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One-center trapping of the holes in alkali halide crystals
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The geometric and electronic structures and electron excitation energies for the one-center hole polaron state
and several possible intermediate states corresponding to the hole relaxation in Kl are calculated using the
static embedded molecular cluster method. The calculated optical transition energies are close to the maxima
of the transient optical-absorption spectra in KI which were observed experimentally using femto-second
spectroscopy. The mechanism of the self-trapping of the holes in Kl is discussed. It is demonstrated that the
experimental spectra can be reasonably understood if we consider that the hole first localizes in the one-center
state which then transforms into the two-center state, and finally int¥/ theenter.[S0163-182806)05726-§

I. INTRODUCTION larization is smaller and these small polaron states are less
favorable than the one-center statdowever, in alkali ha-
Recently femtosecond scale pulse optical spectroscopiides and in alkali-earth fluorides, possibly in alumina and
techniques have been applied to the study of the hole polarasther crystals the two-center state is stabilized by chemical
self-trapping in KI and Rbf. The experiments were per- bonding between the two anions sharing the B8 This
formed on the time domain from 0.3 to 100 ps after theleads to formation of a quasimolecul®y, state K is the
excitation pulse at both room and liquid-nitrogen temperaanior) where the distance between anions is much smaller
tures. The two-photon excitation with an energy of about 8han that in the perfect lattice. The localization eneByjn
eV employed in these experiments first produces an electrofhjs state is smaller than in the one-center state because it is
hole pair in the bulk of KI. The electron is quickly trapped more delocalized. Thus the overall energy géire so-called
by the NG, impurity or is delocalized in the lattice. Optical- self-trapping energyEq=B—S) in the two-center state in
absorption spectra in the energy range from 1.5 to 3.2 elthese crystals is larger than in the one-center state and these
have been observed both in pure samples of Kl and thosgre the only stable hole states observed so far in a pure lat-
doped with the electron-trapping impuri(fO, ). Transfor-  tice.
mation of the optical-absorption spectrum in Kl and Rbl is  One can try to understand these experimental data from a
attributed to the hole and takes place via three distinct stagedifferent perspective. The most general approach would re-
(i) At least two intense optical-absorption bands withquire consideration of théme evolutionof the hole assum-
maxima near 2.3 ant+3.2 eV were already observed at 0.3 ing different initial wave packet® Sumfi! studied theprob-
ps after the excitation pulse in doped crystals. Their intensityability of the exciton localization in different “nucleation
rises within approximately 1 ps. With some del@pout 0.5 states” in alkali halides which can be calculated providing
ps a third absorption band at about 2.6 eV begins to rise andne knows the energetic parameters suctSaand B for
broadens(ii) About 3 ps after the pulse the whole spectrumthese stateésee discussion belgwHowever, since the only
transforms into a featureless broad bafiiil) After that the  experimental information concerns the optical-absorption
well-known optical absorption of th€y center appears and spectra in a narrow energy range, in this paper we focused on
rises during 10 ps with a time constant of about 3 ps. Similaa simple model of the hole relaxation process using a static
transient optical absorption has been observed in Rbl. In thiapproach. This allows us to take into account the lattice po-
paper we demonstrate that these results can be reasonaldyization by the hole and to study the nature of the hole
understood if we consider that the hole first localizes in theoptical absorption. Since the small polaron theory predicts
one-center state which then transforms into the two-centemore favorable polaron trapping in one-center states than in
state, and finally into th&' center. more delocalized states, we first study the possibility of for-
Among plausible candidates for such a metastable holenation of the one-center metastable state of the hole in Kl
state in alkali halides, the one-center state has the largeahd make our argument on the basis of the static self-
relaxation energyS, (about 1 eV or more®) due to the trapping criteria and comparison of the calculated optical
polarization of the lattice by the strongly localized hole. Thetransition energies with the experimental data.
kinetic energy loss due to the hole localization in this state The geometric structure and optical-absorption energies
(localization energy B, is determined by the structure of the of the one-center hole state in Kl were briefly reported in
upper valence band and may be roughly estimated as a hd®ef. 1 assuming its formation on the first stage of the hole
of its width* which is more than 1 eV in many alkali halides self-trapping. The calculated transition energies appeared to
(see Refs. 3, 5, and 6 for discussiotf the hole is equally be close to the experimentally observed transient absorption
delocalized between two or more lattice sites, the lattice pospectrum before its transformation into the broad one. In this
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paper we present a detailed account of calculations on theodel for ionic polarizatiod® The calculations are per-
hole in the one-center state in KI and consider its transforformed using the General Utility Lattice Prograi®uLp).?*
mation into the two-center state and into Mg center. The We employed the set of interatomic potentials developed in
relaxation energies of the one- and two-center holes and theRef. 25. The lattice surrounding the defect is divided into a
optical-absorption energies are calculated using a statioumber of spherical regions about a specified defect center
many-electron quantum-mechanical approach successfullyhich is located in the midpoint of the perturbed lattice sites.
applied in recent studies of the models of self-trapped hole¥he quantum cluster is embedded in the middle of region |
and excitons in several alkali haldies and oxifé5.°The  which encompasses all the ions that are strongly displaced by
results obtained are then used to discuss the mechanism thie defect. The system total energy is calculated as
self-trapping of the holes in alkali halides.

QM calculation

Il. METHOD OF CALCULATION
CLASSICAL

We employed the embedded molecular cluster model and
semiempirical molecular-orbital linear combination of
atomic orbitalgMO LCAO) Hartree-Fock method. They are
implemented in &LUSTER95computer code which takes into
account the polarization of the lattice by the defect. Although
it is based on the algorithm which is broadly similar to those -
described in Refs. 14 and 16, it is instructive to briefly out-
line the details of the computational procedure which are
necessary for understanding of the results of the present
work.

The embedded cluster model employed in this study is
based on the approximation that the perfect crystal can be
divided into individual ions. It allows one to combine a GULP calculation
guantum-mechanical treatment of a part of the crystal includ-
ing a defect(quantum clustgrwith the classical description
of the rest of the crystal. This is made by substituting a
number of classical ions by a quantum cluster and by using a
“self-consistency” procedure based on consecutive iteration
of two computational methods as schematically illustrated in
Fig. 1 and discussed below. To be used together, both meth-
ods must give the same lattice constants of the perfect lattice
and in the more general case must yield the same optimized
structure.

In the cLUSTER95c0de, the electronic structure of the sys-
tem is calculated using the unrestricted Hartree-RaiKF)
method within the approximation of intermediate neglect of
differential overlap(INDO).1" In this approximation some of
the elements of the Fock matrix are calculated using semi- FIG. 1. Schematic presentation of the embedded molecular clus-
empirical parameter. In this study we employed a set of ter technique employed in this study. In the QM calculation, the rest
parameters which were optimized in order to reproduce thef the crystal treated classically is represented by an electrostatic
characteristics of the Kl perfect crystal as well as those of theotential¢; produced by the cores and shells outside the cluster at
Kl and I, molecules. Calculations of the band structure andhe position of each nuclei, inside the quantum cluster. This po-
geometry of the perfect crystal were made using the |arg,gent|al is calculated using the ionic charges obtained for the perfect

unit cell (LUC) method®%for the periodic cell Kl 3,. This lattice using the same QM method. In tleeLpP calculation, the
allows us to take into account B points of thé 3Bzrillouin positions of the cores and shells of the classical region outside the
sone. The lattice constaat of Kl determined in our calcu- QM cluster are optimized in the electric field produced by the modi-

lations is equal to 6.7 a.6.676 is the experimental value f'fdhChirgﬁ dls(;nl?utloz in the QM Clustd(' Ils t_he ?’pr'n? ﬁon.Stam h
The band gap calculated using a configuration interaction), the shell model used to represent the polarization of the ions. The
hni f inale-el itatiohs 10 5.9 eV rgharges of the cores located at the nuclei positions of quantum ions
I/sk?icw(?gilgsresggtﬁ-eee?f[gre?r?r:é(r?tlgﬁltllall:seeoqfu:b(t)%t.60%?3\,/ are modified with respect to these in the perfect lattice as
. . . . A = — - (ref)], where are effective ionic
The INDO Hamiltonian does not include the spin-orbit inter- Qeore= Qoore | Qom— Qoulref] Qom

- > Tie ! R ' charges in the quantum cluster, aRgy(ref) are the effective ionic
action which is essential for the iodine i6h* The width of charge in the perfect lattice. The arrows indicate that calculation of

the upperp valence band obtained experimentally in Ref. 21the |attice polarization and of the electronic structure and the geom-
is equal to 2.8 eV. In our calculations, which do not includeetry of the quantum cluster embedded in the electrostatic potential
the spin-orbit splitting, it was obtained to be 2.05 eV. of the polarized lattice are carried out iteratively until the total

The lattice outside the quantum-mechanical cluster ignergy of the whole system does not change by more than a certain
treated in the Mott-Littleton approximation using a shell criterion.

CLASSICAL
(optimized)

classical model
for QM charge
distribution

° [ Je I

Qcore modif
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Eior= Ecur— Ecuip( Clusted — Eqoy cluster-environment Use of the approximate INDO method allows us to calculate
large quantum cluster@p to 150 ions in this studyand to
+Equl(clustey, (1) make sure that ions on the cluster border are not significantly

perturbed by the defect. Therefore the described method pro-

where E,, is the total energy of the crystal with defect vides a smooth_bou_ndary for the em_bedded plus_ter._lnside
calculated using the Mott-Littleton methoHy,, .(cluste) is the cluster, the inertial part of the lattice pol_arlzatlo_n is ac-
the total energy of the part of the region | which is Substi__counted for completgly whereas the electrpmc part is trgated
tuted by the quantum cluster calculated as a free molecul® the INDO approximation. The calculation of the lattice
with frozen positions of the cores and shells using the interPolarization and of the electronic structure and the geometry
atomic potentialsE .o (cluster-environmenis the Coulomb  ©f the quantum cluster embedded in the electrostatic poten-
part of the interaction of the classical cores substituted byal of the polarized lattice are carried out iteratively until the
guantum ions with the rest of the crystal; aBgy(cluste) is total energy of the whole system does not change by more
the total energy of quantum cluster including its interactionth@n @ certain criteriogusually 0.001 eV.
with the rest of the crystal. In this approach, the contribution Optical-absorption energies for the hole states were cal-
Equr— Eaup(Cluster)— Ecqy(cluster-environment includes _culated using the conflguratlorj |r_1teract|(2)é1 method taking
(i) the short-range interactions between the cluster ions anf§t0 account single-electron excitatiof@lS).”" In embedded
the surrounding lattice, represented by the interatomic potermolecular cluster calculations boundary effects and the sym-
tials; and(ii) the polarization energy of the lattice outside the Metry of the quantum cluster can affect the symmetry of
cluster. delocalized states of the hole. To eliminate this effect, we

To calculate the lattice polarization by the defect, the®/SO made calculations using periodic boundary conditions
whole system is treated using the Mott-Littleton techniquefor @& unit cell Kszl 5. Since the unit cell for the system with
To simulate the defect-induced changes of the charge distr hole should be neutral it included an Agon on one of the
bution inside the quantum cluster, the classical cores are |&ation sites which is known as a good electron-trapping cen-
cated at the positions of the nuclei of quantum ions with thd€r- The INDO parameters for this ion were taken from our
corresponding shells attached to thdsee Fig. 1L The Previous calculatiort§ of the hole ltrappmg in AgCL. In the
charge distribution in the perfect crystal calculated using thdriPlet state of the system the excited electron becomes com-
same quantum-mechanical method in a periodic model igletely localized in the A§ state where the hole is delocal-
used as a reference. The charges of the cores located at t#§8d by the unit cell if no special lattice relaxation is in-
nuclei positions of quantum ions are modified with respect tfluded.
these in the perfect lattice axcoe=Qcore—[Qam
—Qowm(ref)], whereQqy are effective ionic charges in the ll. RESULTS OF CALCULATIONS

quantum cluster, anQqy(ref) are the effective ionic charge ; - : )
in the perfect lattice obtained by the LUC method, both cal- We apply the static approach described above first to con

lated in INDO imatioh’ Th d th sider the one-center hole polaron state and then a model of
culated in approximation. 1he GULP code USes e ¢ yansformation into the state where the hole is delocalized

modified effective charges and positions of the cores in orde, ;
to adjust the positions of the shells inside and of the coreg5y two nearest anions.
and shells outside the cluster. This simple approximation is
adequate for the present case because the hole is well local-
ized in both one- and two-center states. More explicit repre- To find the geometric and electronic structures of the hole
sentation of the electron density using, for instance, multiin one-center state, we first fixed the position of the | atom
pole moments must be used in more complex cases. carrying the hole in the lattice site whereas all other crystal
The response of the polarized lattice is then given in d@ons were allowed to relax. For comparison, the relaxed con-
form of the lattice polarization energy and an electrostatidiguration of this state was calculated using both a cluster
potential ¢; produced by the cores and shells outside themodel, accounting for the lattice polarization, and periodic
cluster at the position of each nucleiinside the quantum LUC model.[K 4l 54 quantum cluster and{K 33l 3,Ag} unit
cluster. This potential, though, is calculated using not thecell were used in these studies. The two calculations gave
formal ionic charges employed in the parametrization of thevery similar results for the displacements of ions nearest to
shell model, but those obtained for the perfect lattice usinghe | atom carrying the holésee Fig. 2, the difference in
the LUC methodsee Fig. 1 Since the quantum-mechanical ionic displacements for completely relaxed state does not
charges are different from the formal ionic charges used irexceed 0.04. The nearest-neighbor cations are displaced
the Mott-Littleton model, this ensures a homogeneous chargeutwards by about Oaland the next nearest-neighbor anions
distribution across the cluster border. Note tiatincludes are displaced inwards by about 0.@15The relaxation en-
both the Madelung term and the dipole polarization termergy S calculated using the cluster model as a difference
which were both subtracted in E.) to avoid double count- between the energy of the completely relaxed state and that
ing. The diagonal matrix elements of this potential calculatedwvithout core displacements from their perfect lattice sites,
on atomic orbitalsu, (u|®i|x), are then added to the Fock when only the electronic polarization responds to the pres-
matrix for the calculation oEqy(clusted. The total energy ence of the hole, is equal to 1.3 eV.
of the whole system including the quantum cluster embedded The hole in the one-center relaxed configuration almost
in the infinite polarizable lattice is minimized with respect to completely occupies one of the thrpespin orbitals(let us
the LCAO coefficients, positions of the nuclei inside thefor convenience consider thg spin orbita). The spin den-
cluster and of the cores and shells of the rest of the crystakity on this orbital is about 0.85 (e is the electron charge

A. The one-center state
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absorption energies of the hole especially in the one-center

splitting of the hole electronic states and affects optical-
% state.

Optical absorption by a small radius polaron has been
considered by many workers in conjunction with the polaron

M conductivity (see, for example, Refs. 27 and)2thd polaron
I holes trapped by defects in oxid&sn a two-site model, the
optical absorption was considered to be due to a Franck-
K+

P, Condon electron excitation to the state localized on another
polaron site. For the stationary one-center polaron case, our
model generalizes this picture as it takes into account the
possibility of the hole delocalization by all nearest-neighbor
sites and considers a more realistic hole wave function. In
the completely symmetrical configuration, the allowed tran-
sitions are fromE,, and A4 states to the single occupied
E,, hole state. Accordingly, instead of a single transition one
) ) ) _ should expect two groups of allowed transitions. These are
_FIG. 2. Schematic reprgsentlng the_ first, second, and th'rqndeed observed in our calculations.
neighbors of the | atom carrying the hole in KI and the nature of the - . . .
hole (unoccupied molecular orbitalThe arrows point into the di- Cglculatlons of the optlcal-absqrpthn energies a.nd the
rections of the ionic displacements. Only a symmetry unique por-me_‘trlx elements of the corresponding dipole electronic tran-
tion of the local defect structure is shown. sitions for the relaxed state of the one-center hole were made
using the CIS method. For the clusfét 4l 15 the CIS cal-
culations were performed for afi states of anions and all
L{émpty states of cation&hat is to say for the | p valence
and K 4s conduction bands For two other clusters, the same
number (about 900 of excited configurations were used

f th | ani ith th . drtrabi which were chosen according to the local defect symmetry in
of the central anion with the nearest cations andp@bit- —  qor 1 jnclude all potentially important states. The transi-

als of the fqur an_ions located i_n thy plane perpendicula_r © tions with the largest matrix elements for the cluster
the hole orientation and thg eight nearest-neighbor anions Ik 14 1d include az-polarized transition with the energy 2.0
the xz andyz planes(see Fig. 2 However, the calculated V, two degeneratg andy polarized transitions of 2.1 eV,
displacements of _the latter anions are only gbout 0.015 A4 onez and two degenerate, y transitions with close
larger tr;]an thosel n lthEy plane._ The e”gr%Y d|fferdence be- energies of 2.8 eV. Two larger clusters gave similar results
twee_n t € comp gte y symmetr_lcj(])_ an _|storte D) with energies of 2.2, 2.4, and about 3.6 eV and the matrix
conflguratllons(whn_:hl |s_the adlabatlc_ barrier between the elements having very similar relative values to those ob-
three equivalent miniman our calculations does not exceed tained for the former case. Quantitative differences in the

0.0lheV. bati duced by the hole ch q htransition energies and matrix elements are considerable
The perturbation produced by the hole charge and t ?nainly because of the difference in the cluster charges which

the defect v, H 1 a finit bedded mol gmposes a shift in the energy levels. Nevertheless, the agree-
€ detect Symmetry. HOWEVET, In a finité émbedded MOIeCUy, o\ penyeen transition energies and their splitting calcu-
lar cluster, where all electronic states are localized within th

Y ated for different clusters is satisfactory.
cluster, the degree of localization of the states due to defect- .
The nature of these charge-transfer transitions can be de-

induced perturbation can be exaggerated. To check this

point, we compared the calculations for the Completelys.cribed in terms of local and resonance defect electronic
relaxéd one-center hole in the clusters X(3x3) states. Local states are usually split from the bands whereas

[K 14l 1, (4X4X3) [K 4l 24, and (6x5x5) [K ¢ ;5] and ~ Fesonance states are more delocalized and their energies are

a periodic celfK sl Ag} which have different numbers of located within the b_ands. Wg should pote that the notion of
electrons, symmetry, and boundary conditions. In the first oféSonance states induced in occupied or empty electron
them, the hole was localized on the central | ion. In the thred@nds by a defect is well defined only for an infinite cry$tal
other systems, the center of symmetry was not located on tH&ee also discussion in Ref.)1Jo classify the defect states
lattice site and the symmetry of the cluster with the localizedn @ cluster model, one needs to estimate the position of the
hole was much lower. In all four cases hole-induced elechole ground statds,, with respect to the optical excitation
tronic states are formed. They can be identified by the symfrom the top of the valence band. This is the lower limit of
metry of their molecular orbitals which corresponds to thethe “optical” hole delocalization energy which determines
hole symmetry,D,;,, and by the energies and matrix ele- an approximate energy range within which electronic transi-
ments of the electronic transitions from these states to thtions are originated from the local states. One way to deter-
single-occupied hole state. The latter depend entirely on thaine Ey, is to calculate the electron affinit of the center
strength of the defect-induced perturbation. The values of thand then to subtract it from the energy of the interband op-
polarization potential are different on the anion carrying thetical excitation,Eq. In this caseE,=E4—A. Alternatively,

hole and on surrounding anions. This leads to an additionaine can calculate the energies of the electron transitions from

Io

This hole state is threefold degenerate and the ionic config
ration hasD,, symmetry due to a Jahn-Teller lattice distor-
tion. This distortion is mainly induced by the difference in
the interaction of the singly occupigal atomic spin-orbital
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the delocalized electronic statdsimulating the “band”  The adiabatic potential of the hole in KI for two charge distributions
states in the cluster calculatipto the single-occupied hole
state.

For comparison, we calculatds], using both methods in K
the clusteK ,,l ,,]. The value ofA calculated at core posi- 25 (V212
tions fixed in the relaxed one-center hole configuration and
shells allowed to relax was found to be equal 5.9 eV. The
optical band calculated in the same cluster is 7.8 eV. This
gives E,,=1.9 eV. On the other hand, the smallest optical -25 F
excitation energies from the delocalized cluster states to the ° A
single-occupied hole state calculated using CIS are about 2.2 ) LN
eV. The reasonable agreement between the two methods sug- T30 35 4.0 45 5.0
gests thaky, equal to about 2 eV can be a realistic estimate.
The optical transitions of the one-center hole state have

Ifargerhenergles that, which Im[;)]llesl trat the}(] c;”gm?tEdl_ FIG. 3. The adiabatic potential with respect to the symmetrical
rom the resonance states and should lead to hole deloca IZ81'splacements of the two | ions towards each other and all other

tion. . L . . polarizable ions adjusting their positions. (@ the hole is initially
This hole delocalization from one site over several lattic€,cjized on one of the | ions and remains strongly localized on it

sites_shquld be: accompanied by Fhe change ir‘ the latticgniil the two curves cross; itb) the hole is equally shared through-
polarization which was not taken into account in our ClSout by two | ions.
calculations. To check how this can affect the calculated

optical-absorption energies, we used the self-consistent-field ] ] )
(ASCP technique, i.e., calculated some of the transitions a¥/hich did not relax and calculated the optical absorption of

the difference between the total energies of the ground andl® one-center state corresponding to the displacements of
excited hole states with the self-consistent account of thée nearest cations by 0.30 and 0.25 A in the embedded
lattice polarization in both states. We should note that becluster [K a4l 24. In qualitative agreement with the experi-
cause of the hole delocalization these calculations are diffiment, the calculated spectrum demonstrated an almost het-
cult to converge. Therefore our estimate is based on a su€’ogeneous shift by about 0.2 and 0.4 eV to smaller energies
cessful calculation for one transition corresponding to thatVith respect to the fully symmetrical configuration.
with an energy of about 3.6 eV. We compared the transition
energy calculated for the electron excitation at the same po-
sitions of the cores and shells as in the ground st&en the
CIS calculationswith that in which the shells were allowed  The total energy of the fully symmetrical one-center hole
to relax in the excited state and the self-consistency procepolaron state in Kl is 0.44 eV lower than that for the state
dure has been completed. After the shell relaxation accordinghere the hole is equally shared between the two nearest
to the new hole distribution the transition energy becameanions located in the perfect lattice sites and the positions of
smaller by 0.3 eV. If we apply this shift to all transitions all other ions are optimized. However, both of these states
calculated using CIS in the same cluster, they become 1.@re not stable with respect to the displacement of the two
2.1, and 3.3 eV. anions closer to each other. Sections of the adiabatic poten-
Obtained optical-absorption energies are in the range dial with respect to the symmetrical displacements of the two
the splitting and positions of the maxima of the absorptionl ions towards each other and all other polarizable ions ad-
bands observed at 0.3 ps after the excitation pulse at bothisting their positions are shown in Fig. 3. Curyasand(b)
room and liquid-nitrogen temperature in kHowever, since differ in the hole distribution: in(@) the hole is initially lo-
the real stage of the hole relaxation process at each measugglized on one of the | ions and remains strongly localized on
ment time is unknown, it is impossible to establish a directit until the two curves cross; itb) the hole is equally shared
correspondence between the theoretical results and the efaroughout by two | ions. One can see that the cu@jeis
perimental transient absorption spectra. In particular, the exvery flat before the crossing point at 4.1 A which coincides
perimental spectfademonstrate a clear shift of the maxi- with the change of the electronic configuration fr¢in0) to
mum of the lower energy absorption band to higher energie§l/2,1/2. This behavior of the adiabatic potentials results
by about 0.1 eV on the time domain from 0.3 to 0.7 ps. Ondrom the competition between two main factor§) the
natural explanation of this observation could be that thechemical bonding between two iodines, afid the lattice
spectrum at 0.3 ps does not correspond to a completely rgpolarization. The latter factor is treated self-consistently with
laxed state. In terms of our model, this would mean that theespect to the charge-density distribution and favors the one-
average positions of the ions surrounding the | bearing théenter hole localization. Therefore chemical bond formation
hole have not yet displaced to their “equilibrium” positions is a crucial factor which requires accurate treatment.
(it makes sense to speak about averaging because 0.7 psAs has been shown in our recent study of, Gholecular
already corresponds to several lattice vibratjofiie equi-  ion, without the symmetry constraint, the UHF equations al-
librium displacements of cations in a completely symmetri-ways have a broken symmetry solution at distances which
cal configuration of the hol€0.35 A) are much larger than are larger than the equilibrium interatomic distafté. has
these of the next-nearest-neighbor anions. To check a qualewer energy than a symmetrical one and corresponds to the
tative tendency, we assumed that the cations were thog@gedominant localization of the excess electron on one of the
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atoms. This effect has been observed in other systeses  transition corresponding to the hole transfer from tAetd

for example, Ref. 3Rand has a simple explanatidhHow-  the displaced ion appears. The energy of this transition is
ever, the dissociation energy corresponding to the brokeabout 2.8 eV. In the case of the strong displacement of the
symmetry solution of CJ was obtained to be only 0.4 eV, ions towards each other, the original spectrum is more per-
which is 0.8 eV smaller than the experimental value. As hagurbed with several transitions occurring in the energy range
been demonstrated in Ref. 31, this can be improved if on&etween 2.1 and 3.1 eV. It is interesting to compare these
takes into account electron correlation. After the correlatiorenergies with the polaron thefwhich predicts the energy
correction has been added to the total energy, the symmet@f the optical transition from small radius polaron as twice
cal solution became lower than the broken symmetry onethe polaron lattice relaxation energys2This value in our
and the energy difference between them was less than 0Gglculations is equal to 2.6 eV which is in the range of the
eV. A similar effect must take place also in the case pf | €xperimentally observed optical transition energies.

molecular ion, however correlated calculations are yet to be Itis plausible to assume that when the interaction or some
performed. vibrational fluctuation brings two anions to a distance which

The semiempirical technique allows us to mimic qualita-is shorter than the critical distance necessary for formation of
tively correct behavior of both broken symmetry and sym-the symmetrical electr9n|c state, the latter gradually relaxes
metrical solutions due to the restricted basis set employetto theVi-center configuration. This process is mainly de-
and the choice of parameters. In our calculations, the frefermined by the cooling relaxation of the valence vibration of
|, molecular ion has an equilibrium distance of 3.3 A and al 2 Molecular ion(the wave number of this vibration ob-
dissociation energy of 1.24 eV which are close to 3.28 A and@ined in our calculations is 150 cm, which is larger than

1.08 eV calculated by Tasker, Balint-Kurti, and Dixon for experimentally detectéfi 115 cm™*). This should corre-

the symmetrical solution using ab initio UHF methoc®®  spond to the broc_atd adsorption band due to the Ios; of coher-
The symmetrical solution has a lower energy than the brokefnce between different relaxing centers. Calculation of the
Symmetry So'ution and the |atter does not exist at I-l Separacharactensnc time Of th|S process performed n Ref 38 haS
tions smaller tha 5 A . In Kl CrystaL when two iodines are demonstrated that it takes several piCOSECOﬂdS. This is in
displaced towards each other to a distance more than 4.1 800d agreement with the observafidhat the time of the
the one-center hole localization can be therefore impose8econd stage of the spectrum transformation, characterized
only by the lattice polarization. At shorter distances, forma-Py the broad featureless band, and appearance of the optical
tion of the chemical bond between iodines enforces a symabsorption of the/\c center, is about 4 ps at liquid-nitrogen
metrical charge distribution. This technique allows us tot€mperature. .
check this effect numerically by starting from the symmetri- The relaxed two-center state of the hole which corre-
cal charge density distribution between the two iodines angPonds to thé/-center configuration was calculated in the
allowing the system to find the energy minimum correspondsSame quantum clusters as the one-center state. The energy of
ing to a consistent charge distribution and lattice polarizatiorthis configuration is lower than that for the one-center state
without additional constraints. Although this method is notby about 0.3 eV. This value is similar to 0.27 eV, which is
rigorous and does not properly take into account the electrofie activation energy of the-center diffusion in KI*° As
correlation, it nevertheless allows us to demonstrate an impas been shown in the study of the mechanism of a 60°
portant qualitative effect that the one-center hole polarorfeorientation oy centers in KCI° the saddle point for this
state once formed will not collapse into the two-center statérocess has an energy close to the one-center state of the
immediately, but this requires the iodine ions to come closehole. Therefore we consider 0.3 eV to be a good estimate of
than some critical distance. Before that happens, the holtis quantity. The optical absorption of thg center in Kl is
will remain localized on one of the ions. Dynamics of the discussed in Ref. 15.
system relaxation from the one-center into the two-center
state is beyond the scope of this paper. We should note that
a similar effect has recently been demonstrated in the calcu-
lations of I~ +1 combination in polar solution®:3® The optical transition energies for the one-center hole po-
The result that the one-center state is in fact a saddle poidaron state and several possible intermediate states corre-
and the flatness of the adiabatic potential suggest that theponding to the hole relaxation calculated in this paper are
geometry of the one-center state will be always distorted andlose to the maxima of the experimentally observed transient
therefore it is interesting to check how the results of theoptical-absorption spectra in Kl. This implies that this state
previous section will change for some plausible distortionscan be considered as a candidate for the transition hole state
Assuming that the one-center state, if formed, will relax intocorresponding to the first stage of the hole self-trapping in
the two-center state we have calculated the optical absorptiahis crystal. Let us now discuss possible reasons for and the
at several |- distances during the initial stages of this pro-mechanisms of the hole trapping in this state.
cess. We first considered displacements of one | ion towards
the iodine bearing the hole by 0.025, 0.07, and 0.17 A and
secondly the symmetrical displacement of the ion with the
hole and another ion towards each other to a distance of 4.34 One simple argument is based on the static energetic cri-
A. The results can be summarized as follows. At small disterion that the self-trapped state should have the energy
placements of one ion the main features of the spectrufower than the bottom of the free hole band, i, should
discussed for the fully symmetrical configuration remain thebe negative. The band-structure calculation of the Kl using a
same except that the degenerate states split. In addition, ralativistic techniqu®& has demonstrated that spin-orbit ef-

IV. DISCUSSION

The static criterion
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fects split the uppep valence band into two nonoverlapping  These fluctuations are of the same nature as those leading
subbands. The two-photon excitation with an energy of 8 eMo the exponential behavior of the one-electron density of
produces holes in the upper subband with the angular mastates and the Urbach optical-absorption edge in alkali ha-
mentumJ=3/2. The width of this subband calculated usinglides and other crystalsee, for example, Refs. 28 and)41
a relativistic mixed basis method and a “muffin-tin” For three-dimensional crystals, a critical strength of a Gauss-
potentiaf® was found to be equal to about 1 eV whereas thgan fluctuation of potential necessary to produce a bound
width of the spin-orbit split valence band is 1.82 eV. This isstate has been evaluated in Ref. 42. For a fluctuation param-
about 1 eV smaller than the experimental vahuef 2.8 eV.  etrized by a deptlV, and a ranger, a dimensionless quan-
The valence band width obtained in our calculation withouttity 2maV,/h? has been found to be equal 2.95, wherés
the spin-orbit interaction is 2.05 eV, which with the addition the electron mass. If one assumes the range of the fluctuation
of the spin-orbit splitting gives 2.95 eV. « equal to the lattice constant, in Kl this would correspond
The localization energyB for the localized one-center to\,=0.231 eV. For a simple estimate one can assume fur-
state in the Wannier representation is determined by the paher that this fluctuation is produced by a symmetrical out-
sition of the “center of mass” of the density of stat#30S)  ward displacement of the six cations surrounding one iodine
in the valence band. For a Symmetl’ical DOS it can be CaICUi'Oﬂ_ For the formal ionic Charge of 10 the disp|acement
lated as a half of the valence band widthAs has been necessary to produce such a fluctuation of the potential is
shown in calculations oB which were made for KCl,  apout 0.0a, wherea is the interionic distance. Although
AgCl,?® and MgO;® a more accurate value is usually smallersych fluctuations are readily available even at low
than this estimate by abut 20%. This is due to an angulafemperature4® they correspond to rather delocalized states
dependence of transfer integrals fororbitals which is ne-  centered at one lattice site which are impossible to study
glected in this simple approximaticriTherefore a conserva- ysing the present technique and localized basis set. Therefore
tive estimate for the upper limit of the localization energy more detailed studies of the lattice fluctuations and corre-
B of the one-center hole is half of one of the two split sub-sponding holes states are needed to elaborate this point.
bands<1.0 eV. Then the self-trapping energy for the one-  Another effect which has not yet been properly under-
center hole states can be estimatedasS<—0.3 eV. This  stood is the much lower optical density of tNg centers
is close to the results obtained in previous calculations fofyith respect to the initial absorption spectrum. One of the
other cubic crystals such as KCHQ.2 eV),"* MgO (—0.4  possibilities is that, since the self-trapping energy for the
eV),"® AgCI (- 0.1 eV).?® We should note that the spin-orbit one-center hole state is small, i.e., it is close to the bottom of
splitting does not affect the value of the relaxation energythe free hole band, part of the holes can be thermally delo-
which depends on ionic polarizabilities. In particular, e calized. This can correspond to the intermediate case which
value in Kl is larger than in KCI, where it was calculated has been discussed by Suffiwhile the small polaron state
using the same technique to be 1.1 eV. However, in KCI thes energetically stable, the thermally populated large polaron
valence band is effectively wider, which gives the smallerstates play a dominant role in polaron conduction. This
Eg: than in KI. would explain the considerable decay of the number of holes
These estimates suggest that the self-trapping energy @l their fast band motion to the acceptors. However, we
the one-center polaron state in Kl can be negative and therghould note that this process competes with the two-center
fore it can exist as a metastable state. However, this does netate formation which immobilizes the hole. Therefore, more
answer the question why holes produced by crystal excitadata for different crystals, temperatures, and concentrations
tion prefer to be trapped first in this state but not, for in-of impurity are needed to understand this phenomenon in
stance, in the two-center state. more details.
Since our method does not take into account the spin-orbit
) interaction on | and employs a valence-only approximation,
“Nucleation state” it can be considered as representing some general cubic
Sumi considered a similar problem with respect to excitorM X (M is alkali atom crystal with a relatively narrow va-
self-trapping* and proposed that at low temperatures the fredence band. From the point of view of the model discussed in
exciton should first tunnel into some so-called “nucleationthis paper, there is no reason why similar temporal evolution
state.” This is essentially an already appreciably relaxedf the hole cannot occur in other crystals providing the static
state corresponding to a certain degree of localization of theriterion for the one-center polaron state is fuffilled, i.e., the
particle. Using the phenomenological approach and théelaxation energy is larger than the localization energy. How-
theory of nonradiative tunneling transitions he calculated thever, this depends on individual crystal. Likely candidates
tunneling rate between the free and different nucleatior¢ould be KCI whereEg was found to be-0.2 eV, or KBr
states of the exciton as a function of the parameters of thevhich has similar dielectric constants to that in KI and rela-
Hamiltonian (localization and relaxation energjesnd tem-  tively narrow valence banf2.6 eV (Ref. 21)].
perature, and has demonstrated that the nucleation state Finally, we would like to note the similarity of the pro-
should have the scale of a lattice constant. These calculatioggsses of the hole transformation from the one-center state
demonstrated that the tunneling rate is extremely sensitive tmto the Vi center in KI with the 1+ |« 1, combination
the energetic parameters. Apparently at some their combinaeaction in solutions. As has been calculated in Refs. 35 and
tion one can obtain a rate close to the experimental value, b6, because of the competition between the solvent polariza-
in reality one should consider a distribution of energetic pation and chemical bond formation, in the latter process the
rameters corresponding to the lattice fluctuations at a givetransformation from(1,0) into (1/2,1/2 state also occurs at
temperature. some critical distanced3.45 A in acetonitrile. However,
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