial halogen atom. Also, an intermediate state is
formed in the first stage, and the state is ascribed to the self-trapped ef@it&h with the on-center con-
figuration on the basis of its spectroscopic features. The second stage of the relaxation, which lasts over 100 ps
at low temperatures, comprises the off-center relaxation of the on-center STE formed in the first stage into
Frenkel pairs and STE’s with the off-center configuration. Relaxation pathways and characteristics including
temperature dependence are discussed based on the experimental results and their analysis in terms of a
rate-equation mode[S0163-182@6)01545-1

I. INTRODUCTION the self-trapped excitonSTE's) responsible for the intrinsic
luminescence bands, which are often classified as types |, II,
In many solids with strong electron-phonon coupling,and Ill, and the Frenkel pair consisting of &ncenter, a
drastic lattice-structure modifications are induced by théhalogen vacancy trapping an electron, andHarenter, an
electronic excitation. These include Frenkel-pair productiorinterstitial halogen atom in the form of, molecular ion
in metal halides; atomic desorption from solid surfacks, occupying a single halogen-lattice site. The Frenkel pair is
structural changes in amorphous soffdmd phase transfor- called hereafter the-H pair.
mation in low-dimensional solifsBased on the results of  Recent studies of resonance Raman spectrostdgyo-
extensive studies on these phenomena, it has been proposigfer with spectroscopic features of optical absorptigh

that the interaction between or among photogenerated e luminescencd@related to STE’s have shown clearly that

cited species during their relaxation plays an important roléhe type-| STE. is essentially'é center which has trapped .
in the structural changé<-n order to examine the valid- 2" electron. Since the hole component of the STE in this

ity of the models proposed and to understand the mechac_onﬂguraﬂon maintains almost the same vibrational and

; . .7 electronic properties as those of thg center, this type-I
nisms of these phenomena from a more MICroSCOPIC VIeVEre g usually referred to as the on-center STEON the
point, it is essential to trace the dynamics of the interactiory, . hand, the type-Ill STE is essentially a nearest-neighbor

of excited species during relaxation on the time scale of Iatbair of anF center and ai center'’ Since theX; molecu-

tice vibrations. In this paper, we study the dynamics of thqay jon is displaced significantly from thé,-center position
lattice relaxation of photogenerated electron-h@len] pairs  z10ng a(110) direction, this configuration is referred to as the
Wh|Ch |eadS to the formation Of Iattice defeCtS Of Frenkeloff_center STE2 The type_” STE is presumed to have a con-
type in alkali bromide crystals by means of femtosecondiguration intermediate between the two. In Fig. 1, the struc-
time-resolved spectroscopy. tures of the on- and off-center STE’s are shown schemati-
In alkali halides, the lattice relaxation of holes, excitonscally, together with that of thé-H pair. Evidently, the
and free €-h) pairs have been studied extensively, and selfdifference in these configurations is attributed primarily to
trapping of holes and of excitons has been well documéehtedthe location of theX, molecular ion with respect to the
The self-trapped holéSTH) in all alkali halides is known to  position of the trapped electron; tkeH pair is that in which
have only one stable configuration in the form of Xa the X5 molecular ion is displaced over at least a few lattice
molecular ion(X denotes a halogen atdnoccupying two  distance?® In most crystals, two or more of these configura-
neighboring halogen-lattice sites, known as Yhecenter?  tions can coexist, and the presence of these different relaxed
In contrast, experimentally observed spectroscopic propertiesonfigurations of excitons is regarded as a manifestation of
of relaxed configurations of excitons can be understoodhe strong interplay between the electron-phonon and hole-
only assuming the existence of several differentphonon interactions.
configuration$'*~® These include three configurations of  Although the properties of STE’s and BtH pairs have
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tinuum, Model 661-10 The second harmoni802.5 nm of
the 100-fs laser light, generated by a KDP crystal, was used
for generating ¢-h) pairs by two-photon absorption, and
femtosecond white-light pulses generated by the fundamen-
tal beam in a DO cell were employed for probing optical
absorption. The pulse width of the second harmonic was es-
) (©) timated to be 200 fs. The optical absorption spectra were
obtained in a range between 1.3 and 3 eV by using a set of
FIG. 1. Schematic diagram of the on-center self-trapped excitofpolychromators consisting of grating monochromatdbin
(@), the off-center self-trapped excitah) and anF-H pair (c) in Yvon, HR32Q and photodiode array detectofBrinceton,
alkali halides. Small and large circles show alkali and halogen ionsRY1024) to analyze the spectra of the source beam and of
respectively. the light transmitted through the specimen. The time delay of
the probe pulse with respect to the incidence of the excitation
been studied in detail, the dynamics of the lattice relaxatiorpulse was controlled by an optical delay line. The absorption
leading to these different configurations is not yet known.spectra for several lengtlil’'s) of an optical-delay line were
Time-resolved spectroscopic studies of the relaxation ofMmeasured, and the whole set of these spectra was used to
(e-h) pairs in picosecond and more longer time regifiés  obtain the time-resolved absorption spectrum with a given
were not able to follow the primary steps of the relaxation,time delayty in the range from-10 to 150 ps by correcting
leaving several fundamental questions unsolved. In particufor the effects of the group-velocity dispersion of the white-
lar, the mechanism of the Frenkel-pair generation has not ydight pulse.
been determined unambiguously, although many models In order to obtain the absorption spectra with a reasonable
have been proposé&?_zs Recent femtosecond time- Signal-to-noise ratio, averaging of 5 or 10 set of data for the
resolved spectroscopic studies have shown that this methg@®mel 3 was needed in the present experiment. In pure crys-
is certainly able to reveal the primary steps of latticetals, the optical absorption induced by a single shot of the
relaxation?>~3*and here we use this technique to study thisexcitation pulse decayed almost to zero within 100 (the
aspect of the relaxation ok¢h) pairs in alkali bromides of time to the incidence of the next excitation pulsand the
KBr and RbBr. Both of the crystals are typical examples ofabsorption due to stable defects was negligiBEven for 20
the alkali halide crystals in which all of the three configura-shots at the same spot of a specimen, the amount of stable
tions shown in Fig. 1 are formed with high efficiencies. In defects, mainlyF centers, was at most a few percent of the
order to differentiate the hole relaxation processes from thamaximum height of the optical absorption. Therefore, pos-
of (e-h) pairs, we study in parallel the relaxation of holes in sible secondary effects due to photoexcitation of stable de-
KBr doped with NG, which is known as an effective fects by the exciting light pulse could be neglected. How-
electron-trapping centéf. A brief description of the results €ever, this small amount of stable-defect absorption induced
on KBr and KBr:NQ, has been given elsewhete. by a repeated irradiation certainly gave non-negligible ef-
The paper is organized as follows. After describing ex-fects in determining the absorption spectra at stigis
perimental details in Sec. Il, we present in Sec. Il experi-where the absorption strengths were small. Since the amount
mental results of the femtosecond time-resolved spectro®f stable defects was confirmed to be proportional to the
copy for KBr:NO,, KBr, and RDbBr crystals over the numberN of irradiations at the same spot, the effects of the
temperature range from 6 to 300 K. In the first part of Secinclusion of stable-defect absorption in a measured spectrum
IV, we discuss the specific features of the results which yieldat a given length of the delay line could be subtracted by
qualitative understanding of the relaxation processesh)  the following procedure:
pairs in bromide crystals. Then we formulate a rate-equation
model for describing the temporal evolution of the states
concerned, and analyze the data quantitatively. Finally we me N—1
discuss some important features of relaxation processes of a(ly)= N Zl " Vg) — o a(>) |, @
(e-h) pairs in more detail, based on the experimental results
and those obtained by quantitative analysis.

N

wherea(ly) is the true absorption spectrum for a givien
a™{l4) the spectrum measured idh time of the repeated
irradiation, anda(>) the spectra measured after repeated ir-
Specimens of a thickness of 2 mm of pure KBr and RbBrradiation, respectively. The validity of this procedure was
were obtained from crystal blocks purchased from Harshawonfirmed by comparing the spectrum thus obtained with the
Chemical Co. Those of NpDdoped(0.3 mol %9 KBr were  spectrum obtained by averaging the data taken at a virgin
grown by the Kyropoulos method in dry argon atmospherepart of the specimen by changing the sample spot for each
Laser pulses of 100-fs pulse duration, 605 nm in wavelengthshot of irradiation of excitation pulse; the two spectra
and 250uJ in energy/pulse, were generated with a repetitiorshowed no difference within experimental error. The subtrac-
rate of 10 Hz by a laser system comprising a mode-lockedion of the stable-defect absorption in terms of EL. was
Ar-ion laser(Spectra-Physics, Model 208@& synchronously applied to spectra at ally's. However, this procedure for
pumped, cavity-dumped dye las€Bpectra-Physics, Model obtaining the true absorption spectra was not applicable for
375B) with Rhodamine 6G, a pulse compressor, and a fourKBr:NO, at low temperatures, since the defects,\ecen-
stage amplifier with aQ-switched Nd:YAG laser(Con- ters, generated by a single shot of the excitation pulse did not

Il. EXPERIMENT
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show any decay within 100 ms. Therefore, data could only

be obtained at 273 K, where thg centers decayed within __F!G- 3. Time series of optical absorption spectra i@
100 ms. KBr:NO, at 273 K, and for(b) pure KBr at 80 K; the probe pulse

. . delay is given in each panel. The top paneld@fand (b) show,
In order to characterize the absorption bands observed 'ﬁespectively, theV, band measured at 273 K and the transient

the time-resolved spectroscopy in femtosecond time regime . )
. . . dbsorption spectrum in pure KBr measured atu& after an
optical absorption bands due to typical color centers wer

ined at th t t th in femt %l ctron-pulse irradiation at 8 K. Thé band at 273 K was mea-
examined at the Same temperatures as ose In FEMIoSeCofitey 4t 1Qus after irradiation of an electron pulse, since the

spectroscopy with _USi'_"g a pulsed-electron _generatd? . center is not stable at this temperature. The transient absorption
43710A as the ex0|tat_|on source. Th_e _tran5|ent absorptlogpectrum in pure KBr is decomposed into the STE béhih solid
spectra for centers which decayed within a few s after irragyrg and theF band(broken curvi

diation were measured by a polychromator consisting of a

Xe-flash lamp, a grating monochromator and a photodiode,nge s observed. Hereafter we call this band Bhband.
array detector. The absorption bands due to stable defecigyyever, a significant difference is evident in the spectra
were measured by a conventional spectrophotom@Bi-  4ier 2.8 ps: the band at 2.05 eV and the STE band at 1.6
madzu UV3100 eV are generated in pure KBr, while in KBr:NQheB band
converges to at least two peaks at 1.7 and.6 eV. Al-
though we were able to detect only the tail of the optical
absorption band with photon energies smaller than 2.6 eV,

First, in order to confirm that the relaxation of holes takeswe believe that this spectrum corresponds to \thecenter
place without any significant interaction with electrons inwhich has two maxima at 1.7 and 3.2 eV.

KBr:NO, , we measured optical absorption spectra after ir- The time evolution of the optical absorption measured at
radiation with a single shot of a 20-ns electron pulse at 80 K2.5 and 2.0 eV in KBr:NQ@ is shown in Figs. &) and 4b);
Figure 2 shows the absorption spectra measured a few mihe latter monitors almost purely thg band and the former
after irradiation for pure KBr and KBr:N®. It is evident includes the contributions from both ti&band and thé/y

that in doped specimens the induced absorption bands aband. TheB band reaches a maximum at 1.5 ps after excita-
entirely due toV centers, whereas only bands are gener- tion, and decays within 10 ps. The long-lived component in
ated in pure KBr. When the absorption spectrum was meaFig. 4(a) can be ascribed tdy centers. From these results, it
sured 100 ns after irradiation, the induced absorption bands clear that the formation of th¥y center is delayed by
were identical to those measured a few min after irradiationabout 10 ps after generation of free holes. Evidently the de-
no transient species could be detected in KBr;N@n the lay of the V¢-center formation has a close correlation with
other hand, the optical absorption bands due to the off-centéhe formation of transient hole centers which exhibits Ehe
STE's, as well af andH bands, were produced in pure KBr band. The solid curves in Figs(a&} and 4b) represent the

at 6 and 80 K. Therefore, it is clear that the holes are relaxetesults of analysis based on the rate-equation model, which is
without interaction with electrons in the KBr:NOcrystals.  described in detail in Sec. IV B.

In Fig. 3 we compare the time-resolved optical absorption In Figs. 4c)—4(e), we show the time evolution of the
spectra fori@) KBr:NO, at 273 K and for(b) pure KBr at 80  optical absorption measured at 1.92, 1.60, and 1.33 eV in
K after irradiation with a femtosecond laser pulse; the delaypure KBr, respectively. In these figures, the solid curves are
tq of the probe pulse is indicated at each panel. In the tophe results of analysis. The optical absorption measured at
panels the/k bands in KBr:NG measured at 273 K and the 1.92 eV is mostly due to th& band as seen in Fig.(.
absorption bands due to the off-center STE, the STE bandlearly two processes determine the growth offhleand: a
and theF band in pure KBr a8 K generated by pulse- fast process occurs within 6 ps, and a slow one continues
electron irradiation are shown for comparison. The time-over 50 ps at 80 K. Neither process is due to electron trap-
resolved spectra in both specimens before 1.6 ps are similgping by preexisting anion vacancigsthey are indicative of
only a broadband extending over the whole photon-energghe formation of Frenkel pairs frome¢h) pairs. The tempo-

lll. EXPERIMENTAL RESULTS
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FIG. 5. Time series of optical absorption spectra for RbBr at 80
K; the probe pulse delay is given in each panel. The top panel
) , , shows the transient absorption spectrum measuredwat dfter an
0 TIME D%%AY(ps) 40 glectron-pulse ir.radiation at 8 K. The tra.msient absorption spectrum
is decomposed into the STE bafttlin solid curve and theF band
(broken curve

FIG. 4. Optical density changes @) 2.5 eV and(b) 2.0 eV in
KBr:NO; at 273 K andc) 1.92 eV,(d) 1.60 eV, ande) 1.33 eVin  tra for pure RbBr at 80 K after irradiation with a femtosec-
pure KBr at 80 K as a function of delay after two-photon band-to-ond laser pulse. The delay of the probe pulse with respect to
band excitation. The solid curves pertaining data points are thghe excitation pulse is indicated in each panel. In the top
results of analysis by using a rate-equation mogee the tejt  panels the STE band afdband in RbBr generated by pulse-

B band, and the broken curve (@) shows the growth of th&x  featyres of the time-resolved spectra for RbBr are quite simi-
band. In(c), (d), and (e), thin solid and broken curves show the lar to those for KBr; only a broadband extending over the
temporal evolution of th& band and the absorption band due to whole photon-energ’y range is observed at egyly, the F
intermediate statk, respectively. The chain and dotted curvesdn band at 1.80 eV is then induced fgtof 3 ps, and forty’s

show the two components of the temporal evolution offhleand,
and the dotted cur?/e itd) shows that I(ij the STE band. longer than 10 ps th& band and the STE band at 1.45 eV
are generated.

The time evolution of the optical absorption at 1.38, 1.50,
ral evolution of the slow growth of th& band is well de- and 1.85 eV in RbBr are shown in Figs(@p-6(c), respec-
scribed by a function of the forfil—exp(—t/7)], with 7=13 tively. The optical density measured at 1.85 eV is mostly due
ps. to the F band, as evidenced in the time-resolved spectra

In contrast to the growth of thE band, the growth of the shown in Fig. 5. As in the case of KBr two processes in the
STE band includes only the slow component; the apparergrowth of theF band are evident; a fast growth that occurs
fast growth at 1.60 eV in Fig.(d) is not due to the STE band within 6 ps and a slow one that continues over 80 ps at 80 K.
but is primarily due to thé8 band as evidenced by the time- The changes in optical density at 1.38 eV at which the con-
resolved spectra shown in Fig(3. The growth of the STE tribution of the STE’s is significant show a rapid growth
band is found to be parallel to the slow growth of théand. followed by a fast decay within 6 ps, and a gradual increase
On the other hand, the evolution of the optical absorption athat continues over 80 ps. In view of the time-resolved ab-
1.33 eV shown in Fig. @) demonstrates a rapid growth sorption spectra in Fig. 5, it is clear that the rapid changes at
within 5 ps and slow decay lasting for 50 ps. Comparingshortt,’s are due to the generation and annihilation of Bhe
these time-resolved spectra with those in KBrjN@hey can  band, and the gradual increase is due to the growth of the
be divided into two components: one that behaves similarhSTE bands. The changes at 1.50 eV, where the contribution
to the B band and another which grows more slowly and isof the STE band is more than at 1.38 eV, are also character-
not annihilated completely for 50 ps. The latter component iszed by fast changes at less than 6 ps and a gradual increase
absent in KBr:N@, and is seen only in pure KBr. The time at longerty's. Since the absorption peaks of thecenters
constant of the decay of this component is found to be abouind STE's in RbBr are at lower energies than those in KBr,
13 ps, identical to those of the slow growths of theband the optical density changes corresponding to those at 1.33 eV
and of the STE band. Therefore, an intermediate state, her@ KBr could not be detected in the wavelength range of the
after called state, is formed within 5—6 ps after excitation present detector.

in pure KBr, and the decay of staltds related to the forma- In order to examine the effects of temperature on the re-
tion of theF centers at the slow process and of the off-centefaxation process ofd-h) pairs in KBr and RbBr, we carried
STE's. out similar time-resolved optical absorption measurements

Figure 5 shows the time-resolved optical absorption specever a wide temperature range, from 6 to 300 K. In Fig. 7,
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FIG. 6. Optical density changes @ 1.38 eV, (b) 1.50 eV, and FIG. 7. Optical den§ity changes at 2.0 eV in pure KBr at 6, 80,

(c) 1.85 eV in pure RbBr at 80 K as a function of delay after and 200 K as a function of delay after two-photon band-to-band

two-photon band-to-band excitation. The solid curves pertaining toexmtatlon._The solid curves are the results of analys!s by using a
te-equation modelsee the text The temporal evolution of the

data points are the results of analysis by using a rate-equatio :
model (see the tejt In the figures, thin solid and broken curves ast and SIOW groyvth of th& band, resolved by_the analysis, are
shown by thin solid and broken curves, respectively.

show the temporal evolution of tH& band and the absorption band
due to the intermediate stdtgrespectively. The dotted curves(i#
and(b) show the temporal evolution of the STE band, and the chairformation of F centers in KBr is completed within around
and dotted curves ifc) show the two components of the temporal 100 ps. We examined the temperature dependence of the
evolution of theF band. yield of F centers measured at 120 ps after excitation with
the femtosecond light pulse; the area of théand induced
we show time evolution of optical densities at 2.0 eV at 6,at each temperature was measured as a function of the tem-
80, and 200 K in KBr, which monitors changes in the con-perature. It was found that the yield Bfcenters in KBr was
centration ofF centers. The results at 80 K, which were almost constant irrespective of the temperature from 6 to 300
already shown in Fig. 4, are again presented to emphasiz€. This temperature independence of the fraction e
the temperature dependence. At 6 K, the presence of twpairs which are relaxed int6-H pairs suggests strongly that
processes in th& band growth demonstrated at 80 K is observed temperature dependence of the time evolution of
clearer, because of the much slower time constant at thine F band reflects that of the relaxation pathways &)
second stage after 6 ps. The slow growth at the second stagairs. The origin of this temperature dependence will be dis-
was also found in the optical density changes at 1.6 eV. Orussed in the next section.
the other hand, at 200 K there appears to be a “single-
mode” growth; the optical density increases continuously
until 20 ps, and then stays almost constant at longer The IV. DISCUSSION
change at 1.6 e\(the STE absorption bandlso shows a
“single-mode” growth until 20 ps, and then starts to de-
crease at longdy’s at this temperature. The growth of the
band measured at 300 K was found to be similar to that at The relaxation of é-h) pairs in KBr and RbBr described
200 K, except for a slightly shorter rise time. in the previous section can be qualitatively divided into two
Figure 8 shows the results of temporal evolution of Ehe stages: a first stage that terminates within 6 ps, and the sec-
band monitored at 1.85 eV at 6, 80, and 200 K in RbBr. Theond stage which follows the first stage and continues over
effects of temperature on the growth kinetics of fhdband 100 ps at low temperatures. The first stage is characterized
in RbBr are similar to those in KBr. At 6 K, the fast growth by three features(l) the rapid growth and decay of th#
within 6 ps is dominant; the slow increase at longgs band,(2) the fast evolution of th& band, and3) formation
certainly exists, but is much smaller than that in the firstof the intermediate state The second stage is characterized
stage. At 200 K, the growth of thE band appears to occur by the decay of the intermediate statewhich is formed at
via a “single mode;” it increases monotonically until 30 ps. the first stage, and the slow growth of theband and the
It appears that the formation time of tRecenter is slower at STE band. Here we discuss these results in more detail to
200 K than at 5 K. obtain qualitative understanding of the lattice relaxation
As seen in Fig. 7, at any temperature from 6 to 300 K, thewhich takes place in each stage.

A. Characteristic features of the relaxation process
of (e-h) pair
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FIG. 8. Optical density changes at 1.85 eV in pure RbBr at 6,
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rate-equation mode(see the tejt The temporal evolution of the
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1he second stage of the relaxation can be understood as the
off-center relaxation of the on-center STE into theH pair
and the off-center STE. Further details of this relaxation will

shown by thin solid and broken curves, respectively. be discussed after quantitative analysis of the data.
1. The lattice relaxation at the second stage: 2. The lattice relaxation at the first stage: The dynamical
The off-center relaxation relaxation of a complex comprising an electron

Since the decay time constant of the statenonitored at and a relaxing hole

1.33 eV in KBr, is identical to the time constant of the One of the striking features of the present results is that
growth of theF and STE bands, we can preliminarily con- the F-H pairs are generated not only through the slow pro-
clude that the second stage of the relaxation is due to theess described above, but also through the fast process
conversion of the staté into F-H pairs and off-center within 6 ps. From the results for KBr:ND, it is evident that
STE’s. In order to get deeper insight into this second stage dhe hole relaxation into th¥y center is completed at around
relaxation, let us examine closely the changes in optical ab0 ps after excitation. Therefore, the holes well before 10 ps
sorption spectra for KBr. In Fig.(8), we compare the spec- can be considered as still being in the process of relaxation.
tra atty's of 6 and 80 ps measured at 80 K. Three prominenfThe transient hole centers which give rise to Biband can
features can easily be noticed; the decay of the absorption &t identified to be these holes in the process of relaxation,
photon energies below 1.4 eV, the growth of theand STE and they are called hereafter the relaxing holes. Since the
bands and the significant “sharpening” of the absorptionrelaxation at various lattice sites where holes are localized is
band above 2.5 eV. From previous optical-absorption speaot in phase, it is reasonable to assume that the relaxing
troscopy studies of color centers, it is well established thaholes can give rise to a broad optical absorption band. The
the absorption around 3 eV at low temperatures arises mainkesult that the broa® band transforms into th¥y band in
from X, molecular ion center¥ In pure crystals, these are KBr:NO, is totally consistent with this interpretation. In
Vi andH centers. In Fig. &), we compare the absorption pure crystals, however, the relaxing holes will start to inter-
bands of theVx andH centers measured at 80 K. Although act with electrons at some stages of their relaxation. Then,
both centers have peaks around 3.2 eV, the band is mudhe fast formation of thé--H pair taking place within 6 ps
broader and shows a low-energy tail in the case of\the after excitation is ascribed to the interaction of electrons with
center’®® The absorption band above 2.5 eV at 6 ps fits therelaxing holes. As the on-center STE is also formed in this
V-absorption band almost perfectly, whereas that at 80 p8rst stage of relaxation, we may conclude that the interaction
fits the H-absorption band. Therefore, the intermediate stat®f an electron with the relaxing hole evolves by two different

| in pure KBr is characterized by an absorption band similapathways: one leading to formation of tlfeH pair, and

to that of theV center at energies above 2.5 eV. It is alsoanother leading to the on-center STE.

clear that statd exhibits a significant absorption strength ~ Most existing modefs?>~2 of Frenkel-pair formation
below 1.5 eV. These spectroscopic features are characterisfiom an exciton or and-h) pair proposed so far assume that
to the type-l STE in alkali halidé§which has been shown to the hole relaxation into thé center is the primary step; any
have the on-center configuratibhThus we can assign the further relaxation occurs after the hole self-trapping into the
intermediate stateto the on-center STE. It follows then that V-center configuration is completed. ThReH pair forma-
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FIG. 10. The schematic configuration coordinate diagram show-
ing the model of relaxation pathways oé-f1) pairs in KBr and
RbBr. (B+e) stands for the state comprising an electron and a
relaxing hole. Arrows show possible relaxation routese the text
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) . ..~ “"tion of time delay after two-photon band-to-band excitation at 80 K.
At the same t'm?’ however, the pre;ent |nve§t|gat|0n ha$he thin solid curve shows the pulse sha@e0-fs width of the
revealed a new direct channel 6fH pair generation due to excitation pulse with a hyperbolic-secant-squared form, and the
the interaction of electrons with relaxing holes. The instabil-broken curve shows the convoluted rise of the absorption with no
ity induced at this stage of relaxation can be reasonably redelay. The pulse width of 100 fs for the probe pulse was used for
ferred to as a dynamical instability in the sense that it isthe convolution analysis. The thick solid curve pertaining to data
induced during lattice relaxation o&{h) pairs which is as- points is the result of the analysis using a rate-equation model in
sociated with violent motions of ions. The existence of thiswhich a generation function of a Gaussian form is useee the
channel has provided evidence for the dynamical interplay ofexd.
the electron-lattice and hole-lattice interaction inducing local

lattice rearrangements B. Analysis of the time evolution in terms

of a rate-equation model

To characterize the relaxation process efh) pairs in
gquantitative terms, we analyze the temporal evolution of sev-
Based on the results and discussions described above,dtal absorption bands by introducing a system of rate equa-
can be concluded that the relaxation eflf) pairs in KBr  tions based on the model of the relaxation proposed in Fig.
and RbBr is characterized by the following pathways. In thel0. First we describe some features of the rate-equation
first stage of relaxation, optically generated holes are localmodel used.
ized to form the relaxing holes, and the interaction of elec-
trons with the holes in pure crystals results in the formation 1. Introduction of the generation function of the B state

of eitherF-H pairs or th,e on-center STE. In the second stage  ag gescribed in Sec. Il the fastest process observed in
of relaxation at longety’s, the on-center STE formed in the ntical absorption is the generation of tBeband corre-
first stage is converted into eithErH pair or the off-center sponding to relaxing holes. In Fig. 11, we show on an ex-
STE through off-center relaxation. These pathways can beanded time scale the temporal evolution of the optical den-
represented schematically by the configuration coordinatgity at 1.38 eV in RbBr which is determined predominantly
diagram shown in Fig. 10. by theB band. The shape of the excitation pulse is shown by
In this figure, the complex comprising an electron and athe thin solid line, and the convoluted rise calculated numeri-
relaxing hole, abbreviated a8 ¢ €), is taken to be the “vi- cally using a hyperbolic-secant-squared shape of the excita-
brationally” excited state of the on-center STE; the vibra-tion and probe pulses in the case of zero delay of the forma-
tional relaxation of the complex eventually leads to the for-tion is shown by the broken curve. It is evident that the
mation of the on-center STE. This assignment is based ononvoluted rise curve does not fit the growth of Bdand;
our results for KBr:N@ in which the decay of the relaxing there is a delay in the formation of tfBeband. Thus, we are
holes leads to the formation of thg, centers. Direct con- forced to introduce some transient states responsible for the
version intoF-H pair configuration due to dynamical insta- formation of theB band; these are not presently detectable
bility is also shown as a relaxation pathway &{e). The experimentally.
model shown in Fig. 10 includes two assumptions which are We assume that the formation of the transient hole centers
not evident from the above discussion. The first is that theor the relaxing holes does not happen in a single step, but
dynamical instability takes place at a certain excited state oincludes several distinct steps, such as the cooling of opti-
(B+e) with an excess energy arou}, and the second is cally generated hot holes through successive scattering with
the existence of a barrier between the on-center STE and th#honons within the valence band and localization through
off-center STE. The validity and physical significance of interaction with a randomly fluctuating lattice potential.
these assumptions will be discussed in Secs. IV C and IV DTherefore, it is reasonable to assume that a wide distribution

3. Relaxation pathways of (e-h) pairs
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for the time needed for an optically generated hole to be Now one can construct the set of rate equations to simu-
localized at a certain lattice site with a certain degree ofate the time evolution of each absorption band. The arrows
relaxation. Also, it has been shown that the relaxation whichn Fig. 10 indicate the overall transition routes from one level
occurs in the subpicosecond time regime includes dynamicgi) to the others ). The rates of these transitions are here
features which can be described by wave-packet dynathics.represented bxk/. The rate equations for levels concerned
When we take these features of the lattice relaxation of holeare given by
into account, the consideration of a transient state with a
fixed decay constant is too simple to simulate the process. h o

Here we introduce a generation functig(t) of the re- g =90~ (ky k)i, <)
laxing hole state to describe the fact that the population of
the state after creation oe{h) pairs is distributed with re-

spect to the time delay after excitation. The function is given % =kinn—k/ny, (4
by
(t—tg)? dny £ s
g(t)=ex W) 3] W:klnl_(kl +kpn, %)
and is characterized by the overall detgyand the distribu- dne

tion half widthw//4 In2 . The distribution of the formation ——=kn,, (6)
time described byg(t) can be regarded as a phenomenologi- dt

cal representation of the dephasing effects and of a convolu-

tion of the unresolved primary steps in the hole-relaxation dng _F F

process. In Fig. 11, the thick solid curve is calculated with F_khnﬁk' M @)
g(t) by fitting a rate-equation model, details of which are

given below, to the data. In this fittingy=1.1 ps andv=0.8  wheren; (i=h,l,1,S,F) represents, respectively, the concen-
ps were used. It is evident the introduction of the generatioitrations at B+e),, (B+e), the on-center STE, the off-
function significantly improves the description of the tempo-center STE, and thE-H pair. This set of rate equations was

ral evolution of theB band. solved numerically, using a fourth-order Runge-Kutta algo-
rithm, to fit to the temporal evolution of optical densities at
2. Rate equations typical photon energies. In the fitting procedure, consistent

galues of parameters df, and w were used for a given

For constructing the set of rate equations, we need t ecimen at all photon energies. The solid curves shown in
specify the relation between the two relaxation channels o P P gIes.

(B+e), the formation of theF-H pair and the on-center /95 4,6, 7, 8, and 11 which represent the results of the best

STE. If any of the B+e) states has the same probability of f't’ugggoﬁé?é? réharl:) d%lére)sa?:;folzag} t'?hr;n?erzf g?ael ersfjl;_
decay into either of the these two states, the formation tim§q P y P

of the F band and the decay time of ti&eband is identical. Or']l'f?(]; Oé)ctﬁaloii?ilsmésacfl s:(\j/egal ?ﬁgt%r;aelng.?'iib some
However, we find in the experimental results and in the fit- mp v y st w
ting procedure that the formation time of tReband is usu- characteristic temperature dependence which reflects that of

ally shorter than the decay time of tleband in both KBr the relaxation pathways ofh) pairs. As one can see in

and RbBr. This can be interpreted as indication that amongégnstézsa;g?m% datsh?c]nej tﬁﬂ:ﬁgrg;re rlgg(raeszsienst:]hee fﬁrsr,losl?;t gfis
many substates off(+e) with distributed degrees of relax- 9 p 9

o, oy some spectc ates can be responile for GfP00CE, WISTERS It amaunt Lol e Son pocess
composition intoF-H pairs. Therefore, we introduce two 9 . Y,

ot . of the F band in the second stage is becoming shorter with
istinct levels of B+e): the B+ level h nly one . .
distinct levels of B+e): the €), level has only one increasing temperature. These two features related to the

channe| of relaxation into the on-center STE, and theF-center formation are discussed in the next section
(B+e), level is responsible for both the conversion into the '

F-H pairs through the fast process and the relaxation into the _ _
(B+e),. It follows that competition between the two chan- C. Temperature dependence of the yields of centers in the

nels of the relaxation of theB(+ e) takes place at the level two stages: The competition between the two pathways
(B+e),,, and the branching ratio is characterized by the rate during relaxation of the (B +e) state

F . . .
ki of the dynamical transfer into thie-H pair and the rate According to the model in Fig. 10, the fast process of the

kp, of the vibrational relaxation towards the lower states alg_center formation in the first stage results from the interac-
(B+e)q:. The formation time of thé=-H pair is then given  {jon petween electron and relaxing hole, and the slow pro-
by 1/(k, +kp). On the other hand, the decay of tBeband  (ess in the second stage is due to the off-center relaxation of
may be characterized by a rate of vibrational relaxation avine on-center STE. In terms of the rate of the relaxation, the

eraged by many lower levels. Since the rate is lower foamount ;L of the F centers formed in the fast process is
lower-energy levels, the time constant of the decay ofhe gjven by

band is expected to be larger thanky/ and hence
1/(k 5 +k}). When two different levels forg+e) are intro- KE
duced, then the decay of th& band is finally governed by 77|f:: h

o t)
the lifetime 1k; of the (B+e), level. kp, + Kk
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and, the amount;; of the F centers formed in the slow
process is given by

s Kn ki 9
TR KRS ©
Therefore, the result that the amount of theenters formed

in the fast process is replaced by almost the same amount in
the slow process at higher temperature means that the vibra-
tional relaxation leading to the on-center STE becomes
dominant over the direct transfer into theH pair state at
higher temperatures.

The problem of the competition between a dynamical
transition from an excited state to an other state and the
vibrational relaxation within the excited state has been stud-
ied both experimentally and theoretically for several systems
in solids3’~°A typical example is the Dexter-Klick-Russell
mechanisnY for radiationless transitions in thE centers,

Ne/ Mg+ M)
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where the dynamical transition to the ground state and thgggy it of Eq.(12).

cooling transition within the excited state manifold are the

FIG. 12. The relative yield of th& centers formed at the first
stage to the total yield of th& centers in KBr and RbBr as a
function of temperature. The solid curves are the results of the

two processes concerned. Following the theoretical concepékes place at a certain excited state BfHe) with compet-
of Bartram and Stonehaff,the (B+e) state we are con- ing with the cooling transition into the on-center STE.

cerned with may be described as a vibrationally excited state
in the configuration coordinate space spanned by the “effec-
tive local mode,” or the interaction modé.The vibrational
relaxation is then governed by the interaction between the
effective local mode and the “effective lattice modes”
which act as a reservoir. It has been shdWhat the cooling
transition rateky of the nth vibrational state on the
interaction-mode space is given approximately by

k! =kon,(2n+1) (10)

for n,>1, wherekg is a constant and, which is given by

D. Temperature dependence of the formation time
of the F center in the slow process:
the off-center relaxation of the on-center STE

The barrier against

As concluded in Sec. IV A, the second stage of the relax-
ation of (e-h) pairs is the off-center relaxation from the
on-center STE into thE-H pair and the off-center STE. The
analysis has shown that the relaxation is characterized by a
single time constant, which depends on temperature and also
on the crystal. In Fig. 13, we plot the time constamt
[=1/(kT+k?)], namely the rise time of th€ band at the

second stage, as a function of temperature for KBr and RbBr.

n=[exphv/kT)—1]"1, (11

It is evident thatr; which remains constant at low tempera-

tures has become shorter with increasing temperature. We

is the occupation number of the effective lattice mode alpply the classical formula for the nonradiative transition
temperaturdl with the simplification of representing the lat- probability:

tice by a single mode. Then, the rdt¢ increases with in-
creasing temperature. If we assume that the katteof the
direct transfer into th&-H pair state is not very sensitive to

temperature, then the temperature-dependent decrease of the

amount ofF centers formed in the fast process can be one of
direct consequences of our model of the relaxation.

The relative yield ofpf to the total yield of theF centers
is given by

f F
e Kh
met g Khtcky

12

wherec=k/(kF+k}). In Fig. 12, we plot the relative yield
determined by analyzing the results, and show the best fit
curve of Eq.(12), with the aid of Eqs(10) and(11), with hv

as a fitting parameter. In this fitting, we assumedo be
independent on temperature. This assumption could be veri-
fied by the results of analysis; the magnitudecdbr obtain-

ing the best fit at different temperatures changes by less than
10%. As seen in the figure, EQL2) describes well the tem-
perature dependence of the relative yieldzéfin both KBr

RISE TIME ( ps )

10?

1 50
—=k;+ v exp(—E/kgT),

dl

(13

T T TTTTIT

10'E .
B (0)KBr 3
- (0) RbBr
10°F .
Cl i ] L1l 1 11l
10! 10°
TEMPERATURE ( K )

FIG. 13. Temperature dependence of the rise time ofFthand

and RbBr. The analysis and arguments described here may the second stage in KBr and RbBr. The solid curves are the best

substantiate our assumption that the dynamical instabilityit of Eq. (13).
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wherek? is the rate of low-temperature tunnelingg the  spectroscopic technique. Several primary processes of the
Boltzmann constant, and and E are the frequency factor relaxation have been resolved for the first time. In both KBr
and the activation energy of the thermally activated processand RbBr, the relaxation process of-fi) pairs has been
respectively. The temperature dependenceg afin be fitted resolved into two distinctive stages. In the first stage which
well by Eq.(13). The solid curves in Fig. 13 are the best fits terminates within 5—6 ps after excitation, the interaction of
for the two bromide crystals. The fitted values®fare 29  electrons with relaxing holes leads to the formatiorFeH
and 37 meV for KBr and RbBr, respectively. The result thatpairs and to the on-center STE. The branching between the
the rate of the off-center relaxation increases with increasingwo channels of the relaxation is temperature dependent; the
temperature, described well by Ed.9), indicates that there yield of F-H pairs formed in this first stage is reduced at
is a barrier between the on- and off-center configurations ohigher temperature. The temperature-dependent branching
the STE’s. Therefore, the present study has demonstratdths been ascribed to the temperature-enhanced rate of the
clearly the bistability of the two different relaxed configura- cooling transition of the complex consisting of an electron
tions of excitons. and a relaxing hole. The second stage of the relaxation has
The off-center instability of the on-center configuration of been proven to be the off-center relaxation in which the on-
the STE in alkali halides was first studied theoretically bycenter STE formed in the first stage undergoes further relax-
Toyozawa! and he proposed that at a certain amount of disation into F-H pairs and the off-center STE’s. The rate of
tortion of the symmetric vibrational mod€&, mode, of the this off-center relaxation has been shown to be also tempera-
X5 molecular ion, the pseudo-Jahn Teller effects sf &nd  ture dependent, providing evidence for the barrier between
2p-like electronic states due to an odd-parity mod®, on- and off-center configurations of STE's.
mode, ofX, molecular ion induces the instability to displace  These new findings, though specific to KBr and RbBr at
the molecular ion into 4110 direction. Later, Toyozawa’'s this moment, have given important information for under-
concept was quantitatively analyzed in detail by Leung andtanding lattice relaxation processes of elementary excita-
Song*? However, in a model which assumes linear couplingtions in solids with strong electron-phonon coupling. The
between the electronic system and @g andQ,-mode vi-  specimens used in this study are typical examples of alkali-
brations, the double-minima structure of the adiabatichalide crystals in which on- and off-center STE’s can coex-
potential-energy surface cannot be formed, as analyzed iist. It is an interesting future problem to study how the char-
detail by Matsumoto, Shirai, and Kan'#d Cluster calcula- acteristic features of the relaxation process observed in these
tion by several methods, including tiad initio approach, crystals change in other alkali halides where only one type of
has shown that the off-center instability is certainly favored,STE can be formed, and in other crystals which have differ-
but most of these theoretical studies have failed to shovent bonding nature and crystal structures.
satisfactorily the bistability, i.e., the presence of a barrier
between the on- and off-center configurations of
STE's152844-48Tys, the bistability of the two different con- ACKNOWLEDGMENTS
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