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The electronic and atomic properties of oxygen-vacancy dipoles and hydrogen impurities, which are impor-
tant types of point impurities in the alkaline-earth fluoride SrF2, are calculated. The band gap of SrF2 for four
different arrangements of OV dipoles is found at 11.3 eV when calculated with the hybrid B3PW �which is
Becke’s exchange functionals using Becke’s three-parameter method combined with the nonlocal correlation
functional of Perdew and Wang� method and is essentially the same as in the perfect SrF2 crystal. On the basis
of the calculated density of states the nature of the defect bands in the band structure can be well understood.
In addition two kinds of hydrogen impurities �Hs

− ,Hi
0� are also calculated with the B3PW method. We present

the corresponding electronic structure and calculate the hyperfine constants at the Hi
0 impurity, which exhibits

an unpaired electron, and at its nearest-neighbor fluorine atoms. Our results agree well with the experimental
data.
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I. INTRODUCTION

SrF2 is a large gap fluoride with Fm3m structure similar
to other alkaline-earth fluorides �CaF2, BaF2�. The cation
Sr2+ locates at the origin point in the three-atom face-
centered-cubic unit cell and two anions F− on the diagonal
points � 1

4a , 1
4a , 1

4a� and � 3
4a , 3

4a , 3
4a�, where a is the lattice

constant �a=5.799 Å in experiment�.1 In recent years sev-
eral experimental and theoretical investigations2–6 of SrF2
have been performed. Two basic point impurities �oxygen-
vacancy dipole and hydrogen impurity� have been identified
and studied. For oxygen-vacancy dipoles there exist four dif-
ferent possible arrangements.

For hydrogen impurities there exist two kinds: the first
one is the case that the hydrogen atom substitutes a fluorine
atom in the system, we call it Hs

− impurity. In this system the
number of electrons is still even and all electrons are spin
paired. The corresponding defect band consists of s orbitals
from the hydrogen atom. In the second case, we call it Hi

0

impurity, the hydrogen atom does not substitute any atom but
occupies the center position in the unit cell, which in turn
results in an odd number of electrons and thus in the occur-
rence of an unpaired electron. Due to this unpaired electron
the spin polarization around this hydrogen atom is very large,
but the effect on the other atoms is only weak. Since the
exchange interaction operates only for electrons with parallel
spin and the number of electrons is odd, the energy level of
the defect band, which consists of s orbitals of the hydrogen
atom, now becomes spin split. We call the defect band with
lower-energy level � band and with higher-energy level �
band. But according to the spin selection rules we know that
the electron has no chance to be excited from � band to �
band.

We calculate the hyperfine constants at the inserted hydro-
gen atom and at its nearest neighbors �eight fluorine atoms�
at the end of this work. In experiments, the isotropic and
anisotropic hyperfine constants are denoted by a and b. Ac-
cording to Weil et al.,7 we calculate these two hyperfine cou-
pling constants �in the units of MHz� by

a =
A0

h
10−6 =

2�0

3h
g�egn�n���−��0��210−6, �1�

b =
�0

4�h
g�egn�n�T11 −

1

2
�T22 + T33�� , �2�

where ���−��0��2 is the spin density at the origin. The factor
gn of different nuclei can be found in Refs. 7 and 8. For
simplification, here we used the factor g of a free electron
instead of the factor of the interacting electron ge. h is the
Planck constant, �0 is the permeability in vacuum, and �e
and �n are the electron and nuclear magnetons, respectively.
The elements of the tensor T are obtained from the gradient
of the spin density.

The formation energies of the OV dipole impurities in an
n-atom supercell can be expressed as

Ef = Ed
n−1 + 2EF − EO − Ep

n , �3�

where EF and EO denote the total energy of a single fluorine
and oxygen atoms, and Ed

n−1 and Ep
n the total energies of the

crystal with and without an OV dipole impurity, respectively.
In a similar definition we used the following equations to
calculate the formation energies of Hs

− and Hi
0 impurities in

the crystal:

Ef�Hs
−� = Ed

n + EF − EH − Ep
n , �4�

Ef�Hi
0� = Ed

n+1 − EH − Ep
n , �5�

where EH denotes the total energy of a single hydrogen atom.

II. METHODOLOGY AND PARAMETERS OF
CALCULATIONS

The 2006 version of the CRYSTAL computer code, i.e.,
CRYSTAL06, is used in this work to calculate the electronic
and optical properties of SrF2 with oxygen-vacancy dipoles
and hydrogen impurities. As in our former work,13–16 we
implemented in our calculations the hybrid method: Becke’s
exchange functionals using Becke’s three-parameter method9

is combined with the nonlocal correlation functional of Per-
dew and Wang �B3PW�.10–12

CRYSTAL06 can calculate periodic systems by using the
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approximation of linear combination of atomic orbitals
�LCAO�.17,18 The basis set of Sr we used in our work was
from Habas19 and supplemented by the Hay-Wadt small-core
effective core pseudopotential �ECP�. The F-basis set was
from Nada.20 For the impurities the basis set of the oxygen
atom was from Valenzano,21 and as the basis set of the va-
cancy we use a very simple basis set from Mallia.22 We have
shown in our former work that this quite simple basis set, we
named this set 1_s�0.073�, gives a more accurate physical
description in alkaline-earth fluoride systems than other
kinds of basis sets for the vacancies. It also saves computa-
tional costs. In the simulations of the SrF2 crystal with hy-
drogen impurities we use the result from Dovesi23 as the
basis set of the hydrogen atom.

The reciprocal space integration is performed by sampling
the Brillouin zone of the unit cell with the 8�8�8 Pack-
Monkhorst net.24 All defect calculations reported here take
the relaxation of the neighboring atoms toward their new
equilibrium positions into account. We calculated the forma-
tion energies of each defect as a function of supercell size.
The results prove the same as shown in Refs. 13–16 that the
formation energies are converged already in the 48-atom su-
percell case. The present calculations for OV dipoles and hy-
drogen impurities are all done with 96-atom supercells,
which thus is sufficient to guarantee converged results. The
corresponding results for the formation energies of the de-
fects are presented in Table I. For the lattice constant of SrF2
crystal we use the value �5.845 Å� from our former work.16

The direct band gap of the perfect SrF2 bulk �11.31 eV� was
already calculated in that work.16 The effective charges of
atoms and overlap populations between nearest neighbors are
obtained using the standard Mulliken analysis.

III. OV DIPOLE STRUCTURE IN SrF2

The OV dipole is a very important type of point impurity
of the SrF2 crystal. It is made up of an oxygen atom and a
vacancy. As shown in Fig. 1, four possibilities of OV dipole
arrangements in the SrF2 crystal exist. The OV dipole can be
placed on the edge of the cubic crystal structure, as shown in
the upper left part of Fig. 1. It is called OV�100� in the fol-
lowing. Also, the dipole can be placed on a side diagonal of
the cube, as shown in the upper right part of Fig. 1. This type
of arrangement is called OV�110�. If the dipole is placed in
the center of the cube, two types of alignments must be dis-
tinguished. One type is shown in the lower left part of Fig. 1.
Here, no strontium atom is located between the oxygen atom

TABLE I. Formation of energies of four different OV dipole
arrangements and two hydrogen atom impurities in a 96-atom su-
percell with B3PW method by using Eqs. �3�–�5� in units of eV.

OV�100� OV�110� OV�111�a OV�111�b Hs
− Hi

0

Ef 168.95 169.21 169.32 169.15 12.40 0.07

FIG. 1. �Color online� Four different OV dipole arrangements in
an SrF2 crystal.

FIG. 2. �Color online� Electron density of the SrF2 crystal with
OV dipole from 0 to 0.1 e /bohr3 with an increment of
0.004 e /bohr3. The OV�100� diagram and the OV�111�a diagram
refer to the �110� layer. The OV�110� diagram refers to the �100�
layer. The OV�111�b diagram shows the electron density of the

�11̄0� layer.

FIG. 3. �Color online� B3PW band structure simulation of two
OV dipole arrangements in a 96-atom supercell of an SrF2 crystal
between −4 and 10 eV. There are three defect bands near the Fermi
level and another defect band exists between the Fermi level and
conduction band.
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and the vacancy. This type of arrangement is called
OV�111�a. If there is a strontium atom located between the
oxygen atom and the vacancy, as shown in the lower right
part of Fig. 1, we call it OV�111�b. By using Eq. �3� we show
the large formation energies of the four OV dipole impurities
in a 96-atom supercell in Table I.

Comparison of the formation energies in Table I allows us
to derive the following rule:

EOV�100� � EOV�111�b � EOV�110� � EOV�111�a. �6�

The total energy is the lowest if the dipole is arranged in the
OV�100� way. EOV�100� is 0.20 eV less than EOV�111�b, 0.25 eV
less than EOV�110�, and 0.37 eV less than EOV�111�a. Because of
the crystal symmetry, EOV�100� should indeed have the lowest
total energy, as well as the total energy of the OV�111� ar-
rangement should be less than the total energy of the
OV�110� arrangement. It is an unusual result though that
EOV�111�b is 0.17 eV less than EOV�111�a. Likewise, the result
indicating that EOV�111�a is 0.12 eV larger than EOV�110� is
unexpected. This discrepancy probably originates from dif-
ferences in structure and charge distribution. Due to attrac-
tive forces, the existence of a strontium atom at the right side
of the plane with the oxygen atom and the vacancy in the
upper right part of Fig. 1 decreases the potential difference
between oxygen atom and vacancy. Hence, the total energy
of the OV�111�a structure exceeds the total energy of the
OV�110� structure. As mentioned above, all calculations are
done in relaxed geometries. The calculated relaxation ener-
gies, i.e., the difference of the total energies for the relaxed
and unrelaxed atomic configurations, turn out to follow the
same sequence as the formation energies: the smallest value
�1.59 eV� is obtained for OV�100� and the largest value �2.48
eV� is obtained for OV�111�a.

IV. ELECTRONIC PROPERTIES OF THE SrF2 CRYSTAL
WITH OV DIPOLE IMPURITY

The charge distribution in a 96-atom supercell enables us
to draw conclusions concerning the total energy and other
electronic properties of the SrF2-OV system. The charge dis-
tribution is of course different for every OV dipole arrange-
ment. All four situations are shown in Fig. 2. The effective

charge of the oxygen atom is −1.700 e in the OV�100� ar-
rangement, −1.738 e in the OV�110� arrangement, −1.737 e
in the OV�111�a arrangement, and −1.732 e in the OV�111�b
arrangement. The effective charge of the vacancy is close to
zero in each case. In detail, it is −0.114 e in OV�100�,
−0.060 e in OV�110�, −0.062 e in OV�111�a, and −0.064 e in
OV�111�b.

The overlap population between the vacancy and the oxy-
gen atom is +102 me in the OV�100� arrangement and thus
shows some covalent character. The bond populations be-
tween the oxygen atom and neighboring strontium atoms are
all negative and below −100 me. The negative value indi-
cates a repulsive force. Hence, there are no covalent bonds
between the oxygen atom and its neighboring strontium at-
oms.

To study the optical properties of the SrF2 crystal with OV
dipoles, the band structures of the four different dipole ar-
rangements are simulated using the B3PW method. The band
structures differ only very little near the Fermi level. In the
OV�100� dipole arrangement, which is shown in the left part
of Fig. 3, there are three defect bands below the Fermi level
and one defect band between the Fermi level and the con-
duction band. In the OV�110� dipole arrangement �right plot�,
the band structure is nearly the same. There are three defect
bands close to 0 eV as well, but the differences in energy
between the bands are smaller. In the OV�111�a and
OV�111�b dipole arrangements, the differences between these
bands are even less, with the result that the defect bands
merge into one nearly degenerated band.

The density of states �DOS� shows that the defect bands
close to the Fermi level are all made up solely of the p-type

TABLE II. Band gap �→� of the SrF2 crystal with four differ-
ent dipole arrangements in a 96-atom supercell with B3PW method
in units of eV.

Band gap OV�100� OV�110� OV�111�a OV�111�b

O1→V 5.66 5.32 5.14 5.41

O2→V 5.72 5.36 5.15 5.43

O3→V 5.83 5.39 5.15 5.43

VB→V 9.25 9.00 8.88 9.01

O1→CB 7.72 7.61 7.56 7.72

FIG. 4. �Color online� DOS diagram of two OV dipole arrangements between −2 and 7 eV.
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orbitals of the oxygen atom in all OV dipole arrangements.
The reason for that are the differences in the potential energy
between these four dipole arrangements and between the
oxygen atom and the neighboring fluorine atom. As shown in
the left plot of Fig. 4, the defect band with the lowest energy
in the OV�100� arrangement is made up solely of the pz or-
bitals of the oxygen atom. The two other defect bands are
made up of the px and py orbitals of the oxygen atom to-
gether. In the OV�110� arrangement, as shown in the right
plot of Fig. 4, the defect band with the lowest energy is made
up solely of the py orbitals of the oxygen atom. The other
two defect bands are made up of the px and pz orbitals. This
coordinate shift is caused by the different orientation of the
OV dipole in each arrangement. In the two other dipole ar-
rangements, there is almost no difference in energy between
the three defect bands below the Fermi level. These three
bands are called O3 �lowest energy�, O2 �medium energy�,
and O1 �highest energy�. The other defect band between
Fermi level and conduction band is called V and is made up
solely of the exclusive s orbital of the vacancy. In the
OV�111�b arrangement, there is a strontium atom within the
OV dipole. The DOS shows that this atom has nearly no
influence on the four defect bands.

The band gaps are listed in Table II. The gaps between the
valence and conduction bands are almost not influenced; the
value for the perfect crystal being 11.31 eV.16 The absorption
energy is 5.65 eV.25 This energy is almost identical with the
calculated band gap O1→V in the OV�100� arrangement,
which is 5.66 eV. A comparison of these band gaps O1→V
of all four OV dipole arrangements points out that the values
are in opposite order of the total energy rule �6� of a SrF2
crystal with OV dipoles in a 96-atom supercell. It shows from
another viewpoint once more that the OV�100� arrangement
is more stable than the others.

V. CALCULATION OF THE Hs
− IMPURITY IN SrF2

Now we want to focus on the so-called Hs
− impurity of the

SrF2 crystal. As shown in the left plot of Fig. 5, a fluorine
anion is substituted by a H− ion in this process. The forma-
tion energy is shown in Table I and is more than 1 order of
magnitude smaller than that for the OV dipole impurities. The
relaxation energy �0.008 eV� is nearly negligible. The arrows
close to neighboring atoms of the Hs

− anion indicate the di-
rection of displacement of these atoms. The first neighboring
atoms, four strontium atoms, move away from the Hs

− anion

TABLE III. Effective charges of atoms in SrF2 with Hs
− and Hi

0

impurities in a 96-atom supercell. The effective charges are listed in
the Q column. “+” indicates cations and “−” indicates anions. 	Q
labels the change in the effective charge compared to a perfect SrF2

crystal �QSr= +1.909 e and QF=−0.954 e�. Spin �e� for Hi
0 is the

result of the spin difference of electrons with different spin direc-
tions �n�−n��.

Atom

With Hs
− impurity With Hi

0 impurity

No. of
atoms

Q
�e�

	Q
�e�

No. of
atoms

Q
�e�

	Q
�e�

Spin
�e�

H 1 −0.962 1 −0.087 0.965

Sr 4 +1.910 +0.001 6 +1.908 −0.001 0.001

F 4a −0.955 −0.001 8b −0.943 +0.011 0.004

3c −0.955 −0.001

aFifth neighboring atoms of the Hs
− anion.

bFirst neighboring atoms of the Hi
0 anion

cSixth neighboring atoms of the Hs
− anion.

FIG. 5. �Color online� Hs
− and Hi

0 substitution in the SrF2 crystal
structure. Arrows close to neighboring atoms indicate the direction
of displacement of these atoms.

FIG. 6. �Color online� Electron-density diagram of a SrF2 crys-
tal with Hs

− impurity in a 96-atom supercell in �110	 direction.
Isodensity curves show densities between 0 and 0.1 e /bohr3 with
an increment of 0.004 e /bohr3.

FIG. 7. �Color online� Band structure and DOS diagrams of a
SrF2 crystal with Hs

− impurities in a 96-atom supercell. There is
only one defect band just below the Fermi level.
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by 0.02% in terms of the lattice constant a0=5.845 Å.16 This
movement equals in its absolute value the corresponding Hs

−

movement in BaF2 but has the opposite sign.26 The second
neighboring atoms, six fluorine atoms, get closer to the Hs

−

ion by 0.08% in terms of the lattice constant. This result
corresponds to simulations of the Hs

− substitution in BaF2 and
CaF2.26 All the distance changes �or relaxations� between the
Hs

− anion and its neighboring atoms are relatively small.
Therefore the changes in the effective charges of the neigh-
boring atoms should only be small. This is confirmed by the
data in Table III. The hydrogen atom taking over the position
of a fluorine anion exhibits an effective charge only 8 me
less than the effective charge of a fluorine anion in the per-
fect SrF2 crystal. The effective charge of the first neighboring
atoms �four strontium atoms� has increased by 1 me, while
the effective charge of the fifth and sixth neighboring atoms
�four and three fluorine atoms� has decreased by 1 me. The
effective charges of all other atoms remain the same as in a
perfect SrF2 crystal.

Figure 6 shows the electron distribution of the �110� sur-
face. The isodensity curves drawn in this diagram range from
0 to 0.1 e /bohr3 with an increment of 0.004 e /bohr3. These
curves visualize the electron distribution change close to the
substituting hydrogen atom.

The band structure of a SrF2 crystal with Hs
− impurities is

shown in Fig. 7. The figure shows an additional straight line
in addition to the band structure of a perfect SrF2 crystal.

Examination of the DOS �see the right plot of Fig. 7� points
out that this band consists of s orbitals from the substituting
hydrogen atom only. Calculations show that this defect band
is very narrow with a bandwidth of only 0.01 eV.

The calculated band gaps are listed in Table IV. The gap
between conduction and defect bands at the � point is calcu-
lated to be 8.47 eV. The corresponding energy difference
between the top of the valence band and the defect band is
found to be 2.81 eV. Compared to the results published by
Shi,26 our results lie in between the energy differences of the
corresponding bands in BaF2 and CaF2. The transition en-
ergy of SrF2 with Hs

− was determined experimentally to be
7.04 eV.27 For comparison, two other theoretical results28,29

are listed in Table IV as well.

VI. CALCULATION OF THE Hi
0 IMPURITY IN SrF2

Another interesting kind of hydrogen impurity is the Hi
0

impurity shown in the right plot of Fig. 5. The hydrogen
atom is inserted into the center of the crystal without substi-
tuting another atom. The formation energy of the Hi

0 impu-
rity is extremely low, only 0.07 eV �shown in Table I�. The

TABLE IV. Band gap �→� �eV� of a SrF2 crystal with Hs
−

impurity.

Band gap Our results Expt. resultsa Theor resultsb Theor resultsc

Hs
−→CB 8.47 7.04 5.90 6.37

VB→Hs
− 2.81

aReference 27.
bReference 28.
cReference 29.

FIG. 8. �Color online� Left plot: Electron-density diagram of a
SrF2 crystal with Hi

0 impurity between 0 and 0.1 e /bohr3 with an
increment of 0.004 e /bohr3. Right plot: Spin-density diagram of a
SrF2 crystal with Hi

0 impurity between −0.5 and 0.3 e /bohr3 with
an increment of 0.005 e /bohr3 where the short dotted lines indicate
null isodensity lines and solid lines indicate the positive ones. Both
diagrams show the electron distribution of the �110� surface.

FIG. 9. �Color online� �-defect �left� and �-defect �right� band structures and corresponding DOS diagram of a SrF2 crystal with Hi
0

impurity, calculated in a 96-atom supercell.
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relaxation energy is even below 1 meV. The arrows once
again indicate the direction of relaxation of the labeled at-
oms. In this case, all neighboring atoms move away from the
hydrogen impurity. The first neighbors are eight fluorine at-
oms. They increase their distance to the impurity by 0.19%
in terms of the lattice constant. The second neighbors, six
strontium atoms, relax by only 0.006% in terms of the lattice
constant.

The electron distribution data in Table III show that the
effective charge of the hydrogen impurity is negative and
very small �−0.087 e�. The effective charge of the first
neighboring atoms, however, shows a remarkably large in-
crease in effective charge, about 11 me. The charge of
the second neighboring atoms is decreased by 1 me only.
Since in the Hi

0 impurity system there is an unpaired
electron, such as in a F-center system, it will be strongly
polarized. The spin charge of the hydrogen atom is almost
1 e, while that of all other atoms remains almost zero
�spin�F�=4 me , spin�Sr�=1 me	. Figure 8 shows the elec-
tron distribution and the spin-density diagram in the right
plot. The short dotted lines indicate the null isodensity lines.
The electron-spin density around Hi

0 is very large. Spin po-
larization cannot be found close to strontium atoms but close
to the fluorine atoms. However, this spin polarization has
only a very weak effect on the other atoms.

Because of the strong spin polarization of the Hi
0 impurity,

there exist two defect bands with different spin polarizations
at quite different energies. The DOS shows that the lower
defect band close to 0 eV is made up of s-type orbitals from
the hydrogen impurity with � spin �spin up�, while the
higher-energy defect band is made up of s-type orbitals with
� spin �spin down�. Only the �-spin defect band is occupied.
Electron transition from the occupied �-defect band to the
unoccupied �-defect band is not allowed because of spin
selection rules �Fig. 9�. Hence Table V does not include the
energy gap between the two defect bands. The band gap
between � defect and conduction bands is 10.03 eV.

Since there is one electron in the system that cannot be
paired with other electrons, the spin of this electron interacts

with the nuclear spin of the nearby nuclei. Hence the electron
paramagnetic resonance �EPR� spectrum of this electron can
be used to find the hyperfine structure of the system with Hi

0

impurity and the associated hyperfine constants. In case of
the hydrogen �deuterium� site only the isotropic coupling
component �a� may be nonzero. The corresponding calcu-
lated and experimentally derived hyperfine constants plus
those at the nearest-neighbor eight fluorine atoms are listed
in Table VI. Our calculated results are close to the experi-
mental ones. Results for the second-nearest neighbors �six
strontium atoms� are almost zero.

VII. CONCLUSION

The present work presents calculations for four different
OV dipole structures and their electronic properties in SrF2
systems calculated by the hybrid B3PW method with a quite
simple basis set for the fluorine vacancy. The lowest total
energy of the SrF2 system with OV�100� impurity represents
the most stable arrangement of oxygen-vacancy dipoles in a
SrF2 crystal. Because of the very low formation energy the
Hi

0 impurity can be most easily produced. The defect bands
below the Fermi level are made up of the p orbitals of the
oxygen atom in every OV dipole arrangement. The other de-
fect band above the Fermi level is made up of the s orbital of
the vacancy. In the second part of this work we present also
corresponding results for hydrogen impurities. There are two
different types of hydrogen impurities called Hs

− and Hi
0. The

calculated properties of Hs
− and Hi

0 impurities agree well with
experimental data and are found better than in former theo-
retical results.
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