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We used an embedded cluster Hartree-Fock method that self-consistently accounts for lattice polarization to
calculate adiabatic potential energy surfaces of the ground and excited states of the self-trapped exciton and to
model its decomposition into Frenkel defect pairs in KBr. The characteristic optical excitation and lumines-
cence energies of the self-trapped exciton and basic Frenkel defects are calculated. We present the experimen-
tal results of femtosecond pump-probe spectroscopy, which demonstrate the time evolution of the optical
absorption of the KBr crystal excited by an 8-eV pulse at 80 K. These results reveal that Frenkel-defect pairs
are formed in KBr prior to the holes relaxing into their most staljlecenter state. Contrary to these results,
the femtosecond spectroscopy of Mg-center formation in NaBr demonstrates that this is an extremely fast
(< 1 p9 process. Theoretical modeling is used to show that the fast process efcémer(electron trapped
by a halogen vacangyand H center (interstitial halogen atojnpair formation in KBr prior to the hole
self-trapping can happen in the ground electronic state of the exciton. This process is driven by the interaction
of the relaxing hole with electron. We conclude that the speed of the hole vibrational relaxation prior to
recombination with an electron and formation of an exciton is an important factor that determines the speed
and effectiveness of exciton decomposition into Frenkel defects in alkali halides.

I. INTRODUCTION (an interstitial halogen atom in the form &f, at a single

halogen site, wher& is a halogep The H center is much
Self-trapped holes and excitons, and Frenkel defects amore mobile than th€ center, and the two defects can sepa-
among the most well-documented products of relaxation ofate either in the process of creation or afterwards by diffu-
excited states in condensed mattet.However, the rapid sion. If the separation distance is larger than several lattice

self-trapping process is less well understood. In particularconstants, these defects are stable at low temper&iine.
the mechanisms and the temporal evolution of self-trapping
and of the electron-hole interaction during exciton transfor-
mation into Frenkel defects are far richer and more diverse
phenomena than were previously appreciated, as has bee
revealed by time-resolved spectroscopic studies of thest i
processes:® In this paper we present the results of a com- _| ® _&

bined experimental and theoretical study of these phenomen ‘_?i

Vk-center On-center STE Off-center STE

in KBr.

It is well known that photoinduced processes have a very
diverse character even within the seemingly uniform family ?
of alkali halide crystal$-2 Models of some of the fundamen- : L B

*—O

tal species involved in these processes are shown schemai | @—
cally in Fig. 1. In very broad terms, dependent on excitation O >
energy, one can excite excitons and/or electron-hole pairs +

[

Holes self-trap in alkali halides, forming a polaron state lo-
calized on two halogen ions displaced from their lattice sites,
the V¢ center. The electrons and holes can recombine, pro-

QUCing singlet and triplet e_XCito_ns' These eXCiton,S can l(_)cal' FIG. 1. Schematic of several basic self-trapped exciton and de-
ize on several perfect lattice sites and become immobile gbct sryctures. Small black balls represent K ions. Gantell-like
low temperatures, which is called self-trapping. The localizayyctures represent the Brion, which is the stable form of hole
tion of excitons is accompanied by significant lattice relax-jpcalization in alkali halides. Displacements of ions from lattice
ation manifested in a Stokes shift of exciton luminescencesites qualitatively reflect projections of these displacements around
which is particularly large for triplet, so-called off-center ex- particular defects on th€L00) plane. Note that in the case of the
citons (see Fig. 1 In the process, or afterwards they can center the Br ion is situated in the body-center lattice position. The
decompose into a pair of neutral Frenkel defectsFamnter  diffuse circle qualitatively indicates the mode of electron localiza-
(an electron trapped by a halogen vacarayd anH center  tion in the STE and- center.

F-center H-center F-center
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electron tunneling from th& center to theH center leads to composition. It can also give some clues for further under-
formation of another pair of basic defects: ancenter(a  standing of the temporal evolution of this process.
positively charged anion vacancgnd anl center(an inter- From a more general perspective, one can view the pro-
stitial halogen ioh Recombination of these defects restorescess of transformation of electronic excitation in insulators
the perfect lattice. These basic stable defects are well chatto localized excitons and transient and stable defect pairs
acterized theoretically and using a variety of spectroscopi@S an example of a fundamental photoinduced reaction in a
techniqued=31°11 Under different irradiation conditions Solid that reflects its electronic and vibrational properties.
there are many other processes involving these and othdfhere is, however, a significant difference between this pro-
crystal specied;®but they are not in the scope of this paper. €SS and the photm_nduced_transformatlops of, for example,
In spite of a long history of research, many new details oiihel Nalg(,ﬂ%leczle n S?lllJtl'(ﬁE' ?égége hk H molecule in
temporal evolution of these effects started to emerge onl OUt.'On _andin sma c.uste ;- which aré now ex-
recently. In particular, it has been shown that in KBr and ensively discussed in the literature. In particular, excitons
RbBr the generation c;f a Frenkel pééree Fig. 1 consisting and defect pairs can be viewed as “molecules” embedded in

of an F center and arH center takes place through two SOM€ media only to a very limited extent. Due to the equiva-

different processes: the fast process, which terminates withi nce of crygtal sites, the very nature Of their Iocal_|zat_|on
om delocalized states and the mechanisms of their diffu-

a few picoseconds after the excitation, and the slow proces h lecti ¢ |
which continues after the fast process has terminated for oveyOn arhg the collective prope;]ty 0 cr?/sta fatoms. hensi
100 ps at low temperaturés.Similar results have also been " this paper we report the results of a comprehensive

obtained in KCI and RbCI crystalsThe mechanism of the theoretical analysis of the electronic structure and properties

fast process, which plays a central role in formation of theOf the triplet self-trapped exciton and nearest-neighbor defect

F-H pairs at low temperaturés, remains unclear. The two- pairs in. KBr. We che_ck th? rppustness of our results by
photon excitation with an energy of about 8 eV employed incalculating the properties of individual Frenkel defects:fhe
these experiments produces electron-hole pairs in the bulk gdH centers and tlhe (anion vacr]anc}/andl (mltercsjtltlaI.Brl b
the crystals. The electron is shown to be initially delocalized®) centers. We also present the time-resolved optical ab-
in the latticé? for several picoseconds before recombiningSorptlon spectra of NaBr and KBr |rrad|at_ed by femtosecond
with the hole. One of the characteristic features of the fas{‘fiser fpullses tha; rlefleq thg hole rell(a>|<e(11tl?cn and trgnsforma—
process is that it takes place before the relaxation of the hole" O € ectron-hole pairs into Frenkel defects, and suggest
into their most stable configuration, they center, is their qualitative interpretation on the basis of our theoretical
completed'® Therefore it has been suggested that the fasfno_lqﬁl' . ized as foll In th .
process of thé&-H pair formation is due to the interaction of e paper is organized as follows. In the next section we
the electrons with relaxing holds. However, the nature of describe the calculation technique. Then in Sec. Il the re-
the relaxing holes and excitons and the r,nechanism of thaults of calculations of the STE and the Frenkel defects are

fast process of thE-H pair formation has not yet been clari- presented and discussed. In Sec. IV we present the time-
fied. These issues, which are in the focus of our current exr_esolved spectra of the KBr crystal after femtosecond laser

perimental and theoretical studies, are discussed in this pg_xcitation a_nd suggest t_heir quali_tative interpretation. The
per results of this work are discussed in Sec. V.

The understanding of dynamical properties requires dy-
namical means of analysis. Although modeling of the whole
process of the exciton self-trapping and decomposition in
real time is possible, it requires a lot of effort. For example, To model the STE and the Frenkel defects, we have made
a somewhat similar process of electron solvation has beemany-electron embedded-cluster calculations usingidbe
modeled in finite molecular clusters in the one-electron apeap computer codé* which employs theab initio Hartree-
proximation(see, for example, Refs. 13-)1&lowever, with  Fock method. It has been used in some of our previous STE
complex many-electron systems such as self-trapped excialculationé™?>and is thoroughly described in Refs. 21-23,
tons(STE’s), we are still even further from full understand- 32, and 33.
ing of their static properties. The current qualitative atomistic In this code, the lattice polarization is treated self-
model of STE’s in alkali halides has been proposed by Le<consistently with the charge-density flow in the course of the
ung, Brunet, and Sodgand further developed using the ef- exciton and defect transformations. This is achieved by split-
fective potential one-electron calculations, as reviewed ining the crystal with a defect roughly into three regions. Re-
Ref. 3. It has then been elaborated usaiginitio Hartree-  gion | consists of a quantum clusté®C) treated quantum
Fock methods in the series of pap&ts?? The results of mechanically and/or of classical ions represented in the shell
these calculations have been reviewed in Ref. 23. More remodel®* i.e., by point cores and massless shells connected
cently, the effect of electron correlation in the STE calcula-by a spring. The core and shell charges and the spring con-
tions has been explored in Nat¥lTogether with the previ- stant of each ion are parameters of the model. The sum of the
ous calculation? these results present a comprehensive setore and shell charges is equal to the charge of the ion in the
for the NacCl crystal. However, there has been no detaited perfect lattice. Shells of different ions are interacting via in-
initio study of the STE and defect pairs in KBr, which showsteratomic potentials. By the dipole approximation, the polar-
quite different properties. Such a comprehensive picture igation of the ions outside the quantum cluster by the defect
needed in order to compare different crystals, to assess the represented by the displacement of their shells relative to
main factors that determine the accuracy of the model, and tthe cores. The lattice distortion outside the quantum cluster
develop dynamic simulations of exciton self-trapping and deis simulated by the core’s displacement from their lattice site

Il. METHOD OF CALCULATIONS
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positions. In region |, these displacements are calculated exnized for the BHS pseudopotential by minimizing the total
plicitly. Region | is surrounded by another finite region Il in energy of an isolated K atom.
which ions are also treated in the classical shell model, but As has been demonstrated in Refs. 21-24, this basis set is
their polarization is calculated in a linear approximation withnot enough to treat the electron component of the STE even
respect to the electric field produced by a defect at eacin the most localized state. The electron localization changes
lattice site. The finite regions | and Il are embedded in thestrongly during formation of the STE and its decomposition
infinite region IIl. Polarization of that region is treated in the into Frenkel defects. The flexibility of the basis set to accom-
dielectric continuum approximation. lons in the region Ill modate these changes is achieved by using a set of floating
and cores and shells in the region Il produce a crystallingGaussian orbitalfFGO’s) centered in different positions
potential in region I. within the QC. This approach proved to be very robust and
If the defect is treated classically, region | consists only ofhas been thoroughly discussed in Refs. 22 and 23. To model
classical ions and this Mott-Littleton mod®lis calculated the STE localization, in this work we used a set of up to five
using theHADES code?® whi_ch is a part of theC_ECAP pack-  1sFGO's. Their positions and exponents were optimized at
age. The parameters of interatomic potentials, cores, angach new position of nuclei within the QC. To calculate the
shells are optimized in order to reproduce the elastic an@ptical absorption of the STE arfdH pairs, as well as of the
dielectric crystal properties and the energies of formation of ang « centers, we also used the SHlbasis of the Br ion
some basic crystal defects.For the quantum-mechanical centered in the center of anion vacancy.
defect presentation, part of the ions in region | are substituted gome of the typical quantum clusters used in these calcu-
by quantum-mechanical ions, i.e., by QC. The electroniqations are shown schematically in Fig. 2. They were built
structure of the QC embedded in the potential of the suryjong the(110) crystal axis in such a way that each Br ion
rounding classical lattice and the lattice polarization by theyas always surrounded by a complete shell of the nearest K
defect are treated sequentially as different steps of the comgns, The largest clusters included up to 6 Br ions and 26 K
putational procedure. Basically, each new charge distributiofpns. First, the consistency between the quantum-mechanical
in the QC produces a new response by the polarizable latticgteraction between the ions within the QC and those with
To achieve consistency between these two factors, thghe jons outside the cluster was checked by calculating the
quantum-mechanical charge distribution is mapped on thgositions of ions in the clusters representing the perfect lat-
classical distribution, which is then used in thepes code  tice, This “perfect lattice test” worked remarkably well and
to calculate the lattice polarization. In order to achieve thatg| the quantum ions remained in their perfect lattice sites
the dipole, quadrupole, and octopole moments of the neWith the polarization energy very close to zero. This basi-
charge density in the QC is calculated after each successivgly results from the fact that an ionic model works well for
Hartree-Fock(HF) calculation of the electronic structure. this crystal in this basis set.
They are compared with the moments produced by the The excitation or luminescence energies are calculated as
charges of the shell-model ions located in the same positionge gifference between the total energies of the self-
as the cluster ions. The difference in the multipole momentgonsistently calculated ground and excited states. The
is then compensated by generating additional charges sityranck-Condon approximation was taken into account where
ated in the core locations of the cluster ions. This procedur@ecessary by allowing only shells to respond to the change of
is repeated until the relative change of calculated multipolghe electronic state. This models the electronic response of
moments is typically less than about T0 the rest of the crystal, where all cores remain fixed in the
The quantum-mechanical calculations for open-shell sysmitial state. In this study, only the triplet STE was consid-

tems were performed using the unrestricted Hartree-Fockred. It was modeled by computing the triplet state of an
(UHF) method. Electrons are treated in the valence approxigppropriate cluster.

mation using the semilocal norm-conserving pseudopoten-

tials of Bachelet, Hamann, and SchldfeBHS). The inter-

action of Br electrons vylth_ the core _of K'ion rep_resented BY |11 STATIC PROPERTIES OF STE'S AND FRENKEL

the BHS pseudopotential is overestimated leading to unreal- DEEECTS

istically short equilibrium separation, e.g., in a free KBr mol-

ecule. To correct this effect, a repulsive exponential pair po- Most of the experimental data on the lowest state of the

tential has been introduced, as in Refs. 21 and 22. triplet STE in alkali halides are well described in the so-
According to our previous experienée?’the split 515p  called off-center model of STE’s proposed by Leung, Bru-

valence basis set on anions provides a reasonable compneet, and Song’ which is supported by all recent HF

mise between our computer facilities and the accuracy o€alculations®=?*The recent study of the STE in NaCl has

calculations. The basis set for the Br ion has been obtainedemonstrated that the electron correlation does not signifi-

by independent variation of the exponents of the split set otantly affect the geometric and electronic structures of the

7sp Gaussians in the crystalline field, which then has beelSTE at its equilibrium position. Not surprisingly therefore,

contracted into the 5X) form. In our previous calculations the structure of the STE in KBr obtained in this study is not

we have also checked that the additiordadrbitals does not much different from that obtained in chlorides using the

affect the results for STE and point defects in similar crys-same method'?? It is qualitatively depicted in Fig. (&).

tals. For K ions we employed the $B Huzinaga-type basis The Br,~ molecular ion is shifted from its symmetrical po-

set and also that augmented by one gpldarbital (with the  sition in the lattice corresponding to thg center with one

exponent equal to 0.039rom our previous calculations in of the Br ions located just in the middle of the lattice square.

KCI.2%22 The Huzinaga basis has been additionally opti-The equilibrium distance between the two Br ions in this
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TABLE II. Optical absorption energieteV) of the STE and
several defects considered in this work.

o F F’ I (NN)
STE center center center center F-H F-H

Theory 2.0 6.2 2.6 1.2 6.3 2.6 2.7
Experiment 1.8 6148 21 122 54

3Reference 39.
bReference 10.
‘Reference 2.

nate makes sense only before we reach configuration C in
Fig. 2 where the hole switches from one bromine ion to
another. In the calculations, we then were moving that last
atom and allowed all other atoms to relax until we reached
B D configuration E where the hole switches again. One can see
that stable defect pairs correspond to configurations D and F,
which we will call the nearest and the next-near@$N)
neighborF-H pairs, correspondingly. The Br molecule in
the isolatedH center is symmetrical with respect to the lat-
tice site(see Fig. 1L TheH center in the neare$t-H pair is
shifted from this position towards the center and polarized
in such a way that the hole density is larger on the ion closer
to theF center. However, the geometry of thHecenter in the
(NN) F-H pair was found to be already close to that in the
isolated state. The calculated barrier for the transformation of
the STE into the nearest-H pair is equal 0.28 eV. The
energy of the neare§t-H pair is higher than that of the STE
by 0.25 eV, reflecting the exciton bonding. However, the
FIG. 2. Schematic of different stages of conversion of the off-ENErYY O.f the NN=-H pair is the same as that for the nearest
center STEA) into the NNF-H pair (F) in KBr. Part(A) qualita- P&’ within the accuracy of our calculatl_ons. One can see Fhat
tively depicts the equilibrium off-center STE configuration and the O4" calculations predICF Vvery small barriers for recombination
characteristic displacements of surrounding ions. The polarizatio®f the nearest=-H pair back into the STE and for the
of the hole component of the STE and the hole localization in othefi-center diffusion. These barrier configurations are shown
cases is shown by different colors of the anions, lighter meaningchematically in Figs. &) and ZE). Note that, due to the
stronger hole localization. Pa(f8) corresponds to the nasceftH ole transfer, the actual displacements of bromine ions dur-
pair, which is unstable in our calculations. P&®) is the barrier  ing the separation of thE andH centers are much smaller
configuration for the transformation into the nearest stiblé pair ~ than the finalF-center andH-center distance.
in part (D). Similarly part(E) represents the barrier configuration How can we assess the accuracy of these predictions?
for the H-center diffusion along thél10) axis and the system trans- One way is to look at the spectroscopic parameters of the
formation into the NNF-H pair in part(F). STE, its characteristic optical absorption, and luminescence
energies. The energy of the so-called tripteluminescence
configuration is equal to 2.86 A. The electron is localizedis calculated as the Franck-Cond@¥C) difference between
around the nascent anion vacancy. The hole component @he total energies of the triplet and singlet states with the
the STE is polarized towards the vacancy. The electronpositions of nuclei and cores fixed at the STE minimum and
density distribution and the geometrical parameters of thenly the electronic polarization taken into account. The ob-
STE are similar to those calculated in Refs. 21, 22, and 24tained value of 2.45 eV is close to the experimental value of
We have also calculated the fully adiabatic potential en-2.28 eV. To calculate the electronic excitation, instead of
ergy curve corresponding to the displacement of one of th€GO's we used the 5%p basis set centered at the same
Br ions of the STE along th€110 axis and all other ions in  position as the main FGO located in the anion vacancy. The
the lattice allowed to adjust their positions. Several characenergy of the ground state of the STE with this basis set is
teristic configurations are shown in FiggB2—2(F) and their  |ower only by about 0.04 eV, which demonstrates that the
relative energies are given in Table I. Note that this coordielectron in the vacancy is already well described by ose 1
Gaussian and the basis of surrounding cations. Due to the
strong interaction of the, andp, atomic orbitalsSAO’s) of
the electronically excited state with the hole states, we
were unable to converge the excited state of this symmetry.
Therefore only the transition to the perpendicydastate has
0.00 0.20 0.28 0.25 0.27 0.25 been successfully calculated. One can see in Table Il that it is
also in reasonable agreement with the experimental value. To

F

TABLE |. Relative energiegeV) of the STE and severd-H
configurations shown in Fig. 2.

A B C D E F
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check some of the previous qualitative predictions regarding 4

the character of the STE excited st&té® we have calcu- ? STE excited
lated several points of the adiabatic potential of the excited s state

p, state along the displacement of one Br atom. The energy —
of the excited state goes down as the off-center displacement oy center

of the hole component of the STE decreases. triplet@

As the H center shifts forward along th€10 axis to-
wards configurations C and D, the energy of the FC transi-
tion to the ground singlet state decreases sharply. However, Off-center
the singlet state is still lower than the triplet state by about triplet STE
0.25 eV even in configuration D corresponding to the nearest

F-H pair. The FC energies of these two states become equal ) %é“;l;‘;’n‘“,;‘ms?ﬁ,
after the system has passed the nedrelst minimum. The /

FC singlet state is already much higher than the triplet state
in the NN F-H pair. This crossing point, which we were
unable to locate precisely, has that significance that it corre-
sponds to the configuration where the nonradiative transition £ 3 schematic presentation of the section of the adiabatic
to the ground crystal state happens with the highest probabilsstential of the excited KBr crystal based on the results of this
ity. Therefore it is partly responsible for the thermal quench-york. Thex coordinate formally corresponds to the center of grav-
ing of the triplet STE luminescend@nother channel being ity of the hole(see text For the ground and excited STE state, all
the further separation of tieé andH centerg. Although our  other crystal ions were allowed to relax. The curve for the crystal
result is very similar to that obtained for NaCl in Ref. 22, the ground state corresponds to the same positions of nuclei as in the
fact that the crossing in both systems happens past the ne@TE state and only electrons allowed to relax. Several atomic con-
estF-H pair has been overlooked previously. figurations corresponding to the adiabatic curve of the STEH

Let us try to understand this result in simple terms. Thetransformation are shown in Fig. 2.
FC transition between the triplet and singlet states corre-
sponds to the electron transfer from thecenter to theH rgies calculated in the bagis) and (i) are also very simi-
center at fixed positions of nuclei. Therefore the energy oie

this transition is essentially determined by the difference nar. Therefore the results shown in Table Il are for the basis
1sition IS essentially rmi y ITerence | set(ii), which has also been used in calculating the STE and
the vertical ionization energy of tHe center and the electron

affinity of the H center, correspondingly. Another important F;}Hrpaw fptrhopezt:ei.VOnencanviﬁ_ehthat the Iopltlcialdexcnattlon
term is the Coulomb interaction of the interstitial Br jon still €c'9Y O' the anion vacancy, which was calcuiated as a tran-

in the H-center configuration with the positively charged an_smon_lnto the triplet st'ate, ISIn good agreement with the
ion vacancy. The vertical ionization energy of feenter in experimental value. This .excnatlon corresponds to the elec-
the NN F-H pair was calculated to be 4.3 eV. The calculated!on transfer from the anions surrounding the vacancy onto
electron affinity of the individuaH center is about 2 eV. The the local state in the vacancy and surrounding cations. This
positive difference of about 2.3 eV at the nearsti pair N some cases is called the excitation of an exciton near
distance can be compensated by the Coulomb attraction b¥acancy. The vertical electron affinity of the center with
tween theH + e center and the anion vacancy. respect to the vacuum level was calculated to be 1.85 eV.
The results of our calculations are summarized in Figs. 2'he experimental value is unknown. To assess whether this
and 3. The latter represents the energy curves plotted agairista realistic number, one can make a rough estimate. The
a coordinate that can be thought of as a center of gravity ogum of the vacancy excitation energy and the vertical elec-
the hole localization. Although it has clear meaning, it is nottron affinity calculated at the same geometry, 61285
easily quantifiable; therefore we use this schematic rather te- 8.05 eV, should be about the energy of the top of the va-
summarize the results in customary terms. In order to have &nce band with respect to the vacuum level. If we consider
more comprehensive picture of relative energies of differenthat the experimental band-gap energy in KBr is 7.4 eV, then
states and to further assess the accuracy of our model, wair calculations predict the position of the bottom of the
have calculated the structure and properties of individiyal conduction band at-0.65 eV, which does not look unreal-
H, « andl centers using different cluster sizes and basis setsstic.
The calculated optical excitation energies of different centers The calculated optical absorption energy of Eheenter is
are given in Table Il. by about 0.5 eV larger than the experimental value. The cal-
The relative electron affinity of the anion vacancy andculated electron transition energy to the state delocalized by
that of the By~ ion as it shifts from theV-center configu- surrounding cations is 3.3 eV. In order to examine further
ration play a crucial role in the off-center STE model. There-how our method can describe the properties of an anion va-
fore let us first discuss different charge states of the aniogany in KBr, we have modeled trapping of the second elec-
vacancy. They have been calculated using three basigigets: tron by the vacancy, i.e., formation of tte¢’ center. The
3s on K and one FGO centered in the vacan@y;3s on K  calculated optical excitation energy of this defect into the
and the 514p basis centered in the vacancy; afiiil) 3s  triplet state was found to be close to the experimental value.
augmented with one diffuse AO on K and 51%p centered The relaxed center occupies the body center interstitial
in the vacancy. The ground-state energy of the defects deosition in the lattice with the four nearest-neighbor Br ions
pends very little on the basis set. The optical absorption endisplaced outwards by about 0413a,, wherea, is the in-

[

Center of gravity of the hole
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teratomic distancé3.262 A in our calculations The amount

of outward displacements of the four nearest-neighbor cat-
ions is only about 0.0#3a,. The calculated excitation en-
ergy of thel center is by 0.9 eV higher than measured ex-
perimentally(see Table . This excitation is from the anion
onto the local state formed by the strongly perturbed nearest-

neighbor cations and can depend on the cluster size. We L
should also note at this point that our method allows us to :ﬁg Pkl
calculate only singlet-triplet transitions for closed-shell sys-
tems, such as the neutral vacangy, center, and center.
They generally have smaller excitation energies than allowed
singlet-singlet transitions; however, we were unable to cal-
culate the singlet-triplet splitting.

Knowing the energies of individual defects we can now
calculate the relative energies of different states at large de-
fect separations. In particular, the energy of a pair of nonin-
teractingF andH centers is by 1.3 eV higher than that of the
pair of « and | centers. This energy difference should be
even larger at close distances where there is Coulomb attrac-
tion between the charged defects. On the other hand, the FC
energy difference between the separdiethdH pair and the
F-eandH + e pair is—2.6 eV, the latter state being higher in
energy. This result is close to that calculated for configura-
tion F in Fig. 2. The large difference in energy between this
state and the relaxed+| state reflects the very strong lat-
tice distortion that accompanies the transformation from the
initial FC (H +e) state into thd center.

These results demonstrate that although our model is not
free from limitations, some of which will be discussed in
more detail below, broad consistence of the results makes a
good basis for further discussion of dynamics of the exciton 100
self-trapping and defect formation. cle e by

1.5 2.0 25 3.0
IV. DYNAMICS OF FRENKEL-DEFECT FORMATION IN PHOTON ENERGY (eV)

THE FIRST STAGE FIG. 4. Time series of optical absorption spectra for pure KBr at
We start by presenting the results of our recent time-80 K. The number on the left-hand side of each spectra shows the

resolved measurements of optical spectra after the femtoseldMe delay in picoseconds. The top panel shows the transient ab-

ond pulse excitation of KBr. Specimens of pure KBr and ofSC'Ption spectrum in pure KBr measured aud after an electron
NaBr and KBr doped with an electron trapping impurity of gﬁ';eb'”a;'tit.'m alF d8 K, T!;e Iztttir 'S;psCtrg”g |skdecomp§sed into the
NO, were excited with the third harmonics of a Ti:sapphire andthin solid curvg and theF band(broken curv

laser (photon energy of about 8 gVat 80 K, and time-
resolved absorption was measured with white light generated
by the 80-fs fundamental beam of the laser. The details of In Fig. 4 we present the time-resolved absorption spectra
experimental apparatus and techniques were describesf KBr irradiated with femtosecond laser pulses. In the top
elsewheré.An important point specific for present measure-panel of Fig. 4, the absorption band due to Fheenter and
ments is the stability o/ centers in NaBr and KBr at 80 K. the bands due to the lowest triplet STE in KBr at 8 K gen-
Because of that, it is not possible to make averaging by reerated by a nanosecond electron pulse are shown for com-
peated irradiation of several pulses on the same spot in ord@arison. Since the initial process of the relaxation is our main
to obtain data with better signal-to-noise ratios; photoexcitainterest here, the spectra during 4.5 ps after excitation are
tion of Vi centers formed by the preceding pulses produceshown with a time interval of 250 fs. The horizontal short
significant artifacts in the spectra. Therefore, in the presenines in the figure represent the zero levels of the absorption.
measurements, each absorption spectrum was taken forAastepwise absorption band above 2.8 eV in the spectra cor-
single shot at a virgin spot of a specimen. Similar single-shotesponding to the time delay of the probe pulse freth0 to
measurements were also made on pure KBr. We note that1.0 ps with respect to the excitation pulse is due to the
very similar spectra on these samples have been obtained iwo-photon cross-correlated absorption of pump and probe
this laboratory also using different laser systems and detegulses discussed by Thoma, Yochum, and Willi&ms.

tion methods, demonstrating the reproducibility of the re- For the sake of discussion, we divide the spectra pre-
sults. sented in Fig. 4 into the two photon-energy regions: 1.5-2.5
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eV and 2.5-3.0 eV. In the first region, starting from a time | : |
delay of less than 1 ps, one can clearly see the development L KBr:NO,
of a broad absorption band. Its intensity increases with time
and the maximum shifts from approximately 1.8 eV at 1 ps
to 2.0 eV at 4.5 ps. It has an approximately Gaussian form —
and gradually becomes sharper. After a time delay of 4.5 ps, |
the F absorption band is clearly seen. In the second energy T
region, from 2.5 to 3.0 eV, a broad featureless band can be

seen starting from about 1.5 ps. It then evolves in such a way -0.75
that only a tail of the absorption band peaked at an energy
that is higher than 3 eV is detected at time delays longer than -0.50]
2.5 ps after excitation. This tail is very similar to the optical P
absorption of theVy center in this energy region, but the »t: 0.25
origin of the band is discussed below. % M

The spectra at 4.5 ps after excitation are representative of m 0.75
the products of the first stage of the relaxation in KBr. At A WWW
longer delays of 100 ps, which correspond to the end of the — 1.25
second stage of relaxation, the sh&rgenter band and the < W”WM
tail characteristic of théi-center absorption band are clearly ,Q_% 1.75
seen in the spectrum. The broad shoulder below 1.7 eV in the - M
100-ps spectrum is the optical absorption of the lowest triplet % 2.50

STE. M
For differentiating the relaxation processes of electrons 3.00

and holes and for revealing their interplay during the relax- M
ation, the time-resolved spectra were also measured for KBr 3.50
and NaBr doped with N@ under the same excitation con- M
ditions; hole relaxation is the dominating process in these 4.00
doped specimens. The results are shown in Figs. 5 and 6; in Mﬁ/

the top panels th&/-center absorption bands at 80 K are 4.50
shown for comparison. In Fig. 5, similar to the case of pure

KBr, the band due to the two-photon correlated absorption is M/ 10.00
seen in the spectra at the delay times less than 1.0 ps. Except | Wbttt | )Y
for this contribution, we see the broad absorption band ex- 1.5 20 25 3.0
tending over the whole photon-energy range. The band

showsga peak at 2 eV in thg spectrum gty a timge delay of 0.75 PHOTON ENERGY ( eV )

ps and converges, as time proceeds, tovtRéands peaked , ) ) ,

at 1.7 and 3.2 eV, although only the tail of the 3.2-eV band F!'G: 5. Time series of optical absorption spectra for KBrNO

is detectable. The important feature of these spectra is th% 80 K. ;h:a number on the dr'ghtr']hand side cl’f iaCh S%eCtra shows

the absorption tail characteristic of thg center is detect- the time delay in picoseconds. The top panel shows the stationary

. o absorption spectrum of thé, center.

able only starting from around 3 ps after excitation. In the

spectrum corresponding to the delay of 4 ps, one can see the

tail due to theVy absorption more clearly, but it is still have important implications for the relaxation of electron-

associated with significant broadening and there is an addhole pairs in pure specimens, which are discussed below.

tional absorption contribution in the range from 2 to 2.5 eV.  Similarities between spectra corresponding to time delays

This can be interpreted such that the lattice relaxation tdonger than 3 ps in Figs. 4 and 5 suggest that in the case of

form theVy center is not completed even at 4 ps after exci-undoped samples they are also due to ¥hecenters. We

tation. The absorption band due to completely relaXgd could not detect any optical absorption of stalWle centers

center is generated only at 10 ps after excitation in KBr. in the pure specimen, indicating that the concentration of
In contrast to KBr, the formation of thé, center in NaBr  electron-trapping impurities is below the detection level of

is a much faster process, as revealed by temporal evolutioour experiment. Therefore, thé-like tail of the optical ab-

of absorption spectra after femtosecond-pulse excitation aforption in this specimen can be attributed to the temporal

NaBr:NG,™ shown in Fig. 6. The absorption band character-existence of the/, centers that still have not trapped elec-

istic of theV center is already detectable in this specimen atrons, and to the on-center STE in which the hole component

0.5 ps after excitation. Although the initial bands show somes almost the same as thég center!!

broadened features, the band shape measured at a time delayThe femtosecond pulse creates about>2L0'"cm 3

of 10 ps is essentially the same as that measured at 1.0 pslectron-hole pairs in the bulk of KBr. The optical absorption

This suggests that almost completely relaxgdcenters are  shown in Fig. 4 decays almost completely within 1 s, which

formed in NaBr already at 1.0 ps after the excitation. Theimplies that very close defect pairs are mostly formed. Fi-

significant difference in the hole relaxation time to form the nally, we note that previous analysis of the time evolution of

Vi center between NaBr and KBr found in this work may the optical absorption on the same samples has
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' T i tial states too; however, in alkali halides the lattice polariza-
. NaBr:NO,

- T
tion will eventually favor only the one- or two-center
states'>* Only these states can be treated in the cluster
B 7] model, and we start our discussion from considering some
T~ . | initial relaxation of a two-center hole state.

L L BN B In the two-center initial state the hole is shared by the two
nearest-neighbor Br ions situated close to their lattice sites.

0 However, we have foufdthat if the distanc& between the
two Br ions carrying the hole is larger than a critical value
0.5 Rc of about 3.65 A, the energy of the two-center hole state is
—_— higher than that of the “one-center” relaxed state. The latter
corresponds to a preferable localization of the hole on one Br
ion with a adiabatically adjusted lattice relaxation. The value
_1.0] of R¢ is by about 0.55 A longer than the equilibrium distance
in the V¢ center. Therefore, at the Br-Br distances longer
2.0 thanR¢ any asymmetric lattice distortion polarizes the sys-

5 ] tem towards the one-center hole state. This results from the
interplay between the lattice polarization that favors the
A — 2 charge localization and the chemical bonding between the
Br® and the surrounding Br ions, which is weak at long dis-
10.0 tances, as discussed in Ref. 44. The one-center polarized hole
state is unstable with respect to shortening the distdce
250 with any of the twelve nearest-neighbor Br ions. However,
Lo PP e b b the resulting adiabatic potential of the hole transformation
1.5 2.0 25 3.0 into the two-center state alorigis very soft, which implies
that this transformation is largely diffusiVéj.e., the system

PHOTON ENERGY ( eV ) makes many random walks along the reaction path. These

] ) ) . results are similar to those obtained for a combination reac-
FIG. 6. Time series of optical absorption spectra for NaBzNO g |~ +1 | ,~ in solutions(see, for example, Refs. 26 and
at 80 K. The number on the right-hand side of each spectra show§ _

the time delay in picoseconds. The top panel shows the stationary The hole redistribution by two ions &~
absorption spectrum of thé, center.

OPTICAL DENSITY

R¢ is accom-
panied by the symmetry change and significant reorganiza-
tion of the lattice distortion. This cannot be accomplished
immediately due to the crystal resistance, which can be ex-
pressed in terms of the polarization fordg,,, exerted by

the polarized lattice on the internuclear coordirteetween

the two Br ions forming theVi center. This force has its
maximum close tdRc where the lattice reorganization from

demonstratetthat a& 6 K approximately half of alF centers
that survive until 100 ps after excitation are formed by the
fast mechanism.

On the basis of these data it has been suggested,
since theV center spectrum develops significantly later than

the F-center band appears in the spectrum, the Fasenter h ter into the t ter hole state is the st ;
formation is promoted by the interaction of electrons with € one-center into e two-center hole state 1S the stronges
(see also Refs. 26—28

the holes that still are in the process of their vibrational re- Based on th i tical it t of the holes in KB
laxation. A preliminary theoretical analysis of this model has >ased on these theoretical results, part of the noles in fmbr
during the relaxation pass through a period of preferably

n lished in Ref. 42. A mor il rgument is pr N .
been published € ore detailed argument is p eone-center localization before they transform into a two-

sented below. center state and undergo cooling relaxation to form\the
centers. To be able to compare the theoretical predictions
with experimental results, we have calculated optical transi-
As has been demonstrated by Petital,'? the number of  tion energies for a number of configurations of localized
electrons excited across the band gap in KBr that remaimoles. The optical absorption of Brdepends very strongly
delocalized in the conduction band decays exponentially foon R (Ref. 46. At R corresponding to small departure from
about 4 ps at 10 K before all of them recombine with holes tathe ideal one-center hole state, the calculated optical absorp-
produce excitons oF-H pairs. Holes are known to self-trap tion predicts several strong bands in the energy range be-
in alkali halides formingVy centers; however, the results tween 2.6 and 3.5 eV and a weak band at about 2.1 eV.
shown in Fig. 5 demonstrate that formation of the completelyThese bands are due to the electron transitions from the oc-
relaxedV-center state may take up to 10 ps, although thecupied electronic states delocalized by surrounding lattice
first signs of theVy-center absorption appear at 3—4 ps.anions to the unoccupied hole stiteAs the distortion in-
Therefore it seems clear that at time delays less than 3 pgeases towards formation of the two-center state with one of
electrons interact with holes that still are in the process ofthe nearest anions, the calculations show the enhancement of
relaxation. The mechanism of the hole relaxation is basicallyhe optical absorption first at about 2.7 eV, which then shifts
unknown. Due to thermal fluctuations it can start directlyto about 1.9-2.3 eV. The latter is associated with hole trans-
from a one- or two-center state and then cool down into thder to the nearest Brion forming the bond. This transition is
V-center configuration. There can be more delocalized inianalogous to the optical polaron transfer discussed in Ref.

B. Theoretical model
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47. The diffusion of the system along leads to a large 1.5 ps. The red part of the spectrum can be due to the nearest
variety of Br-Br separations existing at the same tiithee to  pairs and the higher-energy part due to the RN pairs.
fluctuations of the surrounding lattigevhich should be ac- The shift of about 0.1 eV agrees with our prediction of the
companied by a strong broadening of the red band. Therefor@ptical absorption shift for the nearest and IRNH pair (see

it is expected that the relaxing holes should show opticallable 1.

absorption ranging from 1.9 to 3.5 eV. Because of the finite AS the time delay after excitation increases, a larger num-
temporal width of the excitation pulse and due to fluctuationd€r of electrons are interacting with holes, but also a larger
in the localization process, the relaxing holes should shoffumber of holes have already relaxed closer to their final

significantly broadened absorption bands. Taking into acY«-Center state. This can partly explain ¥g-like tail in the

count these effects, the theoretical prediction of the hole re2!U€ part of the spectra that appears after about 3.5 ps. We
uggest that the electrons that interact with holes that are

laxation process discussed above is totally consistent witfi

the features in the time-resolved absorption spectra beforgose f0 their' symmetric relaxed state are more likely to form
3.0 ps seen in Fig. 4. on-center triplet STE’'s. This can explain the persistent

Next we modeled the interaction of an electron with theVK'Iike tail i_n the blue part O_f the .spectra at. longer times.
relaxing hole in the ground electronic state and calculated th ransformalglon of thgse excitons into th? ltnpflet c;]ff-celnter
adiabatic transformation of a triplet exciton into a next-'orm and theF-H pairs can be responsible for the slow
nearest-neighboF-H pair using the technique described growth of F centers, which still takes place even after 100 ps.

above. The important feature of the one-center and then of 1h€ idea that the mechanismieiH pair formation could
the two-center hole statéwhenR is smallerR) is that the be related to the speed of hole relaxation is supported by the

adiabatic potential is very soft with respect to the simulta-ime-resolved spectra of thev-center formation in
neous displacement of the two bromine ions forming théVaBr:NO;  presented in Fig. 6, which demonstrates the very
bond along the(110) axis. The electron was added to the fa;t formation of\/K'centers in this crystal. ThIS. correlates
one-center hole state, and its wave function was described Byith @ very small yield of stablé-center formation and a
five Gaussians with their positions and exponents optimized!9h vield of o exciton luminescence characteristic of on-
at each point of the exciton adiabatic potential. Both the hol&€€Ntér Vk+€ type excitons in NaBF. Our time-resolved
instability towards formation of the two-center state and itsmeasurements on the undoped NaBr samples, made using the
displacement along thd 10 axis are enhanced by the inter- S&mMe excitation condlt_lons as for the undoped KBr, could not
action with the electron. The calculated energy of the groundl€tect anyF centers either. Therefore we conclude that the
state of the exciton that corresponds to the electron trappef€ld Of F-H pair formation in NaBr is smaller by several
initially by the relaxing hole withR=Rc, dependent on ©rders of magnitudes than that in KBr.

atomic configuration, is about 1.0~1.2 eV higher than that of _ 1he described model also suggests why the effectiveness
the relaxed exciton stat&onfigurationA in Fig. 2). The of the fast mechanism &-H pair formation decreases as the

barrier for the off-center exciton transformation into the [€Mperature increasés has been demonsirated in Ref. 12,
nearesE-H pair was found to be about 0.28 eV. Analysis of at 300 K the electrons survive longer in the conduction band

the forces acting on ions during the relaxation shows thaf"d @re trapped by weaker traps. In this context, the “trap”
they drive the downhill relaxation and formation of theH epth means the electron binding energy either in the STE or

pair because the initial hole configuration is already favori" the F center, which is larger. As has been suggested in

able for this process. We believe that large excess energﬁ)ef' 12, during 20 ps moré& centers are formed at low

provides high probability to overcome the separation barrier€Mperature, which agrees with the results of this study. Cer-
Thus our results confirm that fast formation of fheH pairs tainly this results from the interplay of several factors, one of

can proceed on the ground-state potential energy surface. the_m being the fastgr hole rela>,<ation at highe_r temperatures,

These results point towards a possible explanation of th¥/Nich leads to creation of STE's but nbtH pairs.
time evolution of the electron-hole pair into theH pair
reflected in the spectra in Fig. 4. We suggest that the out-
come of each individual electron-hole interaction process
that takes place during the first several picoseconds after In this paper we have presented a consistent and compre-
crystal excitation depends on the degree of the hole relaxaensive set of calculations of the STE and Frenkel defects in
ation into theV-center state. Just after the electron-hole pailKBr and applied these results in order to model a possible
excitation, most of the electrons are in the conduction bandnechanism of exciton self-trapping and the “fast” mecha-
and holes are in their initial stages of relaxation. As ournism of F-center creation in KBr in conjunction with the
results demonstrate, these holes are more likely to be polaresults of time-resolved optical spectroscopy.
ized towards the one-center state and experience also the The main new theoretical results of this work can be sum-
displacement vibrations. The interaction of electrons withmarized as follows. Our embedded cluster Hartree-Fock cal-
these holes will lead to formation of off-center STE and theirculations predicisee Figs. 2 and)3(i) the off-center con-
transformation into the nearest and NINH pairs. Nearest figuration of the STE to be about 0.25 eV lower than the
F-H pairs are formed first and then separate into themNN  nearest separatdétH pair, (ii) the Franck-Condon crossing
pairs. The number of NNF-H pairs is initially smaller also between the adiabatic potential of the triplet STE and the
because of the possibility of the non-radiative transition intocrystal ground state in KBr to happen at théH separation
the crystal ground state from the nearEdtl state. exceeding the neareBtH pair, (iii ) the separated-| pair to

This model can explain the significant peak shift of thehave about 1.3 eV lower energy than theH pair, (iv) the
optical absorption in the 2-eV region at time delays of 0.75—fast process of th&-H pair formation in KBr, prior to the

V. DISCUSSION
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Vi-center formation takes place in the ground electroniaelaxation ofX,~ molecules in solution$/?®the details have
state of the relaxing exciton. This process is driven by thenot yet been finalized. For instance, our critical separation
interaction of the relaxing hole with an electron. Experimen-R¢ could be underestimated.
tally, we demonstrate that the hole relaxation time to form Another side of the electron correlation effect concerns
the V¢ center is about 1 ps in NaBr and 10 ps in KBr. The the on-center STEsee Fig. 1 As has been discussed in our
theoretical modeling and the results of time-resolved spedPrevious publication&}* the UHF method fails to repro-
troscopy of hole and exciton self-trapping in NaBr and KBrduce correctly the symmetrical solutions in the on-center
allow us to arrive to a more general conclusion that the speeg | £ Therefore our calculations can add no details to the
of hole relaxation could be one of the crucial factors thatProPosed formation of the on-center triple STE as the first
determine the mechanism and effectivenesg-f pair for-  Stag€ of the slow mechanism of thecenter formation.
mation in alkali halides. The .admltted failure of the Hartree_-Fock method to treat
Our calculations demonstrate a satisfactory and, in Somgelocallzed states and the feasible size of quantum clusters

cases, even good agreement between the theoretical reslﬁt,gsentlally confine our approach to the states that are already

and the experimental data for a broad number of SIOectrov_veII localized on the atomic scale. Therefore it requires some

; : ; assumptions regarding the initial localization of exciton and
scopic properties of the STE and the Frenkel defects in KBrkE)Ie, which could not be tested in this work. Nevertheless,

However, besides some quantitative discrepancies, theref rther analvsis of lattice vibrations and thermal fluctuation
one qualitative feature characteristic of all Hartree-Fock calturther analysis ot lattice ations a ermal fluctuations,

culations of the STE in alkali halides. It concerns the strongiI insiaht into the nitial st f hol d on t
polarization of the hole component of the STE, which con-2ccPer INsignt into the initial stages of hole and exciton trap-

tradicts the EPR daf;*° which suggest an equivalent hole ping in insulators and to understand why, for instarieg,
distribution between the two Br ions. This most probablyCenters in NaBr relax much faster than in KBr. We view
results from the electron correlation unaccounted for in ourthese results as a usef_ul step toyvards furthe_r assessment of
calculations. The resuftsfor the STE in NaCl demonstrate the_ accuracy of ”_‘Ode"”g of excited states in crystals and
that this could be the case, although no direct proof has beet?lu”d'ng up potentl_al energy surfaces.that could be used for
found. Indirectly, we can see this effect also in a much bette?"ﬂm"’mn.g dynamical processes using, €.g., wave-packet
agreement with experiment of the optical excitation energ)PrOp""g""t'on methods.
of the STE with respect to that for tikecenter, which can be
explained by the small effective charge of the Br ion closest
to the vacancysee Fig. 2A)]. A.L.S. would like to thank the Leverhulme Trust for fi-
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