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F-Centers in BaBrI Single Crystal
Roman Shendrik , Nikolay Popov , and Alexandra Myasnikova

Abstract— In this article, we demonstrate the results of experimental and theoretical studies of F-centers in BaBrI single
crystals. We have observed two types of F-centers related to an
electron trapped in the iodine or bromine vacancy site.
It was
found that absorption bands due to F-centers can be induced
either by radiation or additive coloration. The excitonic mechanism of F-center production was established and demonstrated.
Optical properties of the F-centers in a monoclinic symmetry
environment have been calculated by means of the embedded
cluster method.

whereas another one corresponded to F(Br) centers [9]. In this
article, we demonstrate a detailed study of F-centers in BaBrI
crystals using both experimental and theoretical approaches.
II. E XPERIMENTAL T ECHNIQUE

Nominally pure BaBrI single crystals were grown by Bridgman technique in sealed quartz ampoules as reported elsewhere [2], [6], [13]. The crystal plates are cut off in the plane
perpendicular to the crystallographic b-axis. A typical sample
Index Terms— Ab initio, density functional theory, embedded thickness was about 1.5 mm.
cluster, F-center, mixed alkali-earth halides, scintillator.
We can expect the coexistence of two types of F-centers
in BaBrI crystals. In order to change a ratio between different types of F-centers, we applied the Czochralski growth
I. I NTRODUCTION
method [14]. The conventional growth setup with the graphite
IXED alkali-earth halides are promising scintilla- thermal screens and the resistivity heater was utilized. The
tor materials [1]–[6]. Several experiments have been
crystals were grown in argon atmosphere in the glassy carbon
reported in recent years that demonstrated the studies of color
crucible. The BaBrI seeds were utilized for all growth expericenters in BaBrI [7] and BaBrCl [8], [9] single crystals. ments. The crystal pulling rate was 0.5 mm/h and the rotation
The room temperature crystalline phase of BaBrI as well
as rate was 5 rpm. Changing the ratio of BaBr /BaI in the
2
2
BaClBr, BaBr2 , and BaCl 2 reveals the orthorhombic system.
mixture, the undoped crystal having the excess of F(I) centers
This fact is important because the color centers in these cryscan be grown. We denoted such sample as nonstochiometric
tals could possess characteristic properties which are different
crystal BaBrI-Br.
from those known in cubic alkaline-earth fluorides.
Optical absorption spectra were measured using a PerkinThe first detailed study of color centers in BaBr 2 and BaCl 2 Elmer Lambda 950 spectrometer. The crystals are hygroscopic
orthorhombic crystals was performed by Houlier
[10]–[12]. and therefore all measurements must be carried out putting the
The authors could not obtain color centers by irradiation at
samples into the vacuum chamber.
room and liquid nitrogen temperature (LNT). However, they
The undoped BaBrI crystals were irradiated by the X-ray
were able to induce the color centers after annealing in barium tube with Pd anode (40 kV, 20 mA) as well as by the lowvapor atmosphere (so-called, an additive coloration) as well as pressure Hg-lamp ( λ = 185 nm) for 20 min. The induced
under the electrolytic coloration.
color of the crystals was the same. To measure the efficiency
Anion vacancies with a trapped electron (F-centers) in of F-centers creation, the samples were placed into evacupure BaBrCl crystals were observed after X-ray irradia- ated closed-cycle cryostat, equipped with a cryocooler Janis
tion [8] or under multiphoton laser irradiation [9]. In our recent Research CCS-100/204N, and then they were irradiated for
study, we found an intensive absorption in the red spectral
15 min at different temperatures.
region in undoped BaBrI
crystals after X-ray irradiation.
Procedure for the additive coloration of the alkaline and
Our preliminary estimations pointed out that these bands alkaline-earth halides was first described in [15]. The F-centers
are attributed to the absorption of
F-centers in BaBrI [7]. may be induced in the alkali-earth halides by heating them
Furthermore, it was shown in [8] that X-ray irradiation in the presence of alkali-earth metal vapor and the subseof BaBrCl crystals induces the absorption bands at about quent cooling of the crystals rapidly to room temperature
1.7 and 2.0 eV. The first band was attributed to F(Cl) centers,
(i.e., quenching). Additive coloring of crystals in metal vapors
begins with the addition of a metal ion into the crystal to
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the cation site and the subsequent
migration of the anion
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The additive coloration of crystals was performed in a stainless steel autoclave at 670 ◦C in vacuum 10−3 Torr. The crystal
samples and metal calcium granules were placed in two open
containers, 1 cm apart. The evacuated autoclave was lowered
into a furnace. After the heating to the required temperature,
the autoclave with the samples was kept in the furnace for 2 h,
with subsequent cooling. As a result of coloration, the surface
of the samples became opaque. Therefore, the samples should
be polished. After coloration, hollow white spheres remained
in the calcium container. It means that the metal calcium
evaporated during the coloration and a surface oxide film
remained.
The temperature dependence of calcium vapor pressure is
described by the empirical formula :
log( p(Torr)) = 7.79 − 8524/ T

(1)

where T is the temperature in K [22], [23]. The calcium vapor
pressure at 670 ◦C is 5 .6 · 10−2 Torr.
The additively colored crystals have a deep blue color
similar to the irradiated samples. The coloration of irradiated
samples mainly occurs near the surface of the crystals. On the
other hand, the additively stained samples have a uniform color
over the whole crystals’ volume. Both electron and hole color
centers were detected in irradiated crystals which were formed
as the result of a nonradiative relaxation of excitons. However,
only electron trapped centers
were observed in additively
colored crystals [24]. Therefore, the additive coloration cannot
be bleached by a heat treatment of the crystals.
III. C OMPUTATION D ETAILS
The calculations of the electronic and spatial structure of
F-centers consist of two parts. First, the spatial structure of the
defect’s nearest environment was estimated using the periodic
density functional calculations. Then, the displacements of the
defect’s nearest environment from the periodic calculations
were projected to the embedded cluster model and the excited
defect states and absorption spectrum of the F-center in BaBrI
crystal were calculated.
A. Periodic Calculations
The calculations were carried out with CP2K package [25]
at the hybrid density functional level of theory (DFT) with
Heyd–Scuseria–Ernzerhof (HSE06) functional [26] using the
mixed Gaussian and plane-wave
approach [27]. Gaussian
triple-ζ basis sets from MOLOPT [28] family were used for
the description of the electronic states of Ba2+, Br−, and
I− ions. To reduce computational time using the highly contracted basis sets, we applied the auxiliary density matrix
method [29]. The potentials of the Grodecker–Teter–Hutter
(GTH) type were used for the description of the core
electrons [30]–[32]. The search of the ground state of the
electronic subsystem was performed using the orbital
transformations (OT) method [33].
All calculations were performed at
-point. The threshold for inclusion of plane waves in the auxiliary basis
set by the energy was 700 Ry. The forces convergence
criterion during the geometry optimization process was

Fig. 1.
Schematic representation of embedded cluster approach:
(1)—quantum cluster, (2)—interface layer, (3)—point charges layer. On the
right side of the figure, selected quantum clusters are shown: (A)—Ba 5 Br14 I14
(F(I)-center) and (B)—Ba 4 Br10 I14 (F(Br)-center).

10−4 Bohr−1 × Hartree. Optimization of geometry was performed using the limited Broyden–Fletcher–Goldfarb–Shanno
(BGFS) method [34].
To simulate F-centers in BaBrI crystal, the supercell consisting of 192 atoms (Ba 64 Br64 I64 ) was used. The number of
atoms was chosen as a compromise between the accuracy of
the calculations and the computational time for large cells.
The supercell was generated by the repetition of 4 × 2×2 unit
cell. For the simulation of F-center, one of the Br −/I− anions
was removed. Cell charge and total spin were set to 0 and 1 / 2
values, respectively, and geometry was optimized.
B. Embedded Cluster Calculations
Using the displacements of the F-center’s nearest neighbors from periodic calculations, the defect-centered embedded cluster has been constructed [35]. B3LYP [36] hybrid
functional was utilized in time-dependent density functional
theory calculations [37] to study the excited states
of the
F-centers. The RIJONX [38] approximation with Coulombfitting basis set [39] was used to speed up the computation.
Calculations in this part were performed with Orca quantum
chemistry package [40], [41]. The displacements projecting
approach demonstrates high performance for the calculation
of the electronic structure of Sm 2+-centers in LaF 3 [42].
In the embedded cluster approach, the model space is
split into three layers, as shown in Fig. 1. There are
(1) quantum cluster; (2) interface layer; and (3) point charges
layer. In the first layer, all atoms of the quantum cluster
are considered quantum-mechanically. Electronic states in the
quantum cluster were described with correlation-consistent
cc-PV-pp [43], [44] triple-ζ basis set with relativistic effective
core potential [43], [45]. We expanded the barium basis set
with additional diffuse exponents for a better description of
F-center’s excited states. We did not use any basis set for
vacancies (basis set on ghost atom). It was found in [46]
that d-functions of the surrounding cations led to a correct
description of the F-center. F(Br) and F(I) centers were
simulated with Ba 4 Br10 I14 and Ba 5 Br14 I14 quantum clusters,
respectively (Fig. 1). Neighboring distance for Ba–Br equals
3.46 Å and for Ba–I equals 3 .85 Å.
The next layer (2) consists of two types of entities: anions
represented as point charges ( −1) and barium ions modeled
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TABLE I
C ALCULATED E NERGY L EVELS OF F-C ENTER IN B A B R I C RYSTAL

Fig. 2. Optical absorption spectra of additively colored BaBrI (blue solid
curve) and BaBrI-Br (red solid curve) and irradiated BaBrI (blue dashed curve)
and BaBrI-Br (red dashed curve).

using SDD effective core potential
consists of point charges.

[47]. The last layer (3)

IV. R ESULTS AND D ISCUSSION
Additive coloration and UV coloration lead to very similar
optical absorption spectra (Fig. 2). In stoichiometric BaBrI,
two absorption bands are observed: the high-intensity band at
∼1.95 eV and the less intensive one at ∼1.55 eV. The pedestal
at energy higher than 2.5 eV in the spectra of UV irradiated
samples can be attributed to the formation of complex hole
centers [7], [48], [49].
The absorption spectra of additively colored and UV irradiated BaBrI-Br differ from the corresponding spectra for
BaBrI. The strong absorption band in the region of 1.55 eV
is dominant in the spectra for the BaBrI-Br crystals.
In both additive colored samples, a weak absorption band at
about 0.9 eV was observed. The intensity of this band depends
on the autoclave cooling rate after additive coloration. A slow
cooling down rate (at about 100 ◦C/hour) leads to the increased
intensity of this band. On the other hand, a quenching rate
decreases the intensity of this band. In alkali-earth fluorides
and alkali halide crystals, similar bands were explained as
F-center aggregates such as M- and more complex
centers [17], [20], [48], [50]–[54].
In our previous article [7], we assumed that the absorption
bands at 1.95 and 1.55 eV in the irradiated BaBrI could be
attributed to F-centers. Taking into account that the crystal has
two types of halogen ions, two different types of F centers can
exist. In other words, iodine F(I) and bromine F(Br) electrontrapped vacancies are expected. Thus, the observed absorption
bands have been explained by the transitions from ground 1slike state to the triply degenerated p-states of F-centers. This
model is confirmed by Mollwo–Ivey law. Namely, the positions of the most intense absorption band for F(I) and F(Br)
centers are in good agreement with Mollwo–Ivey law [55]:
1.98 eV for F(Br) and 1.55 eV for F(I) centers, when the
distance between Ba–Br or Ba–I ions was taken as lattice
parameter.
The ground states of F(Br) and F(I) are located at
1.72 and 1.50 eV below the bottom of the conduction band,
respectively. The absolute displacements of F-center’s nearest

Fig. 3. Measured (circles) and calculated (solid line) angular dependencies
of 1.6 eV absorption band in BaBrI-Br crystal.

environment do not exceed 0.033 Å for F(Br) and 0.011 Å
for F(I). The symmetry group of F(Br) and F(I) is monoclinic C s . The same point group was observed for F-centers
in BaBr 2 and BaCl 2 crystals [10]–[12].
Molecular orbitals of the ground and excited states are presented in Fig. 4. Transitions with high amplitudes ( >0.95) are
only shown. The ground state of F-centers has approximately
an s-like wave function (A1 for F(Br) and B1 for F(I)).
The
excited states (A2–A4 for F(Br) and B2–B4 for F(I)) split into
three states due to monoclinic group C s . Excited states of the
F-center are p-like orbitals. They do not preserve the shape of
atomic p-orbitals but preserve axis orientation.
Energies of excited states, oscillator strengths for transitions
from ground to excited state, and transition dipole moments
for F(Br, I)-center are presented in Table I.
According to
the calculation of dipole moment in Table I, F(I) and F(Br)
absorption should have dichroism. In stoichiometric BaBrI,
we must consider the superposition of the contributions of all
bands of F(I) and F(Br) centers to the absorption spectrum.
In the nonstoichiometric crystal, we observed an excess of
F(I) centers and optical absorption peak shifts to low energy
region. In Fig. 3, circles indicate the intensity of the absorption
band at 1.55 eV depending on the polarizer angle. The solid
line is calculated dichroism of 1.55 eV based on Table I. The
calculated and experimental data are consistent. Therefore,
we can conclude that in the absorption spectrum of
F(Br)
centers the most intense band is located at about 1.95 eV and
the less intensive band is located at
about 1.6 eV. For F(I)
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Fig. 4. Molecular orbitals of ground and excited states of F(Br,I) in BaBrI
crystal. F(I): A1—ground state, A2–A4—excited states(px, py, pz—like).
F(Br): B1—ground state, B2–B4—excited states.

where k B is Boltzmann’s constant, l0 is the average range of
the replacement sequence at 7 K, r0 is a critical distance of
annihilation F–H pair, and E is the activation energy of F–H
pair separation. The comparison of the experimental F-centers
production efficiency with the estimation using (2)
at low
temperatures is shown in Fig. 5, solid line. It is clearly seen
that (2) reasonably well explains the production yield for the
temperature range between 10 and 290 K.
The parameters
l0 / r0 , l1 / r0 , and E could be found. The best fit curve was
obtained if the parameters are l 0 / r0 = 0.52, l 1 / r0 = 500
and E = 0.043 eV as shown in Fig. 5. Thus, the separation
barrier of the F–H pair is about 0.043 eV, which is close to the
known value in alkali halide crystals [62], [63]. A lifetime of
the state of √halogen in interstitial position τ0 may be equal
to l 1 /( 1012 2 a ), where a is a Ba–I distance. Using (2),
the lifetime is about 10−9 s, which agrees well with the
experimental data given in [9]. The ratio l 1 / l0 ∼ 103 has the
same order of magnitude as the corresponding value in alkali
halides [63]. The decrease of F-centers production efficiency
under UV irradiation at high temperatures can be attributed to
the motion of complex hole centers (i.e., V3 ) [64]–[66].
V. C ONCLUSION

Fig. 5. Temperature dependence of STE emission (solid curve) and F-centers
formation efficiency (squares).

centers, a lower energy band at about 1.55 eV becomes the
most intense and less intensive bands at about 1.9 eV take
place.
As shown in Fig. 5, the efficiency of F-centers production
decreases during cooling at temperatures below 100 K, where
the intensity of self-trapped exciton (STE) band emission
increases [2], [3]. This anticorrelation behavior is similar to
the alkali halides crystals observed before [56].
Therefore,
the excitonic mechanism of the defect formation in BaBrI crystals is evident. After the irradiation, a free anion exciton decays
into F–H pairs by analogy with alkali halide crystals [57]–[60].
The increase of F-centers production efficiency could
be explained using the model promoted by Sonder [61],
Saidoh et al. [62], and Itoh [63]. It was pointed out in this
model that the increase of defects production efficiency is
driven by the probability of the formation of stable interstitial
halogen and anion vacancy pairs. The average range of the
replacement sequences increases with temperature. In [62],
it was pointed out that if the range of a dynamic sequence
exceeds a critical value of r 0 , a stable Frenkel defects pair is
formed. In this model, the escape probability of a replacement
sequence from a vacancy can be described by the following
equation:
p = exp(−r0 / l) = exp

r0
l0 + l1 exp(−E/ k B T )

(2)

Two kinds of F-centers are identified in BaBrI single crystals. There are F(Br) and F(I) centers with C s symmetry. They
can be generated under UV, X-ray irradiation, or by means of
the additive coloration technique. The ab initio calculation of
the energies and the intensities of the optical absorption bands
are performed. Based on the calculation, we suppose that the
absorption bands are due to transition from the 1s-like ground
state to the split by the crystal field p-like states of F-center.
It was established that the excitonic mechanism of the defect
formation takes place in BaBrI crystals.
ACKNOWLEDGMENT
The authors gratefully acknowledge A. Rusakov and
A. Rupasov for the preparation of the crystals investigated
in this article. Crystal growth and periodic density functional
calculations were supported by the Russian Academy of
Science. The additive coloration, polarization experiments,
the embedded cluster, defect excited-state calculation, and
discussion were supported by the Russian Science Foundation.
In this article, equipment of the Isotopic and Geochemistry
Research Center for Collective Use, Institute of Geochemistry,
Russian Academy of Sciences, was used. Preparation of input
data, processing of modeling results, and visualization of
molecular orbitals were carried out with the help of the
qppcad program [67]. They are grateful to the Irkutsk Supercomputer Center of SB RAS for providing computational
resources of the High Performance Computing (HPC)-cluster,
Akademik V.M. Matrosov [68], to perform calculations using
the programs.
R EFERENCES
[1] E. D. Bourret-Courchesne et al., “Crystal growth and characterization
of alkali-Earth halide scintillators,” J. Cryst. Growth, vol. 352, no. 1,
pp. 78–83, Aug. 2012.
[2] R. Shendrik et al., “Optical and structural properties of Eu2+ doped
BaBrI and BaClI crystals,” J. Lumin., vol. 192, pp. 653–660, Dec. 2017.

950

[3] A. Shalaev, R. Shendrik, A. Myasnikova, A. Bogdanov, A. Rusakov, and
A. Vasilkovskyi, “Luminescence of BaBrI and SrBrI single crystals
doped with Eu 2+,” Opt. Mater., vol. 79, pp. 84–89, May 2018.
[4] R. Y. Shendrik, I. I. Kovalev, A. I. Rusakov, Y. V. Sokol’nikova, and A.
A. Shalaev, “Luminescence of BaBrI crystals doped with Ce 3+ ions,”
Phys. Solid State, vol. 61, no. 5, pp. 830–834, 2019.
[5] A. Shalaev et al., “Luminescence of divalent lanthanide doped BaBrI
single crystal under synchrotron radiation excitations,” Nucl. Instrum.
Methods Phys. Res. B, Beam Interact. with Mater. At., vol. 467,
pp. 17–20, Mar. 2020.
[6] A. A. Shalaev, R. Y. Shendrik, A. I. Rusakov, Y. V. Sokol’nikova, and
A. S. Myasnikova, “Growth and study of scintillation properties of BaBrI
crystals activated by samarium ions,” Phys. Solid State, vol. 61, no. 12,
pp. 2403–2406, Dec. 2019.
[7] R. Shendrik, A. Myasnikova, A. Rupasov, and A. Shalaev, “Role of
electron and hole centers in energy transfer in BaBrI crystals,” Radiat.
Meas., vol. 122, pp. 17–21, Mar. 2019.
[8] T. Shalapska, F. Moretti, E. Bourret, and G. Bizarri, “Effect of au
codoping on the scintillation properties of BaBrCl:Eu single crystals,”
J. Lumin., vol. 202, pp. 497–501, Oct. 2018.
[9] P. Li et al., “Picosecond absorption spectroscopy of excited states in
BaBrCl with and without eu dopant and au codopant,” Phys. Rev. A,
Gen. Phys., vol. 12, no. 1, Jul. 2019, Art. no. 014035.
[10] L. Taurel, J. Chapelle, C. Galimard, B. Houlier, and C. Pariset, “Etude
par absorption optique et par R.P.E. des centres qui apparaissent dans
Ba Cl 2 colore electrolyiquement,” Solid State Commun., vol. 7, no. 10,
pp. 739–741, 1969.
[11] B. Houlier, M. Yuste, J. P. Chapelle, and L. Taurel, “Study of colour
centres in BaCl 2 and BaBr 2 ,” Phys. Status Solidi (B), vol. 51, no. 2,
pp. 881–889, 1972.
[12] B. Houlier, “Localization of the F centres in BaCl 2 and BaBr 2 crystals,”
J. Phys. C, Solid State Phys., vol. 10, no. 9, pp. 1419–1429, May 1977.
[13] A. A. Shalaev, A. I. Rusakov, R. Y. Shendrik, A. K. Subanakov,
Y. V. Sokol’nikova, and A. S. Myasnikova, “Growing of alkaline Earth
halide scintillation crystals and their optical properties,” Phys. Solid
State, vol. 61, no. 5, pp. 789–794, May 2019.
[14] A. Rupasov, A. Shalaev, and R. Shendrik, “Growth of BaBrI crystals
by the czochralski method,” Crystal Growth Des., vol. 20, no. 4,
pp. 2547–2552, Apr. 2020, doi: 10.1021/acs.cgd.9b01678.
[15] R. W. Pohl, “Electron conductivity and photochemical
processes in
alkali-halide crystals,” Proc. Phys. Soc., vol. 49, no. 4S, pp. 3–31,
Aug. 1937.
[16] N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals.
Oxford, U.K.: Clarendon Press, 1940.
[17] P. Görlich, H. Karras, and A. Koch, “On the temperature behaviour of
the absorption of additively coloured strontium fluoride crystals,” Phys.
Status Solidi (B), vol. 12, no. 1, pp. 203–218, 1965.
[18] C. Z. Van Doorn, “Method for heating alkali Halides and other solids
in vapors of controlled pressure,” Rev. Sci. Instrum., vol. 32, no. 6,
pp. 755–756, Jun. 1961.
[19] L. F. Mollenauer, “Apparatus for the coloration of laser-quality alkali
halide crystals,” Rev. Sci. Instrum., vol. 49, no. 6, pp. 809–812, 1978.
[20] A. S. Shcheulin et al., “Additive coloring of CaF 2 optical ceramic,” Opt.
Spectrosc., vol. 110, no. 4, pp. 604–608, 2011.
[21] E. Radzhabov, A. Egranov, and R. Y. Shendrik, “Formation of Ha hydrogen centers upon additive coloration of alkaline-earth fluoride
crystals,” Opt. Spectrosc., vol. 122, no. 6, pp. 901–905, 2017.
[22] N. B. Pilling, “Vapor pressure of metallic calcium,” Phys. Rev., vol. 18,
no. 5, pp. 362–368, Nov. 1921.
[23] A. N. Nesmeyanov and R. Gary, Vapor Pressure of the Chemical
Elements. Amsterdam, The Netherlands: Elsevier, 1963.
[24] F. Seitz, “Color centers in alkali halide crystals,” Rev. Mod. Phys.,
vol. 18, no. 3, pp. 384–408, Jul. 1946.
[25] J. Hutter, M. Iannuzzi, F. Schiffmann, and J. Vandevondele, “cp2k:
Atomistic simulations of condensed matter systems,” Wiley Interdiscipl.
Rev., Comput. Mol. Sci., vol. 4, no. 1, pp. 15–25, Jan. 2014.
[26] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria,
“Influence of the exchange screening parameter on the performance
of screened hybrid functionals,” J. Chem. Phys., vol. 125, no. 22,
Dec. 2006, Art. no. 224106.
[27] G. Lippert, J. Hutter, and M. Parrinello, “A hybrid Gaussian and
plane wave density functional scheme,” Mol. Phys., vol. 92, no. 3,
pp. 477–487, Oct. 1997.
[28] J. Vandevondele and J. Hutter, “Gaussian basis sets for accurate calculations on molecular systems in gas and condensed phases,” J. Chem.
Phys., vol. 127, no. 11, Sep. 2007, Art. no. 114105.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 67, NO. 6, JUNE 2020

[29] M. Guidon, J. Hutter, and J. VandeVondele, “Auxiliary density matrix
methods for Hartree–Fock exchange calculations,” J. Chem. Theory
Comput., vol. 6, no. 8, pp. 2348–2364, 2010.
[30] S. Goedecker, M. Teter, and J. Hutter, “Separable dual-space Gaussian
pseudopotentials,” Phys. Rev. B, vol. 54, no. 3, pp. 1703–1710, Jul. 1996.
[31] C. Hartwigsen, S. Goedecker, and J. Hutter, “Relativistic separable dualspace Gaussian pseudopotentials from h to rn,” Phys. Rev. B, Condens.
Matter, vol. 58, no. 7, pp. 3641–3662, Aug. 1998.
[32] M. Krack, “Pseudopotentials for h to kr optimized for gradient-corrected
exchange-correlation functionals,” Theor. Chem. Accounts, vol. 114,
nos. 1–3, pp. 145–152, Sep. 2005.
[33] J. Vandevondele and J. Hutter, “An efficient orbital transformation
method for electronic structure calculations,” J. Chem. Phys., vol. 118,
no. 10, pp. 4365–4369, Mar. 2003.
[34] R. H. Byrd, P. Lu, J. Nocedal, and C. Zhu, “A limited memory algorithm
for bound constrained optimization,” SIAM J.
Sci. Comput., vol. 16,
no. 5, pp. 1190–1208, Sep. 1995.
[35] M. Klintenberg, S. E. Derenzo, and M. J. Weber, “Accurate crystal fields
for embedded cluster calculations,” Comput. Phys. Commun., vol. 131,
nos. 1–2, pp. 120–128, Sep. 2000.
[36] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, “ab
initio calculation of vibrational absorption and circular dichroism spectra
using density functional force fields,” J. Phys. Chem., vol. 98, no. 45,
pp. 11623–11627, Nov. 1994.
[37] R. E. Stratmann, G. E. Scuseria, and M. J. Frisch, “An efficient
implementation of time-dependent density-functional theory for the
calculation of excitation energies of large molecules,” J. Chem. Phys.,
vol. 109, no. 19, pp. 8218–8224, Nov. 1998.
[38] F. Neese, F. Wennmohs, A. Hansen, and U. Becker, “Efficient, approximate and parallel Hartree–Fock and hybrid DFT calculations. A ‘chainof-spheres’ algorithm for the Hartree–Fock exchange,” Chem. Phys.,
vol. 356, nos. 1–3, pp. 98–109, 2009.
[39] F. Weigend, “Accurate Coulomb-fitting basis sets for H to R n ,” Phys.
Chem. Chem. Phys., vol. 8, no. 9, pp. 1057–1065, 2006.
[40] F. Neese, “The ORCA program system,” WIREs Comput.
Mol. Sci.,
vol. 2, no. 1, pp. 73–78, Jan. 2012.
[41] F. Neese, “Software update: The ORCA program system, version 4.0,”
WIREs Comput. Mol. Sci., vol. 8, no. 1, Jan. 2018.
[42] N. V. Popov, A. S. Mysovsky, N. G. Chuklina, and E. A. Radzhabov,
“Theoretical study of divalent samarium defects in lanthanum fluoride
crystals,” Bull. Russian Acad. Sci., Phys., vol. 81, no. 9, pp. 1141–1145,
Sep. 2017.
[43] K. A. Peterson, D. Figgen, E. Goll, H. Stoll, and M. Dolg, “Systematically convergent basis sets with relativistic pseudopotentials. II.
Small-core pseudopotentials and correlation consistent basis sets for
the post-d group 16–18 elements,” J.
Chem. Phys., vol. 119, no. 21,
pp. 11113–11123, 2003.
[44] H. Li et al., “The alkaline earth dimer cations (Be 2 +, Mg2 +, Ca2 +,
Sr2 +, and Ba 2 +). Coupled cluster and full configuration interaction
studies,” Mol. Phys., vol. 111, nos. 14–15, pp. 2292–2298, 2013.
[45] I. S. Lim, H. Stoll, and P. Schwerdtfeger, “Relativistic small-core energyconsistent pseudopotentials for the alkaline-Earth elements from ca to
ra,” J. Chem. Phys., vol. 124, no. 3, Jan. 2006, Art. no. 034107.
[46] A. S. Mysovsky, P. V. Sushko, E. A. Radzhabov, M. Reichling, and
A. L. Shluger, “Structure and properties of oxygen centers in CaF 2
crystals from ab initio embedded cluster
calculations,” Phys. Rev. B,
Condens. Matter, vol. 84, no. 6, 2011, Art. no. 064133.
[47] M. Kaupp, P. V. R. Schleyer, H. Stoll, and H. Preuss, “Pseudopotential
approaches to Ca, Sr, and Ba hydrides. Why are some alkaline earth
MX2 compounds bent?” J. Chem. Phys., vol. 94, no. 2, pp. 1360–1366,
1991.
[48] R. Shendrik, A. S. Myasnikova, E. A. Radzhabov, and
A. I. Nepomnyashchikh, “Spectroscopy of divalent rare Earth ions
in fluoride crystals,” J. Lumin., vol. 169, pp. 635–640, Jan. 2016.
[49] T. Sizova, E. Radzhabov, R. Shendrik, A. Egranov, and A. Myasnikova,
“Optical absorption spectra of X-ray irradiated alkaline Earth fluoride
crystals doped with divalent rare-Earth ions studied by thermal bleaching,” Radiat. Meas., vol. 125, pp. 25–28, Jun. 2019.
[50] W. C. Collins, I. Schneider, P. H. Klein, and L. R. Johnson, “Additive
and electrolytic coloration of NaF,” Appl. Phys. Lett., vol. 24, no. 9,
pp. 403–404, May 1974.
[51] L. F. Mollenauer, Color Center Lasers. Berlin, Germany: Springer,
pp. 225–277, 1987.
[52] R. Y. Shendrik, A. S. Myasnikova, A. V. Egranov, and E. A. Radzhabov,
“Divalent cerium and praseodymium ions in crystals of alkaline-Earth
fluorides,” Opt. Spectrosc., vol. 116, no. 5, pp. 777–782, May 2014.

SHENDRIK et al.: F-CENTERS IN BaBrI SINGLE CRYSTAL

[53] W. D. Compton and H. Rabin, “F-Aggregate centers in alkali
halide crystals,” in Solid State Physics, vol. 16, F. Seitz and
D. Turnbull, Eds. New York, NY, USA: Academic, 1964, pp. 121–226.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0081194708605160
[54] A. V. Egranov, T. Y. Sizova, R. Y. Shendrik, and N. A. Smirnova,
“Instability of some divalent rare Earth ions and photochromic effect,”
J. Phys. Chem. Solids, vol. 90, pp. 7–15, Mar. 2016.
[55] A. I. Popov, E. A. Kotomin, and J. Maier, “Basic properties of the Ftype centers in Halides, oxides and perovskites,” Nucl. Instrum. Methods
Phys. Res. B, Beam Interact. Mater. At., vol. 268, no. 19, pp. 3084–3089,
Oct. 2010.
[56] N. Itoh, T. Eshita, and R. T. Williams, “Anticorrelation between yields of
recombination luminescence and recombination-induced defect formation in alkali-metal Halides,” Phys. Rev. B, vol. 34, no. 6, pp. 4230–4234,
Sep. 1986.
[57] C. Lushchik and A. Lushchik, Decay of Electronic Excitations with
Defect Formation in Solids. Moscow, Russia: Nauka, 1989.
[58] A. C. Lushchik and A. G. Frorip, “Thermalized and hot interstitial
halogen ions in alkali Halides,” Phys. Status Solidi B, vol. 161, no. 2,
pp. 525–535, Oct. 1990.
[59] A. Lushchik, I. Kudrjavtseva, C. Lushchik, E. Vasil’chenko, M. Kirm,
and I. Martinson, “Creation of stable frenkel defects by vacuum uv
radiation in KBr crystals under conditions of multiplication of electronic excitations,” Phys. Rev. B, Condens. Matter, vol. 52, no. 14,
pp. 10069–10072, Oct. 1995.

951

[60] K. Song and R. T. Williams, Self-Trapped Excitons, vol. 105. Berlin,
Germany: Springer, 1996. [Online]. Available: https://www.springer.
com/gp/book/9783540604464
[61] E. Sonder, “Radiation annihilation of F-aggregate centers in KCl,” Phys.
Rev. B, Condens. Matter, vol. 5, pp. 3259–3269, Apr. 1972.
[62] M. Saidoh, J.-I. Hoshi, and N. Itoh, “Temperature dependence
of the radiation-induced dynamic motion of interstitial halogen in
alkali Halides,” J. Phys. Soc. Jpn., vol. 39, no. 1, pp. 155–161,
Jul. 1975.
[63] N. Itoh, “Formation of lattice defects by ionizing radiation in alkali
Halides,” Le J. de Phys. Colloques, vol. 37, no. C7, pp. C7-27–C7-37,
Dec. 1976.
[64] A. I. Popov, “Manifesttion of H-centre aggregation in the excitoninduced thermostimulated luminescence of KBr:In and KBr:Tl crystals,” Phys. Status Solidi (B), vol. 169, no. 1, pp. K47–K51,
1992.
[65] R. Shendrik and E. Radzhabov, “Energy transfer mechanism in Pr-doped
SrF2 crystals,” IEEE Trans. Nucl. Sci., vol. 59, no. 5, pp. 2089–2094,
Oct. 2012.
[66] A. Nepomnyashchikh and E. Radzhabov, “X3 -centers in LiF crystals,”
Opt. Spectrosc., vol. 48, p. 340, 1980.
[67] N. Popov and A. Mysovsky. (Jun. 2019). qppcad–Molecule and
Crystal Editor Written in c++. Jun. 2019. [Online]. Available:
https://github.com/nvpopov/qppcad
[68] Irkutsk supercomputer center of SB RAS. Accessed: Oct. 1, 2019.
[Online]. Available: http://hpc.icc.ru

