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H center, a hole trapped at an interstitial anion site, placed in the bulk and the (11 1) surface of calcium
fluoride CaF,, has been studied by using density functional theory (DFT) with hybrid exchange potentials,
namely DFT-B3PW. The H center orients the (11 1) direction for the bulk case and the (100) direction for
the surface case, and the hole is mainly localized on the interstitial fluorine. The surface H center leads to
a remarkable XY-translation of the surface atoms. Spin and hyperfine coupling calculations show a con-
siderable interaction between the unpaired spin and the spin of neighboring nuclei, and the surface effect

g?'rwords" strengthens the spin polarization and hyperfine structure. The hole induces an empty level in the g-spin
CaF, band gap, located 2.88 eV above the valence band (VB) top, corresponding to the first optical absorption
H centers band, and the surface effect heightens the hole level considerably. Density of states (DOS) calculations

reveal that the hole band mainly consists of the H-center p-orbitals, and the interstitial fluorine does
the major contribution. Further study regarding the electron-hole pair, named FH pair in this paper,
shows that the geometrical structure is similar to an F center and an H center paired together, whereas
the hole localized on the H center in the isolated H-center case, moves to the fluorine vacancy (V) site.
The electron-hole pair induces seven defect levels in the VB-CB (conduction band) gap, three of them
located near the Fermi energy, being occupied, and four of them located above the Fermi level, forming
the hole bands. The p-orbitals of the interstitial fluorine form the three electron bands and the four hole
bands are composed of the s- and p-orbitals of the V.

Band structure
Surface defects

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Alkaline-earth fluorides such as CaF, and BaF,, whose band gaps
are larger than 10 eV, are very important for many optical applica-
tions. Because of the large band gaps, the alkaline-earth fluorides
are transparent in a very large frequency region. Therefore they
are commonly used as window materials for both infrared and
ultraviolet wavelengths. Additionally, CaF, can be chosen as an
optical material also due to its cubic crystal structure with perfect
optical isotropy, due to its chemical durability and its mechanical
properties which make it applicable for lens fabrication [1-3]. Also,
CaF, can be used as a material for radiation detection [4]. Consid-
ering the high technological importance of alkaline-fluorides, it is
not surprising that during the last years, they have been the subject
of many experimental and theoretical studies [5-28].

It is well known that optical and mechanical properties of crys-
tals are strongly affected by defects and impurities unavoidably
present in any real material. Contemporary knowledge of defects
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in solids has helped to create a field of technology, namely defect
engineering, which is aimed at manipulating the nature and
concentration of defects in a material so as to tune its properties
in a desired manner or to generate different behaviors. CaF, could
become important optical materials if one could avoid or, at least,
control the photoinduced defect formation, which so far in applica-
tions degrades its optical quality. Therefore, it is significative to
understand the nature of defects in CaF,.

A kind of important point defect, H center (a hole trapped at an
interstitial anion site), which is relevant and similar to the V, cen-
ter, a self-trapped hole, is readily formed in crystals doped with the
heavier trivalent rare-earth ions (such as Re*"). H centers produced
by X-irradiation of rare-earth doped crystals have been identified
in CaF, by Hall et al. [29] and in CaF,, SrF, and BaF, by Beaumont
et al. [30]. In suitably grown crystals these ions introduce charge-
compensating fluorine interstitials (F; ) and a fraction of these are
not closely associated with the rare-earth ions. When such crystals
are X-irradiated at 77 K large concentrations of V centers are pro-
duced and a relatively small concentration of H centers. However,
when the crystals are heated to induce migration of V, centers a
fraction of the moving holes are retrapped at (F;) sites producing
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additional H centers. The hole is located on the interstitial fluorine
and a nearest substitutional fluorine giving a (111) oriented
molecular ion (X5 ). H centers may also be produced in undoped
alkaline-earth fluorides by heavy irradiation with 1 MeV electrons
at 77 K. In some orientations of the external magnetic field the EPR
lines of H centers produced by electron irradiation show partly
resolved structure suggesting perturbation by another defect pro-
duced by the radiation [31]. For the optical absorption, Beaumont
et al. found evidence for the existence of an absorption band of
the H center peaking at about 4.03 eV in CaF, and 3.76 eV in BaF,
[30]. Additionally, a two-photon process will separate charges
and will create an electron-hole pair [32,33]. The charges of the
electron and the hole have further the possibility to lower their
energy by distorting the surrounding lattice. This means that a
localization of the electron-hole pair takes place together with a
lattice distortion. The resulting state is called an FH pair [34,35]
or a self-trapped exciton (STE) [36].

According to our knowledge, few theoretical investigations on H
centers in CaF, were addressed in the literature. As a subsequent
research of our previous work regarding defects in CaF,, such as
F centers [22], hydrogen impurities [24] and oxygen-vacancy
dipoles [25], we performed calculations for H centers in CaF, crys-
tal and surface. As an extension, we also reported the calculated
results regarding FH pairs in CaF, in this paper.

2. Calculation Method

To study H centers in CaF,, we applied the first-principles
hybrid density functional theory (DFT-B3PW) method, according
to our previous studies dealing with CaF,, BaF, and SrF, perfect
crystals, which gave the best agreement with experiments for
the lattice constant, bulk modulus and optical band gap. The
hybrid exchange-correlation B3PW functional involves a hybrid
of nonlocal Fock exact exchange, local density approximation
(LDA) exchange, and Becke’s gradient-corrected exchange func-
tional [37] combined with the nonlocal gradient-corrected
correlation potential by Perdew and Wang [38-40]. Because of
the presence of an unpaired electron in the H center, the
spin-unrestricted approximation approach has been used in our
calculations. All numerical calculations of H centers in CaF, were
performed by the CRYSTAL-2009 computer code [41]. The
CRYSTAL-2009 code employs Gaussian-type functions (GTF)
localized at atoms as the basis for an expansion of the crystalline
orbitals. In order to employ the LCAO-GTF (linear combination of
atomic orbitals) method, it is desirable to have optimized basis
sets (BS). In our calculations, we applied the all electron basis sets
developed by Catti et al. [7]. The basis sets are believed to be
transferable, so that, once determined for some chemical constit-
uents, they may be applied successfully in calculations for a vari-
ety of chemical substances where the latter participates. To
characterize the the chemical bonding, covalency effects and
charge redistribution after the creation of H center, we used a
standard Mulliken population analysis for the effective static
atomic charges and other local properties of the electronic struc-
ture as described, for example, in Refs. [42,43].

The reciprocal space integrations were performed by sampling
the three-dimensional (3D) and two-dimensional (2D) Brillouin
zones of the 96- and 108-atom supercells with 4 x 4 x 4 and
6 x 6 Pack-Monkhorst nets [44], respectively. The thresholds N
(i.e., the calculation of integrals with an accuracy of 10™N) in our
calculations were chosen as a compromise between the accuracy
of calculations and the large computational time for large super-
cells. They are 7, 7, 7, 7 and 14 for the Coulomb overlap, Coulomb
penetration, exchange overlap, the first-exchange pseudo-overlap
and the second-exchange pseudo-overlap, respectively [45]. For

the lattice constant (ao) of CaF, bulk, we use the theoretical opti-
mized value of 5.50 A from our former work [22].

To simulate H centers in CaF,, we created a 96-atom supercell
and a 108-atom (11 1) slab for the bulk and surface H-center calcu-
lations, respectively. After an interstitial fluorine atom is added,
the atomic configuration of surrounding atoms is re-optimized
via a search for the total energy minimum as a function of the
atomic displacements from the regular lattice sites. The H center
has the same charge as the substituted F~ in the ideal ionic case,
so the supercell is neutral in our calculations and the electrostatic
potential interactions between the neighboring defect supercells
are eliminable.

3. Results and discussions
3.1. H centers in the CaF, bulk

Firstly, we performed calculations of different configurations for
the H center in CaF, bulk. Considering the symmetry (Fm3m) of
alkaline-earth fluorides, we calculated two simple configurations
in which the H center orients along the (100) or (111) direction.
The (100)- and (111)-oriented H centers are labeled Hop and
H@1v) respectively in this paper. According to our calculations, we
found that the energetically more favorable configuration of
the H center is Config H111), and the total energy of Config H1qo)
is larger than that of Config H(111, by around 0.83 eV. We also
simulated some other configurations with the orientation slightly
diverging the (111) axis and the results show that those configu-
rations converge to Config H(11) after geometrical relaxations via
a search of the minimum total energy. Therefore, Config H11
should be the most stable configuration of the H center in CaF,
and we mainly focus our current discussion on Config Hp11) in this
paper.

Next, we present the geometrical relaxation of the atoms sur-
rounding the H center in the CaF, bulk (see Fig. 1). The calculated
atomic displacements of the H center and surrounding atoms are
listed in Table 1. The three Cal atoms and one Ca2 atom are
repulsed from the H center by 1.06% and 0.82% of the lattice con-
stant (ap), respectively. F2, F3 and F4 atoms also shift backward
the H center and their displacements are 2.43%, 0.35% and 1.13%
of ay, respectively. Oppositely, F1 atoms are attracted to the H cen-
ter by 0.93% of ao. And finally, the fluorine atom of H1 moves from
the regular anion site towards the H2 atom by 0.81% of a,. The dis-
tance between the H1 and H2 (or named the length of the H center)
is 1.98 A and much shorter than the F-F distance (2.75A). The
analysis of the relaxation of the H center and surrounding atoms
in CaF, shows that the relaxation is slightly stronger than for the
F-center and Hydroxyl-impurity cases in CaF, and F2 atoms have
considerable movements.

Table 1 also presents the effective charges of the H center and
surrounding atoms for Config H(111). The total charge of the H cen-
ter, i.e., the sum of the H1 and H2 charges, is —0.947 e, being larger
than the substituted fluorine atom (—0.902 e) by 0.045 e. Around
0.066 e, localized on first- and second-nearest fluorine atoms,
transfer inward to the H center and the four nearest Ca atoms.
The H1 charge is —0.658 e and larger than the H2 charge
(—-0.289 e) by an approximate factor of two. Therefore, the total
charge of the H center in CaF; is not distributed equally between
the two F atoms. Hall et al. [29] and Beaumont et al. [30] demon-
strated that the hole is located on the interstitial fluorine. Our cal-
culations of effective charges are in qualitative agreement with
their measurements. The Mulliken population analysis shows that
there is practically no chemical bonding between H1 and H2 in the
H center, since the relevant bond population (—68 me for Config
Hy11) is even negative, which indicates a repulsion.
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Fig. 1. A view of the (111)-oriented H center for Config H11). The arrows show the directions of the atomic displacements surrounding the H center. According to the

symmetries of the atoms, different labels are defined in spheres.

Table 1

Atomic relaxations (D (%ao): as a percentage of the lattice constant of 5.50 A) and
effective charges (Q (e)) of the H center and surrounding atoms in the CaF, 96-atom
supercell for Config H111). AQ (e) is the charge difference between the defective and
perfect crystals Qc, = +1.803 e, Qr = —0.902 e in perfect CaF,). Spin is the result of the
spin difference between electrons with different spin directions (n, — n) also in unit
(e). The shell labels have been defined in Fig. 1.

Atoms (shell) No. D (%ag) Q(e) AQ (e) Spin (e)
H1 1 0.81 —-0.658 +0.244 +0.305
H2 1 — -0.289 +0.613 +0.660
Cal 3 1.06 +1.799 —0.004 —-0.001
Ca2 1 0.82 +1.792 -0.011 +0.002
F1 3 0.93 —0.900 +0.002 +0.002
F2 3 243 —0.895 +0.007 0.000
F3 6 0.35 —0.900 +0.002 0.000
F4 3 1.13 -0.894 +0.008 +0.005
F8 3 0.15 —-0.901 +0.001 0.000

The localization of an unpaired electron at the H center is
clearly shown in the spin density map (see Fig. 2). From Fig. 2,
we can see that the spin density around the F5 atom is remarkable,
the spin density around the F1 and F4 atoms is much weaker and
the spin polarization of other neighbor atoms almost disappears.
According to our calculations, the F5 spin charge (n, —ng) is
+0.014 e, the F1 and F4 spin charges are +0.002 e and +0.005 e,
respectively. The spin charges for H1 (+0.305 e) and H2 (+0.660 e)
are also in accordance with the spin density map, in which the spin
density around the H2 is higher than the H1, and with the fact that
the hole is primarily located on the interstitial fluorine. Addition-
ally, the spin density of the H center looks like a spindle-shaped
pattern, which suggests the unpaired electron mainly consisting
of p-orbitals.

Next, we researched the hyperfine structure of the H center in
CaF,. Due to the presence of an unpaired electron and the interac-
tion between the unpaired spin and the spin of neighboring nuclei,
a hyperfine structure of the electron paramagnetic resonance (EPR)
spectra can be detected. The isotropic hyperfine interaction is
caused by the non-zero probability of an electron being in the

position of a given nucleus. The anisotropic contribution is due
to the presence of higher order poles, and it is indicative of the
deformation of the electronic density with respect to the spherical
distribution. Usually, the experimental hyperfine coupling data are
reported in terms of the isotropic a and anisotropic b hyperfine
coupling constants. For each nucleus N, they are expressed (in
MHz) as [46]

2
a =40 8enbup” " (0) M

1
b= 0 gfegnfa| Tt — 5 (Tz2 + Tz) )

where the spin density p** at N, the elements of the hyperfine cou-
pling tensor T, and the electron g factor are the only terms that
depend on the electronic structure of the system. All other multipli-
cative factors in Eq. (1) and (b) are tabulated constants [46,47] (h is
the Planck constant, 8, and g, the electronic and nuclear magn-
etons, (i, the permeability of the vacuum, and gy the nuclear g fac-
tor). T is a tensor of rank 2, which is obtained as the field gradient of
the spin density at N. Our calculated hole and neighbor fluorine
hyperfine parameters are collected in Table 2. Because the hole is
mainly located on the H2 and very close to the H1, the hyperfine
couplings between the unpair electron and the fluorine nuclei of
H1 and H2 are much stronger than other neighbor fluorine nuclei.
Additionally, compared with the F-center case, the hyperfine cou-
pling effect is more remarkable in the H-center system. Our calcu-
lated results are also in qualitative agreement with the spin
density map, and the spin polarization is remarkable near H1, H2
and F5, as we can see in Fig. 2. Unfortunately, we did not find any
experimental data regarding the hyperfine structure of H center in
CaF, in the literature.

Alkaline-earth fluorides with defects degrade their optical qual-
ity and exhibit optical absorption. CaF, with H centers exhibit opti-
cal absorption, centered around 4.03 eV [30]. Our calculations on
the defect levels induced between the valence bands (VBs) and
conduction bands (CBs) suggest a possible mechanism for the opti-
cal absorption. Due to the presence of an unpaired electron, the
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Fig. 2. Electron spin density contours in CaF, with the H center of Config H111) from the (110) side view, being from —0.02 to 0.1 e/bohr3 with a linear increment of

0.004 e/bohr”.

Table 2
Calculated isotropic (a) and anisotropic (b) hyperfine constants (in MHz) for the
nearest fluorine atoms. The shell labels have been defined in Fig. 1.

Atoms (shell) H1 H2 F2 F4 F5
a 605.9 707.9 8.8 8.5 314
b 531.4 1063.6 33 12.7 32.1

band structure for the H-center system is polarized into o~ and
B-spin band structures (see Fig. 3). Unlike unpolarized band structure
curves whose states can be occupied by two electrons with up- and
down-spin states, only one electron occupies one state. In the
one-electron approximation scheme, the experimentally observed
optical absorption could be due to an electron transfer from the
H-center ground state, to the empty band at g-spin induced by a hole
localized on the H center (see Fig. 3). The corresponding calculated
value is 2.88 eV, which is reasonable, however, is underestimated
with respect to the experimental result. The presence of an
unpaired electron is also revealed by the band structure of the
defective system given Fig. 3. Unlike the F-center case, the bound
unpaired electron level labeled o band lies in the gap, but very
closes to the top of VB, as we can see in the ¢-spin band structure
in Fig. 3. The empty level induced by a hole localized on the H cen-
ter appears in the 8-spin band 2.88 eV above the VB top. Because of
the selection rules, the electron transition from the o occupied
band to the B unoccupied band is forbidden. Therefore, optical
absorption mentioned before could be due to an electron transfer
from the p-VB top to the empty level, induced by the hole localized
on the H center. The VB-CB band gaps for CaF; crystal containing H
centers at I' point are both 10.69 eV for the «- and s-spin states,
which are slightly reduced with respect to the band gap of perfect
CaF, crystal (10.96 eV).

The total and partial density of states (DOS) of the H center in
CaF, bulk is displayed in Fig. 4. The results of our calculations show
that the H1 and H2 p-orbitals form the g-hole band and the H2
does the major contribution, which is consistent with our previous
discussion regarding the spin density. There are also some contri-
butions from the H-center p-orbitals to the top of VB, as we can
see in Fig. 4. In comparison with other defects, such as F centers
and OH™ impurities investigated in our previous works, the defect
levels induced by H centers in the «-band structure is extremely
close to the VB top. We suggest that it is due to this o defect level
also consisting mainly of F p-orbitals, which form the VB top in
both perfect and defective crystals. However, the defect bands of
F-center and OH -impurity systems, unlike the H-center case, are
induced by other impurity species, such as ghost electron, hydro-
gen and oxygen atoms.

3.2. H centers in the CaF, surface

As an extension of the previous study on H centers in CaF, bulk,
we performed calculations for surface H centers. Fora (11 1) slab of
CaF,, there are three sublayers in each F-Ca-F layer from the side
view and H centers could be only located at the upper and lower
fluorine sublayers. We calculated four different configurations of
the surface H centers, named Config Hy1,H12,H>, and Hy,, corre-
sponding to the substitutional fluorine atom labeled H1 locating
at No. 1, 3, 4 and 6 fluorine sublayer, respectively, as we can see
in Fig. 5. As discussed before, H centers orient the (111) direction
in CaF, bulk. However, we could not confirm whether the H centers
orient also the (11 1) direction for surface H-center systems. There-
fore, we additionally simulated the four configurations mentioned
above, but whose initial guessed orientations are not along
the (111) axis accurately, in which some configurations do not
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Fig. 3. Calculated B3PW band structure of a 96-atom supercell modeling the H center in CaF, for Config H11).
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Fig. 4. Total and partial density of states (DOS) for the H center of Config H(111) in
CaF, crystal.

converge to the (111) direction after geometrical relaxations via
a search of the minimum total energy, indicating that the (111)-
oriented H center is not the most stable configuration for surface
H-center systems. We add the superscript (|) or (\) to express the
(111)-oriented and (11 1)-unoriented H centers respectively, such
as Configs H) and H!}. Our calculated results show that the ener-
getically most favorable configuration for the surface H center is
Config H\"), in which the angle between the H-center axis and the
(111) direction is around 47.7°. Table 3 lists the relative energies
of Config H(]\]) for other configurations. The total energies of other
configurations are all larger than that of Config H\Y, implicating a
trend of H centers locating near the surface. Additionally, we also
investigated the F-atom adsorption on the (111) surface. We

N

q (111)
* A
1—
=
H,® H,® H," Hy,"
— F —2~Ca iHcenter

Fig. 5. Schematic sketch of the (111) slab containing H centers. The solid and
hollow circles denote substitutional (H1) and interstitial (H2) fluorine atoms,
respectively.

Table 3

Total energies (eV) of all the surface H-center configurations with respect to Config
HY). (|) and (\) express the (111)-oriented and (111)-unoriented H centers,
respectively. Sublayer labels have been defined in Fig. 5.

Sublayer 11 12 21 22
o) 0.00 +0.71 +1.04 +1.03
0) +0.26 +0.80 +1.21 +1.12

evaluated the adsorption energy computed by subtracting the
energies of the optimized 108-atom (11 1) perfect slab and an iso-
lated fluorine atom from the energy of the optimized 109-atom
(111) slab containing the surface H center, i.e., the total energy
of Config H\}, as shown in the following formula:

_ pn+1) (1) (n)
Ead = EH - EF - Eperfect

G3)
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Table 4

Geometrical properties of the surface H centers (H-center length (A) and deviation
angle shown in brackets) for all Configs. (]) and (\) express the (111)-oriented and
(111)-unoriented H centers, respectively. Sublayer labels have been defined in Fig. 5.

Sublayer 11 12 21 22
(\) 1.96 (47.7°) 2.08 (0.6°) 1.97 (2.1°) 2.00 (1.8°)
) 2.02 2.08 1.96 2.01

where E{" denotes the total energy of an isolated fluorine atom, and
Ej*Y and Ej ..., the total energies of the slab with and without an H
center, respectively. Our calculated adsorption energy equals to
—0.60 eV, and with the definition of Eq. (3), the negative Ey corre-
sponds to stable adsorption. We also calculated some other adsorp-
tion cases in which a fluorine atom is located at other positions
above the (111) surface, and the results show that those cases con-
verge to Config H(l\f or some metastable configurations with higher
total energies. So, we can conclude that the F-atom adsorption on
the (111) surface has a trend of forming Config H\). Although the
total energy of Config Hg\; is larger than the absolute value of
adsorption energy, implying a tendency to separation, we can con-
sider it a metastable state since the relaxation-optimized procedure
via a search for the total energy minimum as a function of the

o> O~
¢ e, O o>
e, @ G >
&> 6

&> &> O > > 0% >

€= 6=
&> ©» & o>
&> ©> - >
@~ &>

Ca F(upper) F(lower)
J J 9

Fig. 6. Top view of the surface H-center nearest-neighbor geometry with a
indication of relaxation shifts for Config H!\. The directions of atomic displacements
in the XY-plane are shown with arrows. The fluorine and calcium atoms in different
shells are labeled. The upper and lower panels denote the first and second F-Ca-F
layers of the (111) CaF, slab, respectively.

atomic displacements from the regular lattice sites could be suc-
cessful in an appropriate initial geometrical guess. Config H!) is
more stable than other deeper-layer H-center systems, therefore,
we mainly focus our current discussion on Config H).

The geometrical structures of surface H centers for all the con-
figurations, are calculated and depicted in Table 4. According to our
studies on bulk H-center systems, the length of H center in CaF,,
BaF, and SrF, are all 1.98 A, indicating that the H center as an
(F3)-style molecular has a steady geometrical structure in alka-
line-earth fluorides. Our calculated CaF, surface H-center lengths
for Configs H{\}),H\),HY) and HY) are 1.96 A, 2.08 A, 1.97 A and
2.00 A, respectively. The surface effect on the length of H center
is very remarkable for Config H\), and the H1-H2 distance is
stretched by around 5.1%, with respect to the bulk H-center length.
On the other hand, from Table 4, we found that Config H) has a
very big deviation angle of 47.7°, and the orientations of other Con-
figs, i.e., deeper surface H centers, approach to the (111) direction.
In an ideal cubic CaF, bulk, the angle between the (111) and (100)
axes is 54.7°, being close to the big obliquity of Config H(l\f (47.7°).
Therefore, we can consider this Config with big deviation angle as
Config H(00), namely the (100)-oriented configuration in the bulk
case, locating on the top of the (111) surface. It is implied that
despite the (11 1)-oriented H center is energetically more favorable
in CaF, bulk, H centers located at the first fluorine sublayer prefer
to the (100) orientation.

The relaxation of atoms surrounding the surface H center is
shown in Fig. 6 and Table 5. For Config H}, all the atoms near
the surface shift towards the positive Y axis from the top view,
as we can see in Fig. 6. The H1 has a big shift around 6% of a,.
The four nearest fluorine atoms, i.e., F1 and F2, have considerable
XY-shifts over 2% of ag, the XY-displacements of fluorine atoms
located at the lower sublayer of the first layer and the upper sub-
layer of the second layer are around 1-2% of ag, and the XY-trans-
lations of the fluorine atoms on the lower sublayer of the second
layer are less than 1% of ao. Here, we can conclude that the first
atomic layer containing surface H centers has an remarkable XY-
translation. Because of the surface shrinking effect, the atomic
coordinates (in the Z direction) of most of the surface atoms

Table 5

Atomic relaxations (as a percentage of the lattice constant: 5.50 A) and effective
charges (Q (e)) of the (111) CaF, surface containing an H center, for Configs Hﬁy\l’.
Positive signs in Z column correspond to outward atomic displacements (toward the
vacuum). The directions of atomic displacements in the XY-plane are indicated in
Fig. 6. AQ (e) labels the change in the effective charge compared to perfect CaF,
crystal (Qc, =+1.803 e, Qr = —0.902 e). The symbols in Atom column are defined in
Fig. 6.

Layer Sublayer Atoms XY VA4 Q(e) AQ (e)
No. 1 1 H1 5.93 +0.46 -0.636 +0.266
H2 - - -0.264 +0.638
F1(2) 2.32 -0.93 —-0.888 +0.014
F2 (2) 2.70 -1.07 -0.887 +0.015
F3 (2) 1.24 -0.75 -0.883 +0.019
2 Cal (1) 0.26 +0.75 +1.786 -0.017
Ca2 (2) 2.79 -0.77 +1.788 -0.015
3 F4 (1) 1.20 -0.88 -0.899 +0.003
F5 (2) 2.07 +0.34 —0.908 —0.006
F6 (1) 1.32 -0.87 —0.906 —-0.004
F7 (2) 1.78 -1.15 —-0.905 —0.003
No. 2 1 F1 (1) 1.27 +0.22 —0.900 +0.002
F2 (2) 1.83 -0.23 —0.900 +0.002
F3 (1) 1.48 -0.29 —0.900 +0.002
F4 (2) 1.80 +0.36 -0.901 +0.001
2 Cal (1) 1.22 -0.45 +1.802 —-0.001
Ca2 (2) 1.11 +0.20 +1.803 0
3 F5 (1) 0.64 -0.03 —-0.902 0
F6 (2) 0.78 -0.54 —-0.901 +0.001
F7 (2) 0.55 -0.20 -0.901 +0.001
F8 (2) 0.88 -0.42 —-0.901 +0.001
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Table 6
Effective charges (e) and spins (e) of surface H centers for all the (111)-unoriented
configurations.

Table 7
Direct optical band gaps (eV) (I' — I') of the surface H centers for the four (111)-
unoriented configurations and the bulk case (Config Hy11).

\ \ \)

Atoms Charges (e) Hﬁf Hﬁ\; H(Z\l) H(zz

H1 Q —0.636 -0.707 —-0.629 —-0.667
AQ +0.266 +0.195 +0.273 +0.235
Spin +0.313 +0.251 +0.331 +0.291

H2 Q -0.264 -0.217 -0.314 —-0.303
AQ +0.638 +0.685 +0.588 +0.599
Spin +0.682 +0.745 +0.638 +0.651

reduce, whereas atoms Cal and F5 on the first layer, and Ca2, F1
and F4 on the second layer, shift outward the surface. We found
that it is mainly due to the attraction from H2 on those neighbor
atoms.

Table 6 presents the effective surface H-center charges for all
the (111)-unoriented configurations. The H-center charges of
Configs H!) (—0.900e) and H!) (—0.924 e) are smaller than the
H-center charge in CaF, bulk (—0.947 e). Especially for Config Hg\l),
the decrement reaches to around 0.047 e. As a whole, the surface
effect induces that electrons localized on the surface fluorine
atoms transfer inward the surface, therefore the H-center charges
of Configs H!\ and H!), in which the H center is located on the first
surface layer, decrease considerably. For Config H),, namely an H
center located on the upper sublayer of the second layer, because
the charges from the first-layer fluorine atoms move downward,
compensating the charge outward transfer from the H center, the
effective charge of the H center (—0.943 e) closes to the value of
the H-center bulk case. For Config H;\z) the H-center charge equals
to —0.970 e and is larger by around 0.023 e than that in the bulk
case. It is also due to the electron downward transfer from upper
fluorine atoms, whereas the electrons localized on the H center
transfer outward slightly. We also calculated the H center located
at deeper layers and found that the H-center charges converge to
the value of the bulk case. As mentioned before, we consider Config
H{Y as the bulk H center Config Hyqo located on the (111) surface.
However, according to our calculation for Config Hqgo of the bulk
case, the effective charges distribute on both fluorine atoms of
the H center equally, unlike Config H;11, in which the hole is mainly
localized on the interstitial fluorine atom. So, for the electronic
property regarding effective charges, we can not consider Config
HY as the bulk H center Config Hyoo located on the (111) surface.
Table 5 also shows the effective charges of the surface H center and
surrounding atoms for Config H\). Because of the surface effect,
—0.022 e and —0.025 e localized on the H1 and H2, respectively,
transfer inward the surface. The charge differences of deeper fluo-
rine and calcium atoms are negligible, whereas the electron trans-
fer regarding the first-layer atoms is considerable.

As mentioned before, the surface H-center charge is smaller
than that in the bulk case. However, the total surface H-center spin
defined as the sum of H1 and H2 spins (+0.995 e and +0.996 e for
Configs H!\ and H\), respectively) is much larger than the bulk
H-center spin (+0.965 e), implicating a stronger spin polarization
of the surface H center and a more localized unpaired electron.
Our hyperfine coupling calculations for the surface case demon-
strated that the interaction between the unpaired spin and the spin
of neighboring nuclei is stronger than that in the bulk case, being in
accordance with the spin polarization calculations. The isotropic
hyperfine constants (a) of H1 and H2 for Config H!\ equal to
802.6 and 819.8 MHz, respectively, and are larger than the corre-
sponding values in the bulk H-center case. Table 6 also lists the
H-center spins of other Configs. We can see that their spins are
close to the spin of bulk H center and there is no remarkable sur-
face effect on other Configs.

Gaps VB - H VB — CB
o B o B

Hg\l) — 412 10.77 10.77

(\) — 2.76 10.58 10.54
HIZ
H<2\]> — 2.75 10.69 10.70
H(z\z) — 2.75 10.69 10.69
Hin — 2.88 10.69 10.69

To investigate the surface effect on the optical band gaps, we
studied the band structures of surface H-center systems. The theo-
retical optical band gaps for all the (111)-unoriented configura-
tions are collected in Table 7 and the band structure of Config
HY is shown in Fig. 7. For these four surface Configs, all the band
gaps between VB and CB are close to those of the bulk H-center
system (10.69 eV for o~ and B-spin band structures), and the sur-
face effect slightly widens and narrows the VB-CB gaps for Configs
H'Y and H\Y, respectively. For Configs H\), H\ and H\), the § defec-
tive level induced by the hole on the H center lies around 2.75-
2.76 eV above the VB top, being smaller than the corresponding
value in the bulk H-center system by around 0.13 eV. We also cal-
culated the band gaps of other deeper H-center configurations and
their values are comparable to the gap of Config H(]\; and with a
deeper H-center location, the defect level becomes more and more
close to the p-hole band for the bulk H-center case. On the other
hand, the defect level for Config H!) is quite different from other
deeper H-center configurations, and located 4.12 eV above the VB
top, magnified 1.24 eV, increasing by around 43%, with respect to
the gap of bulk H-center system. Whereas the VB-CB gap of Config
H(]\]) changes slightly, suggesting a marked hole-level movement
toward CB. It has been known that the hole is on the interstitial
fluorine and for Config Hg\l), this fluorine atom is significantly out-
side of the slab, so the surface effect on this hole is more pro-
nounced than on the hole in other configurations.

To further study the electronic structure and electron transi-
tions in a surface H-center system, we calculated DOS of surface
H-center systems. The total and projected DOS of Config Hg\l) is dis-
played in Fig. 8. Our previous bulk H-center study demonstrated
that H1 and H2 p-orbitals form the p-hole band, and H2 does the
major contribution. Because of the isotropic symmetry of projected
p-orbitals in CaF, bulk, p,-, p,- and p,-orbitals of the H center are
equivalent in contribution to the formation of 8-hole band. Never-
theless, this symmetry is broken by the (11 1)-terminated surface,
and the p-state electrons are not equivalent in the three directions.
According to our DOS calculations, we found that for Config H\!,
the g-hole band mainly consists of p,- and p,-orbitals of the surface
H center, as we can see in Fig. 8, whereas for other deeper H-center
configurations, only p,-orbitals form the -hole band. As geometri-
cal structure and spin density discussed before, the surface
H-center orientation of Config H!\ has a big deviation from the Z
axis and is in the YZ-plane (see Fig. 6), therefore the spin pattern
of the H center in the spin density map looking like a spindle, being
a typical p-shape electron cloud, has the Y and Z projections. It
leads to a mixture of p,- and p,-orbitals, forming the f-hole band.
However, for the deeper surface H-center configurations, the orien-
tations are very close to the (111) direction, so the contribution
from p,-orbitals could be negligible. From Fig. 8, the H1 peak is
much smaller than the H2 peak, being in agreement with previous
view that the hole mainly locates on H2. Because of the surface
effect, the p,- and p,-orbitals of the H center move upward, toward
the CB, with respect to the H-center p-orbitals in the bulk case, and
this leads to widening of the VB — H gap.
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Fig. 8. Total and projected DOS for Config H\}.

3.3. FH pairs in CaF,

Finally, we studied the combination of F and H centers in CaF,.
We calculated nine FH-pair configurations, named Configs FH1,
FH2, ---,FH8 and FH9, in which the F center is located at F1, F2,
---, F8 and F9 sites, respectively (see Fig. 1). According to our calcu-
lations, we found that Configs FH2, FH4 and FH5 are not stable
structures, in which the interstitial fluorine labeled H2 approaches
to the neighbor F-center site, converging to the perfect crystal.
From Fig. 1, we can see that F2, F4 and F5 are the nearest sites to
the hole and there is no calcium atom in the F-H intervals, so the
attraction between the F and H centers leads H2 to move to the F
center, forming the perfect crystal. The energetically most favor-
able configurations are Configs FH1, FH3 and FH6, and the total

energies of other configurations are higher with respect to Configs
FH1, FH3 and FH6 by 0.33, 0.33 and 0.45 eV for Configs FH7, FH8
and FH9, respectively. Here, we can define the creation energy of
an FH pair as the energy difference between the supercell with
and without an FH pair, and the corresponding value for Configs
FH1 equals to around 2.35 eV.

The analysis of effective charges for the FH pair shows that the
charge of the F center reduces to around —0.129 e for Configs FH1,
FH3 and FH6, and the trapped electron in the V¢ is much more
delocalized than that in the isolated F-center case (—0.752 e). Com-
pared with the isolated H center in bulk, the H1 and H2 charges
equal to around —0.893 e and —0.790 e, being close to the charge
of fluorine atom in perfect CaF, crystal (—0.902 e), and increase
by 0.235 e and 0.501 e, respectively. Here, we can conclude that
the H2 fluorine atom, on which the hole localized for the isolated
H-center case, is not a hole properly anymore for FH-pair cases,
and the hole moves to the V. For Configs FH7, FH8 and FH9, the
charge of Vy decreases even further to around —0.052 e, almost
delocalizing completely. F center denotes an electron trapped in
a fluorine vacancy, and H center denotes a hole trapped at an inter-
stitial fluorine site, therefore we can also consider a combination of
an F and an H centers as an electron-hole pair. However, the FH
pair discussed here is not a true pair of an F and an H centers,
since the hole is not located at the interstitial fluorine site and
the electron is not located at the Vp primarily, but it is still an
electron-hole pair. So, the exact object studied here should be
electron-hole pairs.

Next, based on the calculations for the band structures of
FH-pair systems, we investigated the electron transitions regard-
ing the optical absorptions. Because the supercell containing an
FH pair has an even number of electrons and there is no unpaired
electron, the band structure is unpolarized, unlike the isolated
H-center case mentioned before. Fig. 9 shows the band structure
of the FH-pair system for Config FH1 and Table 8 lists the optical
band gaps regarding the electron transitions. According to our
calculations and Fig. 9, there are seven defect bands between
the VB-CB gap, and three of them (labeled e;,e, and e3), being
occupied, locates near the fermi level, and four of them (labeled
hq, hy, hs and hy), being unoccupied, locates in the gap of the fermi
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Fig. 9. Calculated B3PW band structure for Config FH1.

Table 8

Direct optical band gaps (eV) (I' — I') of the FH pair for Config FH1.
Gaps Gaps
e; — Iy 2.37 e, — Iy 2.38
e; — hy 5.67 es — Iy 242
e; — hs 5.76 VB — hy 5.70
e; — hy 5.77 VB — CB 9.70

r H1: p-orbitals]

r H2: p-orbitals]

DOS [arb. units]

r V. s-orbitals V. p-orbitals ]
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Fig. 10. Total and projected DOS for Config FH1.

energy and VB bottom, named electron- and hole-band here,
respectively. An optical absorption should be due to an electron
transition from an occupied band to an unoccupied band. So,
for the FH-pair system of Config FH1, we can summarize that
the electron transitions have the following possibilities:
€123 — 234 and e 53 — CB. The corresponding values are
shown in Table 8. The gap of e; — h; equals to 2.37 eV and is
smaller than the relevant gap in the isolated H-center system
(2.88 eV), whereas the gaps of e — h,34 are around 5.7 eV, being

much larger than the H-center case. Additionally, the VB-CB gap
(9.70eV) is narrowed considerably by around 1.26eV with
respect to the perfect CaF, case (10.96 eV).

DOS calculations reveal the compositions of defect levels, as we
can see in Fig. 10. The p-orbitals of H2 form the three occupied
bands (e;, e, and e;3) located near the Fermi energy. Broken symme-
try leads a non-equivalence of the p,-, p,- and p,-orbitals, so the
e-band is split into three bands, and according to our calculations,
the p, level is slightly higher. The first unoccupied hole-band
labeled h; consists of s-orbitals of the Vg, and the p-orbitals of
the Vi do the most contributions to the upper three hole-bands
of hy, h; and h4. The DOS results also indicate that the hole is not
located on the H center anymore for the electron-hole pair cases,
and transfers to the neighbor Vi site, being in accordance with pre-
vious discussion regarding effective charges. We also found that
the fluorine atom of H1, unlike the isolated H-center case, plays a
role of regular fluorine atom, and there is almost no contribution
to the defect levels from it, similar to other fluorine atoms.

4. Conclusions

We applied the first-principles approach within the hybrid
DFT-B3PW scheme to calculations on H centers in CaF,. Two bulk
configurations including Configs H 100y and H(111), and eight surface
configurations including four (111)-oriented and four (111)-
unoriented H centers were studied. For the bulk case, Config
Hany, in which the H center orients the (111) axis, is the
energetically most favorable configuration, and the hole is mainly
localized on the interstitial fluorine, in agreement with the exper-
imental observations. Spin and hyperfine coupling calculations
show a remarkable interaction between the unpaired spin and
the spin of neighboring nuclei. The hole induces an empty level
in the g-spin band gap of the CaF, crystal, located 2.88 eV above
the VB top. Using the DOS investigation, we found that the unoccu-
pied hole band is composed of H-center p-orbitals, and the H2 does
the major contribution.

For the surface case, we found that Config H\}, in which the H
center located at the upper fluorine sublayer of the first surface
layer and the obliquity is around 47.7°, is the most stable configu-
ration for the surface H-center systems, implicating a preference
for H centers to locate near the surface, and geometrically, this
configuration corresponds to a (100)-oriented H center located
at the (111) surface. The calculations of the relaxations of atoms
surrounding the surface H center demonstrated that the atomic lay-
ers containing surface H centers have a remarkable XY-translation.
The surface effect decreases the effective charge of the surface H
center of Config H(l\f, whereas enhances the spin polarization and
hyperfine coupling with the neighboring nuclei. The studies on
band structures of the surface H-center systems demonstrate that
the surface effect widens considerably the g-spin VB-hole gap,
which corresponds to the first optical absorption, for Config H(]\]),
and narrows it sightly for other configurations, with respect to
the bulk H-center case.

Finally, as an extension study regarding H centers, we investi-
gated electron-hole pairs, i.e. FH pairs in this paper. The creation
energy of an FH pair equals to around 2.35 eV. We found that the
geometrical structure of the FH pair is similar to an F center and
an H center paired together, however, the hole localized on the H
center in the isolated H-center case, moves to the V; site. The elec-
tron-hole pair induces seven defect levels in the VB-CB gap, three
of them located near the Fermi energy, being occupied, and four of
them located above the Fermi level, forming the hole bands. DOS
calculations show that the p-orbitals of H2 form the three electron
bands and the four hole bands consist of the s- and p-orbitals of
the VE.
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