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Density-functional study of S2
À defects in alkali halides
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Density-functional methods, as implemented in the Amsterdam Density Functional program, are used to
calculate the electron paramagnetic resonance~EPR! and electron nuclear double resonance~ENDOR! param-
eters of the S2

2 defect in a halide monovacancy in various alkali halides (MZ:M5Na, K, Rb andZ5Cl, Br,
I! lattices. The calculations were performed on cluster in vacuo models for the defect and its lattice surround-
ings, involving up to 88 atoms in order to limit boundary effects. For allMZ lattices, the calculated g and33S
hyperfine tensors of the S2

2 molecular ion are in very good agreement with the available EPR data, explicitly
supporting the monovacancy model for the defect. In addition, computational results for the principal super-
hyperfine and quadrupole values and axes of the nearest shells ofM 1 and Z2 ions are compared with
experimental ENDOR data. The merits and shortcomings of the applied cluster in the vacuo method are
critically evaluated.
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I. INTRODUCTION

Since the late 1950s the superoxide molecular ion O2
2 has

been the subject of numerous electron paramagnetic r
nance~EPR! investigations in alkali halides (MZ:M5Na,
K, Rb andZ5Cl, Br, I!. Pioneering work has been done b
authors of Refs. 1–3. This included both extensive exp
mental and theoretical work, in which formulas forg and
hyperfine parameters were derived. The experimental
could be excellently described by this semiempirical meth
Furthermore, the interactions with the six nearest cat
neighbors~interactions 1 and 2, see below! were also dis-
cussed in a similar scheme.2,3 In the mid sixties this EPR
work was extended towards the S2

2 , Se2
2 , and SSe2 centers

by the authors of Refs. 4–7. As will be explained below, t
X2

2 (X5O,S,Se! centers have either a2B2g or 2B3g ground
state in the alkali halide lattice, apparently depending on
size of the chalcogen and the lattice ions. From Ka¨nzig and
co-workers’ theory this was reflected in differently orient
paramagnetic lobes of the unpaired electron. For both de
types a model in whichX2

2 replaces a singleZ2 ion was
proposed~Fig. 1!.

In the 1980s, however, by the use of new crystal grow
methods, the centers mentioned above could be introduce
a growing number of alkali halide lattices.8–17 The mono-
vacancy model was questioned when in KCl a second2

2

molecular ion was discovered, next to the one identified e
lier in Refs. 5 and 8. The identification as S2

2 was in both
cases carefully experimentally substantiated by, e.g.,33S en-
richment and testing to the theory of Ka¨nzig and co-workers.
A divacancy model (S2

2 replacing two neighboring Cl2 ions
along a^110& direction! was proposed~Fig. 2!, also inspired
by the larger number of anion vacancies introduced by
specific doping procedure.8,9 From then onwards it was sus
pected that otherX2

2 centers, especially the ‘‘larger’’ ones i
‘‘smaller’’ lattices, would also have to be~re!assigned to a
divacancy site.

This ambiguity stimulated a lot of electron nuclear doub
0163-1829/2002/66~13!/134103~12!/$20.00 66 1341
o-

i-

ta
.

n

e

e

ct

h
in

r-

e

resonance~ENDOR! work in the 1990s and finally in NaCl i
could be unambiguously shown that S2

2 , Se2
2 , and SSe2

were present in a monovacancy site, suggesting that all
lecular ions of this type could enter the alkali halides in
monovacancy configuration.14–17 The KCl S2

2 case was left
unsolved due to insufficient ENDOR data.

The occurrence of two different ground states and the
for an accurate model~monovacancy/divacancy! were the
main objectives for the present density functional theo
~DFT! study. The choice of the S2

2 ion ~instead of O2
2) to

start such a study is due to two reasons.
~i! S2

2 in NaCl is the smallest defect for which the mon
vacancy model was proven experimentally.

~ii ! Calculations on O2
2 have shown that the standard b

sis functions used in the Amsterdam density functio
~ADF! program package are probably less accurate in
scribing the O2

2 molecular ion adequately.
The presentab initio DFT investigation of the S2

2 radical

FIG. 1. Monovacancy model for theX2
2 molecular ion in alkali

halides.
©2002 The American Physical Society03-1
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doped into different alkali halide lattices also intends to va
date the DFT methods for the description of defects in io
lattices. Using the monovacancy model, we shall try to
produce the ground state of the S2

2 ion in the aforementioned
nine lattices using the same modeling procedure. For
purpose, theoretical calculations have been carried ou
clusters in vacuo, containing 88 atoms. Recent advance
computational chemistry have led to the development of n
methods for the calculation of electronicg and hyperfine
tensors. Most DFT-EPR studies focus on g and A tensor
culations for transition metal complexes,18–26 defects in
solids,27–29 free radicals,30–32 or organic molecules.33–40 Al-
though the merit of DFT methods in the calculation of h
perfine parameters of organic radicals is unquestiona
their adequacy to describe EPR parameters of more com
systems like transition metals or defects in solids is still
most unexplored.

The structure of the present paper is as follows. In Sec
the spin Hamiltonian parameters used in the analysis of
X2

2 defects in alkali halides are introduced and a short sur
of the theory of Ka¨nzig and co-workers for these paramete
is given. The computational details are summarized in S
III. Section IV is dedicated to the selection of the cluster. T
quality of the spin Hamiltonian reproduction is tested on
S2

2 defect at a halide monovacancy in NaCl, for which t
defect model was experimentally proven. In Sec. V, the D
EPR results for the nineMZ lattices are compared with ex
perimental EPR and ENDOR results. The computational
sults are discussed in Sec. VI.

II. EPR PARAMETERS AND THE THEORY OF KANZIG
FOR X2

À LATTICE DEFECTS

In this section, we discuss briefly some general proper
of EPR and ENDOR tensors. Also an introduction to t
theory ofX2

2 defects in NaCl-type lattices, as developed
in Refs. 1–3, is presented.

FIG. 2. Cross section of the divacancy model for theX2
2 mo-

lecular ion in alkali halides.
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The theoretical principles of EPR and ENDOR are o
lined in many textbooks,41–44 and we only summarize the
most relevant expressions. The spin Hamiltonian used for
interpretation of EPR and ENDOR spectra of systems w
one unpaired electron~effective spin S5 1

2 ) is given by

Ĥ5beSŴ ḡBW 2(
i

bNIŴ i ḡN,iBW 1(
i

SŴ Āi IŴ i1(
i

IŴ i Q̄i IŴ i ,

~1!

with be5e\/2me the Bohr magneton andbN5e\/2mp the
nuclear magneton (me and mp are the electron and proto
mass, respectively!.

The first term in this equation is the electronic Zeem
term, which describes the interaction between the elec
spinSW and the external magnetic fieldBW and is parametrized
by the g tensor. The second term is the nuclear Zeeman t
which describes the interaction between the applied magn
field BW and a nuclear spinIW i . This interaction is parametrize
by the nuclear g tensorḡN,i , which in most cases reduces
a scalargN,i .

The third term describes the interaction between the e
tron spinSW and a nuclear spinIW i and involves the~super!hy-
perfine tensorĀi . We will further indicate the interaction
with the nuclei of theX2

2 molecular ion, which makes out th
core of the paramagnetic defect, as hyperfine interactions
use the expression superhyperfine interactions for inte
tions with neighboring nuclei. The~super!hyperfine coupling
or A tensor is often decomposed into two terms:Ā5Aiso1̄
1Ādip . The isotropic or Fermi contact termAiso is related to
the probabilityuc(0)u2 of finding the electron at the nucleu

Aiso5
2

3
m0gebegNbNuc~0!u2 ~2!

wherem0 is the magnetic permeability in a vacuum andge
52.002319 the free electrong value. The anisotropic par
Ādip of the hyperfine tensor is due to the interaction betwe
magnetic dipoles and yields additional information about
wave function and local environment of the unpaired el
tron. From classical expressions of interacting dipoles a
distance r, the anisotropic components are derived as41

Aa,a5
m0

4p
gebegNbNK 3a22r 2

r 5 L , ~3!

Aa,b5
m0

4p
gebegNbNK 3ab

r 5 L , ~4!

with a,b5x,y,z.
The last term in the spin Hamiltonian is the nuclear qua

rupole interaction parametrized by the quadrupole tensorQi
~I . 1

2 ). To first order, the EPR spectrum gives no inform
tion about this interaction. The quadrupole tensor descri
the interaction between the electric quadrupole momen
the nucleus and electric field gradients, which are pres
3-2
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DENSITY-FUNCTIONAL STUDY OF S2
2 DEFECTS IN . . . PHYSICAL REVIEW B 66, 134103 ~2002!
The relation between the quadrupole tensor and the ele
static potentialVi at the nucleus~i! is given by

Q( i ),a,b5
eQ̃

2I ~2I 21!

d2V( i )

dadb
~5!

with Q( i ),a,b the representation of the nine elements of theQ

tensor.Q̃ is the electric quadrupole moment of the involv
nucleus. From this expression, it follows that the quadrup
coupling tensor is symmetric and has a zero trace.

The mentionedg, A ~33S hyperfine and superhyperfine!
andQ tensors are characterized by three principal values
three principal axes. Especially in the case of superhyper
and quadrupole tensors, the orientation of the principal a
can contain important information with respect to, e.g.,
direction and distance of the interacting nucleus to the m
lecular defect center. Therefore, this orientational inform
tion will also be used in the discussion, which is certainly
great challenge for DFT calculations.

The free S2
2 molecular ion withD`h symmetry has a

(1sg)2(1su)2(2sg)2(2su)2 (3sg)2(1pu)4(1pg)4(3su)2

(4sg)2(4su)2(5sg)2(2pu)4(2pg)3 electron configuration,
leading to a2Pg ground state. In a NaCl-type lattice, th
symmetry is lowered toD2h and the orbital degeneracy o
the pg orbitals containing the unpaired electron is lifted: t
D`h pg level splits into ab2g andb3g level ~Fig. 3!. Depend-
ing on whether the unpaired electron resides in ab2g or b3g
orbital, a 2B2g or 2B3g ground state arises. The two stat
are separated by an energyD. As shown by Zeller and Ka¨n-
zig,2 the calculation of the principal g values involves also
third energy level withAg symmetry and separated from th
ground state by an amount ofE. Also introducing an effec-
tive spin-orbit coupling constantl, the principalg values
were calculated to be

gx5gecos 2w1~cos 2w211sin 2w!
l

E
,

gy5gecos 2w1~cos 2w112sin 2w!
l

E
,

gz5gecos 2w12l sin 2w, ~6!

FIG. 3. Linear combination of atomic orbital~LCAO! energy
levels scheme for the free S2

2 molecular ion and symmetry orbital
in a lattice field withD2h symmetry. Also the irreducible represen
tations~IRREP! for the considered symmetry group, atomic orbita
~AO! and molecular orbitals~MO! are shown.
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wherez corresponds to the direction of the molecular a
which is along a^110& crystallographic orientation in the
considered alkali halides. Thex direction is defined perpen

dicular to the axis (̂1̄10& direction! while the y axis is de-
fined along thê 001& direction. The formulas~with tan 2w
5l/D andl'1 a parameter to include covalency effects! as
presented above show thatgx,gy and correspond to a2B2g

ground state, with the paramagnetic lobes@described in a
lowest combination of atomic orbitals approximation b
p(xI)-p(xII ), p(xI) andp(xII ) denoting atomic p-orbitals on

chalcogen nucleiXI andXII respectively# along ^1̄10&. For
the other ground stategy , gx and the expressions forgx

andgy have to be interchanged.
The formulas show that the free molecular ion hasgx

5gy5g'50 andgz5g//54. For the formulas derived fo
the ~super!hyperfine parameters we refer to Refs. 2 and 3

III. COMPUTATIONAL DETAILS

All geometry optimizations and EPR calculations a
based on DFT~Refs. 45–47! principles and were performe
with the ADF program package,48–50version 1999. This pro-
gram comprises a set of routines to evaluateg, A, and Q
tensors as developed and implemented by van Lenthe.51–53

The standard basis set IV was used in ADF,54 employing
Slater-type orbitals as basis functions. This correspo
roughly to a triple-z basis set extended with polarizatio
functions for main group elements. Calculations were p
formed adopting the local density Approximation accordi
to Vosko, Wilk, and Nusair’s55 parametrization of electron
gas data. Calculations with gradient-corrected function
@Lb94,56 PW91,57 and Blyp ~Refs. 58 and 59!# were per-
formed but proved in bad agreement with experimental d

All calculations were performed within the frozen co
approximation.49 For S, Cl, and Na, electrons up to the 2
shell were kept frozen while for Br, I, K and Rb, electrons
to the 3d, 4d, 3p, and 4p shells respectively, were include
in the core. With the zero-order regular approximati
~ZORA! ~Refs. 60–66! for relativistic effects one has a fas
and powerful tool at hand to calculate the g,~super!hyperfine
and the quadrupole tensor of systems containing heavy
ments.

In the literature, there is no straightforward approach
calculating EPR tensors. EPR-DFT calculations on transit
metal complexes are usually based on different methods
g and A tensor calculations:22,25,26 g tensors are calculate
using the spin orbit coupled spin-restricted ZOR
Hamiltonian,51 and hyperfine coupling parameters are o
tained with the Scalar relativistic spin-polarized ZOR
Hamiltonian.67 As a test for the system under study, we p
formedg andA tensor calculations with the aforementione
and with the spin orbit coupled spin-unrestricted level
theory. Because the latter performed superior in all EPR
culations all results reported are based on this level of the
The relativistic atomic potentials were calculated using
auxiliary programDIRAC,68 which is supplied with the ADF
program package.
3-3
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IV. SELECTION OF THE CLUSTER: COMPUTATIONAL
STUDY OF S2

À IN NACL

A. General considerations

In order to find the optimum cluster in vacuo model f
the S2

2 defect in alkali halide lattices, structure optimizatio
were performed and spin Hamiltonian parameters were
culated for the defect in NaCl for several cluster sizes. As
spin Hamiltonian parameters strongly depend on relaxat
of the surrounding lattice ions~this will be substantiated be
low!, the cluster should be chosen sufficiently large, so t
the displacements of the nearest alkali and halide shells h
converged. Because the monovacancy model has been
perimentally proven for S2

2 in NaCl, numerical agreemen
between calculated and experimental spin Hamiltonian
rameters can be used as a second criterion in the selecti
the cluster.

In Table I, the first few shells of cation (M 1) and anion
(Z2) neighbors around a single halide vacancy are defin
The clusters that we considered always consist of comp
shells. As the influence of the rest of the lattice is tota
neglected, it is to be expected that the best results will
obtained using clusters for which the total charge is minim
~i.e., 61, including the central S2

2 ion! and for which the
electrostatic lattice potential at the halide vacancy~Madelung
constant: 1.74758 for the infinite NaCl-type lattices69! is well
reproduced. Clusters which meet these requirements an
main computationally tractable, consist of 26, 86, and 1
neighbor atoms of the S2

2 molecular ion. Their shell compo
sition ~SC!, total charge~Q! and Madelung constant~MC!
are given in Table II. In the following, the lattice relaxation
and spin Hamiltonian parameters calculated for these clus

TABLE I. Composition and definition of the cluster shells.

Shell Member Sublattic No. of sites

1 100 M 1 6
2 110 Z2 12
3 111 M 1 8
4 200 Z2 6
5 210 M 1 24
6 211 Z2 24
7 220 Z2 12
8 221 M 1 24
9 300 M 1 6
10 222 Z2 8

TABLE II. Shell composition~SC!, total charge~Q! and Made-
lung constant~MC! for different cluster sizes, with NON the num
ber of neighboring ions12.

SC NON Q MC

1–3 28 1 2.133
1–5 58 19 9.866
1–6,9 88 1 2.068
1–8,10 126 21 1.516
13410
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will be compared. In order to test whether the total cha
and Madelung constant of the cluster are really importa
calculations have also been performed on a 58-atom clu
which does not meet the aforementioned requirements a

B. Lattice relaxations

Structure optimizations were performed varying the S
distance of the S2

2 ion and the positions of all Na1 ions in
shell 1 and all Cl2 ions in shell 2, while all other ions were
kept at their undisturbed lattice position. We will justify ou
choice of the number of relaxed atoms below. Optimizat
of the defect-free lattice (Cl2 at the central halide vacancy!
yielded no significant difference from the equilibrium Na
Cl distance (2.82 Å). Figure 4 presents the calculated
distance and the displacements of the nearest Na1 and Cl2

ions as a function of the cluster size.
The S-S distance@Fig. 4~a!# appears to exhibit a comple

dependence on the cluster size: it does not converge
monotonic way. It should however be noted that the ma
mum variation found in this parameter barely excee
0.03 Å and that for the largest two clusters the difference
smaller than 0.007 Å. It is thus reasonable to assume tha
the latter two clusters, the calculated S-S distance appr
mates the value for the infinite lattice very well. Because
S2

2 molecular ion is considerably larger than the Cl2 ion it
replaces, the neighbor atoms which are allowed to re
~shell 1-2!, mainly undergo an outward relaxation, i.e. a d
placement along the axis interconnecting the center of the2

2

and the neighbor ion, away from the center of the defe
These displacements are indicated with full dots in Fi
4~b!–4~f!. In general, it tends to decrease as the cluster
increases, indicating that an increasing number of fixed
tice points tends to prevent relaxing ions from being d
placed. Symmetry allows that the first shell Na1 ions in the
equatorialgz-gx plane ~indicated by 1 in Fig. 1! and the
second shell Cl2 ions, not located in the equatorial plan
~indicated with Z3 in Fig. 1! undergo additional displace
ments. These are indicated with open symbols in Fig. 4~b!
and 4~f!, and are in general much smaller than the outw
relaxation. For the Na~1! @Fig. 4~b!#, Na~2! @Fig. 4~c!#, and
Cl~1! @Fig. 4~d!# ions, the outward relaxation has clearly co
verged with cluster size. The deviant Na~2! displacement for
the 58-atom cluster@Fig. 4~c!# is probably related with the
deviant charge and Madelung potential of the cluster. For
other displacements, convergence is not yet reached a
largest cluster size. As the calculated spin Hamiltonian
rameters are believed to be strongly dependent on the e
position of the neighboring atoms, these results suggest
improvement of the DFT-EPR results may still be expec
by increasing the cluster size, even over 126 atoms. It m
further be noted that the Na~1! ions @Fig. 4~b!# undergo the
largest relaxation. The displacements for the second s
Cl2 ions @Figs. 4~d!–4~f!# are, however, of the same order
magnitude. This already indicates that the relaxations of
second shell ions should not be neglected. The outward
laxations of theZ(1) ions@Fig. 4~d!# appear to be induced b
the S2

2 molecular ion. A comparison of Figs. 4~b! and 4~e!
suggests that the outward relaxation of the halidesZ2 are
3-4
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FIG. 4. Relaxations of the first two lattice shells as a function of the cluster size. The outward displacement of the S2
2 molecular ion is

shown in ~a!. The directions and the magnitude of the relaxations for the first lattice shell ions~ions 1 and 2! are shown in~b! and ~c!
respectively. The relaxations of the ions of the second lattice shell:Z1, Z2, andZ3 are shown in~d!, ~e!, and~f! respectively.
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mainly due to the displacements of the Na~1! ions perpen-
dicular to their outward relaxation.

C. Spin Hamiltonian parameters

For all optimized clusters, spin Hamiltonian paramet
were calculated using the ADF program. Unfortunately, th
calculations were computational not possible for the 1
atom cluster, which is hence no longer included in the co
parison. The results for the other clusters are summarize
Figs. 5~a!, 5~b!, and 6 and Tables III and IV. For the neigh
bor interactions, data are only presented for the first s
Na1 interactions Na~1! and Na~2!, because only for these th
comparison with experimental ENDOR data can be ma
The experimental values are indicated in the figures as
lines.

Considering theg tensor@Figs. 5~a! and 5~b!#, it is strik-
ing that for all luster sizes the correct ground sta
(2B3g ,gy,gx,gz) is obtained. If we compare theg values
for the different cluster sizes with the experimental values
is clear that the 58-atom cluster performs the poorest. T
emphasizes the importance of the total charge and the e
trostatic potential at the S2

2 site. Disregarding the values fo
the latter cluster, the calculatedg values appear to converg
13410
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towards the experimental data when the cluster size is
creased. In fact, the agreement with experiment is alre
very satisfactory for the 88-atom cluster. Figure 7 shows
influence of the number of lattice shells that are allowed
relax on the calculatedg values, using the 88-atom cluster.
order to obtain good numerical agreement, displacement
both the first shell Na1 and the second shell Cl2 ions need to
be considered. It should be noted that the correct gro
state is predicted for the S2

2 ion, even if no neighbor relax-
ations are taken into account.

For all cluster sizes, the calculated33S hyperfine tensor is
qualitatively in agreement with experiment~Fig. 6!: the larg-
est principalA value is found along thegy direction and the
other principal values are much smaller. Although the qu
titative agreement improves when going from a 26- an
atom cluster~the 58-atom cluster again performs badly!,
even for the largest cluster the calculated value still larg
deviates from the experimentalAy value. This discrepancy
has also been noticed by Van de Walle and Blochl.70 In this
work, however, pseudopotentials have been implemente
the DFT concept, in order to handle defects which are
manageable within all-electron calculations. For the S2

2 de-
fects, there is no need for applying pseudopotentials, and
systematically perform full ab-initio calculations.
3-5
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In Table III, the calculated superhyperfine parameters
interaction Na~1! are presented. In order to eliminate pro
lems in calculating the isotropic part of the interaction, t
isotropic and anisotropic part of the tensors are compa
with experiment separately. An additional parameter for t
interaction is the tilting anglea in the gz-gx plane, between
the Az and gz principal axes. In general, the agreement b
tween calculated and experimental values is very poor. In
pendent of the cluster size, the calculated isotropic supe
perfine value is at least one order of magnitude too sm
The anisotropicA values appear to improve when increasi

FIG. 5. Comparison of calculated and experimentalgx and gy

values~a! and gz values~b! as a function of the cluster size. Th
experimental values are indicated as full lines in both figures.

FIG. 6. Comparison of calculated and experimental~full line!
Ay tensor value as a function of the cluster size. All values are
MHz.
13410
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the cluster size and reasonable agreement with experime
obtained for the 88-atom cluster. The tilting angle, on t
other hand, does not seem to improve in a monotonic w
when the cluster size increases. It appears that none o
superhyperfine tensor characteristics of this interaction h
converged yet and larger clusters~or other methods to incor
porate the effect of the rest of the lattice! need to be consid-
ered in order to obtain even qualitative agreement with
periment. The results for the Na~1! Q tensor on the other
hand, seems to improve clearly with increasing cluster s
For the 88-atom cluster, the tilting angle of this tensor pr
tically equals the experimental value, while the principal v
ues are slightly underestimated by a factor 2, but show g
qualitative agreement with experiment. For interaction Na~2!
~Table IV!, the correspondence between experimental
calculatedA parameters is again rather poor and does
seem to improve significantly by taking larger clusters. T
results for the Na~2! Q tensor, on the other hand, seem
improve clearly with increasing cluster size.

D. Choice of the cluster

The DFT-EPR results for S2
2 in NaCl indicate that, in

order to obtain good quantitative agreement with experim
tal g values, relaxations of the first two neighboring she

n

TABLE III. Calculated superhyperfine and quadrupole para
eters ~MHz! for Na~1! as a function of cluster size.Ay and Qy

@001#. aA(aQ), given in degrees, are the angles between theAz

(Qz) andgz principal directionsAiso stands for isotropic part, while
Ai ,aniso ( i 5x,y,z) stands for the anisotropic part of theA tensor.

28 58 88 expa

Ax,aniso 20.43 20.59 1.03 0.57
Ay,aniso 20.51 20.36 20.56 0
Az,aniso 0.94 0.95 20.47 20.57
Aiso 20.11 20.38 20.09 3.91
aA 76.3 0.1 9.8 54.8
Qx 0.09 0.18 20.22 20.53
Qy 20.01 0.17 0.09 0.23
Qz 20.08 20.35 0.13 0.3
aQ 287.5 251.4 232.1 235.9

aReference 9.

TABLE IV. CalculatedA andQ tensor values~MHz! for Na~2!
as a function of the cluster size.Aiso stands for the isotropic part
while Ai ,aniso ( i 5x,y,z) stands for anisotropic part ofA tensor.

28 58 88 expa

Ax,aniso 20.91 0.87 20.94 20.94
Ay,aniso 0.99 0.99 1.04 0.36
Az,aniso 20.07 20.11 20.09 0.59
Aiso 20.02 20.03 20.02 24.41
Qx 20.053 0.041 20.004 0.003
Qy 0.121 0.052 0.023 20.007
Qz 20.068 20.093 20.019 0.004

aReference 9.
3-6
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should be considered. Furthermore, the selected clu
should have a low total charge and the Madelung potentia
the central halide monovacancy should be well reproduc
Structural optimizations, on the other hand, demonstrate
even for the largest clusters we considered~up to 126 atoms!

FIG. 7. Comparison of calculated and experimentalgx and gy

values~a! andgz values~b! as a function of the number of neighbo
shells that are allowed to relax. The experimental values are i
cated as full lines in both figures.
13410
ter
at
d.
at

not all relaxations of the first two neighboring shells ha
converged yet. Therefore, increasing the cluster size is
expected to have an important positive influence on
quantitative agreement between experimental and calcul
spin Hamiltonian parameters.

The largest cluster, meeting the aforementioned requ
ments of total charge, Madelung potential, and number
relaxed neighboring shells, for which the DFT-EPR calcu
tions are computational achievable, is the 88-atom cluste
Sec. V this type of cluster is used to calculated the s
Hamiltonian parameters of S2

2 in the otherMZ lattices, in
order to evaluate the monovacancy model for the def
From the results for the NaCl lattice, we expect quanti
tively good agreement with the experimentalg values and
qualitatively good agreement for the33S hyperfine tensor if
the monovacancy model is correct. For neighbor interactio
only for the ligand quadrupole tensors good qualitat
agreement with experiment may be expected.

V. MONOVACANCY MODEL FOR THE S 2
À DEFECT

IN ALKALI HALIDES

A. EPR parameters

Following the procedures outlined in Sec. IV, geome
optimizations and calculations of spin Hamiltonian para
eters were carried out for the other lattices. In Table V,
calculated and experimentalg values for the nine lattices ar
compared. In all alkali halides where only one S2

2 defect was
observed, calculations predict the correct ground state: in
sodium halides, KBr and KI, the S2

2 ion has the2B3g ground
state and in the rubidium halides, it has the2B2g ground
state. Calculated and experimental33S hyperfine values are
listed in Table VI.

For the NaZ lattices, the agreement between calcula
and experimentalg tensors is nearly perfect. The observ
trends in the principal g values with growing ionic radius
the halide ion (gx and gy increase, whilegz decreases! are

i-
he
TABLE V. Comparison of the calculated principalg values with experimental values. For all lattices, t
corresponding ground state~GS! is listed.

Experimental Theoretical
lattice gx gy gz gx gy gz GS

NaCla 2.0107 1.986 2.2531 2.0069 1.9837 2.2643 2B3g

NaBrb 2.0114 1.9876 2.2379 2.0135 1.9955 2.2684 2B3g

Nalc 2.0178 1.9942 2.2303 2.0162 2.0005 2.2478 2B3g

KClc 0.9484 0.95 3.4303 0.4641 0.4654 3.8206 2B2g

KCld 1.9708 1.9491 2.4548 2B3g

KBrc 0.8434 0.8388 3.5037 0.8501 0.8481 3.6507 2B3g

Klc 1.6369 1.6254 3.0629 1.3125 1.3053 3.4036 2B3g

RbCle 1.8728 1.8881 2.6515 1.1678 1.1751 3.5344 2B2g

RbBrc,e 1.7448 1.7571 2.8936 1.0574 1.0635 3.6464 2B2g

Rblc 1.2895 1.2968 3.3595 0.3925 0.3935 3.8635 2B2g

aReference 9. dReference 8.
bReference 12. eReference 13.
cReference 6.
3-7
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very well reproduced by the calculations. Experimental h
perfine data are only available in the NaCl case. The ag
ment with the calculations has already been discussed in
IV C. For the NaBr and NaI lattices, the DFT results pred
the same qualitative result as for NaCl:Ay@Ax , Az . From
these computational results, little doubt is left that the mo
vacancy model is correct for all three lattices.

The experimentalg values for S2
2 in KBr and KI exhibit a

much larger deviation fromge than those in the sodium ha
lides. This is also nicely reproduced by the calculations. T
agreement with experiment is not quite as good as for
NaZ lattices, but is still very satisfactory. The hyperfine va
ues are again qualitatively in very good agreement with
periment and the quantitative agreement seems to be b
than for the NaZ lattices. Calculations predict thatAz.Ay
.Ax . Also for these two lattices, the computational resu
strongly support the monovacancy model.

For the RbZ lattices, the overall quantitative agreeme
between calculated and experimental EPR parameters is
so good. Experimental trends in the principalg components
as a function of the halide ionic radius~a decrease ofgx and
gy , and an increase ofgz), are very well reproduced by th
calculations on the other hand. It should be noted that
encountered computational difficulties for the RbI lattic
Therefore, we consider the results for this lattice to be l
reliable. The calculations predict for all RbZ lattices that
Az.Ax.Ay , in contrast with the results for KBr and KI
The good qualitative agreement with experimentalg and A
data lead us to believe that also for these lattices the mo
vacancy model for the S2

2 defect is correct.
In KCl, finally, two S2

2 defects with different ground
states have been experimentally encountered. Calcula
predict the 2B2g ground state for S2

2 in a single halide va-
cancy. A comparison with the experimental EPR parame
of the S2

2 defect in the2B2g ground state, reported by Van
notti and Morton6 shows satisfactory agreement for the
values and even quantitatively good agreement for the hy
fine tensor. The monovacancy model thus appears v

TABLE VI. Comparison of the calculated principalA values
~MHz! with experimental values.

Experimental Theoretical
lattice Ax Ay Az Ax Ay Az

NaCla ,Az 108.5 ,Az 228.7 67.4 210.3
NaBr n.a. n.a. n.a. 227.4 62.7 210.7
NaI n.a. n.a. n.a. 228.8 63.9 215.2
KClb ,Az ,Az 137 5.6 2.9 152.4
KClc 19.4 99.9 32.8
KBrb ,Az ,Az 145 2.8 12.1 129.3
KIb ,Ay 64 93 20.7 24.3 101.8
RbCl n.a. n.a. n.a. 22.8 0.4 114.2
RbBr n.a. n.a. n.a. 20.6 1.8 129.9
RbIb ,Az ,Az 105 4.3 2.4 144

aReference 9.
bReference 6.
cReference 8.
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plausible for this defect. As for the RbZ lattices, in which S2
2

has the same ground state, according to the calculationAz

.Ay.Ax . The present results give no further informatio
about the nature of the second S2

2 defect with the 2B3g

ground state, reported by Callenset al.8

B. ENDOR parameters

1. Na-halide lattices

The principal values and tilting angles of the superhyp
fine and quadrupole tensors of interaction Na~1! are given in
Table VII. In general, the correspondence between exp
mental and calculatedA tensors is bad, as was already d
cussed for the NaCl lattice. The isotropic superhyperfine v
ues are much too small and have the wrong sign. At fi
glance, the anisotropic part of theA tensor appears to b
better calculated. The poor agreement between experime
and calculated tilting angle indicates that also this part is
at all well reproduced. It was experimentally observed t
the isotropic and all principal components of the anistro
superhyperfine tensor decrease when the halide ionic ra
increases. This effect is well reproduced by the calculatio
However, taking into account that all contributions to t
superhyperfine tensor~Fermi contact interaction, point dipol
interaction, covalency, and wave function overlap! decrease
with increasing distance between the center of mass of
unpaired electron distribution and the interacting nucle
this result is not at all surprising. The calculated quadrup
tensors are in much better agreement with experiment. If
calculated tensors were to be multiplied by a factor of 2–
the agreement would even be excellent. The experime
trends observed when comparing theQ tensor characteristics
of the three NaZ lattices are always reproduced, even for t
tilting angle. For the interaction Na~2!, the agreement be
tween calculated and experimental superhyperfine value
again very poor~Table VIII!. The calculated quadrupole va
ues, on the other hand, would be in very good qualitat

TABLE VII. Experimental and theoretical isotropicA and Q
tensor values~MHz! of the Na~1! interaction.Aiso stands for the
isotropic part, whileAi ,aniso ( i 5x,y,z) stands for the anisotropic
part of theA tensor. The anglesaA andaQ are in degrees.

Experimental Theoretical
NaCla NaBrb NaIb NaCl NaBr NaI

Ax,aniso 0.57 0.47 0.41 1.04 0.92 0.81
Ay,aniso 0 0.11 0.21 20.56 20.47 20.44
Az,aniso 20.57 20.58 20.62 20.48 20.45 20.37
Aiso 3.91 3.48 2.99 20.09 20.08 20.07
aA 54.8 55.5 54.3 9.8 19.9 25.3
Qx 20.53 20.41 20.28 20.22 20.16 20.08
Qy 0.23 0.17 0.12 0.09 0.07 0.03
Qz 0.3 0.24 0.16 0.13 0.09 0.05
aQ 235.9 236.3 233.6 232.1 232.9 226.8

aReference 9.
bReference 16.
3-8



t
a

g
la
as
y

s
in
th

ct

a

at
e-

et
th
co
n

.
a
a
fi
e-

ec-

ole
d
es is
ive
ory,
ery

en-
fine

e

pa-

lues

ing

t-
l

ical
ther
ed

of

his
ct
h

e

red
he
fa-

and

o-

DENSITY-FUNCTIONAL STUDY OF S2
2 DEFECTS IN . . . PHYSICAL REVIEW B 66, 134103 ~2002!
agreement with experiment if the signs of the latter were
be reversed. The experimentally observed increase in the
solute value of the principalQ components with increasin
halide ionic radius is very well reproduced by the calcu
tions. This effect cannot be simply attributed to the incre
ing lattice parameter, asA andQ tensor components roughl
exhibit the same dependence on the distance between
unpaired electron and the interacting nucleus. This lead
to believe that the calculations are, in spite of the lack
numerical agreement, very reliable and that the signs of
experimental principal components, which cannot be dire
determined, should be changed.

For NaBr and NaI, the interaction with the eight equiv
lent second shell halide ions outside of thegx-gz plane has
also been experimentally observed. These ions are indic
with Z3 in the model in Fig. 1. Symmetry imposes no r
strictions on their principalA and Q orientations. Thus the
superhyperfine tensor is determined by seven free param
and the quadrupole tensor by six. In accordance with
literature, all three principal values and three direction
sines for each principal direction are given in Tables IX a
X, wherein experimental and calculatedA andQ tensor char-
acteristics for the79Br and 127I interactions are compared
Rather surprisingly, the agreement between experiment
calculations is very good. The isotropic superhyperfine v
ues are very well reproduced. The anisotropic superhyper
interaction of 79Br is slightly overestimated, but the agre

TABLE VIII. Experimental and theoretical isotropic and anis
tropic A and Q tensor values~MHz! of the Na~2! interaction.Aiso

stands for the isotropic part, whileAi ,aniso( i 5x,y,z) stands for the
anisotropic part of theA tensor.

Experimental Theoretical
NaCla NaBrb NaIb NaCl NaBr NaI

Ax,aniso 20.94 20.8 20.63 20.95 20.71 20.53
Ay,aniso 0.36 0.52 0.65 1.04 0.92 0.79
Az,aniso 0.58 0.28 20.02 20.09 20.21 20.26
Aiso 24.41 23.55 22.48 20.02 20.01 20.02
Qx 0.003 0.01 0.034 20.004 20.02 20.028
Qy 20.007 20.05 20.086 0.023 0.05 0.067
Qz 0.004 0.04 0.052 20.019 20.03 20.039

aReference 9.
bReference 16.
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ment between experimental and calculated principal dir
tions is very satisfactory. For the127I interaction, the numeri-
cal agreement is nearly perfect. The principal quadrup
values for both79Br and 127I are largely overestimated an
the agreement between calculated and experimental ax
not quite as good as for the A tensors. Still the qualitat
agreement with experiment may be called very satisfact
especially if one considers that these ions are already v
close to the edge of the cluster. Finally, it should be m
tioned that the calculations predict that the superhyper
interaction with the79Br and 127I ions in positionsZ1 and
Z2 ~see Fig. 1! is much smaller. This explains why thes
interactions were not identified in the ENDOR spectra.

2. RbCl

The ENDOR results for this lattice are discussed se
rately, because in this case the S2

2 ion has the2B2g ground
state. The experimental and calculated A and Q tensor va
for the interactions Rb~1! and Rb~2! are listed in Tables XI
and XII, respectively. One immediately observes a strik
difference with the experimental and DFT results for S2

2 in
the NaZ lattices, with the2B3g ground state. For these la
tices ~or ground states!, the absolute values of the principa
superhyperfine components of interactions Na~1! and Na~2!
have the same order of magnitude. Although the numer
agreement between experiment and calculations is ra
poor, DFT-EPR reproduces this experimentally observ
fact. For S2

2 in RbCl, both isotropic and anisotropic parts
the superhyperfine tensor of interaction Rb~1! are at least one
order of magnitude larger than those of the Rb~2! interaction.
The DFT calculations are in very good agreement with t
experimental result, which is strongly related with the fa
that the2B2g unpaired electron orbital directly overlaps wit
the s andp orbitals of the alkali ligands in thegz-gx plane,
whereas the Rb~2! ions are situated in a nodal plane of th
2B2g orbital. For the S2

2 in the 2B3g ground state, all first
shell alkali ions are located in nodal planes of the unpai
electron orbital. The experimental and DFT results for t
superhyperfine interactions are an additional indication in
vor of the monovacancy model for S2

2 in RbCl, because, in a
divacancy model, the overlap with the Rb~1! ions is not ex-
pected to be equally large.

The quantitative comparison between experimental
4

1
.3
TABLE IX. Experimental~Ref. 16! and theoretical halogen interaction (79Br) of NaBr ~MHz!.

Experimental angle between Theoretical angle between
gx gy gz gx gy gz

Ax 22.47 135 49 74.6 26.87 128.3 42.4 74.4
Ay 8.44 122.4 137.8 66 4.93 104.4 149.4 55.
Az 8.24 62.4 81.7 29 4.13 48.1 63.6 29.9
Aiso 13.05 11.98
Qx 21.62 121.8 36.7 73.6 24.82 135.2 0.4 45.2
Qy 1.39 52.5 54 122.2 3.33 45.1 4.7 135.
Qz 0.23 126.4 96.2 142.9 1.49 93.1 94.8 176
3-9
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TABLE X. Experimental~Ref. 16! and theoretical halogen interaction (127I) for NaI ~MHz!.

Experimental angle between Theoretical angle between
gx gy gz gx gy gz

Ax 22.04 133.1 48.6 71.9 19.25 138.6 48.6 70.
Ay 8.53 91.9 117 27.1 6.96 91.9 115.1 25.
Az 7.68 43.2 53.3 70.6 4.26 34.9 59.5 74.4
Aiso 12.75 10.16
Qx 0.63 110.9 20.9 91.3 4.46 135.8 1.4 135
Qy 20.61 50.3 76.9 137.4 22.99 41.8 71.6 137.5
Qz 20.02 133 106.1 132.6 21.47 166.1 118.4 101.8
fin
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calculated spin Hamiltonian parameters for interaction Rb~1!
shows very good agreement for the isotropic superhyper
interaction and the tilting angles of both theA andQ tensors.
The anisotropicA values appear to be underestimated b
factor of 2–3. The principalQ values show a good qualita
tive agreement. For interaction Rb~2!, the calculations again
underestimate the anisotropic superhyperfine values by
proximately the same factor as for interaction Rb~1!. The
calculated isotropicA value and principalQ components are
in poor agreement with experiment.

VI. DISCUSSION

The present study shows that DFT-EPR calculations of2
2

defects in alkali halide lattices represent a successful too
the reproduction of experimental EPR and ENDOR da
Nevertheless, we notice some discrepancies. We will fo
on this aspect and report on some limitations of the pres
model and suggestions for substantive improvement.
size of the cluster turns out to be of great importance in
quantitative reproduction of a lot of EPR quantities.

Increasing the cluster size and the number of relax
shells has shown to significantly improve theab initio repro-
ductions of theg and 33S hyperfine tensors~Sec. IV C!. Also,
the use of the frozen core approximation may lie on
origin of a looser agreement. For the33S interaction, it may
be expected that core polarization may add an important c
tribution. For the ligand interactions, it is striking that th
isotropic superhyperfine constant is very well calcula
when the s orbitals of the neighboring ion exhibit a non-z

TABLE XI. Experimental and theoretical isotropic and anis
tropic A tensor values~MHz! of Rb~1! and Rb~2! (85Rb) for RbCl.
Aiso stands for isotropic part, whileAi,aniso ( i 5x,y,z) stands for the
anisotropic part of theA tensor. The angleaA is in degrees.

Experimental Theoretical
Rb~1! a Rb~2! a Rb~1! Rb~2!

Ax,aniso 8.87 0 3.32 0.01
Ay,aniso 23.91 0.28 21.21 0.1
Az,aniso 24.96 20.28 22.11 20.11
Aiso 25.73 21.38 25.42 0.06
aA 32.9 0 29.4 0

aReference 14.
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overlap with the unpaired electron orbital@Rb~1! ions for S2
2

in the 2B2g ground state, Br(Z3) and I(Z3) ions for S2
2 in

the 2B3g ground state#, while for ions in the nodal planes o
the unpaired electron orbital, the agreement with experim
is much worse. For the latter ions, the isotropic superhyp
fine value is expected to be dominated by core polariza
effects. Furthermore, the underestimation of the anisotro
part of the Rb~1! superhyperfine tensor in RbCl may indica
that the delocalization of the unpaired electron distribution
underestimated by the calculations. This is most probab
result of the limited accuracy in the quantum mechani
representation of the ions in the cluster. The fact that imp
tant contributions to the anisotropic superhyperfine tensor
the Na~1! and Na~2! ions in sodium halides appear to b
neglected@as a result of which, e.g., the calculated tiltin
angle of the Na~1! superhyperfine tensor does not agree at
with experiment# may also point in this direction. Finally, th
underestimation of overlap and covalency effects in our c
culations also appear to be reflected in a systematic ove
timation of thegz values~see Table V!. In Eq.~6! it is shown
that overlap and covalency effects (l ,1) tend to decrease
the gz value, while they have no first order influence ongx
andgy . The other parameters (E,D,l) influence all threeg
factors. For the S2

2 ions with the 2B2g ground state, calcu-
latedgx andgy values are always too small compared w
experiment, while the calculatedgz values are larger than th
experimental values. The numerical discrepancies are th
fore most probably mainly due to an overestimation ofl/E
and l/D. For the S2

2 ions in the 2B3g ground state, on the
other hand, no systematic discrepancies can be found igx
and gy , but the calculatedgz value is always too large in
comparison with experiment. The ligand field expressions
the principal g components in Eq.~6! suggest that the calcu

TABLE XII. Experimental and calculated Q tensor value
~MHz! of Rb~1! Rb~2! (85Rb) for RbCl. The angleaQ is in degrees.

Experimental Theoretical
Rb~1! a Rb~2! a Rb~1! Rb~2!

Qx 20.53 20.27 20.63 0.07
Qy 0.02 0.16 0.27 20.02
Qz 0.51 0.11 0.36 20.05
aQ 36.7 0 35.2 0

aReference 14.
3-10
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lations overestimate thel parameter, or, in other words, un
derestimate the effect of covalency and overlap.

In spite of the limitations discussed above, our appro
for simulating S2

2 defects inMZ lattices has proven to b
very successful. Using the same defect model and the s
quantum mechanical description of the defect in the latt
the correct ground state was found for the eightMZ lattices,
in which only one S2

2 defect is known. The numerical agre
ment between calculated and experimental g values i
each case very satisfactory and in the case of S2

2 defects in
the 2B3g ground state, nearly perfect. Calculated33S hyper-
fine tensors are always in very good qualitative agreem
with experiment. The correspondence between calculat
and experiment should not be regarded as being fortuit
Indeed, the statistical chance of obtaining the right grou

state for the S2
2 defect in all eightMZ lattices is only (12 ).8

The DFT results thus strongly indicate that the monovaca
model for the defect in these lattices is correct and that
applied cluster in vacuo model for the defect is very a
equate, although further improvement in the calculation
the spin Hamiltonian parameters of the neighboring ions
still desirable. Furthermore, our calculations have shown
one of the S2

2 defects in KCl can certainly not be assigned
a monovacancy model without considering other neighb
ing lattice defects (S2

2 with the 2B3g ground state!, while the
paramagnetic properties of the second (S2

2 with the 2B2g

ground state! correspond very well to those calculated for S2
2

in a Cl2 monovacancy. The cluster in vacuo approach f
lowed in this study thus appears very attractive for the v
dation of microscopic models for chalcogen defects in alk
halides. Its merits and limitations will be further explored
DFT-EPR calculations for other paramagnetic defects~e.g.,
X2 or X3

2) in these lattices.
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VII. CONCLUSION

In the performed DFT-EPR study, the calculated magne
resonance parameters of the S2

2 molecular ion were com-
pared with results of EPR and ENDOR single crystal m
surements for nine alkali halide lattices. A first major succ
of the present DFT work is the correct prediction of a
ground states, using the same procedure and level of th
for all lattices. All calculations were performed assuming
monovacancy model and hence give conclusive support
the latter model. In the KCl lattice, this allows us to assi
one of the experimentally observed S2

2 defects to a mono-
vacancy model, while for the other this model is inadequa
The 88-atom cluster provides an excellent compromise
tween computational feasibility, on the one hand, and
quality of the environmental description on the other ha
The quantitative agreement between calculated and exp
mental magnetic resonance parameters can, in genera
called very satisfactory. The best quantitative results w
obtained for theg tensor, the33S hyperfine tensor and th
nearest halogen interactions in NaBr and NaI. For the la
this also includes the orientations of the principalA and Q
tensor axes.

The interactions with the nearest cation neighbors s
pose considerable problems. The calculation of the supe
perfine tensor axes and isotropic hyperfine couplings i
great challenge for future DFT calculations, which are
progress for O2

2 , Se2
2 , and SSe2. As a general conclusion

the calculations can be used to analyze experimental E
and ENDOR data and demonstrate the power of DFT me
ods in the study of defects in ionic crystals.
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