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As a prototype for defects in insulators, we discuss the optical properties of the F center in calcium fluoride
�CaF2�, which constitutes a prominent defect of the material. The F center of CaF2 exhibits a defect state deep
in the band gap. Its excitation by light �at 3.3 eV excitation energy� is described by ab initio many-body
perturbation theory �GW approximation and the Bethe–Salpeter equation�, including electronic exchange,
correlation, and electron-hole interaction effects. The excitation causes strong relaxation of the defect geom-
etry, leading to significant broadening of the optical spectrum by 0.5 eV and to a large Stokes shift of 1.5 eV.

DOI: 10.1103/PhysRevB.77.115118 PACS number�s�: 71.35.Cc, 31.50.Df, 61.72.J�, 71.20.�b

I. INTRODUCTION

Calcium fluoride �CaF2� is an important material for op-
tical applications in the ultraviolet spectral region because of
its wide band gap of about 12 eV, its perfect optical isotropy,
and its mechanical properties. CaF2 is used as lens material
for deep-ultraviolet �193 nm� and vacuum-ultraviolet mi-
crolithographies. Applications at high intensities can be se-
verely hindered by intrinsic defects,1 among which the F
center �i.e., a fluorine vacancy� constitutes a common point
defect. A systematic understanding and characterization of
such defects is of high importance for the further improve-
ment of the material.

Optical excitations of point defects in insulators are often
schematically described as transitions between strongly lo-
calized deep electronic levels. A quantitative analysis of such
transitions, however, is a complicated issue for various rea-
sons. First, it is not clear in many cases if the electronic
states are localized or not, even in wide-gap materials such
as CaF2. Often, as in the present case, one of the involved
single-particle states is localized �here, the hole state�, while
the other one is rather delocalized �here, the electron�. Sec-
ond, electronic levels and the optical transitions between
them are strongly influenced by electronic many-body effects
such as exchange, correlation, dielectric screening, and
electron-hole interaction. Third, significant coupling between
the excitation and the geometric structure of the defect oc-
curs, causing excited-state relaxation, spectral broadening,
and the Stokes shifts.2 All of these issues must be taken into
account on equal footing to achieve the accuracy necessary
for quantitative analysis and reliable interpretation of experi-
mental data.

Here, we present a comprehensive analysis of the struc-
tural, electronic, and optical properties of the F center in
CaF2 by means of state-of-the-art ab initio electronic struc-
ture approaches. Owing to the complex inter-relation be-
tween geometric and electronic degrees of freedom, a com-
bination of density-functional theory �DFT� and ab initio
many-body perturbation theory �MBPT� is required to deal
with all physical mechanisms on equal footing. Within
MBPT, electronic exchange and correlation effects are in-
cluded in the electron self-energy operator in terms of He-
din’s GW approximation �GWA�,3 accompanied by solving

the Bethe–Salpeter equation �BSE� of correlated electron-
hole excitations.4,5 This GW+BSE approach has become a
standard procedure for optical excitations of many
systems4,6–8 including defects, e.g., in LiCl.9,10 GW+BSE
allowed us to investigate the optical spectrum of the CaF2
bulk crystal.11 Here, we extend our approach to address an
important point defect of the material. In particular, we in-
vestigate the coupling of the excited states to the geometric
structure of the defect and evaluate the resulting optical line
shape and Stokes shift.

The F center �shown in Fig. 1� consists of a fluorine va-
cancy �in the center of the figure�, which is surrounded by
four nearest-neighbor calcium atoms and six second-nearest-
neighbor fluorine atoms. Under normal conditions, the F
center is charge neutral, i.e., the missing fluorine atom has
been removed as a neutral F0, and the vacancy hosts one
unpaired electron �see below�. The ground state of the F
center in CaF2 is spin doublet. The electronic structure is
thus quite similar to the original configuration, in which the
site was occupied by a negatively charged F− anion. Con-
comitantly, the geometry is also very close to the ideal
configuration,12 just showing some radial relaxation of the
neighboring atoms. Within DFT, the first and second nearest
neighboring atoms observe only small relaxation
��0.04 Å� from their ideal positions �see Table I�.

II. THEORY AND METHOD

The DFT calculations are performed using the SIESTA

code,13 employing the local spin-density approximation
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FIG. 1. Structure of the F center �fluorine vacancy, indicated as
�� surrounded by four nearest-neighbor Ca atoms �small circles�
and six second-nearest-neighbor fluorine atoms �big circles�.

PHYSICAL REVIEW B 77, 115118 �2008�

1098-0121/2008/77�11�/115118�4� ©2008 The American Physical Society115118-1

http://dx.doi.org/10.1103/PhysRevB.77.115118


�LSDA� and norm-conserving Troullier–Martins pseudopo-
tentials. The SIESTA basis set, including that of the ghost
atom at the vacancy site, is double � plus a single shell of
polarization function. In all our calculations �DFT, con-
strained density-functional theory �CDFT�, and GW+BSE�,
the Ca 3s and 3p semicore electrons are included as valence
electrons.11 We employ a supercell of 2�2�2 primitive fcc
unit cells, containing 23 atoms �8 Ca and 15 F atoms�. A
3�3�3 supercell yields nearly the same DFT results, indi-
cating that the defect structure is, in fact, of strongly local-
ized nature. All structural optimizations are carried out at the
theoretical lattice constant of 5.343 Å �cf. Ref. 12�. The ob-
tained structural data are then rescaled to the experimental
lattice constant of 5.463 Å, at which the calculations of the
excitations take place. The data shown in Table I include this
rescaling and should therefore directly refer to the real sys-
tem.

Subsequent band-structure and optical-spectrum calcula-
tions are performed within MBPT �cf. Ref. 11� using the
2�2�2 supercell. All empty-state summations within
MBPT employ 315 empty bands, corresponding to 20 empty
bands for nonspin-polarized bulk CaF2.11 The reciprocal-
space summations employ 32 k points for the random-phase
approximation dielectric matrix, 4 k points for the self-
energy operator, and 32 k points for the representation of
optical excitations, which correspond to 256, 32, and 256 k
points for bulk CaF2. These specifications �empty-state sum-
mation and k points sampling� yield excitation energies con-
verged to about 0.1 eV.

III. RESULTS AND DISCUSSIONS

The LSDA and quasiparticle band structures of the defect
system are shown in Fig. 2. For each spin channel, LSDA
yields a deep level at 5.5–7 eV energy �labeled 1s�, accom-
panied by four additional defect levels at 8–8.5 eV �labeled
2s and 2p�. We take the 1s↑ state as occupied by the un-
paired electron of the F center. The dispersion of the 1s band
of about 0.5 eV is caused by the interaction with the F cen-
ters in the adjacent supercells. A simple tight-binding analy-
sis results in LSDA on site energies of 6.0 and 6.9 eV for 1s↑
and 1s↓, respectively. Within GWA, we obtain 7.4 and
11.4 eV for 1s↑ and 1s↓, i.e., the state observes a significant

on site interaction of U=4.0 eV.14 The s-like wave function
of this state is basically identical to the hole distribution
shown in Fig. 3�d�. More than 70% of the unpaired electron
is localized inside the vacancy.12

The labeling of the defect states as 1s, 2s, etc., suggests a
Rydberg-like series of gap states,15 as is commonly assumed
for such defects. Except for 1s, however, the states become
resonant with the CaF2 conduction bands,2,9,15,16 which are

TABLE I. Structural data of the F vacancy. The table shows the
radial distances of nearest-neighbor Ca atoms and second-nearest-
neighbor F atoms from the vacancy. The relaxed structure is ob-
tained from DFT geometry optimization, while the excited-state re-
laxed structure results from constrained DFT �CDFT� and MBPT
geometry optimization �see text�.

dvac-Ca

�Å�
dvac-F

�Å�

Ideal 2.37 2.73

Relaxed �DFT� 2.39 2.70

Excited �CDFT� 2.47 2.58

Excited �MBPT� 2.48 2.56
FIG. 2. Band structure of the F center in CaF2 within �a� LSDA

and �b� GWA calculated for a 2�2�2 unit cell. Energies are given
relative to the bulk valence band maximum. Solid �dotted� lines
indicate the spin-up �down� states. For illustration, the circles indi-
cate the backfolded CaF2 bulk band structure.

FIG. 3. �Color online� �a� Absorption spectrum of the F center
in CaF2 from MBPT �solid curve� and experiment �dotted curve,
from Ref. 17�. In the calculation, spectral broadening results from
the Franck–Condon factors of the geometric relaxation �see text�.
The vertical lines indicate the position of the lowest active excitons
at 3.3 and 4.2 eV excitation energies, respectively. ��b�–�d�� Spatial
distribution of the electron relative to the hole �at the vacancy cen-
ter� and that of the hole relative to the electron �at the four nearest-
neighbor Ca atoms�, respectively, for the exciton at 3.3 eV excita-
tion energy. Panel �b� shows the distributions as radial probability
functions �normalized such that 4��0

�f�r�r2dr=1�. Panels �c� and
�d� show the electron and the hole, respectively, in the �110� plane
through the vacancy. The atoms are located at the grid points indi-
cated by element symbols.
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included in Fig. 2 as circles �as obtained from an indepen-
dent bulk calculation�. Concomitantly, these states are not
localized at the defect site but spread out over the entire
supercell. Therefore, one cannot expect that a simple s→p
band-to-band transition can be responsible for the optical
excitation of the F center. Instead, local excitations are ob-
tained as coherent superposition of the spatially extended
interband transitions �see below�.

Within MBPT, optical transitions result from the Bethe–
Salpeter equation, taking into account band-structure ener-
gies and electron-hole interaction between occupied and
empty states. Low-energy transitions of the F center are
formed from the localized 1s↑ defect state and the delocal-
ized unoccupied spin-up states. From those excitations, the
optical absorption spectrum is obtained, as shown in Fig.
3�a�. Without electron-hole interaction, the absorption spec-
trum of the noncoupled interband transitions �from the 1s↑
defect state to the low-lying empty spin-up states� starts at an
excitation energy of 5.5 eV. Due to the electron-hole inter-
action, bound excitons are formed. The most important state
is the exciton at 3.3 eV excitation energy, which exhibits
excitonic binding of 1.7 eV �stronger than the binding energy
of 0.9 eV of the bulk exciton�. This exciton occurs as
a threefold degenerate state18 and exhibits p-like symmetry
�see below�. It is thus tempting to consider this excitation as
a s→p transition, as it would commonly be expected from a
Rydberg series of defect states. In the present situation, how-
ever, the formation of the state is more complicated �see
below�. As a consequence of strong exciton-phonon cou-
pling, the exciton observes significant spectral broadening.
Our geometry-dependent BSE data of the exciton �see the
discussion below� allow us to evaluate its line shape, which
is shown by the solid curve in Fig. 3�a�, in very gratifying
agreement with the experimental data indicated by the dotted
curve.17 We find additional exciton states above 3.3 eV ex-
citation energy. Most of them are given by optically inactive
charge-transfer states between the defect and neighboring at-
oms. Two optically allowed transitions are found at 4.2 and
4.9 eV excitation energies, but their dipole strengths are
much smaller than that of the 3.3 eV transition.

Detailed information about the spatial properties of the
exciton is obtained from its two-particle wave function. Fig-
ure 3 shows the resulting distribution of the excited electron
�panel �c�� and of the hole �panel �d�� in the �110� plane
cutting through the defect. Panel �b� shows the same physical
quantities as radial probability distributions. Figure 3 illus-
trates that the simple concept of the exciton as an s→p tran-
sition is qualitatively correct. The quantitative details, how-
ever, are very complex. �i� Both the hole and the electron are
localized at the defect �within about 2 Å for the hole and 4 Å
for the electron�, but they also have significant amplitude on
the neighboring atoms. �ii� The hole is localized at the defect
because it is a deep defect state. The localization of the elec-
tron, on the other hand, is caused by the attraction to the hole
�resulting from the BSE�, while the electronic single-particle
states on their own are all delocalized �see the discussion
above�.

The excitation causes significant changes in the electronic
charge distribution because the excited electron is more ex-
tended than the hole �see Fig. 3�. This is due to the delocal-

ization of the single-particle states of which the electron is
composed and due to the p-like symmetry of the electron
enforcing zero amplitude in the vacancy center. Conse-
quently, the vacancy becomes positively charged in its cen-
ter, surrounded by a negative charge density extending sev-
eral angstroms. While the entire defect still appears charge
neutral at larger distance, significant electrostatic forces on
the ions �Ca2+ and F−� arise within a radius of about 3–4 Å.
Consequently, the nearest-neighbor Ca2+ cations are repelled
from the defect site by about 0.09 Å, while the second-
nearest-neighbor F− anions are attracted by 0.14 Å �see Table
I�. The associated changes in total energy have dramatic con-
sequences for the line shape of the excitation spectrum �see
below�.

In general, the detailed analysis of such relaxation re-
quires to optimize the geometric structure in the excited state
based on forces from MBPT.19,20 However, CaF2 is a quite
complex system11 and calculations of excited-state forces
within MBPT are numerically demanding. Therefore, we
treat the geometry relaxation in the excited state by CDFT, in
which the highest valence state �1s↑ � is depopulated and the
lowest spin-↑ conduction state is populated instead. Such
procedure is well suited for excited states that are distributed
over many atoms, causing only small changes of the elec-
tronic charge density at each atom.21 In the present case,
however, the excited charge has significantly larger ampli-
tude in the vicinity of the defect, which may make CDFT
questionable. In addition, it is not clear a priori if CDFT
yields the correct density distribution of the excited electron,
which is given by a linear combination of many wave func-
tions and is thus not fully described by CDFT.

To check the reliability of the CDFT and of the obtained
relaxation, we have carried out additional MBPT calculations
for the changed geometries as obtained from CDFT. We as-
sume that the direction of the geometry change is given cor-
rectly by CDFT, with direction meaning a one-dimensional
line s in the multidimensional configuration space of the co-
ordinates of all atoms around the defect, i.e., R=R0+� ·s.
Figure 4 shows the resulting total energies �panel �a�� and

FIG. 4. �a� Total energies of the ground state �DFT, dashed line�
and those of the excited state within MBPT �solid line� and CDFT
�dotted line� along the relaxation path resulting from CDFT. �b�
Excitation energies calculated within MBPT ��� and CDFT ���
along the relaxation path. The abscissa in both panels is the dis-
placement of the nearest-neighbor Ca2+ cations in the radial direc-
tion from their ground-state equilibrium positions.

OPTICAL EXCITATION OF DEEP DEFECT LEVELS IN… PHYSICAL REVIEW B 77, 115118 �2008�

115118-3



excitation energies �panel �b�� along direction s as a function
of the displacement of the nearest-neighbor Ca2+ cations
from their ground-state equilibrium positions. The results of
CDFT and MBPT are in very gratifying agreement with each
other, indicating that CDFT is a suitable procedure for the
excited-state relaxation, even for a strongly localized excita-
tion with large changes of the charge density. Nonetheless,
three differences between CDFT and MBPT should be
pointed out: �i� MBPT yields a steeper slope of the excitation
energies than CDFT, �ii� MBPT reaches the excited-state
total-energy minimum somewhat later than CDFT, indicating
larger excited-state structural relaxation, and �iii� the excita-
tion energies given by MBPT are significantly larger �and
much more realistic� than those of CDFT.

The data shown in Fig. 4 allow us to address the optical
excitation process in more detail. The total-energy curves
together with the relaxation pattern allow us to attribute vi-
brational frequencies of 40 meV to the ground state and
35 meV to the excited state.22 Assuming that at zero tem-
perature the system is in the ��=0� vibrational level of the
ground state, we calculate the Franck–Condon factors for the
transitions into the vibrational levels of the excited state.
After including additional artificial broadening of 70 meV,
the lowest-energy exciton yields the optical excitation spec-
trum shown in Fig. 3�a�, exhibiting a line shape, in good
agreement with the experimental data,17 with a spectral
width �full width at half maximum� of 0.5 eV. Furthermore,
the total-energy data of Fig. 4 yield a strong Stokes shift of

1.5 eV �i.e., difference between the vertical excitation ener-
gies at the ground-state and excited-state equilibria�, suggest-
ing that light emission would take place at an energy of
1.8 eV. In fact, laser irradiated CaF2 crystals show an emis-
sion band at 1.7 eV,1 which could thus be assigned to the F
center.

IV. SUMMARY

In summary, we have investigated the optical excitation of
the F center in CaF2 using a combination of constrained DFT
and ab initio many-body perturbation theory. Our calcula-
tions predict the absorption band and the emission band of
the F center at 3.3 and 1.8 eV, respectively, in good agree-
ment with experiments. The exciton of the absorption band is
strongly localized around the vacancy within 4.0 Å, inducing
prominent lattice distortion around the defect. Our results
demonstrate that constrained DFT can predict reliable geo-
metric relaxation for localized excitons in ionic insulators.
Quantitative results for the corresponding excitation energies
and optical spectra, however, require a more elaborate ap-
proach such as ab initio many-body perturbation theory.
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