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Comparison is made of the experimentally measured and theoretically calculated absorption spectra of
the two types of intrinsic X, ~ hole centers (i.e., V¢ and H centers) in several alkali halides (X denotes a
halogen atom). The optical absorption spectra of these centers in NaCl, KCl, KBr, KI, and RbI are ob-
tained employing the dichroic spectroscopy. The geometric structure of the Vx and H centers in NaCl,
KCl, and KI are determined by optimizing the total energy of the molecular cluster embedded in the
crystalline lattice using the Hartree-Fock method, and the defect optical transition energies are calculat-
ed using the configuration interaction technique. It is shown that the latter is essential for the correct
representation of the wave functions of the excited defect states and for the understanding of the nature
of the electronic transitions associated with the defects. The analysis of the spin density in the excited
states of the H centers demonstrates the delocalization of these states over several anions surrounding
the X, molecular ion. The existence of the optical transitions of the H center higher in energy than the
UV band ascribed to the o,-0, transition is shown theoretically and confirmed experimentally. The
difference in the optical properties of the H and Vi centers is discussed in terms of the geometric and

electronic structure of the two centers.

I. INTRODUCTION

The dihalogen molecular ion, X, (X denotes a halo-
gen atom), has been studied extensively both in the field
of photochemistry and in solid-state physics. In particu-
lar, many of the hole-localized centers formed by elec-
tronic excitation in metal halide crystals have been shown
to have the configuration of the X, molecular ion. The
first important finding was the self-trapped hole (STH) in
alkali halides where the hole was shown to be localized
on the two adjacent halogen ions oriented along the
(110) crystallographic direction and forming a X,~
molecular ion! as shown in Fig. 1(a). Later, it was
demonstrated that the STH’s of similar structure are
formed in many metal halogen crystals and in rare-gas
solids.2 The STH, often called the Vi center, is now re-
garded as a typical example of the molecular small pola-
ron,>* in which covalent-bond formation plays an essen-
tial role in stabilizing the localized state in solids.

It has also been shown that the intrinsic interstitial
atom, the H center,’ formed as a result of the decomposi-
tion of the self-trapped excitons>®’ (STE) in alkali
halides, may be considered as the X, molecular ion lo-
cated at an anion site. In some crystals such as LiF® and
NaCl,”!® the molecular axis of the X, in the H center
has been shown to be oriented along the {111) direction,
while in other crystals it is oriented along the (110)
direction [see Fig. 1(b)]. From the results of electron-
paramagnetic resonance (EPR) studies for the latter
configuration, it has been estimated that the spin density
of the center is delocalized by about 10% up to the two
outer halogens.5 Based on those results, the H center is
sometimes described as X 3.

These two types of intrinsic X, hole centers in alkali
halides have been studied extensively by several methods
including EPR, optical, and Raman spectroscopies.
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Most of the results concerning their geometric structure
and vibrational and electronic properties have been inter-
preted in terms of a “molecule in solids” model in which
the effects of the lattice surrounding the X, can be
treated as perturbations. Because of the p character of
the halogen valence state, the electronic structure of the
X, molecular ion, to a good approximation, can be de-
scribed in terms of molecular orbitals as linear combina-
tions of p atomic orbitals. In this model, the hole in the
ground electronic state 23, is located at the antibonding
molecular orbital o,. The X, -type centers usually show
two distinct optical absorption bands, where the one in
the UV region is attributed to the o,-0, transition, and
the other near the IR region is attributed to the 7,-o,
transition.!! ~!3 This molecular model provides a correct
qualitative description of the EPR properties of the H
and Vi centers, including the EPR-active electronic tran-
sitions, crystal-field effects, and the spin-orbit interac-
tion.!* Recent resonance Raman studies of the ¥V and H
centers have revealed a significant difference in the vibra-
tional properties at their ground state; the stretching vi-
bration frequency w; of the X, in the H center was
found to be much harder than that in the Vi
configuration.'® A qualitative explanation of this
difference is based on the X, molecular ion scheme and
takes into account a strong effect of the crystalline poten-
tial on the bounding properties of the X, ~ centers.”
Although most of the results obtained so far for the Vi
and H centers were described satisfactorily in terms of
the dihalogen molecular scheme, one problem concerning
the optical transition energy of the H center has
remained unsolved. In terms of the dihalogen molecular
scheme, the energy E, of the optical transition between
the bonding and antibonding o hole states should in-
crease as the internuclear spacing!3”~ !¢ decreases. As the
interionic spacing within the X, ion in the Vj center is
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FIG. 1. Schematics of the Vi (a) and H centers (b). Open cir-
cles represent anions (X;) and closed circles represent cations
(M;). Note that similar notations are used in Tables II and III.
Part of the ions symmetrical with respect to the xy plane are not
shown. Arrows indicate the directions of ionic displacements
from ideal sites.

usually much larger than that in the corresponding H
center,'”!® it is naturally expected for the E, for the H
center to be larger than for the Vi center. This tenden-
cy, though qualitative, certainly holds for chlorides, but
is totally contradictory for iodides. In particular, in KI,
E, for the Vi center is 3.1 eV,!? whereas that for the H
center is 2.7 eV.!” The “reverse” ordering is also the case
for Rbl, as will be demonstrated later.

Deeper understanding of the nature of the optical tran-
sition of the X, ™ centers has become increasingly impor-
tant in view of the recent extensive studies of the phe-
nomena related to the exciton relaxation in halide crys-
tals. The X, molecular ion is now known as the hole
component of the STE in metal halides. According to the
present understanding of the structure of the relaxed
STE, it consists of the X, ~ molecular ion and an excited
electron. The former is displaced from the original STH
configuration along a (110) direction upon relaxation
after its recombination with an electron. The latter local-
izes around the adjacent anion vacancy.?*~23 The amount
of the displacement of the X, ™ depends on the crystal; in
a limiting case, the X, is considered to be transferred to
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the next anion site creating the H center.?"?>2* The opti-
cal properties of the STE’s vary significantly®® 2’ with
the crystal chemical composition. These variations are
attributed to different locations of the X, ™ molecular ion
in the STE in different crystals. To substantiate the rela-
tion between the atomic structure of the STE’s and their
optical properties, it is highly desirable to establish the
factors which determine the electronic optical transitions
associated with the X, molecular ions in different crys-
talline environments.

Self-trapped holes in alkali halides, Vx centers, have
been extensively studied theoretically over the last twenty
years, as reviewed in Refs. 4 and 16. In contrast, the
number of theoretical studies of the H centers is much
smaller and these were mostly concerned with the atomic
structure of the center (see, for example, Ref. 15). Several
Hartree-Fock calculations of H centers in LiCl, NaCl,
and KCl were performed recently in the context of the
study of the exciton self-trapping and decomposition into
the primary defect pair.2#?° However, they did not con-
sider the optical absorption of these centers.

In this paper, we present the results of theoretical and
experimental studies of the optical properties of the H
and Vi centers in alkali halides. The calculations con-
cerning the nature of electronic transitions in these
centers were performed using Hartree-Fock embedded
molecular cluster techniques. Some detailed optical mea-
surements are made to check the theoretical predictions.
The paper is organized as follows. In the next section we
survey the experimental results on the optical properties
of the Vi and H centers including our experimental data.
The results of theoretical calculations are then presented,
including a comparison of the methods employed in this
study. Finally, based on the theoretical and experimental
results, some general discussion is given.

II. EXPERIMENTAL METHODS AND RESULTS

Optical absorption spectra for the ¥y and H centers in
NaCl, KCl, KBr, KI, and Rbl were measured using a
conventional spectrophotometer (Shimazu UV-3100).
Single crystals of pure specimens except iodides were pur-
chased from Harshaw Chemical Co., and those of iodides
from the University of Utah. Single crystals doped with
NO, ™, grown by the Kyropoulos method in a dry Ar at-
mosphere, were used for measuring the absorption spec-
tra for the Vi centers. Specimens attached on a cold
finger of a cryostat, which can be cooled to 5 K, were ir-
radiated with electron pulses generated with a Febetron
accelerator (HP-43710A) or by a 222 nm laser pulse gen-
erated with an Excimer laser (Lambda Physik EMG-
201IMSC). In order to obtain the dichroism of the ab-
sorption bands, we irradiated the specimens containing
the Vg and H centers by polarized monochromatric light,
generated by a system consisting of a Xe lamp, a mono-
chromator and a polarizer, with the E vector parallel to
the [110] direction, and obtained the difference in the op-
tical absorption measured with light polarized along
[110] and [110].

The values of the peak energies and full width at half
maxima (FWHM) of the absorption bands due to ¥V and
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TABLE I. Optical transition energies (in eV) of the Vx and
H centers in alkali halides.

Vi H
E, E, E, E, E, E'
NaCl 3.27 3.80 2.38 4.89
3.28° 3.83%
KCl  3.39° 1.73, 1.59° 3.69 ~4.8
3.69¢ 2.38°
RbCl 3.40 3.69
NaBr 329 265 1.59
3.22* 2.58* 1.58, ~1.3%
KBr 325 2.83 1.65 324 231 42,47
3.25¢
3.22¢ 1.65~1.38°  3.26f
RbBr 3.23
Nal 2.87F 2.03f 1.41f
KI 3.10° 2.12° 1.55, 1.08° 276 222 3.8, 44
2.78% 2.23%
RbI 3.060 2217 1.56, ~1.117 2.78 2.16 3.8, 4.4

*Values cited in Ref. 14.
"From Ref. 30.
°From Ref. 11.
9From Ref. 13.
°From Ref. 31.
fFrom Ref. 32.
tFrom Ref. 19.

H centers in the specimens studied are summarized in
Table I, where experimental results obtained by other
workers3©732 are also shown. We use the same notations
which have been used in the literature;'? !¢ the peak en-
ergy of the most prominent band (= band) seen in the ul-
traviolet (UV) region is designated as E, and that of the
lowest energy band (Il band) around the visible and
near-infrared (IR) region is designated as E,.>* The ori-
gin of the bands of the Vg center which appear in the en-
ergy range between the = and Il bands is not yet
known,!! and their peak energies are designated as E,.
All Vi and H centers are oriented along the (110) crys-
tallographic direction, except the H center in NaCl,
which is oriented along the (111) direction.

The most striking difference between the transition en-
ergies of the Vi and H centers is a significant blueshift of
E , for the H center, which is characteristic for all ma-
terials. As one can see in Table I, the E_ for the H
centers are higher by 0.6-0.7 eV than those for the Vi
centers. According to the dihalogen molecular model,
this blueshift of the transition energy can be regarded as
a consequence of the shorter interatomic spacing between
the two halogens.'>'® The same trend persists also for
the UV absorption band in chlorides, which is tradition-
ally assigned to the o,-0, hole transition; the peak ener-
gy E, of the H center has higher energy than that of the
Vx center. However, E_, of the H center in bromides is
almost the same, whereas in iodides it is smaller, than
that of the Vi center. These results suggest that the shift
of the transition energies of the UV absorption band for
the H centers with respect to those for the Vi centers is

not determined just by the shorter interatomic spacing
within the X, ~ molecular ion in the H center. The eluci-
dation of the mechanism which causes the redshift of the
E, of the H center in iodides is one of the main goals of
the present study.

Apart from the variation of the peak energies of the
absorption bands, other significant differences in the ab-
sorption spectra of the Vi and H centers have to be not-
ed. The first feature is concerned with the difference in
the shape of the UV absorption bands of the Vx and H
centers. To demonstrate the difference, we compare in
Figs. 2 and 3 the dichroic absorption spectra of the Vg
and H centers in NaCl and KBr. In each figure, plot (a)
shows the absorption spectrum obtained with unpolar-
ized light induced by a pulsed-electron irradiation, and
plot (b) shows the dichroic absorption spectra for the H
center (solid curve) and for the V center (broken curve).
As is clearly seen in the figures, the absorption band for
the Vi center in the UV region is much wider than the
corresponding band for the H center. In KBr, the Vg
band is asymmetric; it has a long tail extending to the
low-energy side. A recent study of the magnetic circular
dichroism (MCD) of the Vx and H centers in KBr has
shown that the UV band of the Vi center is a composite
which consists of two different bands.>*3* A similar con-
clusion was also obtained for NaCl.® Therefore, the Vg
band in the UV region cannot be assigned simply to the
0,-0, hole transition; other transitions have to be in-
volved to explain the composite nature of the band. In
contrast to the Vg band, the UV band of the H center
can be well fitted to a single Gaussian. However, as is
shown later theoretically, this band has a more compli-
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FIG. 2. (a) Optical absorption spectrum measured at 5 K of
NaCl irradiated with 1 MeV electron pulse at the same temper-
ature and (b) the dichroic spectrum of the electron-irradiated
undoped (solid line) and NO, -doped (dashed line) NaCl ob-
tained at 5 K after dichroic breaching along a {110) direction.
The former denotes the dichroic spectrum of the H center and
the latter that of the Vi center.
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FIG. 3. (a) Optical absorption spectrum measured at 5 K of
KBr irradiated with 1 MeV electron pulse at the same tempera-
ture and (b) the dichroic spectrum of the electron-irradiated un-
doped (solid line) and NO, ™ -doped (dashed line) KBr obtained
at 5 K after dichroic breaching along a {110) direction. The
former denotes the dichroic spectrum of the H center and the
latter that of the ¥V center.

cated nature than just the o
the X, molecular ion.
Another feature which is present in the absorption
spectra of the H centers is the high-energy absorption
band (or tail). For instance, an absorption band at 4.8 eV
can be definitely seen in the absorption spectrum of the H
center in NaCl in Fig. 2(a). The result of the dichroic
absorption measurement shows clearly that this band is
IT polarized with respect to the molecular axis of the H
center [see solid curve in Fig. 2(b)]. To substantiate that
the 4.8 eV band is.certainly due to the H center, we mea-
sured the degree of polarization of this band as a function
of preferential bleaching time, and examined its relation
to the degree of polarization of the main H band. It has
been confirmed that the magnitude of the degree of polar-
ization of the 4.8 eV band is a linear function of that of
the 3.89 eV band, which is o polarized. This proves that
the 4.8 eV band is associated directly to the H center.
The presence of the absorption bands located at higher
energies than the H UV band is not specific to the H
center in NaCl, which is oriented along a {111) direc-
tion, but is observed for the H centers in other crystals in
which the H center is oriented along a {110) direction.
In Fig. 3 we present the dichroic absorption spectrum of
the H center in KBr. One can see a broad band located
at the high-energy side of the main H band. The dichroic
absorption spectra of the H centers in KCl, KI, and RbI
are shown in Fig. 4. In KCl, similar to the case of KBr,
the broad component, which is net o polarized, is associ-
ated with the main H band. For the H centers in KI and
Rbl, distinct absorption bands are also clearly seen at the

¢-0y hole transition within
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FIG. 4. Dichroic spectra for the H centers in KCl (top), KI
(middle), and RbI (bottom).

high-energy side of the main UV band. To prove that the
high-energy band is due to the H center, the relation be-
tween the degree of polarization of the high-energy bands
and that of the main H band was obtained for KCl, KI,
and Rbl. For each alkali halide, it was found that both
are in proportion to each other, substantiating that the
high-energy band is certainly due to the H center. Based
on the positive correlation between the degree of polar-
izations of the H band and these high-energy bands, it
can be concluded that the high-energy absorption bands
are associated with the H center. On the other hand, for
the Vg center, the corresponding bands at the high-
energy side of the main UV band were not observed.
Therefore, the high-energy absorption band appears to be
a characteristic feature of the H center in alkali halides.
The theoretical calculations presented in the next section
predict that the H centers in alkali halides should have
similar high-energy absorption bands.

III. THEORETICAL RESULTS

To gain a better understanding of the relation between
the atomic structure of the Vx and H centers and their
optical properties, we performed a theoretical study of
these centers in NaCl, KCl, and KI. The main difficulties
for the quantum-mechanical study of the Vi and H
centers concern the fact that the ions comprising the X, ™
molecular ion are located in the low-symmetry interstitial
lattice positions; they are polarized, have unusual popula-
tions, and in the case of the H center their distances from
the nearest anions are much smaller than those in the
perfect lattice. Therefore, the number of atoms treated
quantum mechanically, the basis set employed, and the
details of the lattice distortion play an important role in
determining the electronic structure of the center. These
as well as additional problems concerned with the calcu-
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lations of optical absorption energies were discussed in a
recent work.” In the present study, we combine the ad-
vantages of several different methods which are described
in the next section.

A. Methods of calculation

Although the Vi and H centers are believed to be
quasimolecular by nature, they strongly interact with the
crystalline lattice. Therefore, an accurate description of
this interaction is essential for this study. Three compu-
tational techniques, CLUSTER, ICECAP, and GAUSSIAN 92,
based on a molecular cluster model and the Hartree-
Fock-Roothaan method, were employed in this work. In
the cLUSTER*® and ICECAP* techniques, calculation of a
crystal with a defect is made in the model of a molecular
cluster embedded in the infinite lattice of polarizable ions.
This technique proved to be successful in the previous
studies of hole and exciton self-trapping and point defects
in several halides and oxides.**’ In the GAUSSIAN 92
method, the crystal defect can be treated as a molecule in
the electrostatic field of a finite array of point charges
simulating the crystalline lattice. Since all three methods
have been thoroughly described,?”*’ we present only
those details of the calculations which are relevant to the
present study.

The important feature of the CLUSTER and ICECAP
methods is that they take into account the polarization of
the lattice by the defect in a self-consistent manner. The
matrix elements of a potential produced by the polarized
ions in the dipole approximation are included in both di-
agonal and nondiagonal elements of the Fock matrix of
the quantum cluster. Therefore, the polarization of the
lattice directly affects the defect electronic structure and
vice versa. Since the Vi center has a positive charge rel-
ative to the lattice, it attracts electrons, and the polariza-
tion potential produced by the polarized ions is negative.
It is different for the ions carrying the hole than for the
surrounding anions. This leads to an additional splitting
of the electronic states and affects the optical absorption
energies of the hole. Although the H center is neutral, it
nevertheless produces a considerable elastic distortion of
the lattice and polarization of surrounding ions.

In the ICECAP method, the lattice polarization is calcu-
lated using the shell model for polarizable ions and a
Mott-Littleton calculation technique*' realized in the
HADES code.’”3 In particular, the interactions between
polarizable ions are treated using pair potentials. The
pair potentials obtained in Ref. 42 were used in this study
for the interactions between the ions in the lattice and
those with the two anions forming the Vi and H centers.
The ICECAP method was used mainly for the calculation
of relaxed configurations of the Vx and H centers. The
Bachelet, Hamann, and Schluter (BHS) pseudopoten-
tials** were employed for the cores of Na, K, Cl, and I
ions. The optimized basis sets for Na, K, and Cl ions
have been published elsewhere.** The valence portions of
the Huzinaga basis set*’ for the I ion were split into three
s and p orbitals and augmented with one additional s and
p Gaussians with exponents 0.033 and 0.030, respectively.
The size of the quantum cluster in these calculations did

not exceed 4 anions and 14 nearest-neighbor cations,
which is enough for the completely localized hole states.
Optical transition energies can be calculated with the
ICECAP method using the difference between the self-
consistently calculated total energies of the ground and
excited states of the defects. This method is effective for
strongly localized states. In order to study more delocal-
ized hole states characteristic for the H center, we used
the CLUSTER code which allows us to treat a much larger
number of ions quantum mechanically and to calculate
optical transitions using a configuration interaction tech-
nique.

In the CLUSTER method, the lattice polarization is
treated in a polarizable ion model and Mott-Littleton ap-
proximation as described in Refs. 38 and 46. The ionic
polarizabilities and crystal dielectric constants were tak-
en from Ref. 47. The electronic structure of the system is
calculated using the unrestricted Hartree-Fock method
within the approximation of intermediate neglect of
differential overlap (INDO).*®* In this approximation
only pair interactions between atoms are included and
part of the Fock matrix is calculated using numerical pa-
rameters. In the calculations of the NaCl and KCl crys-
tals we employed the set of parameters which were pub-
lished in Ref. 49. The parameters for the K and I ions
were optimized in this work in order to reproduce the
characteristics of the KI perfect crystal as well as those
of KI and I,” molecules. The calculations of the band
structure of the perfect KI crystal were made using a
large unit cell (LUC) method™® for the unit cell Kj,I;,.
This allows us to take into account 8 k points of the Bril-
louin zone. The lattice constant a of KI obtained in our
calculations is equal to 6.7 a.u. (6.676 is the experimental
value®). The optical absorption energies for the Vi and
H centers were calculated using a configuration interac-
tion technique including single excitations in the whole
space of valence states’! (CIS). This technique is dis-
cussed in more detail in the next section. The band gap
for KI calculated using this technique is equal to 5.9 eV,
which is slightly smaller than the experimental value of
6.3 eV.° Boundary effects in the quantum cluster embed-
ded in the lattice can affect the displacements of ions sur-
rounding the defect. In order to check the importance of
this effect we also made calculations using periodic
boundary conditions for a unit cell K3,I3,. Since the unit
cell should be neutral in the case of the Vi center, it in-
cluded an Ag™ ion in one of the cation sites. The latter is
known as a good electron-trapping center and is often
used in hole studies. The INDO parameters for this ion
were taken from the previous calculations®? of the hole
trapping in AgCl. In the triplet state of the system the
excited electron becomes completely localized in the Ag°
state where the hole is delocalized by the unit cell if no
special lattice relaxation is included.

To compare the optical transitions obtained using an
approximation CLUSTER method with the results of a
more accurate ab initio technique, we employed the
GAUSSIAN 92 code.** Comparison of the results of our
previous calculations for the geometry of the neutral H
center in alkali chlorides obtained using the ICECAP tech-
nique and those obtained using the DICAP code, which
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does not include the full polarization of the lattice outside
the cluster, demonstrated good agreement of the displace-
ments of ions neighboring the Cl,”.* Therefore, the cal-
culations of the optical transitions were made for the H
center in KCl and KI using the atomic positions obtained
in the ICECAP calculations. The quantum cluster includ-
ed four Cl(1) ions and 38 nearest-neighbor cations which
were situated in the center of the crystalline block of
9X9X9 ions located in the perfect lattice sites. These
point ions produced the electrostatic potential which
simulated that of the infinite lattice. Six cations nearest
to the X, molecular ion [cations M; and M, in Fig.
1(a)] had a basis set, whereas all other cations included in
the calculations were treated as bare pseudopotentials.
Due to the program restrictions, different sets of pseudo-
potentials were employed in the ICECAP and GAUSSIAN 92
calculations: the semilocal norm-conserving pseudopo-
tentials of Hay and Wadt> were used to describe the
cores of K, Cl, and I ions. Although these pseudopoten-
tials are slightly different from the BHS pseudopotentials
used in the ICECAP calculations, we believe that the use of
extended basis sets of the same quality makes the tech-
niques complementary. The standard basis sets opti-
mized for the K, Cl, and I atoms with the pseudopoten-
tials>® included 3s and 3p Gaussians and were augmented
by diffuse s and p orbitals with the exponents equal to
0.067 and 0.085 for the Cl ion and 0.045 and 0.035 for the
I ion, respectively. The optical transition energies were
calculated using the CIS technique.!

B. Results of calculations

1. Geometric structure and lattice relaxation

The atomic and electronic structures of the Vx and H
centers were calculated using both the ICECAP and CLUS-
TER codes. In the ICECAP method the quantum clusters
used for the calculations of the Vi and H centers in NaCl
and KCl were M ,Cl, and M ,Cl,, correspondingly
(where M =Na, K). For KI the calculations were made
for the quantum cluster I,” embedded in the polarizable
lattice of classical ions. With the CLUSTER technique,
both the cluster model accounting for the lattice polariza-
tion and the periodic LUC model were employed; M,,X,,
and M3 X3 quantum clusters for the Vi and H centers
and M3, X5, unit cell were used in these studies (where
X=CLI). The three techniques gave similar qualitative
results for displacements of ions nearest to the X, ion
carrying the hole and the difference in the ionic displace-
ments for completely relaxed states did not exceed 0.02a
(where a is the interionic distance). The directions of ion-
ic displacements are shown in Figs. 1(a) and 1(b) by ar-
rows. The coordinates of several ions with the most
significant displacements obtained using the ICECAP code
are presented in Tables II and III. The ionic displace-
ments are qualitatively similar for the Vi centers in all
crystals considered; therefore, as a characteristic example
we presented the coordinates only for this center in KCI.
Our displacements are close to those obtained by Cade,
Stoneham, and Tasker in atomistic simulations of the Vy
centers in all alkali halides using the CASCADE code®* and
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TABLE II. Coordinates of ions in Vi center in KCl in units
of interionic distance a (¢=3.116 A). The system of coordi-
nates and ion notations is given in Fig. 1(a). The displacements
of other ions in the crystal are less than 0.01a.

Ion Coordinates
X, 0.308;0.308;0.00
X, 1.48;1.48;0.00

X, 1.55; —0.50;0.00
X 0.50; —0.50;0.98
X, 0.50;0.50;2.02
M, 0.617; —0.617;0.00
M, 1.56;0.48;0.00
M, 0.50;0.50;1.06
M, 1.52; —1.52;0.00
M, 2.53;—0.51;0.00

are presented in that paper. The H centers in NaCl and
KCl (KI) are oriented along different axes and it is in-
structive to present data for both of them. Numerical
data characterizing the geometrical structure of the
center are presented in Table III. These are the intera-
tomic separations within the free X, molecule, R/, ion
and that in the Vi and H centers, R,, and the distances
between the cores of one of the ions forming the X, ™ and
the nearest-neighbor anion along the { 110) axis, d.

The data presented in Tables II and III demonstrate
clearly that the X,  molecular ion in the H center is
compressed compared to the free X, molecule or the
Vi center. This results mainly from the large gradient of
the crystalline potential near the anion site and the
short-range repulsion from surrounding ions. In particu-
lar, the distances between the anions forming the X,
molecule ion and the surrounding anions are much small-
er for the H center than for the Vi center. These geome-
trical features are thoroughly discussed in the recent pa-
per'® in the context of the interpretation of the experi-
mentally measured Raman spectra of H carriers in
several alkali halides. The new results of the present
study are concerned with the difference in the electronic
structure of both centers, and the nature of related opti-
cal transitions which come out from their geometry.
Quantitatively, these differences depend on the method of
calculation, the quality of the basis sets, the treatment of
the surrounding lattice, and other factors. However, the

TABLE III. Coordinates of ions in the H center in NaCl and
KCl in units of interionic distance a (¢ =2.789 A for NaCl and
a=3.116 A for KCl). The system of coordinates and ion nota-
tions is given in Fig. 1(b). The displacements of other ions in
the crystal are less than 0.01a.

Coordinates

Ion NaCl KCl

X, 0.26;0.26;0.26 0.289;0.289;0.00
X; 1.03;1.03; —0.02 1.02;1.02;0.00
X5 1.04; —0.02;1.04 1.01; —0.01;0.99
Xs 1.01; —1.01;0.00 1.03; —1.03;0.00
X, 2.04;0.00;0.00 2.05;0.00;0.00
M, 1.10; —0.04; —0.04 1.13; —0.07;0.00
M, —0.04; —0.04;1.10 0.00;0.00;0.96
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qualitative features are general and can be summarized as
follows.

2. One-electron picture

In the molecular orbital linear combination of atomic
orbitals Hartree-Fock calculation of the quantum cluster,
one obtains the discrete spectrum of one-electron states
localized within the cluster. The wave functions of these
states are linear combinations of the atomic orbitals
(AO’s) centered on the two ions constituting the X, and
the nearest cations and anions. However, the character
of these states in the two centers is different. In the Vi
center, the admixture of the orbitals centered on sur-
rounding ions into the ‘“molecular” states produced by
the AO’s of the X,™ ion is small compared to the H
center. This results from two main factors: (i) relatively
large interionic separation between the X, and other
anions (see, for example, Table I) and (ii) the difference in
the matrix elements of the polarization potential, which
are much smaller on the surrounding anions than on the
ions constituting the X, ion and additionally split the
corresponding states. Essentially, the V; center can be
well described in these terms as a “‘molecular” center. In
the H center, the distances between the ions of the X,
and nearest anions are comparable. This leads to the for-
mation of one-electron states comprised of the atomic or-
bitals of the X, and surrounding anions with compara-
ble coefficients. The character of each particular state is
determined by its symmetry. Consider, for example, the
o, states. In the case where the center is oriented along
the (110) axis, these are formed mainly by the atomic
orbitals of the X, and the two nearest anions along this
axis (see Fig. 1). Two possible bonding combinations of
the atomic orbitals are shown in Fig. 5. There is also a
series of the 7 states which are linear combinations of the
AO’s of the X, and the anions in the (100) plane and in
two parallel planes (for the z-type states).

Optical transitions related to the topic of our study
take place from the double-occupied one-electron states
described above to the single-occupied o, hole state, and
from that state to the unoccupied states formed by the

<110>

FIG. 5. Schematic of the two double-occupied o, and one
single-occupied o, electronic states of the Vx and H centers
representing three possible bonding combinations of the p atom-
ic orbitals of four nearest anions along the same axis. Numbers
1-4 correspond to the anions in Fig. 1 and Tables II and IIL
The lowest is the completely bonding state; the next state is
bonding between ions 1 and 2 and antibonding between ions
1-2 and 2-4; the upper state is the completely antibonding elec-
tronic state.
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surrounding cations. In the Vi center, the o, state is al-
most the X, molecular state, whereas in the H center it
is more strongly delocalized over at least four anions.

To discuss different features of the optical absorption
bands for the two centers, we will first use the simplified
model based on the one-electron picture of the electron
transitions. The energy of the electron transition be-
tween two molecular orbital states 4 and a can be written
as

€0 =€, — €, —(uptlaa)+(palua) , (1)

where ¢, and ¢, are the one-electron energies of these
states, and (uulea) and (ualua) are the Coulomb and
exchange integrals, respectively, calculated for the molec-
ular orbitals. In this model one can qualitatively discuss
the one-electron transitions between different electronic
states. In these terms the qualitative difference between
the transitions within the quantum clusters with the Vi
and H centers results first from the difference in the in-
tramolecular distances within the X, molecular ion, R,.
In the H center, where R, is much smaller than in the Vi
center, molecularlike = and Il-polarized allowed transi-
tions have much higher energies than corresponding
transitions in the Vi center. In particular, the energy of
the o, — o, transition (in notations of electron transfer)
calculated using Eq. (1) in the CLUSTER code for the H
center in KCl in 4.52 eV, whereas the energy of the simi-
lar transition in the Vi center is only 3.3 eV. The former
value is close to the interpolation of the Hartree-Fock
calculation of the Cl,” molecular ion by Gilbert and
Wahl!7 as discussed by Stoneham in Ref. 15, and is much
larger than the experimentally observed transition ener-
gy. At the same time the energy obtained for the Vi
center is much closer to the experimentally observed 3.4
eV. However, the model based on the transitions be-
tween the one-electronic occupied and unoccupied states
is often oversimplified, as it does not take into account
the relaxation of the system wave function after the elec-
tronic transition.

3. Configuration interaction

To obtain more accurate wave functions of the excited
states and transition energies, one can consider a linear
combination of the many-electron wave functions (deter-
minants) corresponding to all such transitions in the sys-
tem and take into account the interaction between the
different excited states. The coefficients in this linear
combination and the transition energies are normalized
eigenvectors and eigenvalues which can be deduced from
the Hamiltonian matrix.

<\Pya|HI\I’vb):[EHF+EH_Ep]8uv8ab—(,u'a|Vb) ’ (2)

where H is the Hamiltonian and Eyy is the Hartree-Fock
total energy of the ground state. This is the essence of
the CIS technique described in Ref. 51. Solving the CIS
equations one obtains the whole spectrum of excitations
for the electrons included in the quantum cluster. The
latter may consist of several hundred or even thousand
transitions, dependent on the basis set employed in the
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calculations. Due to the quasimolecular nature and the
relatively high symmetry of the ¥y and H centers, the as-
signment of the lowest calculated transitions can be easily
made by their polarization and transition matrix ele-
ments. In our remaining discussion we will mainly focus
on the lowest allowed 7 and o polarized transitions.
Transitions with higher energies are discussed in the next
section.

The characteristic optical absorption energies calculat-
ed for the Vi and H centers in NaCl, KCl, and KI using
the CIS method and the CLUSTER code are presented in
Table IV. Several general features can be noted. First,
the IT polarized transitions in the H center have higher
energies than in the Vg center. This results from the
smaller R, value. Second, the energy of the lowest o-
polarized transition in the H center in NaCl is much
larger, in KCl is close, and in K1 is smaller than the ener-
gy of the corresponding o transition in the Vj center.
This results from the geometrical structure of the center
and the interaction of the different electronic
configurations. Finally, there are several transitions with
much higher energies than those traditionally attributed
to the Vx and H centers and which also belong to these
centers.

Let us now consider in more detail the nature of the
first two features. Although the CIS calculations in our
study involve several hundred determinants, in many
cases due to the symmetry and difference in energies only
few of them mix in a particular excited state with appre-
ciable coefficients. This allows us to use a simplified mod-
el for discussion of the =-polarized transitions in the H
center in KCl and K1, in which the states shown in Fig. 5
play the most significant role. The wave functions of the
two excited states of this center resulting from the elec-
tron transitions from ¥, and ¥, to ¥; can be approxi-
mately written as

W'=c,¥;+c, ¥y, (3)

Wr=c;¥;3—c,¥y3 , 4)

where W, ; is a Slater determinant of the system ground
state in which the unoccupied molecular orbital 3 is sub-
stituted by one of the occupied orbitals u=1,2 (see Fig.
5). The absolute values of the coefficients ¢; and ¢4, and
¢, and c; in this particular case, are close to each other
because of the small admixture of other transitions. For
instance, in the CLUSTER calculations of the H center in
KCl these coefficients are equal to 0.72 and 0.68. Such a
large mixing of the two transitions is accompanied by a
strong splitting of the energies of the one-electron transi-
tions. Prior to the interaction between the configurations
being taken into account, the transition energies calculat-
ed using Eq. (1) were 4.52 and 4.62 eV for e, ,; and €;_, 3,
respectively. The transition energies calculated for the H
center using the CIS technique are 3.74 and 5.5 eV. Simi-
larly, for the H center in KI the same transitions were in-
itially 5.14 and 3.15 eV. Note that in this case the transi-
tion from the more delocalized W, state has initially
much smaller energy than that from the completely
bonding W, state. After solving the CIS equations one
obtains 2.90 eV for the lowest o-polarized transition and
5.4 eV for the higher one. The weight of the 2— 3 transi-
tion (the coefficient ¢, before the corresponding deter-
minant) in the wave function of the excited state (3) is
0.94 in the CLUSTER calculation. Qualitatively, one can
say that due to this admixture, the high energy of the
one-electron o-polarized transition is shifted to smaller
energies.

To check dependence of the results on the method of
calculation and the basis set we have calculated optical
transitions for the H center in KCl and KI using the
GAUSSIAN 92 computer code and the CIS technique. The
initial atomic configurations of the centers were the same
as those obtained in the ICECAP calculations. Variation
of the atomic coordinates has shown that these
configurations are also close to the energy minimum in
the GAUSSIAN 92 method, though difference in the ionic
displacements occurred due to the absence of short-range
repulsion between the ions on the border of the cluster
and neighboring lattice. The optical transition energies

TABLE IV. Geometrical parameters (in A)and optical absorption energies (in eV) for the Vx and H
centers in NaCl, KCl, and KI. Polarizations of the UV transitions are given in parentheses.

Optical absorption energies

Crystal Defect R, d E, E,. Eyy
NaCl Vi 2.74 4.5 3.1 1.3 4.0 (IT°), 4.1 (=°)
a H 2.52 3.2 3.7 1.7 5.4 (IT), 5.6 ()
Vi 2.73 5.1 3.4 1.4 4.1 (I1) 4.2 (2)
KCl H 2.60 3.3 3.7 1.9 4.2 (I1), 5.3 (I), 5.5 (=)
3.7° 2.3¢ 6.2° (2)
Vi 3.55 5.5 3.2 1.4 4.0 (1) 4.1 ()
KI H 3.23 3.5 2.9 2.4 4.4 (II), 4.6 (I1), 4.7 (2) 5.4 (3)
2.5¢ 2.2¢ 5.9° (3)

#The equilibrium distances in the Cl,” and I,” molecules were calculated to be 2.71 and 3.28 ;&, corre-

spondingly.
*Predominant polarization.
“The results of GAUSSIAN 92 calculations.
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calculated using the GAUSSIAN 92 are presented in Table
IV. They are close to those obtained using the CLUSTER
code.

More appropriate and a visual way of presentation of
the electron or hole distribution within the defect is based
on the analysis of spin density. This is the difference be-
tween the total electron densities for the electrons with
spins up and down. The results of calculations of the
spin-density distribution of the hole demonstrated quali-
tatively similar features in both the CLUSTER and GAUSS-
IAN 92 techniques. Sections of the spin densities for the
ground state and two o-polarized excited states of the H
center in KCl and KI obtained in the GAUSSIAN 92 calcu-
lation are presented in Figs. 6 and 7. In these figures (a)
corresponds to the ground state, (b) corresponds to the
final state of the lowest =-polarized transitions, whereas

FIG. 6. The spin density plots in the xy plane for the H
center in KCl: (a) the ground state; (b) after the lowest Z-
polarized electronic transition; (c) after the far-UV Z-polarized
transition. The wave functions of excited states (b) and (c) can
be approximately presented by Egs. (3) and (4) in the text and
correspond to the hole transfer to states 1 and 2 in Fig. 5. Note
the delocalization of state (c). The isolines are drawn in the log-
arithmic scale; the smallest density is equal to 10~° and progres-
sively increases with the coefficient equal to 8.
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(@)

FIG. 7. The spin-density plots for the H center in KCl in the
xy plane. See Fig. 6 for notations.

(c) corresponds to the higher X transition. Note that in
both cases considered above, i.e., in the H center in KCl
and K1, the hole in the ground state is almost completely
localized on the X,  molecular ion in the antibonding
state, although the spin density on outer anions is much
higher in KI than in KCl. This results from the fact that
the R, and d values (see Table IV) are very close in KI.
Considerable redistribution of the hole to outer anions in
the excited states can be clearly seen. Nevertheless, for
the first o-polarized transition the hole is still predom-
inantly localized within the X, molecular ion in both
KCl and KI. Thus, this transition can be qualitatively
described as “intramolecular.” In contrast, the higher
3-polarized transition is accompanied by a strong hole
redistribution on the outer anions, especially in KI. We
should stress, however, that although the qualitative
effect of the hole redistribution in the excited state per-
sists in all calculations, quantitatively it depends on the
basis set and the method of calculation. In particular, in
the CLUSTER calculations of KCl for the first Z-polarized
transition, almost 0.7 of the hole is still localized on ions
1 and 2 constituting the X, molecular ion. In the case
of the H center in KI the distribution of the hole in this
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transition is more uniform an only about 0.5 of the spin
density is localized on ions 1 and 2.

Due to the (110) orientation of the H center in KCl
and KI, the configuration interaction affects the =-
polarized transitions stronger than the II. This results
mainly from the smaller overlap between the p orbitals.
The energies of the II-polarized transitions are larger in
the H center than those in the Vg center mostly due to
the smaller intramolecular distance within the X,
molecular ion. The situation is more complicated, how-
ever, in the H center in NaCl, which is oriented along the
(111) axis. Due to the lower symmetry, the number of
mixing configurations in this case is larger, although the
qualitative features of the transitions remain the same.

Similar analysis of the optical transitions in the Vi
center in NaCl, KCl, and KI reveals much stronger local-
ization of the spin density of the hole in the ground state
and after the lowest II- and 3-polarized transitions than
that in the H center. The fact that the hole states in the
Vi center are localized stronger than in the H center is
connected with the difference in geometrical structure of
the two centers (see Tables II and III). This is also

reflected in the much better agreement of the energies of .

the optical transitions within the free X, molecule with
those in the Vi center than in the H center.

We should note that because of the lattice stress
around the H center, the transition energies strongly de-
pend on the atomic configuration of the center, i.e., the
displacements of surrounding ions. The basis set of
atomic orbitals may also affect the results of calculations.
Therefore, it is important to check the reliability of our
qualitative conclusions using different sizes of quantum
clusters and different calculation techniques. The former
can be accomplished at present only using the CLUSTER
code. Since in KI the H center seems to be more delocal-
ized than in KCl or NaCl, we performed the calculations
for this center in the clusters K 4I,, K410, and Ksglss.
Due to the different number of electrons involved in these
three cases, we obtained the difference in the values of
transition energies within 0.15 eV. All qualitative con-
clusions, though, remained the same.

4. Far-UV part of the absorption spectra

Both CLUSTER and GAUSSIAN 92 calculations have
demonstrated that along with the =- and II-polarized
transitions in the energy range which is traditionally at-
tributed to the Vg and H centers, there are series of tran-
sitions with higher energies which are also due to the
electron excitations associated with the defect. For con-
venience, we will further call them UV transitions. The
calculated energies, E’, of these transitions in the energy
range less than 6.0 eV are presented in Table IV. These
transitions originate from the o-like states involving the
atomic orbitals of the central X, molecular ion and of
the nearest-neighbor anions. For the =- and part of the
II-polarized transitions these are mainly the anions X,
and X, (see Table II) located within the plane of the X,
molecular ion. For the II,-polarized transitions the AO’s
of anions X5 (see Table II) also contribute to the wave
functions. Such transitions, differing only in energy and
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value of the transition matrix element, exist for all the de-
fects studied. Because of the more delocalized wave func-
tions, these transitions have the dipole transition matrix
elements several times smaller that those for the =- and
ITI-polarized transitions discussed above. Besides, in this
energy range there are also the ‘“‘ionizing” transitions
with an appreciable transition matrix element originating
from the single occupied defect state to the unoccupied
states due to the nearest-neighbor cations.

To compare the theoretical predictions with the experi-
mental spectra, it is important to understand whether the
experimentally observed absorption bands are due to the
electron transitions from the local or from the quasilocal
(resonant) electronic states. The optical transitions from
the quasilocal states generally have much smaller oscilla-
tor strength than the optical transitions between the
well-localized local states (see, for example, Ref. 55).
Since the defect wave functions are localized within the
cluster due to the molecular nature of the calculation, the
quasilocal states cannot be easily distinguished from the
local states. Especially, one can expect the quasilocal
states to be more delocalized than can be predicted in our
calculations due to the strong interaction with the band
states, and their energies to overlap with the valence or
conduction crystal bands. This may affect both transition
energies and matrix elements.

To classify the defect optical transitions, we have cal-
culated the position of the defect ground state, E;, of the
Vi and H centers with respect to the optical excitation
from the top of the valence band. This is the lower limit
of the “optical” energy for the hole delocalization, which
determines an approximate energy range within which
the optical electronic transitions are originated from the
local states. It can be determined as E, =E, — 4 from
the energy cycle involving the interband excitation with
further electron trapping on the defect center, where E,
is the optical band gap and 4 is the Franck-Condon elec-
tron affinity of the particular center. The A values calcu-
lated for the H centers using the ICECAP code are equal to
2.6 eV for NaCl, 1.9 eV for KCl, and 2.2 eV for KI. Us-
ing the experimental values for E,, one obtains the E,
values equal to about 5, 6.7, and 4.1 eV in these crystals,
respectively. Alternatively, one can calculate the ener-
gies of the electron transitions from the delocalized
“band” states to the single-occupied o, hole state in a
large quantum cluster. In particular, the electron transi-
tions from the most delocalized “band” states to the hole
state, calculated using the CIS and the CLUSTER code in
the cluster K,,Cl,,, have an edge at 7.1 eV. Similar cal-
culation for the cluster K,z simulating the H center in
KI gives 4.7 eV. The about 0.5 eV difference in the E,
values obtained by different methods is caused by the fact
that all the one-electron states, even in relatively large
clusters are perturbed by the defect. However, a reason-
able agreement between the results suggests that the
values of E, given above are realistic. In a similar calcu-
lation for the “vertical” electron affinity of the Vi center
in KCl we obtained the value of 4 equal to 5.1 eV. This
suggests that the hole state in this case is located about
3.5 eV above the top of the valence band.
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As was shown in our experimental study given in Sec.
I1, the transitions in the far-UV energy region were
indeed observed in some crystals as a long tail with much
lower intensity than the “main” o band, whereas in oth-
ers, as distinct absorption bands. Comparison of the
values of E, with the theoretically calculated (see Table
IV) and the experimentally observed positions, E’, of the
maxima of the high-energy bands (see Table I) suggests
that most of these transitions in the H center in NaCl and
KCl and part of them in KI are originated from the local
states. The results for the H centers presented in Table
IV are in reasonable agreement with the experimentally
observed transitions. At the same time, the UV transi-
tions in the Vi centers most likely originate from the
quasilocal states in the valence band. Therefore, they
should have much smaller probabilities and their energies
determined theoretically are less reliable as they can be
affected by the interaction with the band states.

IV. SUMMARY AND CONCLUSIONS

Although the intrinsic X, hole centers in alkali
halides, the ¥V and H centers, are certainly among the
best studied point defects in ionic crystals, some of the
fundamental optical properties of these centers still
remain unclear. We compared the experimentally mea-
sured and theoretically calculated absorption spectra of
these centers in several alkali halides. The experimental
results reveal that the m,-o, transition energies are sys-
tematically larger for the H centers than for the Vi
centers, in qualitative agreement with the molecular
dihalogen model of both centers and the general under-
standing that the halogen-halogen distance for the H
center is smaller than that in the Vi center. However,
the 0,-0, transition energies for the H centers are found
to be larger than those for the Vi center only in
chlorides, nearly the same in bromides, and smaller in
iodides. These results suggest that the shift of the transi-
tion energies of the UV absorption band for the H centers
with respect to those for the ¥ centers is not determined
just by the shorter interatomic spacing within the X,
molecular ion in the H center.
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Theoretically, it is shown that correct representation of
the wave function of the excited defect states including
the interaction of the appropriate excited electronic
configurations is essential for the understanding of the
nature of the defect electronic transitions. It appears that
this effect is particularly important for the hole centers
which cause strong distortion of the surrounding lattice.
The account for the interaction between the intramolecu-
lar one-electron transitions within the halogen molecular
ion and these transitions from the surrounding anions to
the single occupied hole state allowed us to explain the
relative transition energies for the H center with respect
to the Vi center. The analysis of the spin density in the
excited states of the H and Vi centers demonstrated the
considerable delocalization of these states over several
anions surrounding the X,” molecular ion. The ex-
istence of the optical transitions of the H center in the ul-
traviolet range higher than the o,-0, transition energy
has been shown theoretically and confirmed experimen-
tally.

However, some optical properties of the Vg centers
cannot be explained in the present model, in particular,
that the o,-0, optical absorption band of the Vx centers
is much broader than that of the H centers, and the ex-
istence of the E, band. The effect that is not taken into
account in the present calculations is that of the
electron-electron correlation. Preliminary calculations
show that the energy of the electron correlation differs
strongly for the ground and excited states of the Vi
center, and that the electronic transitions from the delo-
calized states for the center may have much smaller ener-
gies than calculated in this study. Work in this direction
is in progress.
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