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Laser-induced reactions in crystals: Femtosecond pump-probe spectroscopy andab initio
calculations of self-trapped excitons and holes in KBr
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Katsumi Tanimura
Department of Physics, Nagoya University, Furo-cho, Chikusa, Nagoya 464-01, Japan

~Received 12 October 1999!

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 stableVK center state. Contrary to these results,
the femtosecond spectroscopy of theVK-center formation in NaBr demonstrates that this is an extremely fast
~, 1 ps! process. Theoretical modeling is used to show that the fast process of theF center~electron trapped
by a halogen vacancy! and H center ~interstitial halogen atom! pair 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.
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I. INTRODUCTION

Self-trapped holes and excitons, and Frenkel defects
among the most well-documented products of relaxation
excited states in condensed matter.1–3 However, the rapid
self-trapping process is less well understood. In particu
the mechanisms and the temporal evolution of self-trapp
and of the electron-hole interaction during exciton transf
mation into Frenkel defects are far richer and more dive
phenomena than were previously appreciated, as has
revealed by time-resolved spectroscopic studies of th
processes.3–8 In this paper we present the results of a co
bined experimental and theoretical study of these phenom
in KBr.

It is well known that photoinduced processes have a v
diverse character even within the seemingly uniform fam
of alkali halide crystals.1–3 Models of some of the fundamen
tal species involved in these processes are shown sche
cally in Fig. 1. In very broad terms, dependent on excitat
energy, one can excite excitons and/or electron-hole p
Holes self-trap in alkali halides, forming a polaron state
calized on two halogen ions displaced from their lattice sit
the VK center. The electrons and holes can recombine,
ducing singlet and triplet excitons. These excitons can lo
ize on several perfect lattice sites and become immobil
low temperatures, which is called self-trapping. The locali
tion of excitons is accompanied by significant lattice rela
ation manifested in a Stokes shift of exciton luminescen
which is particularly large for triplet, so-called off-center e
citons ~see Fig. 1!. In the process, or afterwards they c
decompose into a pair of neutral Frenkel defects: anF center
~an electron trapped by a halogen vacancy! and anH center
PRB 610163-1829/2000/61~8!/5392~11!/$15.00
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~an interstitial halogen atom in the form ofX2
2 at a single

halogen site, whereX is a halogen!. The H center is much
more mobile than theF center, and the two defects can sep
rate either in the process of creation or afterwards by dif
sion. If the separation distance is larger than several lat
constants, these defects are stable at low temperature.9 The

FIG. 1. Schematic of several basic self-trapped exciton and
fect structures. Small black balls represent K ions. Gantell-l
structures represent the Br2

2 ion, which is the stable form of hole
localization in alkali halides. Displacements of ions from latti
sites qualitatively reflect projections of these displacements aro
particular defects on the~100! plane. Note that in the case of theI
center the Br ion is situated in the body-center lattice position. T
diffuse circle qualitatively indicates the mode of electron localiz
tion in the STE andF center.
5392 ©2000 The American Physical Society
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electron tunneling from theF center to theH center leads to
formation of another pair of basic defects: ana center ~a
positively charged anion vacancy! and anI center~an inter-
stitial halogen ion!. Recombination of these defects restor
the perfect lattice. These basic stable defects are well c
acterized theoretically and using a variety of spectrosco
techniques.1–3,10,11 Under different irradiation conditions
there are many other processes involving these and o
crystal species,1–3 but they are not in the scope of this pape

In spite of a long history of research, many new details
temporal evolution of these effects started to emerge o
recently. In particular, it has been shown that in KBr a
RbBr the generation of a Frenkel pair~see Fig. 1! consisting
of an F center and anH center takes place through tw
different processes: the fast process, which terminates w
a few picoseconds after the excitation, and the slow proc
which continues after the fast process has terminated for
100 ps at low temperatures.4,5 Similar results have also bee
obtained in KCl and RbCl crystals.7 The mechanism of the
fast process, which plays a central role in formation of
F-H pairs at low temperatures,5,7 remains unclear. The two
photon excitation with an energy of about 8 eV employed
these experiments produces electron-hole pairs in the bu
the crystals. The electron is shown to be initially delocaliz
in the lattice12 for several picoseconds before recombini
with the hole. One of the characteristic features of the f
process is that it takes place before the relaxation of the h
into their most stable configuration, theVK center, is
completed.4,5 Therefore it has been suggested that the
process of theF-H pair formation is due to the interaction o
the electrons with relaxing holes.4,5 However, the nature o
the relaxing holes and excitons and the mechanism of
fast process of theF-H pair formation has not yet been clar
fied. These issues, which are in the focus of our current
perimental and theoretical studies, are discussed in this
per.

The understanding of dynamical properties requires
namical means of analysis. Although modeling of the wh
process of the exciton self-trapping and decomposition
real time is possible, it requires a lot of effort. For examp
a somewhat similar process of electron solvation has b
modeled in finite molecular clusters in the one-electron
proximation~see, for example, Refs. 13–16!. However, with
complex many-electron systems such as self-trapped e
tons ~STE’s!, we are still even further from full understand
ing of their static properties. The current qualitative atomis
model of STE’s in alkali halides has been proposed by
ung, Brunet, and Song17 and further developed using the e
fective potential one-electron calculations, as reviewed
Ref. 3. It has then been elaborated usingab initio Hartree-
Fock methods in the series of papers.18–22 The results of
these calculations have been reviewed in Ref. 23. More
cently, the effect of electron correlation in the STE calcu
tions has been explored in NaCl.24 Together with the previ-
ous calculations,22 these results present a comprehensive
for the NaCl crystal. However, there has been no detailedab
initio study of the STE and defect pairs in KBr, which show
quite different properties. Such a comprehensive pictur
needed in order to compare different crystals, to assess
main factors that determine the accuracy of the model, an
develop dynamic simulations of exciton self-trapping and
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composition. It can also give some clues for further und
standing of the temporal evolution of this process.

From a more general perspective, one can view the p
cess of transformation of electronic excitation in insulato
into localized excitons and transient and stable defect p
as an example of a fundamental photoinduced reaction
solid that reflects its electronic and vibrational properti
There is, however, a significant difference between this p
cess and the photoinduced transformations of, for exam
the NaI molecule in solution25 or the I2

2 molecule in
solutions26–28 and in small clusters,29,30 which are now ex-
tensively discussed in the literature. In particular, excito
and defect pairs can be viewed as ‘‘molecules’’ embedde
some media only to a very limited extent. Due to the equi
lence of crystal sites, the very nature of their localizati
from delocalized states and the mechanisms of their di
sion are the collective property of crystal atoms.

In this paper we report the results of a comprehens
theoretical analysis of the electronic structure and proper
of the triplet self-trapped exciton and nearest-neighbor de
pairs in KBr. We check the robustness of our results
calculating the properties of individual Frenkel defects: theF
andH centers and thea ~anion vacancy! andI ~interstitial Br
ion! centers. We also present the time-resolved optical
sorption spectra of NaBr and KBr irradiated by femtoseco
laser pulses that reflect the hole relaxation and transfor
tion of electron-hole pairs into Frenkel defects, and sugg
their qualitative interpretation on the basis of our theoreti
model.

The paper is organized as follows. In the next section
describe the calculation technique. Then in Sec. III the
sults of calculations of the STE and the Frenkel defects
presented and discussed. In Sec. IV we present the t
resolved spectra of the KBr crystal after femtosecond la
excitation and suggest their qualitative interpretation. T
results of this work are discussed in Sec. V.

II. METHOD OF CALCULATIONS

To model the STE and the Frenkel defects, we have m
many-electron embedded-cluster calculations using theICE-

CAP computer code,31 which employs theab initio Hartree-
Fock method. It has been used in some of our previous S
calculations21,22 and is thoroughly described in Refs. 21–2
32, and 33.

In this code, the lattice polarization is treated se
consistently with the charge-density flow in the course of
exciton and defect transformations. This is achieved by sp
ting the crystal with a defect roughly into three regions. R
gion I consists of a quantum cluster~QC! treated quantum
mechanically and/or of classical ions represented in the s
model,34 i.e., by point cores and massless shells connec
by a spring. The core and shell charges and the spring c
stant of each ion are parameters of the model. The sum o
core and shell charges is equal to the charge of the ion in
perfect lattice. Shells of different ions are interacting via
teratomic potentials. By the dipole approximation, the pol
ization of the ions outside the quantum cluster by the de
is represented by the displacement of their shells relativ
the cores. The lattice distortion outside the quantum clu
is simulated by the core’s displacement from their lattice s
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positions. In region I, these displacements are calculated
plicitly. Region I is surrounded by another finite region II
which ions are also treated in the classical shell model,
their polarization is calculated in a linear approximation w
respect to the electric field produced by a defect at e
lattice site. The finite regions I and II are embedded in
infinite region III. Polarization of that region is treated in th
dielectric continuum approximation. Ions in the region
and cores and shells in the region II produce a crystal
potential in region I.

If the defect is treated classically, region I consists only
classical ions and this Mott-Littleton model35 is calculated
using theHADES code,36 which is a part of theICECAP pack-
age. The parameters of interatomic potentials, cores,
shells are optimized in order to reproduce the elastic
dielectric crystal properties and the energies of formation
some basic crystal defects.37 For the quantum-mechanica
defect presentation, part of the ions in region I are substitu
by quantum-mechanical ions, i.e., by QC. The electro
structure of the QC embedded in the potential of the s
rounding classical lattice and the lattice polarization by
defect are treated sequentially as different steps of the c
putational procedure. Basically, each new charge distribu
in the QC produces a new response by the polarizable lat
To achieve consistency between these two factors,
quantum-mechanical charge distribution is mapped on
classical distribution, which is then used in theHADES code
to calculate the lattice polarization. In order to achieve th
the dipole, quadrupole, and octopole moments of the n
charge density in the QC is calculated after each succes
Hartree-Fock~HF! calculation of the electronic structure
They are compared with the moments produced by
charges of the shell-model ions located in the same posit
as the cluster ions. The difference in the multipole mome
is then compensated by generating additional charges
ated in the core locations of the cluster ions. This proced
is repeated until the relative change of calculated multip
moments is typically less than about 1025.

The quantum-mechanical calculations for open-shell s
tems were performed using the unrestricted Hartree-F
~UHF! method. Electrons are treated in the valence appr
mation using the semilocal norm-conserving pseudopo
tials of Bachelet, Hamann, and Schluter38 ~BHS!. The inter-
action of Br electrons with the core of K ion represented
the BHS pseudopotential is overestimated leading to unr
istically short equilibrium separation, e.g., in a free KBr mo
ecule. To correct this effect, a repulsive exponential pair
tential has been introduced, as in Refs. 21 and 22.

According to our previous experience,21,22 the split 511sp
valence basis set on anions provides a reasonable com
mise between our computer facilities and the accuracy
calculations. The basis set for the Br ion has been obta
by independent variation of the exponents of the split se
7sp Gaussians in the crystalline field, which then has be
contracted into the 511sp form. In our previous calculations
we have also checked that the addition ofd orbitals does not
affect the results for STE and point defects in similar cr
tals. For K ions we employed the (3s) Huzinaga-type basis
set and also that augmented by one splitp orbital ~with the
exponent equal to 0.039! from our previous calculations in
KCl.21,22 The Huzinaga basis has been additionally op
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mized for the BHS pseudopotential by minimizing the to
energy of an isolated K atom.

As has been demonstrated in Refs. 21–24, this basis s
not enough to treat the electron component of the STE e
in the most localized state. The electron localization chan
strongly during formation of the STE and its decompositi
into Frenkel defects. The flexibility of the basis set to acco
modate these changes is achieved by using a set of floa
Gaussian orbitals~FGO’s! centered in different positions
within the QC. This approach proved to be very robust a
has been thoroughly discussed in Refs. 22 and 23. To m
the STE localization, in this work we used a set of up to fi
1sFGO’s. Their positions and exponents were optimized
each new position of nuclei within the QC. To calculate t
optical absorption of the STE andF-H pairs, as well as of the
F anda centers, we also used the 511sp basis of the Br ion
centered in the center of anion vacancy.

Some of the typical quantum clusters used in these ca
lations are shown schematically in Fig. 2. They were bu
along the^110& crystal axis in such a way that each Br io
was always surrounded by a complete shell of the neare
ions. The largest clusters included up to 6 Br ions and 26
ions. First, the consistency between the quantum-mechan
interaction between the ions within the QC and those w
the ions outside the cluster was checked by calculating
positions of ions in the clusters representing the perfect
tice. This ‘‘perfect lattice test’’ worked remarkably well an
all the quantum ions remained in their perfect lattice si
with the polarization energy very close to zero. This ba
cally results from the fact that an ionic model works well f
this crystal in this basis set.

The excitation or luminescence energies are calculate
the difference between the total energies of the s
consistently calculated ground and excited states.
Franck-Condon approximation was taken into account wh
necessary by allowing only shells to respond to the chang
the electronic state. This models the electronic respons
the rest of the crystal, where all cores remain fixed in
initial state. In this study, only the triplet STE was consi
ered. It was modeled by computing the triplet state of
appropriate cluster.

III. STATIC PROPERTIES OF STE’S AND FRENKEL
DEFECTS

Most of the experimental data on the lowest state of
triplet STE in alkali halides are well described in the s
called off-center model of STE’s proposed by Leung, Br
net, and Song,17 which is supported by all recent HF
calculations.18–22The recent study24 of the STE in NaCl has
demonstrated that the electron correlation does not sig
cantly affect the geometric and electronic structures of
STE at its equilibrium position. Not surprisingly therefor
the structure of the STE in KBr obtained in this study is n
much different from that obtained in chlorides using t
same method.21,22 It is qualitatively depicted in Fig. 2~A!.
The Br2

2 molecular ion is shifted from its symmetrical po
sition in the lattice corresponding to theVK center with one
of the Br ions located just in the middle of the lattice squa
The equilibrium distance between the two Br ions in th
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PRB 61 5395LASER-INDUCED REACTIONS IN CRYSTALS: . . .
configuration is equal to 2.86 Å. The electron is localiz
around the nascent anion vacancy. The hole componen
the STE is polarized towards the vacancy. The electr
density distribution and the geometrical parameters of
STE are similar to those calculated in Refs. 21, 22, and

We have also calculated the fully adiabatic potential
ergy curve corresponding to the displacement of one of
Br ions of the STE along thê110& axis and all other ions in
the lattice allowed to adjust their positions. Several char
teristic configurations are shown in Figs. 2~B!–2~F! and their
relative energies are given in Table I. Note that this coor

FIG. 2. Schematic of different stages of conversion of the o
center STE(A) into the NNF-H pair ~F! in KBr. Part ~A! qualita-
tively depicts the equilibrium off-center STE configuration and t
characteristic displacements of surrounding ions. The polariza
of the hole component of the STE and the hole localization in ot
cases is shown by different colors of the anions, lighter mean
stronger hole localization. Part~B! corresponds to the nascentF-H
pair, which is unstable in our calculations. Part~C! is the barrier
configuration for the transformation into the nearest stableF-H pair
in part ~D!. Similarly part ~E! represents the barrier configuratio
for theH-center diffusion along thê110& axis and the system trans
formation into the NNF-H pair in part~F!.

TABLE I. Relative energies~eV! of the STE and severalF-H
configurations shown in Fig. 2.

A B C D E F

0.00 0.20 0.28 0.25 0.27 0.25
of
-
e
.
-
e

c-

i-

nate makes sense only before we reach configuration C
Fig. 2 where the hole switches from one bromine ion
another. In the calculations, we then were moving that
atom and allowed all other atoms to relax until we reach
configuration E where the hole switches again. One can
that stable defect pairs correspond to configurations D an
which we will call the nearest and the next-nearest~NN!
neighborF-H pairs, correspondingly. The Br2

2 molecule in
the isolatedH center is symmetrical with respect to the la
tice site~see Fig. 1!. TheH center in the nearestF-H pair is
shifted from this position towards theF center and polarized
in such a way that the hole density is larger on the ion clo
to theF center. However, the geometry of theH center in the
~NN! F-H pair was found to be already close to that in t
isolated state. The calculated barrier for the transformatio
the STE into the nearestF-H pair is equal 0.28 eV. The
energy of the nearestF-H pair is higher than that of the STE
by 0.25 eV, reflecting the exciton bonding. However, t
energy of the NNF-H pair is the same as that for the neare
pair within the accuracy of our calculations. One can see
our calculations predict very small barriers for recombinat
of the nearestF-H pair back into the STE and for th
H-center diffusion. These barrier configurations are sho
schematically in Figs. 2~C! and 2~E!. Note that, due to the
hole transfer, the actual displacements of bromine ions d
ing the separation of theF andH centers are much smalle
than the finalF-center andH-center distance.

How can we assess the accuracy of these predictio
One way is to look at the spectroscopic parameters of
STE, its characteristic optical absorption, and luminesce
energies. The energy of the so-called tripletp luminescence
is calculated as the Franck-Condon~FC! difference between
the total energies of the triplet and singlet states with
positions of nuclei and cores fixed at the STE minimum a
only the electronic polarization taken into account. The o
tained value of 2.45 eV is close to the experimental value
2.28 eV. To calculate the electronic excitation, instead
FGO’s we used the 511sp basis set centered at the sam
position as the main FGO located in the anion vacancy. T
energy of the ground state of the STE with this basis se
lower only by about 0.04 eV, which demonstrates that
electron in the vacancy is already well described by ones
Gaussian and the basis of surrounding cations. Due to
strong interaction of thepx andpy atomic orbitals~AO’s! of
the electronically excited state with thep hole states, we
were unable to converge the excited state of this symme
Therefore only the transition to the perpendicularpz state has
been successfully calculated. One can see in Table II that
also in reasonable agreement with the experimental value

-

n
r
g

TABLE II. Optical absorption energies~eV! of the STE and
several defects considered in this work.

STE
a

center
F

center
F8

center
I

center F-H
~NN!
F-H

Theory 2.0 6.2 2.6 1.2 6.3 2.6 2.7
Experiment 1.8a 6.14b 2.1b 1.2b 5.4c

aReference 39.
bReference 10.
cReference 2.
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check some of the previous qualitative predictions regard
the character of the STE excited state,39,40 we have calcu-
lated several points of the adiabatic potential of the exc
pz state along the displacement of one Br atom. The ene
of the excited state goes down as the off-center displacem
of the hole component of the STE decreases.

As the H center shifts forward along thê110& axis to-
wards configurations C and D, the energy of the FC tran
tion to the ground singlet state decreases sharply. Howe
the singlet state is still lower than the triplet state by ab
0.25 eV even in configuration D corresponding to the nea
F-H pair. The FC energies of these two states become e
after the system has passed the nearestF-H minimum. The
FC singlet state is already much higher than the triplet s
in the NN F-H pair. This crossing point, which we wer
unable to locate precisely, has that significance that it co
sponds to the configuration where the nonradiative transi
to the ground crystal state happens with the highest proba
ity. Therefore it is partly responsible for the thermal quenc
ing of the triplet STE luminescence~another channel being
the further separation of theF andH centers!. Although our
result is very similar to that obtained for NaCl in Ref. 22, t
fact that the crossing in both systems happens past the n
estF-H pair has been overlooked previously.

Let us try to understand this result in simple terms. T
FC transition between the triplet and singlet states co
sponds to the electron transfer from theF center to theH
center at fixed positions of nuclei. Therefore the energy
this transition is essentially determined by the difference
the vertical ionization energy of theF center and the electro
affinity of the H center, correspondingly. Another importa
term is the Coulomb interaction of the interstitial Br ion st
in theH-center configuration with the positively charged a
ion vacancy. The vertical ionization energy of theF center in
the NNF-H pair was calculated to be 4.3 eV. The calculat
electron affinity of the individualH center is about 2 eV. The
positive difference of about 2.3 eV at the nearestF-H pair
distance can be compensated by the Coulomb attraction
tween theH1e center and the anion vacancy.

The results of our calculations are summarized in Figs
and 3. The latter represents the energy curves plotted ag
a coordinate that can be thought of as a center of gravit
the hole localization. Although it has clear meaning, it is n
easily quantifiable; therefore we use this schematic rathe
summarize the results in customary terms. In order to ha
more comprehensive picture of relative energies of differ
states and to further assess the accuracy of our model
have calculated the structure and properties of individuaF,
H, a andI centers using different cluster sizes and basis s
The calculated optical excitation energies of different cen
are given in Table II.

The relative electron affinity of the anion vacancy a
that of the Br2

2 ion as it shifts from theVK-center configu-
ration play a crucial role in the off-center STE model. The
fore let us first discuss different charge states of the an
vacancy. They have been calculated using three basis se~i!
3s on K and one FGO centered in the vacancy;~ii ! 3s on K
and the 511sp basis centered in the vacancy; and~iii ! 3s
augmented with one diffusep AO on K and 511sp centered
in the vacancy. The ground-state energy of the defects
pends very little on the basis set. The optical absorption
g
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ergies calculated in the basis~ii ! and~iii ! are also very simi-
lar. Therefore the results shown in Table II are for the ba
set~ii !, which has also been used in calculating the STE a
F-H pair properties. One can see that the optical excitat
energy of the anion vacancy, which was calculated as a t
sition into the triplet state, is in good agreement with t
experimental value. This excitation corresponds to the e
tron transfer from the anions surrounding the vacancy o
the local state in the vacancy and surrounding cations. T
in some cases is called the excitation of an exciton n
vacancy. The vertical electron affinity of thea center with
respect to the vacuum level was calculated to be 1.85
The experimental value is unknown. To assess whether
is a realistic number, one can make a rough estimate.
sum of the vacancy excitation energy and the vertical e
tron affinity calculated at the same geometry, 6.211.85
58.05 eV, should be about the energy of the top of the
lence band with respect to the vacuum level. If we consi
that the experimental band-gap energy in KBr is 7.4 eV, th
our calculations predict the position of the bottom of t
conduction band at20.65 eV, which does not look unrea
istic.

The calculated optical absorption energy of theF center is
by about 0.5 eV larger than the experimental value. The
culated electron transition energy to the state delocalized
surrounding cations is 3.3 eV. In order to examine furth
how our method can describe the properties of an anion
cany in KBr, we have modeled trapping of the second el
tron by the vacancy, i.e., formation of theF8 center. The
calculated optical excitation energy of this defect into t
triplet state was found to be close to the experimental va

The relaxedI center occupies the body center interstit
position in the lattice with the four nearest-neighbor Br io
displaced outwards by about 0.11A3a0 , wherea0 is the in-

FIG. 3. Schematic presentation of the section of the adiab
potential of the excited KBr crystal based on the results of t
work. Thex coordinate formally corresponds to the center of gra
ity of the hole~see text!. For the ground and excited STE state,
other crystal ions were allowed to relax. The curve for the crys
ground state corresponds to the same positions of nuclei as in
STE state and only electrons allowed to relax. Several atomic c
figurations corresponding to the adiabatic curve of the STE→F-H
transformation are shown in Fig. 2.
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teratomic distance~3.262 Å in our calculations!. The amount
of outward displacements of the four nearest-neighbor
ions is only about 0.02A3a0 . The calculated excitation en
ergy of theI center is by 0.9 eV higher than measured e
perimentally~see Table II!. This excitation is from the anion
onto the local state formed by the strongly perturbed near
neighbor cations and can depend on the cluster size.
should also note at this point that our method allows us
calculate only singlet-triplet transitions for closed-shell s
tems, such as the neutral vacancy,F8 center, andI center.
They generally have smaller excitation energies than allow
singlet-singlet transitions; however, we were unable to c
culate the singlet-triplet splitting.

Knowing the energies of individual defects we can no
calculate the relative energies of different states at large
fect separations. In particular, the energy of a pair of non
teractingF andH centers is by 1.3 eV higher than that of th
pair of a and I centers. This energy difference should
even larger at close distances where there is Coulomb at
tion between the charged defects. On the other hand, the
energy difference between the separatedF andH pair and the
F-e andH1e pair is22.6 eV, the latter state being higher
energy. This result is close to that calculated for configu
tion F in Fig. 2. The large difference in energy between t
state and the relaxeda1I state reflects the very strong la
tice distortion that accompanies the transformation from
initial FC (H1e) state into theI center.

These results demonstrate that although our model is
free from limitations, some of which will be discussed
more detail below, broad consistence of the results mak
good basis for further discussion of dynamics of the exci
self-trapping and defect formation.

IV. DYNAMICS OF FRENKEL-DEFECT FORMATION IN
THE FIRST STAGE

We start by presenting the results of our recent tim
resolved measurements of optical spectra after the femto
ond pulse excitation of KBr. Specimens of pure KBr and
NaBr and KBr doped with an electron trapping impurity
NO2

2 were excited with the third harmonics of a Ti:sapph
laser ~photon energy of about 8 eV! at 80 K, and time-
resolved absorption was measured with white light genera
by the 80-fs fundamental beam of the laser. The details
experimental apparatus and techniques were descr
elsewhere.7 An important point specific for present measur
ments is the stability ofVK centers in NaBr and KBr at 80 K
Because of that, it is not possible to make averaging by
peated irradiation of several pulses on the same spot in o
to obtain data with better signal-to-noise ratios; photoexc
tion of VK centers formed by the preceding pulses produ
significant artifacts in the spectra. Therefore, in the pres
measurements, each absorption spectrum was taken
single shot at a virgin spot of a specimen. Similar single-s
measurements were also made on pure KBr. We note
very similar spectra on these samples have been obtaine
this laboratory also using different laser systems and de
tion methods, demonstrating the reproducibility of the
sults.
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A. Experimental spectra

In Fig. 4 we present the time-resolved absorption spe
of KBr irradiated with femtosecond laser pulses. In the t
panel of Fig. 4, the absorption band due to theF center and
the bands due to the lowest triplet STE in KBr at 8 K ge
erated by a nanosecond electron pulse are shown for c
parison. Since the initial process of the relaxation is our m
interest here, the spectra during 4.5 ps after excitation
shown with a time interval of 250 fs. The horizontal sho
lines in the figure represent the zero levels of the absorpt
A stepwise absorption band above 2.8 eV in the spectra
responding to the time delay of the probe pulse from21.0 to
11.0 ps with respect to the excitation pulse is due to
two-photon cross-correlated absorption of pump and pr
pulses discussed by Thoma, Yochum, and Williams.8

For the sake of discussion, we divide the spectra p
sented in Fig. 4 into the two photon-energy regions: 1.5–

FIG. 4. Time series of optical absorption spectra for pure KBr
80 K. The number on the left-hand side of each spectra shows
time delay in picoseconds. The top panel shows the transient
sorption spectrum in pure KBr measured at 1ms after an electron
pulse irradiation at 8 K. The latter spectrum is decomposed into
STE band~thin solid curve! and theF band~broken curve!.
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eV and 2.5–3.0 eV. In the first region, starting from a tim
delay of less than 1 ps, one can clearly see the developm
of a broad absorption band. Its intensity increases with t
and the maximum shifts from approximately 1.8 eV at 1
to 2.0 eV at 4.5 ps. It has an approximately Gaussian fo
and gradually becomes sharper. After a time delay of 4.5
the F absorption band is clearly seen. In the second ene
region, from 2.5 to 3.0 eV, a broad featureless band can
seen starting from about 1.5 ps. It then evolves in such a
that only a tail of the absorption band peaked at an ene
that is higher than 3 eV is detected at time delays longer t
2.5 ps after excitation. This tail is very similar to the optic
absorption of theVK center in this energy region, but th
origin of the band is discussed below.

The spectra at 4.5 ps after excitation are representativ
the products of the first stage of the relaxation in KBr.
longer delays of 100 ps, which correspond to the end of
second stage of relaxation, the sharpF-center band and the
tail characteristic of theH-center absorption band are clear
seen in the spectrum. The broad shoulder below 1.7 eV in
100-ps spectrum is the optical absorption of the lowest trip
STE.

For differentiating the relaxation processes of electro
and holes and for revealing their interplay during the rel
ation, the time-resolved spectra were also measured for
and NaBr doped with NO2

2 under the same excitation con
ditions; hole relaxation is the dominating process in th
doped specimens. The results are shown in Figs. 5 and
the top panels theVK-center absorption bands at 80 K a
shown for comparison. In Fig. 5, similar to the case of pu
KBr, the band due to the two-photon correlated absorptio
seen in the spectra at the delay times less than 1.0 ps. Ex
for this contribution, we see the broad absorption band
tending over the whole photon-energy range. The b
shows a peak at 2 eV in the spectrum at a time delay of 0
ps and converges, as time proceeds, to theVK bands peaked
at 1.7 and 3.2 eV, although only the tail of the 3.2-eV ba
is detectable. The important feature of these spectra is
the absorption tail characteristic of theVK center is detect-
able only starting from around 3 ps after excitation. In t
spectrum corresponding to the delay of 4 ps, one can see
tail due to theVK absorption more clearly, but it is stil
associated with significant broadening and there is an a
tional absorption contribution in the range from 2 to 2.5 e
This can be interpreted such that the lattice relaxation
form theVK center is not completed even at 4 ps after ex
tation. The absorption band due to completely relaxedVK
center is generated only at 10 ps after excitation in KBr.

In contrast to KBr, the formation of theVK center in NaBr
is a much faster process, as revealed by temporal evolu
of absorption spectra after femtosecond-pulse excitation
NaBr:NO2

2 shown in Fig. 6. The absorption band charact
istic of theVK center is already detectable in this specimen
0.5 ps after excitation. Although the initial bands show so
broadened features, the band shape measured at a time
of 10 ps is essentially the same as that measured at 1.
This suggests that almost completely relaxedVK centers are
formed in NaBr already at 1.0 ps after the excitation. T
significant difference in the hole relaxation time to form t
VK center between NaBr and KBr found in this work m
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have important implications for the relaxation of electro
hole pairs in pure specimens, which are discussed below

Similarities between spectra corresponding to time del
longer than 3 ps in Figs. 4 and 5 suggest that in the cas
undoped samples they are also due to theVK centers. We
could not detect any optical absorption of stableVK centers
in the pure specimen, indicating that the concentration
electron-trapping impurities is below the detection level
our experiment. Therefore, theVK-like tail of the optical ab-
sorption in this specimen can be attributed to the tempo
existence of theVK centers that still have not trapped ele
trons, and to the on-center STE in which the hole compon
is almost the same as theVK center.41

The femtosecond pulse creates about 2.131017cm23

electron-hole pairs in the bulk of KBr. The optical absorpti
shown in Fig. 4 decays almost completely within 1 s, whi
implies that very close defect pairs are mostly formed.
nally, we note that previous analysis of the time evolution
the optical absorption on the same samples

FIG. 5. Time series of optical absorption spectra for KBr:NO2
2

at 80 K. The number on the right-hand side of each spectra sh
the time delay in picoseconds. The top panel shows the statio
absorption spectrum of theVK center.
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demonstrated5 that at 6 K approximately half of allF centers
that survive until 100 ps after excitation are formed by t
fast mechanism.

On the basis of these data it has been suggested5 that,
since theVK center spectrum develops significantly later th
the F-center band appears in the spectrum, the fastF-center
formation is promoted by the interaction of electrons w
the holes that still are in the process of their vibrational
laxation. A preliminary theoretical analysis of this model h
been published in Ref. 42. A more detailed argument is p
sented below.

B. Theoretical model

As has been demonstrated by Petiteet al.,12 the number of
electrons excited across the band gap in KBr that rem
delocalized in the conduction band decays exponentially
about 4 ps at 10 K before all of them recombine with holes
produce excitons orF-H pairs. Holes are known to self-tra
in alkali halides formingVK centers; however, the resul
shown in Fig. 5 demonstrate that formation of the complet
relaxedVK-center state may take up to 10 ps, although
first signs of theVK-center absorption appear at 3–4 p
Therefore it seems clear that at time delays less than 3
electrons interact with holes that still are in the process
relaxation. The mechanism of the hole relaxation is basic
unknown. Due to thermal fluctuations it can start direc
from a one- or two-center state and then cool down into
VK-center configuration. There can be more delocalized

FIG. 6. Time series of optical absorption spectra for NaBr:NO2
2

at 80 K. The number on the right-hand side of each spectra sh
the time delay in picoseconds. The top panel shows the statio
absorption spectrum of theVK center.
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tial states too; however, in alkali halides the lattice polariz
tion will eventually favor only the one- or two-cente
states.43,44 Only these states can be treated in the clus
model, and we start our discussion from considering so
initial relaxation of a two-center hole state.

In the two-center initial state the hole is shared by the t
nearest-neighbor Br ions situated close to their lattice si
However, we have found42 that if the distanceR between the
two Br ions carrying the hole is larger than a critical val
RC of about 3.65 Å, the energy of the two-center hole state
higher than that of the ‘‘one-center’’ relaxed state. The lat
corresponds to a preferable localization of the hole on one
ion with a adiabatically adjusted lattice relaxation. The va
of RC is by about 0.55 Å longer than the equilibrium distan
in the VK center. Therefore, at the Br-Br distances long
thanRC any asymmetric lattice distortion polarizes the sy
tem towards the one-center hole state. This results from
interplay between the lattice polarization that favors t
charge localization and the chemical bonding between
Br0 and the surrounding Br ions, which is weak at long d
tances, as discussed in Ref. 44. The one-center polarized
state is unstable with respect to shortening the distancR
with any of the twelve nearest-neighbor Br ions. Howev
the resulting adiabatic potential of the hole transformat
into the two-center state alongR is very soft, which implies
that this transformation is largely diffusive,45 i.e., the system
makes many random walks along the reaction path. Th
results are similar to those obtained for a combination re
tion I 21I→I 2

2 in solutions~see, for example, Refs. 26 an
27!.

The hole redistribution by two ions atR'RC is accom-
panied by the symmetry change and significant reorgan
tion of the lattice distortion. This cannot be accomplish
immediately due to the crystal resistance, which can be
pressed in terms of the polarization force,Fpol , exerted by
the polarized lattice on the internuclear coordinateR between
the two Br ions forming theVK center. This force has its
maximum close toRC where the lattice reorganization from
the one-center into the two-center hole state is the stron
~see also Refs. 26–28!.

Based on these theoretical results, part of the holes in K
during the relaxation pass through a period of prefera
one-center localization before they transform into a tw
center state and undergo cooling relaxation to form theVK
centers. To be able to compare the theoretical predicti
with experimental results, we have calculated optical tran
tion energies for a number of configurations of localiz
holes. The optical absorption of Br2

2 depends very strongly
on R ~Ref. 46!. At R corresponding to small departure fro
the ideal one-center hole state, the calculated optical abs
tion predicts several strong bands in the energy range
tween 2.6 and 3.5 eV and a weak band at about 2.1
These bands are due to the electron transitions from the
cupied electronic states delocalized by surrounding lat
anions to the unoccupied hole state.44 As the distortion in-
creases towards formation of the two-center state with on
the nearest anions, the calculations show the enhanceme
the optical absorption first at about 2.7 eV, which then sh
to about 1.9–2.3 eV. The latter is associated with hole tra
fer to the nearest Br2 ion forming the bond. This transition is
analogous to the optical polaron transfer discussed in R

s
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47. The diffusion of the system alongR leads to a large
variety of Br-Br separations existing at the same time~due to
fluctuations of the surrounding lattice!, which should be ac-
companied by a strong broadening of the red band. There
it is expected that the relaxing holes should show opt
absorption ranging from 1.9 to 3.5 eV. Because of the fin
temporal width of the excitation pulse and due to fluctuatio
in the localization process, the relaxing holes should sh
significantly broadened absorption bands. Taking into
count these effects, the theoretical prediction of the hole
laxation process discussed above is totally consistent
the features in the time-resolved absorption spectra be
3.0 ps seen in Fig. 4.

Next we modeled the interaction of an electron with t
relaxing hole in the ground electronic state and calculated
adiabatic transformation of a triplet exciton into a ne
nearest-neighborF-H pair using the technique describe
above. The important feature of the one-center and the
the two-center hole states~whenR is smallerRC) is that the
adiabatic potential is very soft with respect to the simul
neous displacement of the two bromine ions forming
bond along thê 110& axis. The electron was added to th
one-center hole state, and its wave function was describe
five Gaussians with their positions and exponents optimi
at each point of the exciton adiabatic potential. Both the h
instability towards formation of the two-center state and
displacement along thê110& axis are enhanced by the inte
action with the electron. The calculated energy of the grou
state of the exciton that corresponds to the electron trap
initially by the relaxing hole withR>RC , dependent on
atomic configuration, is about 1.0–1.2 eV higher than tha
the relaxed exciton state~configurationA in Fig. 2!. The
barrier for the off-center exciton transformation into t
nearestF-H pair was found to be about 0.28 eV. Analysis
the forces acting on ions during the relaxation shows t
they drive the downhill relaxation and formation of theF-H
pair because the initial hole configuration is already fav
able for this process. We believe that large excess en
provides high probability to overcome the separation barr
Thus our results confirm that fast formation of theF-H pairs
can proceed on the ground-state potential energy surfac

These results point towards a possible explanation of
time evolution of the electron-hole pair into theF-H pair
reflected in the spectra in Fig. 4. We suggest that the
come of each individual electron-hole interaction proc
that takes place during the first several picoseconds a
crystal excitation depends on the degree of the hole re
ation into theVK-center state. Just after the electron-hole p
excitation, most of the electrons are in the conduction b
and holes are in their initial stages of relaxation. As o
results demonstrate, these holes are more likely to be po
ized towards the one-center state and experience also
displacement vibrations. The interaction of electrons w
these holes will lead to formation of off-center STE and th
transformation into the nearest and NNF-H pairs. Nearest
F-H pairs are formed first and then separate into the NNF-H
pairs. The number of NNF-H pairs is initially smaller also
because of the possibility of the non-radiative transition i
the crystal ground state from the nearestF-H state.

This model can explain the significant peak shift of t
optical absorption in the 2-eV region at time delays of 0.7
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1.5 ps. The red part of the spectrum can be due to the ne
pairs and the higher-energy part due to the NNF-H pairs.
The shift of about 0.1 eV agrees with our prediction of t
optical absorption shift for the nearest and NNF-H pair ~see
Table II!.

As the time delay after excitation increases, a larger nu
ber of electrons are interacting with holes, but also a lar
number of holes have already relaxed closer to their fi
VK-center state. This can partly explain theVK-like tail in the
blue part of the spectra that appears after about 3.5 ps.
suggest that the electrons that interact with holes that
close to their symmetric relaxed state are more likely to fo
on-center triplet STE’s. This can explain the persiste
VK-like tail in the blue part of the spectra at longer time
Transformation of these excitons into the triplet off-cen
form and theF-H pairs can be responsible for the slo
growth ofF centers, which still takes place even after 100

The idea that the mechanism ofF-H pair formation could
be related to the speed of hole relaxation is supported by
time-resolved spectra of theVK-center formation in
NaBr:NO2

2 presented in Fig. 6, which demonstrates the v
fast formation ofVK centers in this crystal. This correlate
with a very small yield of stableF-center formation and a
high yield of s exciton luminescence characteristic of o
center VK1e type excitons in NaBr.3 Our time-resolved
measurements on the undoped NaBr samples, made usin
same excitation conditions as for the undoped KBr, could
detect anyF centers either. Therefore we conclude that t
yield of F-H pair formation in NaBr is smaller by severa
orders of magnitudes than that in KBr.

The described model also suggests why the effectiven
of the fast mechanism ofF-H pair formation decreases as th
temperature increases.5 As has been demonstrated in Ref. 1
at 300 K the electrons survive longer in the conduction ba
and are trapped by weaker traps. In this context, the ‘‘tra
depth means the electron binding energy either in the STE
in the F center, which is larger. As has been suggested
Ref. 12, during 20 ps moreF centers are formed at low
temperature, which agrees with the results of this study. C
tainly this results from the interplay of several factors, one
them being the faster hole relaxation at higher temperatu
which leads to creation of STE’s but notF-H pairs.

V. DISCUSSION

In this paper we have presented a consistent and com
hensive set of calculations of the STE and Frenkel defect
KBr and applied these results in order to model a poss
mechanism of exciton self-trapping and the ‘‘fast’’ mech
nism of F-center creation in KBr in conjunction with th
results of time-resolved optical spectroscopy.

The main new theoretical results of this work can be su
marized as follows. Our embedded cluster Hartree-Fock
culations predict~see Figs. 2 and 3! ~i! the off-center con-
figuration of the STE to be about 0.25 eV lower than t
nearest separatedF-H pair, ~ii ! the Franck-Condon crossin
between the adiabatic potential of the triplet STE and
crystal ground state in KBr to happen at theF-H separation
exceeding the nearestF-H pair, ~iii ! the separateda-I pair to
have about 1.3 eV lower energy than theF-H pair, ~iv! the
fast process of theF-H pair formation in KBr, prior to the
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VK-center formation takes place in the ground electro
state of the relaxing exciton. This process is driven by
interaction of the relaxing hole with an electron. Experime
tally, we demonstrate that the hole relaxation time to fo
the VK center is about 1 ps in NaBr and 10 ps in KBr. T
theoretical modeling and the results of time-resolved sp
troscopy of hole and exciton self-trapping in NaBr and K
allow us to arrive to a more general conclusion that the sp
of hole relaxation could be one of the crucial factors th
determine the mechanism and effectiveness ofF-H pair for-
mation in alkali halides.

Our calculations demonstrate a satisfactory and, in so
cases, even good agreement between the theoretical re
and the experimental data for a broad number of spec
scopic properties of the STE and the Frenkel defects in K
However, besides some quantitative discrepancies, the
one qualitative feature characteristic of all Hartree-Fock c
culations of the STE in alkali halides. It concerns the stro
polarization of the hole component of the STE, which co
tradicts the EPR data,48,49 which suggest an equivalent ho
distribution between the two Br ions. This most probab
results from the electron correlation unaccounted for in
calculations. The results24 for the STE in NaCl demonstrat
that this could be the case, although no direct proof has b
found. Indirectly, we can see this effect also in a much be
agreement with experiment of the optical excitation ene
of the STE with respect to that for theF center, which can be
explained by the small effective charge of the Br ion clos
to the vacancy@see Fig. 2~A!#.

In a more general sense, the fact that the electron co
lation is not properly included can result in the fact that t
role of the lattice polarization is overemphasized in some
our calculations. Polarization strongly favors polarized so
tions that increase the polarization energy. This could a
affect the results concerning the polarization of Br2

2 in the
lattice when modeling the hole relaxation process. Althou
the effect of hole polarization is physically transparent a
has also been obtained in modeling the time evolution of
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relaxation ofX2
2 molecules in solutions,27,28the details have

not yet been finalized. For instance, our critical separat
RC could be underestimated.

Another side of the electron correlation effect conce
the on-center STE~see Fig. 1!. As has been discussed in ou
previous publications,22,24 the UHF method fails to repro
duce correctly the symmetrical solutions in the on-cen
STE. Therefore our calculations can add no details to
proposed formation of the on-center triple STE as the fi
stage of the slow mechanism of theF-center formation.

The admitted failure of the Hartree-Fock method to tre
delocalized states and the feasible size of quantum clus
essentially confine our approach to the states that are alr
well localized on the atomic scale. Therefore it requires so
assumptions regarding the initial localization of exciton a
hole, which could not be tested in this work. Neverthele
further analysis of lattice vibrations and thermal fluctuatio
similar to that presented in Ref. 50, should allow us to
deeper insight into the initial stages of hole and exciton tr
ping in insulators and to understand why, for instance,VK
centers in NaBr relax much faster than in KBr. We vie
these results as a useful step towards further assessme
the accuracy of modeling of excited states in crystals a
building up potential energy surfaces that could be used
simulating dynamical processes using, e.g., wave-pa
propagation methods.
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