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An extensive level of theory study is performed on diatomic chalcogen defects in alkali halide lattices by density
functional theory methods. A variety of exchange correlation functionals and basis sets are used for the
calculation of electron paramagnetic resonance (EPR) parameters of XY� (X, Y ¼ O, S, Se) molecular ions
doped in MZ (M ¼ Na, K, Rb and Z ¼ Cl, Br, I) lattices. Various factors contribute to the EPR values, such
as geometrical effects, the choice of basis set and functional form. A sensitivity analysis is made by comparing
experimental and theoretical magnetic resonance data. A flow scheme is proposed for obtaining the best
agreement between experimental and calculated g-values for chalcogen defects in alkali halides.

1. Introduction

Diatomic XY� defects (X, Y ¼ O, S, Se) in chalcogen doped
alkali halide lattices are presently studied in solid state physics
because they exhibit an extremely intense superfluorescence
behavior under laser excitations at low temperatures.1–4 Such
materials have a potential for use in new high-gain mirrorless
lasers. Additionally, these ions are also studied in the context
of biological applications. Indeed, the superoxide ion is the
primary reactive oxygen species ubiquitously produced in
biological respiration and metabolism.5,6

Consequently, diatomic chalcogen defects in alkali halides
have been intensively studied using electron paramagnetic
resonance (EPR) and optical techniques since the late 1950s.
Pioneering EPR work has been done by Känzig et al. and
Zeller et al.7–9 on the superoxide molecular ion. In the follow-
ing years, this EPR work was extended toward the S2

�, Se2
�

and SSe� ions by Morton and Vannotti et al.10–13 In the 1980s
and 1990s, new crystal growth methods were applied to facil-
itate the incorporation of these defects in other alkali halides
than those investigated by Morton and Vannotti and these
defects were further investigated using electron nuclear double
resonance (ENDOR) techniques.14–25 For nearly all defects
studied, a model was proposed in which the XY�molecular ion
replaces a single halide ion, i.e. a single-vacancy model. Re-
cently, the validity of this model was confirmed by density
functional (DFT) calculations for S2

�, SSe� and Se2
� de-

fects.26,27 Using density functional methods, EPR parameters
of transition metal ions doped in alkali halide lattices are
presently studied.29–34

Due to the wealth of experimental EPR data available for
XY� defects in alkali halides, these systems are ideally suited
for testing various theoretical calculation methods. The objec-
tive of this paper is to perform an extensive level of theory
study using density functional techniques on the theoretical
simulation of g-tensors of XY� defects in alkali halides.

Various factors contribute to the final result of the magnetic
resonance data: geometry, cluster size, choice of basis set and
exchange correlation functional. The various computational
schemes are validated by convergence of the resulting spin
Hamiltonian parameters and by comparison with the experi-
mental data. The final goal is to present a computational flow
scheme for accurate simulation of g-tensors for chalcogen
defects in alkali halide lattices.
The paper is organized as follows. In Section 2, a short

discussion of the spin Hamiltonian parameters used in the
analysis of the XY� molecular ions is given. The computa-
tional details are summarized in Section 3. Section 4 gives a
thorough discussion of the various model ingredients having a
substantial influence on the calculated g data. Additionally,
computed hyperfine values are compared with the available
experimental ones. A suitable computational protocol for
calculating g-values of chalcogen defects in MZ lattices (M ¼
Na, K, Rb and Z ¼ Cl, Br, I) is presented. The main
conclusions are given in Section 5.

2. Theory of EPR parameters

In this section, we discuss briefly some tensorial spin Hamilto-
nian parameters which can be deduced from EPR experiments.
For the theoretical principles of EPR, we refer to literature (see
e.g. see in ref. 35). We only summarize the most relevant
expressions. The spin Hamiltonian used for the interpretation
of EPR spectra of systems with one unpaired electron (effective
spin S ¼ 1/2) is given by

Ĥ ¼ be ~̂S�g~Bþ
X
i

~̂S �Ai
~̂I i ð1Þ

with mB ¼ e�h/2me the Bohr magneton (me is the electron mass).
The first term in this equation is the electronic Zeeman term,

which describes the interaction between the electron spin ~S
and the external magnetic field ~B and is parameterized by the
g tensor.
The second term represents the interaction between the

electron spin ~S and a nuclear spin ~I i involving the hyperfine

w Electronic supplementary information (ESI) available: Calculated
g-values, relaxations and hyperfine couplings as functions of increasing
basis size. See http://www.rsc.org/suppdata/cp/b4/b412408a/
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tensor �Ai. This tensor is often decomposed into an isotropic
and an anisotropic part. The isotropic part is related to the
probability of finding the electron at the nucleus. The aniso-
tropic part of the hyperfine tensor is due to the interaction
between magnetic dipoles and yields additional information
about the wavefunction and the local environment of the
unpaired electron.

The free X2
� and XY� molecular ions have a DNh and CNv

symmetry and a (npg)
3 and (np)3 (n ¼ 2,3,4) electron config-

uration, respectively. In the alkali halide crystal lattice, the
symmetry is lowered to D2h and C2v. The degeneracy of the pg
and p orbitals is lifted and either a 2B2g (Fig. 1a) or a

2B3g (Fig.
1b) ground state results for the X2

� molecular ions. In Fig. 1,
the spin density for the RbCl : S2

� (2B2g ground state, Fig. 1a)
and NaCl : S2

� (2B3g ground state, Fig. 1b) defect structures
are shown. For the XY� molecular ions, the corresponding
possibilities are 2B1 and 2B2. The observed symmetry is
orthorhombic-I (gx a gy a gz a gx) and the principal axes
are oriented along [110] (gz), [�110] (gx) and [001] (gy) or
equivalent conformations, (Fig. 1). According to the theory
of Känzig et al.7–9 and Maes et al.,21 the g tensor is character-
ized by gx o gy o gz if the molecular ion has the 2B2g or

2B1

ground state and by gx o gy o gz in case of the 2B3g or 2B2

ground state. The smallest g value is found along the direction
of the paramagnetic p lobes of the molecular ion.

3. Computational details

3.1. Details of calculation

The Amsterdam Density Functional (ADF) program package,
version 199936–38 was used to optimize the geometries of each
of the studied MZ : XY� defect structures. When calculations
are performed with the ADF program package, four exchange
correlation functionals are used, belonging to the local density
approximation (LDA) and general gradient approximation
(GGA): VWN,39 Bp86,40,41 BLYP41–44 and Pw9145 with basis
sets I (single-z, SZ), II (double-z, DZ), III (double-z with
polarization function, DZP), IV (triple-z with polarization
function, TZP) and V (triple-z with two polarization functions,
TZ2P). A frozen core approximation was applied for all atoms
(Na.2p, K.3p, Rb.4p, Cl.2p, Br.3d and I.4d) except for the
central molecular ion and the first shell alkali atoms.27 In this
notation, Na.2p means that the frozen core approximation is
applied up to the 2p electron shell. Theoretical g- and hyperfine
values were obtained by the methods developed by Van Lenthe
et al.46,47 The relativistic atomic potentials or effective core
potentials, which are used during the EPR calculations, were
calculated using the auxiliary program DIRAC,48 which is
supplied with the ADF program package. For the calculation
of g-values, a spin–orbit (SO) restricted open shell (ROKS)
approach has been used, while for the calculation of hyperfine
couplings a scalar relativistic (SR) unrestricted (UKS) ap-
proach, as both implemented in ADF, has been used.
Calculation of g and hyperfine tensors were also performed

with the Gaussian 2003 (G03) program package49 as G03
provides a much wider choice of exchange and correlation
functionals and basis sets than ADF. All calculations using
G03 were performed at a spin unrestricted level of theory. It
should be stressed that all G03 applications in this work for the
evaluation of the EPR parameters are based on geometrical
structures which were determined using ADF. The authors
believe that a comparative analysis of the results obtained with
these two programs should be incorporated in a thorough
study concerning the level of theory. Seven different density
functionals were used in the G03 calculations: VWN,39

Bp86,40,41 B3LYP,42,50 B3Pw91,45,51,52 B3P86,42,50 PBE1PBE53

and BHandHLYP.54 The following basis sets were used:55,56

EPR-II,57 6-31G**,58,59 6-311G**,60–62 augg-cc-pV6Z63–65 and
Sadlej.66–69

In the following we use a compact but transparent notation
indicating unambiguously the level of theory used in the
geometry optimization and that employed for the evaluation
of the EPR parameters, e.g.: the notation VWN/IV//B3LYP/
6-311G**/6-31G** means that the geometry optimization was
performed at the VWN/IV level while the subsequent EPR
calculations were performed using a B3LYP exchange correla-
tion functional with a basis set 6-311G** for the defect and
6-31G** for the neighboring lattice shells.

3.2. Implementation of g-values

For completeness, we briefly point out the main differences
between the implementation of the g-tensor in the ADF and
G03 packages. Detailed descriptions can be found in ref. 46
(ADF) and ref. 70 (G03).
The ADF package uses basis sets of Slater-type orbitals and

is restricted to non-hybrid density functionals. In the absence
of an external magnetic field, orbitals are determined by a spin-
restricted open shell DFT calculation (no spin polarization).
Spin–orbit (SO) coupling is included in the DFT Hamiltonian
H0, using the zero order regular approximation (ZORA,71–74),
H0 ¼ V þ~s �~pðK=2Þ~s �~p, where K ¼ 2c2/2c2 � V. In the SCF
potential V, the usual non-relativistic approximations for the

Fig. 1 Spin density distribution for the RbCl : S2
� (2B2g ground state),

(a) and the NaCl : S2
� (2B3g ground state), (b) defect structures. In both

cases, the same spin-density cut off was used.

P h y s . C h e m . C h e m . P h y s . , 2 0 0 5 , 7 , 2 4 0 – 2 4 9 241T h i s j o u r n a l i s & T h e O w n e r S o c i e t i e s 2 0 0 5



exchange–correlation potential are made. SO effects are treated
to all orders and the response to a small external magnetic field
can be calculated with simple first-order perturbation theory.

For an open-shell Kramers doublet molecule, the g-tensor in
this approach is determined by the matrix elements hFi|H

Z|Fji
of the Zeeman interaction,

HZ ¼ ge

2c

K

2
~s � ~B0 þ K

4
~B0 � ~Lþ ~B0 � ~LK

4
þ~s � ~rK

2
� ~A0

� �� �
;

ð2Þ

taken between both members F1,2 of the degenerate doublet.
Ref. 46 presents further details about how gauge-invariance is
restored when using a finite basis set, employing the method of
gauge-including atomic orbitals (GIAOs), and how the scaled
ZORA energy expression is included in the evaluation of the
g-values.

The G03 package uses a Gaussian-type basis set, and the
implemented method allows for the use of hybrid density
functionals and a spin-unrestricted structure calculation. Both
SO coupling and the external magnetic field are treated per-
turbatively. Starting from spin-unrestricted unperturbed SCF
results (without SO and magnetic field), the first-order correc-
tions to the spin–orbitals in the presence of a magnetic field are
determined with coupled-perturbed SCF theory. This requires
the solution of a linear system of large dimensionality (except
when non-hybrid functionals are used). The g-tensor shift then
follows from the knowledge of the first-order spin–orbitals and
the matrix elements of the SO interaction between the zeroth
order occupied and empty orbitals. Restoration of gauge
invariance was implemented by using GIAO orbitals.

Note that two-electron contributions to the SO interaction
are not explicitly considered; in G03 the effective one-electron
approximation is used,

HSO ¼
X
A;i

a2Zeff
A

2j~ri � ~RA j2
~lAðiÞ �~sðiÞ ð3Þ

where the ZA
eff are empirical effective nuclear charges.70 In the

method of the ADF package, part of the two-electron con-
tributions (spin-same-orbit) are effectively taken into account
by the Kohn–Sham potential in the SO operator; this does not
hold for the spin-other-orbit contibutions.

4. Flow scheme for EPR calculations

In this section a computational scheme is developed for the
evaluation of g-tensors of paramagnetic defects in chalcogen
doped alkali halides. The various factors contributing to the
final g tensor are systematically investigated. Additionally,
theoretical hyperfine values are compared with the available
experimental ones. Due to the limited number of experimental
hyperfine data available, no final statement concerning these
data can be made. Prior to these calculations, an overview of
the available simulation methods is given.

4.1. Simulation schemes for modeling defects embedded in a

lattice environment

Defects in an ionic lattice environment can be modeled by
various computational methods. The most widely used
schemes are: (i) a cluster in vacuo approximation, (ii) an
embedded cluster model and (iii) periodic calculations.

(i) In the first model scheme, the calculations are performed
on a cluster which is simply a part of the bulk. Conceptually,
this approximation is based on the fact that the local atomic
environment in the interior of a sufficiently large cluster forms
a good approximation of that of the bulk. By effectively
treating only the region of the solid in the immediate vicinity
of the defect, this approach can be used to investigate the EPR
properties of the defect and the neighboring lattice ions in a

direct way. This cluster in vacuo method has been used in the
simulation of organic radicals,75 metals,76 semiconductors77

and ionic systems.78 This scheme has proven to give accurate
EPR data for the induced defects in chalcogen doped alkali
halide lattices,26,27,79 and will be retained in this work.
(ii) In the second model scheme, the model space consist of a

small cluster which is embedded into the potential produced by
the rest of the bulk. The latter approach is referred as
embedded cluster calculations (ECC). In this scheme, the Evjen
point charge procedure is used to simulate the long-range
Coulomb interactions.80 The short-range lattice interactions
are taken into account by total-ion potentials.81,82 The total
charge of cluster, total ion potential and point charges must be
neutral. The latter method has been applied to the study of
transition metal complexes in alkali halide lattices28–34 and
alkali metal doping of MgO surfaces.83

(iii) The last, and probably the most natural, way to simulate
the lattice is by performing periodic calculations. In this
approach the radical is properly embedded in the crystalline
environment and boundary effects are eliminated by imposing
periodic boundary conditions. It is, however, important to
enlarge the unit cell artificially to prevent that defects in
neighboring lattice cells are too close to each other. The
molecular orbitals are expanded in a plane wave basis set.
In Table I of the electronic supplementary information

(ESI),w experimental g-values for various defect structures
are compared with computed data using the cluster in vacuo
model and the embedded cluster approach. Calculations using
the cluster in vacuo model are performed using the computa-
tional flow scheme as developed below, while for the embedded
calculations a somewhat different approach is applied as
described in ref. 29. For these calculations, a cluster with 28
atoms was cut out of the optimized 88 atom cluster (see below)
and properly embedded. For all calculations, the ADF pro-
gram package is applied and basis set IV was used. As is clear
from the results reported in Table I of the ESI,w large simila-
rities are noticed in the computed g-values of both methods.
For the KI : O2

� defect structure, predictions based on the
embedded cluster approach are in somewhat less agreement
with experimental data as compared to the cluster in vacuo
results. Also, in a recent work of the authors, periodic calcula-
tions84,85 have been performed for the KCl : O3

� defect
structure by use of the Car–Parrinello molecular dynamics
(CPMD) code.86 Large similarities were found between the
geometries obtained from the cluster in vacuo approach and the
periodic calculations. In view of the similar results as predicted
by the three model, and in view of the most satisfactory
reproduction of the g-tensor values by the cluster in vacuo
model, we give preference to the latter model which is system-
atically applied in the following.

4.2. Determination of the cluster size and number of relaxed

lattice shells

Cluster size. To find the optimum cluster in vacuo model for
chalcogen defects in alkali halide lattices, some geometrical
and electrostatic considerations need to be made. Indeed, as
only a small part of the complete lattice is considered, it is
expected that the best results will be obtained using a cluster
for which the total charge is minimal and for which the
electrostatic Madelung potential at the halide vacancy is well
reproduced. As shown in ref. 26, a cluster composed of 88
atoms fulfils the above requirements for the simulation of XY�

ions in a single-vacancy configuration.
In order to better justify the final choice of the cluster size,

additional calculations using the ADF program package, have
been performed for the S2

� defect in NaCl with emphasis on
the convergence behavior of the g-factor, charge and Made-
lung constant. The results of these calculations are shown in
Fig. 2a. The 28 atom cluster is composed of the first three

242 P h y s . C h e m . C h e m . P h y s . , 2 0 0 5 , 7 , 2 4 0 – 2 4 9 T h i s j o u r n a l i s & T h e O w n e r S o c i e t i e s 2 0 0 5



lattice shells, has a charge of þ1 and a Madelung constant of
2.133. The 58 atom cluster has a charge of þ19 and a
Madelung constant of 9.86. Also, the gz value shows a bump
at this cluster size. This emphasis the importance of the total
charge and the electrostatic potential at the S2

� site. The two
next clusters consist of 88 and 126 atoms, respectively. The
charge varies from þ1 to �1 and the Madelung constant
oscillates about the value of 1.7475 87 for the infinite NaCl
lattice (2.068 for the 88 atom cluster while 1.516 for the 126
atom cluster). All these data, which were obtained using the
ADF program package, are shown in the figure and are valid
for the VWN functional. All geometry optimizations were
performed at the VWN/IV level of theory within ADF (for
more details we refer to the next subsection). About the 28
atom cluster it is important to note that the geometry was
optimized in an 88 atom cluster, relaxing the central molecular
ion and the first two neighboring lattice shells (see below). The
smaller cluster was then cut out from the larger one, keeping
the geometry fixed. The gz value is not yet converged comple-
tely for the 126 atom cluster, but, as will be stated below, the
cluster size effects are negligible compared with the effects
generated by the choice of the functional. In Fig. 2b the same
analysis is made for the S2

� defect in KCl lattice. No noticeable
differences are observed between the 88 and 126 atom cluster.

This study justifies the choice of an 88 atom cluster to be
suitable in ADF calculations for treating defects inside alkali
halides and gives an excellent compromise between computa-
tion time and numerical accuracy. The same exercise is done
for the hybrid B3LYP functional implemented in G03. Due to
the immense computational cost to optimize an 88 atom cluster
in G03 with hybrid functionals and large basis sets, we prefer to
perform all geometry optimizations at the VWN/IV level of
theory within ADF. The optimized structures are then used as
input in G03 for the evaluation of the wavefunctions and
corresponding g- and hyperfine values. This method is very
suitable to estimate the effects of the applied functional on the
EPR parameters. The results are shown in Table II of the ESI.w
The geometries of both 28 and 88 atoms clusters are the same.
The predicted g-values generated by the 28 atom and 88 atom
clusters are very close to each other. It seems justified to reduce
the cluster size to 28 atom for EPR calculations in G03 in view
of the computational cost of enlarging the cluster size. Table I
of the ESIw also shows that the hybrid B3LYP functional has a
tendency to deviate more from experiment than those obtained
with other functionals. In some lattices the disagreement from
the experiment is very large. In particular we mention the case
of the S2

� defect in KCl as given in Fig. 2b. The B3LYP
estimates (open squares) are far from experiment. To overrule
the argument that these large deviancies are possibly due to the
lack of convergence, we studied the cluster size effects on the
computed B3LYP gz values by extending the cluster to 126
atoms (displayed by open squares in Fig. 2a). Although a slight
improvement is noticed between experiment and theoretical
prediction, the differences between the theoretical g-values
using the 28, 88 and 126 atom clusters are small with respect
to the changes induced by varying the functional form. The
extension to an 126 atom cluster for the description of the
NaCl : S2

� defect structure was computationally very extensive
and we have not repeated this calculation for the KCl lattice as
we could expect a similar result. Fig. 2b confirms that the
B3LYP predictions for the g-tensor obtained in an 28 atom
cluster are somewhat similar to those obtained in an 88 atom
cluster. They confirm what was expected: the hybrid functional
is not able to predict correct gz-values and this poor reproduc-
tion is not due to cluster size effects. The underlying physical
reason for this ‘‘good behavior’’ of the 28 atoms cluster is that
the total charge is kept low and that the Madelung value at the
halide vacancy is well reproduced. For more details we refer
to ref. 87.

Relaxation of neighboring lattice shells. The defects under
study have a different size compared to the halide ion they
replace and thus it seems necessary to take relaxations of
neighboring lattice shells into account. To determine the
number of lattice shells that need to be relaxed during the
optimization, the convergence behavior of the theoretical
g-values as a function of the number of relaxed lattice shells
is studied for NaCl : S2

� using various functional forms.
The results are schematically shown in Fig. 3. A similar
investigation was performed for the NaCl : O2

� defect struc-
ture and the same conclusions as for S2

� can be made. These
results are shown in Fig. 1 of the ESI.w Geometry optimiza-
tions were performed at the VWN/IV level of theory. It will be
validated in section 4.3. that this optimization scheme gives
sufficient accuracy. For all functional forms, convergence is
reached if the central molecular ion, the first alkali and halide
lattice shells are allowed to relax. Further relaxing the lattice
environment induces no significant changes (or improvements)
of the theoretical g-values. In the rest of the paper we will
systematically use the 88 atom cluster for geometry optimiza-
tion in which the central XY� ion and the first two lattice
shells, i.e., the first alkali and the first halide shell, are allowed
to relax.

Fig. 2 Total charge, Madelung constant and gz value in terms of the
cluster size (28, 58, 88 and 126) for the NaCl: S2

� (2(a)) and KCl: S2
�

(2(b)) defect structure. Full squares correspond with the ADF/VWN/
IV level while open squares correspond with the G03/B3LYP level. In
all G03 calculations a 6-31G** basis set was used for the lattice
environment, while a 6-311G** basis set was used for the central
defect.
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4.3. Geometry optimization scheme

Convergence in terms of basis sets. In Fig. 4, some character-
istic features of the optimized geometry (using ADF) are
shown in terms of increasing basis set (I to V) for various
exchange correlation functionals (VWN, Bp86, BLYP and
Pw91). Fig. 4a displays the internuclear distance of the dia-
tomic defect while all other figures relate to the relaxations of
the lattice ions. The latter are all referred to the undisturbed
lattice positions. A similar investigation was performed for the
NaCl : O2

� and NaCl : Se2
� defect structures and the same

conclusions as for S2
� can be made. These results are included

in Figs. 2 and 3 of the ESI.
The various data on geometrical parameters included in Fig.

4 all reveal the same conclusions regarding the convergence.

Smaller basis sets like I and II are clearly inadequate for a
reliable reproduction of the optimized geometry. Some geome-
trical parameters are even strongly deviating from the conver-
gence values. Regardless of the choice of the functional
form, the geometrical parameters converge from basis set III
onwards.
The largest relaxations are observed for the alkali ions and in

particular those located in the xz-plane (Na(1) ions in Fig. 4b
and 4c. The relaxations of the halide ions on the other hand are
rather small. Only the halide ions in line with the S2

� defect axis
([110] direction) are subject to somewhat larger relaxations.
As a general protocol, we propose basis set IV for further

calculations in this paper for geometry optimizations in ADF
because this basis set gives an excellent compromise between
computation time and numerical accuracy.

Fig. 3 Calculated g-values for NaCl : S2
� using the VWN/IV//VWN/IV/IV (ADF), VWN/IV//Bp86/IV/IV/ (ADF) and VWN/IV//B3LYP/

6-311G**/6-31G** (G03) functional form as a function of the number of neighboring lattice shells that are allowed to relax. The lattice shells that
are allowed to relax are labeled 1 to 4: 1 for the six nearest alkali ions, 2 for the twelve next-nearest halide ions, 3 for the eight next-next-nearest
alkali atoms and 4 for the six halide ions located on a (200) position.

Fig. 4 Relaxations of the first two lattice shells for the NaCl: S2
� defect structure as a function of increasing basis set. The internuclear distance of

the S2
�molecular ion is shown in (a). The directions and magnitudes of the relaxations for the first lattice shell of alkali ions are shown in (b), (c) and

(d). The relaxations of the ions of the second lattice shell: Cl1, Cl2 and Cl3 are shown in (e), (f), (g), (h) and (i).
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The data in Fig. 4 also reveal additional information on the
impact of the functional on the geometry. They all show similar
convergence features, as already mentioned, but apart from
some specific relaxations (Fig. 4c, 4d and 4e) all other predicted
geometrical parameters are of the same magnitude.

Influence of geometry on theoretical EPR values. Accurate
geometries have been identified as an important factor in the
calculation of EPR tensors of main group radicals and transi-
tion metal complexes.88 For the systems under study, no direct
experimental geometry data are available and thus the only
way to examine the ‘‘quality’’ of the geometry is based on a
comparative study of derived quantities as e.g. g-values. It is
important to examine the sensitivity of these results to changes
in the geometrical parameters.

Fig. 5 displays the theoretical g-values for the S2
� defect in

NaCl. The figure is organized as follows. We distinguish five
clusters. Each cluster belongs to a specific level of theory for
the evaluation of the g-values. In each cluster four levels
of theory are used for the geometry optimization: VWN/IV,
Bp86/IV, BLYP/IV and Pw91/IV. The results in Fig. 5 reveal
unambiguously a rather limited role of the geometry on the
computed g-values, provided that at least a moderate basis set
(like a double-z) is used in the geometry optimization. The
largest fluctuations are noticed among the different clusters,
emphasizing the importance of the functional used for the
evaluation of g-parameters. This will be discussed in detail in
the next subsection.

In summary, the functional form used during the geometry
optimization has only a minor influence on the prediction of
the g-values. In the general protocol, we use geometry optimi-
zations within the VWN/IV level of theory throughout, be-
cause it offers a good compromise between accuracy and
calculation time.

4.4. Level of theory dependence of the EPR parameters

We performed a complete set of calculations on diverse XY�

molecular ions in a variety of alkali halide lattices. The results
are collected in S. Table II. The only common level of theory

used is VWN/IV for the geometry optimization, as suggested
by the protocol discussed in the preceding subsection.
The study of the level of theory (basis set and exchange

correlation functional) and its influence on the predicted
g-values is made as complete as possible. Because relatively
few experimental hyperfine data are available, we shall focus
on the g-values. The basis sets applied for describing the atomic
orbitals of the defect do not necessarily coincide with those of
the remaining lattice atoms. Experimental g-values are avail-
able for all considered defect structures, allowing a thorough
validation of the protocol, which is the principal aim of this
study. The main focus lies in the reproduction of the g-values,
and in particular, in the reproduction of trends in the devia-
tions from the free electron value when varying the defect or
when changing the lattice environment. Absolute values for the
g tensor and relative errors (RE ¼ 100(gexp � gth)/gexp) are
taken up in S. Table II, together with the deviation of gz from
the free electron value. The high number of calculations
accomplished justifies the conclusions which will be made
concerning the influence of basis sets and exchange correlation
form on calculated g-values. The deviation of the gz value from
the free electron value is additionally plotted in Fig. 6 for
various MZ:XY� defect structures and various functional
forms.

Influence of basis sets. Within the same class of functional,
multiple calculations have been performed with different basis
sets for the defect and for the alkali and halide ions of the
lattice. This investigation has been performed for all defects in
the NaCl lattice (S. Table II). The influence on the g-values is
not overwhelming. On the contrary, only little fluctuations are
noticed. In the literature, similar observations have been
reported by Patchkovskii et al.88 and Stein et al.89

The hybrid functionals have a common feature in predicting
systematically g-values which are too close to the free electron
value. For this class of functionals, the increasing deviation
from the free electron value of gz when increasing the size of the
central molecular ion for a particular lattice environment is not
reproduced theoretically. Enlargement of the basis set does not
change this pattern in any sense. Basis set effects seem to be

Fig. 5 Influence of the geometry on theoretical g-values for the NaCl: S2
� defect structure. EPR calculations were performed using various levels of

theory on geometries optimized with a VWN, Bp86, Pw91 or BLYP functional form and the basis set IV.
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more pronounced for the heavier RbZ lattices, but only in
those classes of lattices the deviation from experiment is
unacceptably high. Although the agreement with experiment
improves, the final theoretical estimates still largely deviate
from the experimental data. Indeed, for the RbCl : S2

� defect
structure, the relative error decreases from about 30% to 20%
by adding polarization functions (using the VWN functional
form) but the final value remains too far from experiment. For
alkali halide lattices with smaller alkali atoms, the inclusion of
polarization functions does not improve the agreement be-
tween experimental and predicted g-values. This is supported
by the multiple theoretical data on the NaCl : S2

� and
KCl : S2

� defect structures using the VWN functional form
as implemented in G03.

Summarizing, triple-z basis sets are plausible for the descrip-
tion of small lattices like NaZ and KZ. This corresponds with
basis set IV in ADF. Using G03, a 6-31G** and 6-311G**
basis set for the lattice environment and the central molecular
ion are suggested, respectively. For the heavier RbZ lattices, a
triple-z basis set extended with additional polarization func-
tions are recommended. In any case, basis set enlargement,
when starting from a relatively accurate basis set (i.e. IV or
6-31G) will not drastically improve the agreement with experi-
mental data.

Influence of the exchange correlation form. The main goal of
this level of theory study is the search for a suitable functional
which is able to give reliable predictions for the g-tensors of the
XY� defects doped in alkali halides and in particular repro-
duce the correct behavior of the deviations from the free
electron value between various defects in the same lattice.
The sensitivity of the g-values to the choice of the functional
used for calculating them has already been stressed when
discussing Fig. 5. Although the influence of basis set effects is
rather limited, substantial fluctuations in theoretical g-values
are found when different exchange correlation forms are used.
Apparently, the best agreement with experimental data is
found when using the VWN functional, for the S2

� defect in
the NaCl lattice (cfr. Fig. 5). The question arises to what extent
these findings hold for other defects and/or other lattices.
Concerning lattices with light alkali atoms, the predicted
deviations from experiment are within the range of 10%, using
VWN. But as soon we examine the results in RbZ lattices, the

deviations increase dramatically. This forces us to analyze the
theoretical results with another focus.
In Fig. 6 we display the behavior of the deviation of gz from

the free electron g value in function of the defect in each MZ
lattice. In the three NaZ lattices taken into consideration, both
LDA(VWN) and GGA(Bp86) functionals predict the correct
trends in Dgz, i.e. larger deviations from the free electron value
are observed when the defect size increases. But once Rb atoms
are considered, the VWN functional fails completely. On the
other hand, the Bp86 functional succeeds in predicting the
correct behavior and even the absolute values of gz have an
acceptable accuracy. We emphasize that the hybrid B3LYP
functional fails in its totality and can therefore be rejected.
As is clear from the previous results, the calculated g-values

are highly affected by the exchange correlation form. The
choice of the basis set used for constructing the EPR para-
meters as well as the used geometry have only a minor
influence. For small lattices, the VWN and Bp86 functional
show comparable accuracy, while for the heavier lattices, it
turns out that the Bp86 functional is superior to VWN. The
B3LYP functional fails completely. As has been mentioned
above, the computed g-values are highly affected by covalency
effects. As is well known in literature,90–93 hybrid functionals
tend to overestimate covalency effects, leading to g-shifts too
close to the free electron value. Consequently, the origin of the
less agreement between experimental and computed g-values
using hybrid functionals, lies in the improper description of
covalency effects, while the used basis set or geometrical
structure has only a minor influence. In the search for an
‘‘ideal’’ functional meeting the following basic criteria:
(i) correct reproduction of trends in experimental g-values
when increasing the defect size or lattice environment and (ii)
accurate prediction of the deviations from the free electron
value, we can state that the Bp86 exchange correlation form
gives an overall satisfactory description for the whole variety of
MZ : XY� defect structures. Nevertheless, for the smaller
lattices, the Bp86 functional form gives a good qualitative
picture while the VWN functional form gives slightly better
quantitative agreement.
As is clear from Fig. 6 for the computed 2B2g ground state

results, a systematic overestimation of the experimental Dgz
values occurs when using the LDA and a underestimation
when using GGA and hybrid functional forms. Similar

Fig. 6 Graphical representation of the data listed in S. Table II. For a particular functional form describing a certain defect structure, the main
deviation from the free electron value is considered for gz. For all defect structures, the ground state is listed.
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remarks have been made in many applications of density
functional methods to EPR and nuclear magnetic resonance
properties of main group compounds or main group nuclei in
transition metal complexes.90–93 This systematic deviation
from the experimental Dg values is related to an improper
description of covalency effects. As has been shown by Känzig
et al.,7 covalency effects give negative contributions to the
g-shift. Thus, when the overlap between the paramagnetic
lobes which contain the unpaired electron and the ions which
make up the lattice environment is predicted to be too large
(small) in the DFT calculation, the theoretical g-shifts become
too small (large) accordingly. These observations are consistent
with the idea that the GGA and hybrid functionals tend to
overestimate covalency effects.94–99

For completeness, theoretical hyperfine values were com-
pared with the available experimental data. These data are
given in Table III of the ESI.w In Table IV, theoretical
hyperfine values are compared with the available experimental
ones for all MZ: XY� defect structures. The results are not in
conflict with the above conclusions.

Finally, we find an interesting feature in comparing ADF and
G03 results for the g-values when using the same functional.
Although the use of different basis sets (Slater type orbitals and
Gaussian type orbitals, respectively) hinders a direct compar-
ison, we notice large similarities in the patterns. The same
conclusions were made in the work of Saladino et al.100

Reproduction of the correct ground state of the defect. The
whole analysis up to now and the recommendation of the GGA
functional in the protocol for the evaluation of the g-values are
based on the reproduction of the gz value, being the g compo-
nent along the internuclear axis of the diatomic defect. It is well
known that a strong correlation exists between the gz value and
the two components perpendicular to the z axis.7–9. Large
deviations of gz from the free electron value systematically
generate large deviations of gx and gy from the free electron
value too. In vacuo, the g-values for the XY� defect have the
extreme values: gz ¼ 4 and gx ¼ gy ¼ 0 since the paramagnetic
lobes of the unpaired electron are undetermined in the
xy-plane. Due to the crystal environment, the degeneracy of
the spatial orientation of the p-lobe is lifted and the [001] and
[�110] crystal axes arise as preferred directions in a natural way.
The ultimate orientation of the paramagnetic lobes which
contain the unpaired electron in the ground state configura-
tion, is a subtle combination of diverse factors. In this single-
vacancy model the unpaired electron of the central XY� defect
is submitted to (i) the electrostatic interaction with the whole
cluster (composed of 88 atoms in this work) and (ii) the
covalent interactions with the nearest lattice atoms. The deli-
cate interplay of these interactions excludes a straightforward
determination of the ground state, based on geometrical
grounds. We are only able to state some loose conclusions. If
the defect is small in comparison with the halide ion it replaces,
there is a tendency for a 2B2g ground state (Fig. 1a) with the
paramagnetic lobes in the xz-plane. This results in a gx value
smaller than gy. If the size of the central molecular ion increases
with respect to the volume of the halide vacancy, the para-
magnetic lobes of the unpaired electron tend rather to be
oriented toward the nearest alkali atoms along the y axis
(Fig. 1b), leading to a 2B3g ground state.

In this 2B3g ground state, small covalent interactions are
observed with eight large halide ions located on a (110)
position. Due to these small covalent interactions, both LDA
and GGA give similar accuracy. The situation is totally
different for defects in the 2B2g ground state. For this ground
state, large covalent interactions with the nearest four alkali
ions located in the xz-plane occur. The correct reproduction of
the g-values for the 2B2g ground state defects is apparently
more sensitive to local parameters and the choice of the

functional. Due to an underestimation of these covalent effects,
the VWN functional form fails completely in these cases, while
the Bp86 functional form gives a better description of these
covalent effects.
For both ground state defects, the Bp86 functional fulfils the

criteria imposed for an ideal functional form as stated in the
previous section. Finally, we stress the ability of each func-
tional to predict the correct ground state of the defect as can be
seen from Table II of the ESI.w

4.5. Flow scheme

In the previous sections, a computational protocol for
simulating g-tensors of chalcogen defects in alkali halide
lattices was derived and applied to the XY� defects located
in a single-vacancy configuration. In this section, the recom-
mended flow scheme is summarized.

� Cluster size. Clusters with a low total charge and an
accurate electrostatic Madelung potential at the defect site
are preferred: for simulating the single-vacancy model, a
cluster size of 88 atoms is found to be sufficient and feasible
in ADF.

� Lattice relaxation. The number of relaxed lattice shells
around the central defect is determined by obtaining conver-
gence of the theoretical g-values as a function of relaxed lattice
shells: in this work, the central molecular ion (the XY� defect)
and at least the nearest two lattice shells should be relaxed.

� Level of theory for the optimization. Here, convergence of
the relaxation of the lattice environment as a function of
increasing basis set for various functional forms is to be
investigated: for the MZ : XY� defect structures, the geometry
optimization might be performed within the following levels of
theory: (1) basis set IV and (2) use of the VWN functional as
implemented in the ADF package.

� Level of theory for the EPR calculation. Finally, the
influence of basis set effects and exchange correlation func-
tional on the theoretical EPR data has to be investigated.
(i) Choice of basis set: basis sets of sufficient quality, like a
triple-z, are recommended for the simulation of the NaZ and
KZ lattices, while polarization functions have an important
influence for the RbZ lattices. (ii) Choice of exchange correla-
tion form: both the VWN and Bp86 functional form are
suitable to describe the XY� defects located in a single-vacancy
configuration for the NaZ and KZ lattices. For the heavier
RbZ lattices, or defects in a 2B2g ground state, only the Bp86
exchange correlation fulfils the required criteria.

5. Conclusion

A thorough level of theory study has been performed with the
principal goal of constructing a reliable protocol for the
description of the g-tensors of chalcogen doped alkali halide
lattices. The study was based on diatomic chalcogen defects
located in a single-vacancy configuration. A flow scheme is
presented which can be applied to other chalcogen ions in these
lattices. The principal conclusions for XY� defects in MZ
lattices are:
(i) the limitation to 88 atoms for an accurate description of

the lattice environment.
(ii) the Bp86 exchange correlation functional as the most

suitable functional for an overall agreement.
(iii) the necessity of using large basis sets like IV and V as

implemented in the ADF program package.
(iv) the complete failure of the hybrid functionals for pre-

dicting correct g-parameters.
The protocol was mainly derived for g-values and it may not

give the same accuracy for hyperfine values. Because few
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experimental hyperfine values are available, no final statement
concerning these data can be made.
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