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F and M centers in alkali halides: A theoretical study applying self-consistent dielectric-dependent
hybrid density functional theory
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Point defects significantly change electronic properties of alkali halides and thereby enhance their reactivity.
However, both the experimental and theoretical description of defects such as the F center and the M center are
still far from complete, in particular for the less common bromides. A self-consistent dielectric-dependent global
hybrid and plane-wave approach is employed for a comparative theoretical study of the electronic properties of
NaCl, KCl, NaBr, and KBr bulk and (100) surface, both perfect and defective. For these systems, a zero-point
renormalization was calculated to account for electron-phonon interaction and enhance comparability with the
experiment. We focus on anion vacancy defects, the so-called F and M centers. The methodology employed is
capable of reproducing measured defect level energies, electronic band gaps, ionization energies, and electron
affinities within experimental errors. A general trend of the F center defect level energy with respect to the
lattice parameter is found. The results for both the F and the M center of KCl agree with findings from magnetic
resonance experiments. The defect orbitals are analyzed and virtual states of the defect electron are identified.
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I. INTRODUCTION

The presence of defects can lead to drastic changes of the
electronic structure of insulating compounds. Even unreac-
tive substances, e.g., table salt NaCl, become reactive when
point defects such as F centers are introduced. For NaCl and
KCl, the reductive power of the trapped electron in surface
F centers has been explored both experimentally [1–4] and
theoretically [5–8]. The defect electron is transferred to ad-
sorbed water [3,4] and salicylic acid molecules [1,2]. There
exists a plethora of experimental works for the electronic
structure of the pristine alkali halides. Available experimental
results for pristine NaCl and KCl were summarized recently
by our group [8,9]. For the bromides, there are also many
experimental results for KBr [10–28] but significantly less for
NaBr [12,15,16,18,20,24,27,29,30]. There are also theoretical
works [9,31–40] that calculated the electronic structure of
bulk and surfaces, usually employing the GW approximation.
However, these studies are limited to the chlorides; no first-
principles calculations of the alkali bromides were found.

F centers in alkali halides were investigated experimen-
tally [41–54]. Most theoretical work on F centers is limited
to LiF and NaCl [6,55–61], but there also exists an analysis of
NaF and KCl by Zwicker [62] and an extensive analysis of the
F center absorption energies for the fluorides, chlorides, and
bromides of Li, Na, and K by Tiwald et al. [63]. Aside from
Refs. [5,7,8] there are no investigations of defective surfaces
available.

In recent studies of defective NaCl and KCl, we employed
self-consistent dielectric-dependent global hybrid (sc-DDGH)
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functionals [35,64] and were able to reproduce measured
electronic properties [7,8] with an accuracy comparable to
GW methods. These sc-DDGH calculations were performed
with wave functions based on a linear combination of atomic
orbitals (LCAO). However, a drawback of this approach is
the choice of a sufficiently diffuse basis set to correctly
describe the unoccupied states, because pseudolinear depen-
dencies occur that severely affect SCF convergence and need
to be addressed, in particular in slab models. In this study,
we circumvented this issue by switching to a plane-wave
basis.

The sc-DDGH functionals obtained with LCAO and plane
waves are compared for the alkali halides NaCl, KCl, NaBr,
and KBr, and it is shown that the latter provide better agree-
ment with experimental dielectric constants. The plane-wave
sc-DDGH functionals were then employed to investigate F
centers in the bulk and on the (100) surface of the four alkali
halides, in particular the defect level and the valence band and
conduction band edge levels.

A new aspect in this study are M centers, which have been
extensively investigated experimentally [65–74] and which,
due to their optical properties, may serve as information car-
riers of optical information storage systems [75,76]. To the
best of our knowledge, M centers in alkali halides, consisting
of two adjacent halogen vacancies, have so far only been
described once using DFT methods. Eid [77] explored the
diffusion of atoms in the KBr(100) surface with M centers.
We decided to study the M center in the bulk and on the (100)
surface of KCl because there are experimental reference data
available for this substance. We investigate the closed-shell
state with two paired electrons localized in one vacancy site
and two open-shell states where the defect electrons are local-
ized in both defect sites.
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In the following section we provide details of our compu-
tational setup. We then compare dielectric constants obtained
with LCAO and plane-wave wave functions. Plane-wave sc-
DDGH is applied to defective NaCl, KCl, NaBr, and KBr.

II. COMPUTATIONAL DETAILS

We performed all calculations with the CRYSTAL17 crys-
talline orbital program package (version 1.0.2) [78] and the
VASP 6.1.1 plane-wave program package [79–81]. For the
bulk calculations with CRYSTAL we have used tight integral
tolerances (7 7 7 14 42), a 8 × 8 × 8 �k-point Monkhorst-Pack
(MP) grid, and the adjusted def2-QZVPP [82] basis set from
Ref. [8]. For the bulk calculations with VASP, we used the
precision mode Accurate, a cutoff energy of 500 eV, and the
standard pseudopotentials for the PAW method [83]. Here,
the 4 × 4 × 4 �k-point MP grid was sufficiently converged (see
Supplemental Material [84]). All primitive-cell surface calcu-
lations were carried out with a 4 × 4 × 1 �k-point MP grid,
10 layers, and 20 Å of vacuum between the repeating slabs.
The defect models were calculated with a 4 × 4 supercell of
the primitive cell for the surface and a 2 × 2 × 2 supercell of
the crystallographic cell for the bulk, a �-�k-point MP grid,
and 20 Å vacuum distance for the surface. For the defect
calculations the accuracy parameter was lowered to Normal.
Both the surface F center and the M center were calculated
using five-layer models. It was tested that this slab thickness
is large enough to reduce defect-defect interaction to less than
a tenth of an eV.

We optimized the atom positions of surface and defec-
tive models with PBE [85] and D3(BJ)-dispersion correction
[86,87] using fixed lattice constants from the bulk optimiza-
tions. A structure was considered converged when all forces
were <0.001 eV/Å. On average, the experimental 0 K lat-
tice constants are overestimated by around 1%. Electronic
properties were calculated using a sc-DDGH functional based
on PBE that will be called sc-PBE0 in this work, follow-
ing the naming convention by Fritsch et al. [88]. For the
CRYSTAL calculations, the Fock-exchange fraction x was
self-consistently calculated from the inverse of the dielectric
constant ε∞ [89–91]. With VASP, ε∞ is calculated from the
self-consistent response of the solid to a finite electric field.
PBE0 with x = 0.25 was taken as a starting point for all
self-consistent iterations of x. It has to be noted that, according
to our experience, the final result for x is essentially indepen-
dent from the starting point. In all cases, the Fock-exchange
fraction x is used for the bulk as well as the surface models
which is considered a valid strategy according to Ref. [64].
The defective surface models contain two vacancies in the
top and bottom layer in order to increase symmetry and to
avoid artificial dipole moments. Whenever PBE is used, the
SCF calculation is carried out with the default Kosugi algo-
rithm. For any hybrid functional calculation, a preconditioned
conjugate gradient algorithm is used in the SCF procedure.
Gaussian smearing is applied with a σ = 0.05 eV. Mixing
of the density matrix is performed with the Kerker scheme
[92] with BMIX = 0.01 to enhance electronic convergence.
A zero-point renormalization (ZPR) of the orbital energies
was calculated with PBE using the 5 × 5 × 5 crystallographic

TABLE I. Comparison of the static dielectric constant ε∞ calcu-
lated with sc-PBE0 for RT lattice parameters and experiment.

ε∞ deviation (%)

System CRYSTAL VASP exp.a CRYSTAL VASP

NaCl 2.262 2.308 2.329 -2.9 -0.9
KCl 2.105 2.149 2.173 -3.1 -1.1
NaBr 2.52 2.62 2.60 -3.0 0.5
KBr 2.280 2.344 2.358 -3.3 -0.6

aReflectivity experiment at 290 K [98].

supercell of the bulk and a one-shot method by Zacharias
and Giustino [93,94] as implemented in VASP. Convergence
details can be found in the Supplemental Material [84]. The
electron-phonon interaction is evaluated statistically with a
Monte-Carlo sampling.

III. RESULTS AND DISCUSSION

A. Bulk properties

In the first step the Fock-exchange fraction x was self-
consistently calculated as the inverse of the dielectric constant
ε∞ [35] for NaCl, KCl, NaBr, and KBr, using both room tem-
perature (RT) and 0 K lattice parameters. The literature values
of RT lattice parameters are 5.640 Å for NaCl [95], 6.288 Å
for KCl [95], 5.974 Å for NaBr [96], and 6.599 Å for KBr
[97]. The static dielectric constants ε∞ obtained with VASP
and CRYSTAL are compared to experimental data measured
at 290 K [98] in Table I.

The plane-wave results are significantly closer (mean de-
viation ∼−0.5%) to the experimental references than the
LCAO results (mean deviation ∼−3.0%). The main reason
for the larger error of the LCAO results is probably the in-
sufficient description of the polarizability of the systems with
the finite-size basis. The inclusion of more diffuse functions
would improve the results but leads to SCF instabilities due
to pseudolinear dependencies, which are a nontrivial issue
to solve. For this reason, we only used VASP for all further
calculations.

In the next step we evaluated the influence of the temper-
ature on the dielectric constant. We compared the dielectric
constant calculated with the 0 K lattice constant to the mea-
surement at 4 K [98] in Table II. The experimental lattice
constants we used are 5.595 Å for NaCl [99], 6.161 Å for KCl
[100], and 6.511 Å for KBr [101]. For NaBr no experimental
low-temperature lattice constant was found.

TABLE II. Comparison of the static dielectric constant ε∞ cal-
culated with sc-PBE0 for low-temperature lattice parameters and
experiment.

System VASP Experimenta Deviation (%)

NaCl 2.330 2.351 0.9
KCl 2.211 2.204 -0.3
KBr 2.392 2.390 -0.1

aReflectivity experiment at 4K [98].
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TABLE III. Electronic bulk band gap Eg with RT lattice parameters.

NaCl KCl NaBr KBr
System (eV) (eV) (eV) (eV)

Eg 8.80 9.07 7.13 7.70

The deviations from the experiment are smaller than 1%
and the average deviation is 0.2%, well within the experimen-
tal errors. We conclude that the plane-wave sc-PBE0 method
correctly describes the increase of the dielectric constant with
decreasing temperature.

With the same theoretical setup we calculated the funda-
mental band gap Eg for all four halides. The results are given
in Table III.

A comparison with experimental data is not made, since
measurements that specifically measure the bulk band gap
were not found for any of the halides. In contrast, alkali
halides bulk band gaps were studied at various theoretical
levels including GW methods [9,31–34,36–38,40,102]. Most
of these first-principles studies focused on NaCl. GW meth-
ods are more sophisticated than sc-DDGH functionals and
are thus expected to yield higher accuracy for electronic
properties. However, due to their large computational effort,
approximations have to be introduced, e.g., in the degree of
self-consistency of the GW cycle or the number of bands.
For these reasons, the results from the GW methods dif-
fer considerably among each other and from sc-PBE0 (see
Supplemental Material [84]).

For KCl there are only two works [38,40]. The bromides
were not studied using GW at all up to now.

For the surface calculations described below, we re-
calculated the optimal Fock exchange fraction x after op-
timizing the bulk lattice parameters with PBE-D3(BJ). A
comparison of the optimized values of a to experimental data
can be found in the Supplemental Material [84]. We obtained
x = 42.8% for NaCl, x = 46.3% for KCl, x = 37.7% for
NaBr, and x = 42.4% for KBr.

B. Electronic properties of the alkali halide(100) surfaces

Due to an arbitrary shift of one-electron levels in three-
dimensional periodic calculations, absolute band energies are
only meaningful for two-dimensional slab models. For the
bulk, only the electronic band gap is physically meaningful.
For the slab models, conduction band minimum (CBM) and
valence band maximum (VBM) are calculated relative to the
vacuum level. Convergence of the electronic properties of
our models within 0.1 eV was achieved with a five-layer
slab model and 20 Å of vacuum. For comparison with other
theoretical studies [103], we however calculated the surfaces
with ten-layer slab models. For NaBr and KBr there is no
comprehensive collection of measured electronic properties in
the literature, aside from a relatively small and dated analysis
by Poole et al. [24]. As experimental references for NaCl and
KCl we used our recent summaries [8,9].

To ensure a correct comparison of the experiments with
the calculation, electron-phonon coupling must be considered.
Unfortunately, we could not find data for any other system

than NaCl. Lambrecht et al. [36] calculated a ZPR of 0.167 eV
for NaCl, which has to be applied to the KS-DFT band gap.
We calculated the same parameter based on a one-shot Monte-
Carlo sampling method [93,94] and obtained a converged ZPR
correction of 0.181 eV for NaCl bulk. The deviation from
the earlier result is lower than the standard deviation of the
experimental measurements. The CBM and VBM energies of
all halides are adjusted according to the results of the present
bulk ZPR calculations. It was attempted to calculate the ZPR
directly for the (100) slab models. However, the calculated
ZPR did not converge with increasing surface supercell size,
showing erratic behavior indicating further yet unresolved
issues with the one-shot approach applied to slabs.

1. The KBr(100) surface

A considerable number of experimental studies of the elec-
tronic properties of KBr are available in the literature. In
Table IV we list values obtained from an extensive literature
search [10–28]. The experimental results for the electronic
band gap Eg range from 7.3 to 8.05 eV with a relatively
even distribution of values above and below the average
value, 7.6 eV. Most of the electronic band gaps obtained
more recently with modern methods such as electron energy
loss spectroscopy (EELS) [27], energy distribution curves
(EDC) [26], and electronic conductivity [28] are below this
value. Two experiments [16,17] yield rather high band gaps
of around 8 eV and may be considered as outliers. Only four
values were found for the ionization potential (IP), ranging
from 7.5 eV to 8.2 eV. Three of them lie at 8 eV or above;
only Poole et al. found a much lower value of 7.5 eV [24].
This group generally underestimates the ionization potentials
of all halides discussed in this work, therefore the correspond-
ing values were regarded as outliers.

Most results for the electron affinity (EA) are obtained
as the difference of IP and Eg. The value derived by Blech-
schmidt et al. [22] was excluded because their methodology
generally overestimated EA for all considered systems. Only
the two EDC measurements obtained EA directly through a
data fit [25,26]. Most results for EA obtained as IP − Eg are
either about 1 eV or about 0.3 eV, while the direct results are
∼0.5 eV.

The averages of the selected experimental results are
7.61 ± 0.25 eV for Eg, 7.95 ± 0.31 eV for IP, and 0.63 ±
0.29 eV for EA (Table IV). After applying a ZPR correction
of 0.10 eV (0.08 eV to the VBM and 0.02 eV to the CBM)
the reference values are Eg = 7.71 ± 0.25, IP = 8.03 ± 0.31,
and EA = 0.61 ± 0.29. These values are not fully consistent
as the relationship Eg = IP − EA is not fulfilled. This er-
ror amounts to 0.28 eV, a clear indication of a fundamental
discrepancy between the various methods of determining the
different electronic properties.

The sc-PBE0 results for Eg, IP, and EA of KBr(100) are
7.60 eV, 8.05 eV, and 0.45 eV, respectively. They are within
the error bars of the experimental average, also after account-
ing for ZPR. The calculated surface band gap is 0.1 eV lower
than the bulk band gap (cf. Table III). This indicates that there
are no pronounced surface states in this system. It is thus
expected that differences between the experimental studies are
not due to the surface sensitivity of the measurement.
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TABLE IV. Measured electronic properties of KBr (electronic band gap Eg, ionization potential IP, and electron affinity EA). UPS is
ultraviolet-photoelectron spectrometry, EELS is electron energy loss spectroscopy, EDC is the energy distribution curve of secondary electrons
emitted after irradiation with soft x rays.

Reference Method System Eg (eV) IP (eV) EA (eV)

Mott (1985)a UV absorption Literature data 0.7 u

Taft (1957)b UPS Film on LiF, 300 K 8.1
Eby (1959)c UV absorption Film on LiF, 80 ± 2 K 7.8 0.3u

Timusk (1961)d Luminescence Single crystal, RT 1.0u

Timusk (1962)e Luminescence Single crystal, RT 7.3 8.2 0.9u

Phillips (1964)f Evaluation of literaturec Film on LiF, 80 ± 2 K 7.8
Metzger (1965)g UPS Films on 450Å, Al2O3

h 8.05 0.25u

Huggett (1966)i UV absorption/photocond. Thin film, single crystalline, 10 K 8.0
Fröhlich (1967)j Two-photon spectroscopy Single crystal, 20 K 7.4
Baldini (1968)k Reflectivity Single crystal, 55 K 7.45
Gout (1968)l EELS 1000 Å films 7.6
Blechschmidt (1970)m UPS 2000–5000 Å films on Al 8.0
Blechschmidt (1970)n UPS Thin films 1.5–1.9u

Sasaki (1971)o UPS Film on stainless steel 0.9u

Poole (1975)p UPS Single crystal 7.5
Maruyama (1978)q 2nd elec. EDC (fit) 500 Å, coated with gold 7.8 0.4
Henke (1979)r 2nd elec. EDC (fit) 3000 Å, coated with gold 7.4 0.55
Roy (1985)s EELS Thin film on stainless steel 7.4
Rodnyi (1989)t Electronic conductivity Literature data 7.5

Averaged values 7.61 ± 0.25 7.95 ± 0.31 0.63 ± 0.29
ZPR corrected 7.71 ± 0.25 8.03 ± 0.31 0.61 ± 0.29
This study sc-PBE0 7.60 8.05 0.45

aReference [10].
bReference [11].
cReference [12].
dReference [13].
eReference [14].
fReference [15].
gReference [16].
hReference [104].
iReference [17].
jReference [18].
kReference [19].
lReference [20].
mReference [21].
nReference [22].
oReference [23].
pReference [24].
qReference [25].
rReference [26].
sReference [27].
tReference [28].
uEA not measured directly, but calculated from the difference IP − Eg.

For comparison, the corresponding VASP-PBE0 (x =
0.25) values are Eg = 6.31 eV, IP = 7.18 eV, and EA =
0.88 eV. They deviate significantly from the sc-DDGH
result and from experiment. This underlines the im-
portance of self-consistent optimization of the Fock-
exchange fraction x for the calculation of electronic
properties.

2. The NaBr(100) surface

There are comparably few experimental data available on
electronic properties of NaBr [12,15,16,18,20,24,27,29,30],

see Table V. For the ionization potential, only three values,
7.6 eV, 8.0 eV, and 7.3 eV, were found. The latter result
obtained by Poole et al. [24] is most likely an outlier for
the same reason as discussed for KBr. The electron affinity
was only determined once (as IP − Eg); we did not find any
direct measurements. Averages of the experimental results
are 7.35 ± 0.30 eV for Eg and 7.63 ± 0.35 eV for IP. The
reference value for EA is obtained by subtracting the averages
of Eg and IP. A ZPR of 0.12 eV (0.10 eV to the VBM and
0.02 eV to the CBM) was calculated, giving experimental
references 7.47 ± 0.33 eV for Eg, 7.73 ± 0.35 eV for IP, and
0.26 eV for EA.
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TABLE V. Measured electronic properties of NaBr (electronic band gap Eg, ionization potential IP, and electron affinity EA) in eV. UPS
is ultraviolet-photoelectron spectrometry; EELS is the electron energy loss spectrum.

Reference Method System Eg (eV) IP (eV) EA (eV)

Eby (1959)a UV absorption Film on LiF, 80 ± 2 K 7.7
Best (1962)b EELS Films on tungsten 7.6
Phillips (1964)c Evaluation of literature Film on LiF, 80 ± 2 K 7.5
Metzger (1965)d UPS Films on 450 Å Al2O3

j 8.1 0.4k

Fröhlich (1967)e Two-photon spectroscopy Single crystal, 20 K 7.1
Gout (1968)f EELS 1000 Å films 7.7
Pong (1973)g UPS Evaporated films 8.0
Poole (1975)h UPS Single crystal 7.3
Roy (1985)i EELS Thin film on stainless steel 7.1
Averaged values 7.35 ± 0.30 7.63 ± 0.35 0.28k

ZPR corrected 7.47 ± 0.30 7.73 ± 0.35 0.26k

This study sc-PBE0 7.16 8.15 0.99

aReference [12].
bReference [29].
cReference [15].
dReference [16].
eReference [18].
fReference [20].
gReference [30].
hReference [24].
iReference [27].
jReference [104].
kEA not measured directly but calculated from the difference IP − Eg.

The sc-PBE0 values for Eg, IP, and EA of NaBr(100)
are 7.16 eV, 8.15 eV, and 0.99 eV, respectively. As observed
for KBr(100), the surface band gap is almost the same as
for the bulk (cf. Table III). For comparison, PBE0 yields
Eg = 6.18 eV, IP = 7.53 eV, and EA = 1.35 eV. Similar dif-
ferences between the standard and the self-consistent hybrid
method are observed as for KBr.

The band gap resulting from sc-PBE0 is still within the
error of the experimental reference. However, there is a clear
discrepancy between our result and the average of the IP
and several of the experimental measurements. The functional
overestimates the average experimental IP by about 0.5 eV.
The comparison is, however, difficult due to the small number
of measurements and their large scatter. According to Fröh-
lich and Bernd [18], the electronic properties of NaBr are

more difficult to measure than for other alkali halides, and a
clear determination from single-photon absorption (as, e.g., in
UPS) is not easily possible. They circumvented this by using
two-electron spectroscopy and obtained a band gap of 7.1 eV
which is close to the theoretical result. Unfortunately, they did
not measure the IP in that study. Considering the performance
of sc-PBE0 with the other systems and the good agreement of
the dielectric constant with experiment, we suggest to use the
sc-PBE0 result and not the experimental average as reference
for further theoretical works. Similar considerations hold for
the EA.

3. The NaCl and KCl(100) surfaces

The electronic properties calculated with sc-PBE0 for
the NaCl(100) surface are Eg = 8.60 eV, IP = 8.99 eV, and

TABLE VI. Electronic properties of NaCl and KCl(100) surfaces (electronic band gap Eg, ionization potential IP, and electron affinity
EA). The zero-point correction for NaCl is calculated as 0.18 eV (0.14 eV to the VBM and 0.04 eV to the CBM); the zero-point correction for
KCl is calculated as 0.18 eV (0.15 eV to the VBM and 0.03 eV to the CBM).

Reference Method Eg (eV) IP (eV) EA (eV)

NaCl
Hochheim (2018)a Literature review 8.88±0.2 9.14 0.54
Hochheim (2018)1 LCAO-sc-PBE0 8.75 9.10 0.34
This study VASP-sc-PBE0 8.60 8.99 0.39
KCl
Häfner (2020)b Literature review 8.72±0.18 8.68±0.30 0.39±0.21
Häfner (2020)c LCAO-sc-PBE0 8.81 8.93 0.12
This study VASP-sc-PBE0 8.53 8.69 0.16

aLiterature review [9].
bLiterature review [8].
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TABLE VII. Spin-up and spin-down band gaps Eg, E∗, and E † of
the alkali halide solids with F centers.

NaCl KCl NaBr KBr
(eV) (eV) (eV) (eV)

spin-up
Eg 9.23 9.34 7.55 7.98
E∗ 4.02 3.70 3.22 3.11
spin-down
Eg 9.45 9.52 7.85 8.20
E † 8.19 8.51 6.73 7.30

EA = 0.39 eV (Table VI). The surface band gap is about
0.2 eV smaller than the bulk band gap. This difference is
slightly larger than for the bromides. For the KCl(100) sur-
face we obtained Eg = 8.53 eV, IP = 8.69 eV, and EA =
0.16 eV. In this case, the band gap of the surface is about
0.55 eV smaller than the band gap of the bulk. KCl is the
only system where such a large discrepancy was observed.
For this system we expect larger effects in measurements of
electronic properties depending on their surface sensitivity.
However, this was not observed in the experiments described
in Ref. [8]. This indicates that none of the experiments is able
to clearly distinguish between bulk and surface results.

We compared the sc-PBE0 results to average experimental
values obtained in Refs. [9] and [8]. For both systems, the
calculated values are within the error bars of the experimental
averages. There are small deviations (0.04–0.28 eV) from our
previous calculations obtained with LCAO-sc-PBE0. Due to
the use of plane waves, the results of the present study are
closer to the basis set limit of the sc-PBE0 method.

C. The F center

1. Bulk F center

We examined the bulk F center (FB) of all four halides us-
ing sc-PBE0. The calculations were performed in the doublet
state. The resulting band gaps are given in Table VII. E∗ is the
energy difference between the defect level and the CBM. For
the unoccupied (spin-down) defect levels, E∗ is about 1 eV.

spin-up spin-down

VB

CB

DEF
 Eg

 E*
 E†

FIG. 1. Band scheme of the F center in the alkali halide bulk.
The hatched bar and the solid line are occupied bands; the empty bar
and the dashed line are unoccupied bands.

FIG. 2. Defect orbital of the KCl bulk F center. Isosurface
cutoff = 3.

Eg is the energy difference between VBM and CBM. These
parameters are also explained in Fig. 1.

It is found that Eg is generally larger than in the pristine
bulk and smaller for the spin-up than for the spin-down ladder.
We conclude that this shift is due to two counteracting effects.
The first results from the Coulomb repulsion introduced by
the defect electron leading to a destabilization of all low-lying
unoccupied bands. The second results from the stabilizing
exchange interaction of the defect electron with the lowest-
lying unoccupied band because it shares its s-type character
with the defect. This exchange interaction also lowers other
defect bands containing s-type or p-type contribution in the
defect center. For the lowest-lying unoccupied band, the ef-
fects decrease with increasing supercell size, i.e., lower defect
concentration. On the other hand, for orbitals which are local-
ized in the defect site, the effect remains significant also for
larger supercells. The effect is observed both for PBE and for
sc-PBE0 and is significantly larger for sc-PBE0.

E∗ decreases from 4.02 eV to 3.11 eV in the series NaCl to
KBr. The values are however not quantitatively related to the
lattice parameters of the dielectric constants.

A graphical representation of the defect orbital is given in
Fig. 2, exemplarily for KCl. For the other alkali halides the

TABLE VIII. Band levels Edef , CBM, and VBM of the alkali
halide (100) surfaces with F centers.

NaCl KCl NaBr KBr
(eV) (eV) (eV) (eV)

spin-up
VBM −9.08 −8.82 −8.22 −8.12
Edef −3.61 −3.12 −3.54 −3.08
CBM −0.36 −0.19 −0.87 −0.42
spin-down
VBM −9.08 −8.82 −8.22 −8.12
Edef −0.92 −0.48 −1.36 −0.79
CBM −0.21 −0.05 −0.64 −0.27
pristine
VBM −8.99 −8.69 −8.15 −8.05
CBM −0.39 −0.16 −0.99 −0.45
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FIG. 3. Band scheme of the F center on the alkali halide(100)
surface. The hatched bar and the solid line are occupied bands; the
empty bar and the dashed line are unoccupied bands. The narrow
dotted line indicates the vacuum reference.

defect orbitals have similar shape. It is basically a diffuse
s-type function but with some p-type contributions due to
the interaction with the neighboring ions. This in line with
magnetic spin resonance experiments conducted on the NaCl
F center [105–110].

We also identified three degenerate virtual defect orbitals
with a strong p-type contribution. They are similar to the
orbitals calculated for LiF in Ref. [56]. The p-type orbitals
are responsible for the first optical transition observed in mea-
surements of the FB center [52]. A depiction of those orbitals
can be found in the Supplemental Material [84].

2. (100) surface F center

The electronic properties of the (100) surface F center (FS)
obtained with sc-PBE0 are given in Table VIII. The defective
slab models are calculated as singlet or triplet states, since
they contain two defects. The energies of both occupied and
unoccupied defect levels relative to the vacuum level are de-
noted as Edef. The VBM are almost identical for spin-up and
spin-down bands, also the CBM are similar. Here, the vari-
ation comes again from the diffuse, delocalized character of
the conduction band and the interaction with the unoccupied
defect level. All parameters are also explained in Fig. 3. The
unoccupied spin-down defect levels are 0.43–0.72 eV below
the CBM.

To the best of the authors’ knowledge, no experiment has
been conducted to measure these electronic properties. In
a previous theoretical study Krumhansl and Schwartz [111]
calculated the energy of the 1s defect level, which corresponds
to our Edef. For NaCl (KCl) they obtained −3.85 (−3.18) eV,
quite close to our results, −3.61 and −3.12 eV, respectively.
They based their calculations on a 1/r Coulomb-like term for
the ground state energy, where r is the radius of the defect cav-
ity. We tested this hypothesis by plotting Edef vs 1/a (Fig. 4),
assuming proportionality of a and r.

The correlation of data to the linear fit is reasonable (R2 =
0.898). This confirms that the absolute defect level generally
adheres to this relationship. Linear extrapolation of Edef to
1/a → 0 (corresponding to a free electron) is indeed close
to 0 eV.
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0

1

0  0.05  0.1  0.15  0.2

E
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eV

)

inverse lattice parameter (Å−1)

−4

−3.6

−3.2

−2.8

 0.15  0.165  0.18

FIG. 4. Edef as a function of 1/a for NaCl(100), KCl(100),
NaBr(100), and KBr(100).

The surface defect orbital is not as symmetric as the bulk
defect orbital [Fig. 5(a)]. It significantly extends into the vac-
uum region above the surface. Since the defect orbitals of all
alkali halide surfaces have similar shape, we only show graphs
for KCl(100).

Similar excited p-type states as observed for the bulk defect
are found on the defective (100) surface. Due to site-symmetry
lowering (Oh → C4v) the three formerly degenerate states
split into a lower A1 state [Fig. 5(b)] and two E states with

FIG. 5. F center on the KCl(100) surface.
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FIG. 6. Energy diagram of the pristine and defective KCl(100)
surface. Red levels are occupied defect bands; pink levels are unoc-
cupied defect bands.

higher energy. The lowering of the A1 state is probably caused
by a reduced Coulomb repulsion. A depiction of the E states
is given in the Supplemental Material [84].

The spin-down band edges of defective and pristine sur-
faces do not differ significantly (Table VIII). Coupling of
the valence and conduction bands with the localized spin-up
defect states is small.

D. M centers

The M center (initially denoted as R2 center by Seitz
[52]) consists of two adjacent F centers. We calculated its
properties for both the KCl bulk and the KCl(100) surface.
To the best of the authors’ knowledge, there has not been
such a theoretical investigation of this defect type in the alkali
halides yet.

The two defect electrons may be localized in separate
defect sites in a triplet (T ) or open-shell singlet state (S0)
or occupy the same defect orbital in a closed-shell singlet
state (S1). At sc-PBE0 level the open-shell singlet state is the
ground state. The open-shell singlet is 0.24 eV lower than the
closed-shell singlet and 0.78 eV lower than the triplet state.
Previous experiments [70–74] concluded that the M center
is not paramagnetic, which is consistent with our results. A
distinction between S0 or S1 was not made in the experiments.

The electronic properties of all M center states, the F
center, and the pristine (100) surface of KCl are shown in

FIG. 7. M center in KCl bulk (S0).

Fig. 6. Detailed results for the different M center states can
be found in the Supplemental Material [84].

The occupied defect orbitals of the S0 state are shown in
Fig. 7. They have almost identical shapes but are confined in
neighboring defect sites.

Compton and Rabin concluded that the M center is re-
sponsible for the so-called M band [65] which is the most
prominent defect band aside from the F band. The S0 state of
the M center has two low-lying unoccupied defect orbitals (at
−0.37 eV, shown in Fig. 6). They are located in the respective
other cavity compared to their occupied counterparts. The M
center excitation from the occupied to the unoccupied defect
state is lower than the F center 1s → 2p excitation, which
is in agreement with the experimental observation by Petroff
[69]. Okamoto [70] as well as Rolfe and Morrison [67] further
analyzed the M band and found a second band overlapping
with the F band. This was interpreted by Rolfe and Morrison
[67] as transition from the occupied M center orbitals to
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2p-type orbitals (shown in the Supplemental Material [84]).
Our results are in good agreement with this explanation. Due
to symmetry lowering and electron-electron interaction, the
2p-type states are split compared to the F center 2p-type state.

The occupied defect level energies of F and M centers
(S0 state) are quite similar, −3.05 eV compared to −3.09/ −
3.08 eV. This indicates that the coupling between the electrons
in the M center is small. Reduction of adsorbed molecules
should be quite similar on both defect types. However, a two-
electron reduction may take place on the M center.

As a concluding remark, Zahrt et al. [66] measured the
thermodynamic properties of the M center in KCl and deter-
mined that the enthalpy of the M center formation from two
separate F centers is −0.18 eV/M center. With sc-PBE0 we
obtained an energy difference of −0.29 eV/M center which
is quite similar.

IV. CONCLUSIONS

The electronic properties of the four alkali halides NaCl,
KCl, NaBr, and KBr were calculated using a self-consistent
hybrid functional based on the PBE exchange-correlation
functional. Using a plane-wave approach we were able to
reproduce experimental measurements for both the solid and
the surface within the experimental error range. The zero-

point renormalization was calculated for all systems. The F
centers in the bulk and on the (100) surface of all four halides
were investigated with sc-PBE0. For the bulk, the defect levels
are 4–5 eV above the VBM and 3–4 eV below the CBM.
There is no quantitative correlation between the defect level
position and the lattice parameters or the dielectric constants.
Therefore local interactions with neighboring ions must be
responsible for the observed changes. On the other hand, the
binding energy of the surface defect level is in good approxi-
mation proportional to the inverse lattice constant. Both bulk
and surface defect orbitals are highly localized at the vacancy
sites. The interaction of the defect electrons with the delocal-
ized electrons in the valence and conduction bands is small.
The shape of the occupied (1s-type) and unoccupied (2p-type)
defect orbitals is in line with experimental measurements and
other theoretical investigations. The M center was investigated
at DFT level. The results for the nature of the ground state
are in agreement with experimental observations. It was also
possible to identify the defect orbitals associated with the
different M center excitations.
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