
PHYSICAL REVIEW B 67, 104429 ~2003!
Ab initio investigation of electron paramagnetic resonance parameters ofS2
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À
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Density functional theory~DFT! methods, as implemented in the Amsterdam Density Functional program,
are used to calculate the electron paramagnetic resonance~EPR! and electron nuclear double resonance
~ENDOR! parameters of S2

2 , SSe2, and Se2
2 molecular ions doped into NaZ (Z5Cl,Br,I! and KI lattices. The

calculations are performed on cluster in vacuo models, involving 88 atoms for the defect and its lattice
surroundings, assuming that the molecular anions replace a single halide ion. In a previous study on the S2

2 ion,
difficulties were encountered in calculating the superhyperfine and quadrupole principal values and axes of the
neighbor cation nuclei. The observed discrepancies were partially attributed to the use of the frozen core
approximation. In this work, the influence of this approximation on the calculated EPR and ENDOR
parameters is evaluated. The DFT results for the S2

2 , SSe2, and Se2
2 molecular ions are in good agreement

with the available experimental EPR data for all considered lattices, strongly supporting the monovacancy
model for these diatomic defects.

DOI: 10.1103/PhysRevB.67.104429 PACS number~s!: 76.30.Mi
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I. INTRODUCTION

In a previous study, electron paramagnetic resona
~EPR! and electron nuclear double resonance~ENDOR! pa-
rameters of the S2

2 molecular ion doped in various alka
halide lattices were studied theoretically,1 using density func-
tional theory~DFT! methods. Herein, the main issue was t
search for an accurate description of the paramagnetic de
and its lattice surroundings. It was found that a cluster
vacuocontaining 88 atoms could satisfactorily reproduce
experimental EPR parameters (g and the hyperfine tensor o
the central molecular ion!, if relaxations of the first two lat-
tice shells were considered. In spite of these computatio
successes, large discrepancies were encountered bet
calculated and experimental principal superhyperfine
quadrupole values and axes for the nearest neighboring
ion nuclei.

In order to improve the calculated superhyperfine a
quadrupole tensors, we will investigate the influence of
frozen core approximation on these parameters by gradu
unfreezing the used cluster, i.e., by removing the frozen c
approximation of subsequent lattice shells. A partially unf
zen cluster is used because a fully unfrozen cluster is c
putationally not feasible. Such calculations are performed
the S2

2 molecular ion doped in NaCl, and the results a
compared to those of our previous study.1 Once the most
adequate partially unfrozen cluster is found, these calc
tions are extended to the S2

2 , Se2
2 , and SSe2 molecular ions

in NaZ ~Z 5 Cl, Br, I! and KI lattices, for which experimen
tal EPR and ENDOR data are also available.2–10By compari-
son with experiment, we shall investigate the level of ac
racy that can be expected, within the applied approximatio
in calculating EPR and ENDOR parameters of these p
magnetic diatomic chalcogen defects. In all our calculatio
a monovacancy model is used, in which the diatomic m
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lecular ion replaces one halide ion in the alkali halide latt
~see Fig. 1! and the intramolecular axis is oriented along
^110& direction.

The structure of the present paper is as follows. In Sec
a short discussion of the spin Hamiltonian parameters use
the analysis of theXY2 and X2

2 (X, Y5S, Se! molecular
ions is given. The computational details are summarized
Sec. III. In Sec. IV, the influence of the frozen core appro
mation is evaluated for the system NaCl:S2

2 and the DFT
results for S2

2 , SSe2, and Se2
2 in the aforementioned alkal

FIG. 1. The XY2 ion in alkali halides, assuming a mono
vacancy model (X,Y5S or Se!. For SSe2, the 1 and 18 nuclei are
inequivalent.
©2003 The American Physical Society29-1
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halide lattices are compared with experiment. The main c
clusions are given in Sec. V.

II. THEORY OF EPR AND ENDOR PARAMETERS

The freeX2
2 andXY2 molecular ions haveD`h andC`v

symmetries and a (2pg)3 and (2p)3 electron configuration,
respectively. In the alkali halide crystal lattice, the symme
is lowered toD2h andC2v . The degeneracy of thepg andp
orbitals is lifted and either a2B2g or 2B3g ground state re-
sults for theX2

2 molecular ions. For theXY2 molecular ions,
the corresponding possibilities are2B1 and 2B2 ~also see
below!.11

In all cases, the paramagnetic defect hasS5 1
2 and can be

described by a spin Hamiltonian12

ĤS5mBBW ḡSŴ 2(
i

gN,iBW IŴ i1(
i

SŴ Āi IŴ i1(
i

IŴ i Q̄i IŴ i . ~1!

The first term in this equation is the electronic Zeeman te
which describes the interaction between the electron spSW

and the external magnetic fieldBW , and is parametrized by th
g tensor.

The second term is the nuclear Zeeman term, which
scribes the interaction between the applied magnetic fielBW

and a nuclear spinIW i . This interaction is parametrized by th
nuclearg tensorḡN,i , which in most cases reduces to a sca
gN,i .

If the nucleusi belongs to the centralX2
2 or XY2 molecu-

lar ion, the interactionSŴ Āi IŴ i will be called a hyperfine inter-
action. Interactions with neighboring nuclei will be referre
to as superhyperfine interactions.

The last term in the spin Hamiltonian is the nuclear qu
rupole interaction parametrized by the quadrupole tensoQi
(I i.

1
2 ). To first order, the EPR spectrum gives no inform

tion about this interaction. The quadrupole tensor descr
the interaction between the electric quadrupole momen
the nucleus and electric field gradients, which are presen

Symmetry requires that theg tensor is rhombic (gxÞgy
ÞgzÞgx) and that the principal axes are oriented alo
@110# (gz), @ 1̄10# (gx) and@001# (gy), or equivalent confor-
mations ~Fig. 1!. According to the theory of Refs. 13–1
(X2

2 molecular ions! and Ref. 8 (XY2 molecular ions!, theg
tensor is characterized bygx,gy,gz if the molecular ion
has the2B2g or 2B1 ground state and bygy,gx,gz in case
of the 2B3g or 2B2 ground state. The smallest g value
found along the direction of the paramagneticp lobes of the
molecular ion. Because inversion symmetry is lost for
XY2 molecular ions, certain ions of a particular lattice sh
become inequivalent. This is illustrated in Fig. 2~a!, for the
interaction with the four nearest cation neighbors in thegx-gz

plane, defined as interaction 1. Whereas for theX2
2 defect,

all four ions are equivalent, in the case of theXY2 defect,
the ions labeled 1 and 18 are no longer equivalent. We wil
denote theA andQ tensor properties of the ions closest to
with accents. The loss of inversion symmetry may also ca
additional tiltings of principal axes. Indeed, for theXY2 mo-
10442
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lecular ions, symmetry allows the A and Q tensor axes
interaction 2 to be tilted away from the g tensor axes, by
anglebA andbQ , as illustrated in Fig. 2~b!.

III. COMPUTATIONAL DETAILS

All geometry optimizations and EPR calculations a
based on DFT~Refs. 16–18! principles and were performe
with the Amsterdam density functional~ADF! program pack-
age, version 1999.19–21This program comprises a set of rou
tines to evaluate theg, A, and Q tensors as developed an
implemented by van Lenthe and co-workers.22–24

Standard basis set IV was used,25 employing Slater-type
orbital basis functions. This set corresponds roughly to
triple-z basis set extended with polarization functions f
main group elements. Calculations were performed adop
the local density approximation according to Vosko, Wi
and Nusair’s26 parametrization of electron-gas data.

Within the concept of the full frozen core approximatio
the following assumptions were made. For S, Cl, and N
electrons up to the 2p shell were kept frozen. For Br and S
electrons up to the 3d shell are frozen, while for I and K

FIG. 2. The applied nomenclature for the different superhyp
fine interactions. The tilting angle in thegz-gx plane, between the
Az(Qz) andgz principal axes is defined asaA(aQ). For the SSe2

defect, the angle between theAy(Qy) andgy principal axes is de-
fined asbA(bQ).
9-2



Ab initio INVESTIGATION OF ELECTRON . . . PHYSICAL REVIEW B67, 104429 ~2003!
TABLE I. Influence of the frozen core approximation on EPR and ENDOR values of the S2
2 molecular

ion doped in NaCl.

expa

frozen core

full b

restricted

S2
2 ion shell 1 shell 2 shell 3

gx 2.0107 2.0069 1.9902 2.0094 2.0096 2.0089
gy 1.986 1.9837 1.967 1.9865 1.9868 1.986
gz 2.2531 2.2343 2.3568 2.2642 2.2648 2.2686
Ax ,Ay 228.5 227.7 230 230 229.9
Ay 108.5 67.4 69.5 71.4 71.3 71.3
Az ,Ay 210.3 213.9 210 210.1 29.7

Ax1,aniso 0.57 1.04 1.05 0.85 0.85 0.84
Ay1,aniso 0 20.56 20.63 20.09 20.09 20.08
Az1,aniso 20.57 20.48 20.42 20.76 20.76 20.76

Aiso 3.91 20.09 20.15 20.28 20.29 20.29
aA 54.8 9.8 9.3 25.9 25.9 26.4
Qx1 20.53 20.22 20.22 20.52 20.53 20.53
Qy1 0.23 0.1 0.1 0.21 0.22 0.21
Qz1 0.3 0.12 0.12 0.31 0.31 0.32
aQ 235.9 232.1 232.1 232.1 232.8 232.9

Ax2,aniso 20.94 20.94 20.9 21.06 21.07 21.08
Ay2,aniso 0.36 1.03 1.01 0.79 0.79 0.79
Az2,aniso 0.58 20.09 20.1 0.28 0.28 0.29

Aiso 24.41 20.02 20.03 20.02 20.02 20.02
Qx2 0.003 20.004 20.004 0.004 0.004 0.004
Qy2 20.007 0.023 0.023 20.01 20.01 20.01
Qz2 0.004 20.019 20.019 0.006 0.006 0.006

aReference 4.
bReference 1.
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electrons up to the 4d and 3p shell were included in the
core.

Within the zero-order regular approximation27–33for rela-
tivistic effects, all calculations were performed at the sp
orbit spin unrestricted level of theory. The relativistic atom
potentials were calculated using the auxiliary progr
DIRAC,34 as is comprised in theADF program package.

IV. COMPUTATIONAL RESULTS

In our previous work,1 geometry optimizations were pe
formed on a cluster in vacuo containing 88 atoms. The ch
cogen atoms, the nearest shell ofM 1 ~M 5 Na, K, Rb! and
the next nearest shell ofZ2 ions were allowed to relax. DFT
EPR calculations were subsequently performed on this o
mized 88-atom cluster. In the present calculations, the s
formalism is applied. The nomenclature for the different s
perhyperfine and quadrupole interactions is given in Fig
as already discussed in Sec. II.

A. Influence of the frozen core approximation on EPR
and ENDOR values of NaCl doped with S2

À

The calculated EPR parameters for the S2
2 molecular ion

doped in alkali halide lattices as performed in Ref. 1, were
10442
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good agreement with the experimental data, while the rep
duction of the ENDOR parameters appeared to be m
problematic. In order to search for an effective remedy
improve the experimental agreement, we released the fro
core restriction for a number of atoms in the cluster. T
results for NaCl:S2

2 are presented in Table 1. We consid
four classes in the restricted frozen core model. In the fi
class, the S2

2 ion is removed from the frozen core. In th
second class~shell 1! all atoms included in the first lattice
shell are released. In the two remaining classes, the num
of ‘‘unfrozen’’ atoms is extended to the second and the th
lattice shell respectively.

Releasing the frozen core approximation only for the2
2

molecular ion, the discrepancy between calculated and
perimental 33S hyperfine values is partly removed, but th
agreement for theg values becomes significantly wors
However, when the first shell cations are also conside
unfrozen, the original agreement for theg values is restored
and even slightly improved, while the33S hyperfine values
remain unaffected. The unfreezing of further shells~second,
third! does not seem to have a significant influence on
EPR and ENDOR parameters up to the first shell. Althoug
slight improvement of the calculated hyperfine values is
tained by removing the frozen core approximation, it do
not appear to be the main cause for the discrepancy betw
9-3
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TABLE II. g tensor values for different diatomic lattice defects doped in NaZ (Z5Cl,Br,I) and KI. All
theoretical values correspond with the partial frozen core approximation.

Experimental Theoretical
S2

2 SSe2 Se2
2 S2

2 SSe2 Se2
2

gx 2.0107c 1.9421g 1.8862e 2.0094 1.892 1.9141
NaCl gy 1.986 1.8818 1.7923 1.9865 1.8419 1.8226

gz 2.2531 2.6393 2.8356 2.2642 2.6812 2.7256
gx 2.0114d 1.9365f 1.9007f 2.0187 1.9359 1.9196

NaBr gy 1.9876 1.8916 1.8079 1.9935 1.8953 1.8407
gz 2.2379 2.6259 2.8073 2.2586 2.6229 2.7344
gx 2.0178b 1.9675a 1.9042a 2.0189 1.9581 1.8795

NaI gy 1.9942 1.9004 1.8148 2 1.9238 1.8211
gz 2.2303 2.6064 2.8015 2.2471 2.5943 2.8013
gx 1.6369b 0.9681a 0.7824a 1.5654 1.1042 0.7831

KI gy 1.6254 0.9532 0.7698 1.5537 1.0924 0.7752
gz 3.0629 3.629 3.7079 3.1655 3.5028 3.6229

aReference 2. eReference 6.
bReference 3. fReference 7.
cReference 4. gReference 8.
dReference 5.
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the experimental and calculated values. In later work,
will explore the influence of the level of theory on the
parameters.

Looking at the influence of the frozen core approximati
on the ENDOR parameters of the neighboring nuclei, a s
nificant improvement is noticed in reproducing the quad
pole tensors. For interaction 1, the agreement becomes
pressive. Partially unfreezing the cluster also has a pos
influence on the calculated hyperfine tensors, but the disc
ancies with experiment cannot be completely removed.
tilting angle aA was badly predicted in Ref. 1, a partial r
lease of some atoms~shell 1! from the frozen core largely
improves its value, but still not sufficiently.

Concluding we can state that a partial unfreezing of
considered 88-atom cluster yields a significant improvem
of the ENDOR values but still some discrepancies rema
We can restrict ourselves to unfreezing the molecular ion
the first lattice shell, while the rest of the cluster can be k
frozen. This partial unfrozen cluster will be used in the fo
lowing DFT-EPR calculations.

B. EPR parameters for NaZ and KI lattices

In Tables 2 and 3, calculated and experimentalg and hy-
perfine values for the considered molecular ions doped in
aforementioned alkali halide lattices are listed. Within t
monovacancy model, the correct ground state for all th
MZ lattices is predicted, i.e.,2B3g for the S2

2 and Se2
2 mo-

lecular ions and2B2 for the SSe2 molecular ion.

1. S2
À molecular ion

The calculatedg and hyperfine values have the sam
qualitative agreement as in Ref. 1. When removing the
frozen core approximation, the quantitative agreement
proves, especially the g and A values for the KI lattice.
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2. SSeÀ molecular ion

For the NaZ:SSe2 defects, the agreement between calc
lated and experimentalg values is good. The observed tren
in experimentalg values when increasing the radius of th
halide ion (gy increases andgz decreases! are reproduced by
the calculations. Experimental hyperfine data are only av
able for the NaCl lattice. The experimental77Se interaction
is much larger than the33S hyperfine interaction, which ca
partly be explained by comparing the corresponding m
netic moments (gN,Se'2.5gN,S). This behavior is perfectly
reproduced by the calculations for the NaCl lattice. For
other NaZ lattices, the same qualitative results (Ay.Az

.Ax) as predicted for NaCl are found: the largestA value
corresponds to the direction of the paramagnetic lobes.

The experimentalg values for the KI:SSe2 defect deviate
from ge to a larger extent than for the NaZ lattices and the
theoretical calculations predict the same behavior. As in
case of the S2

2 ion, the quantitative agreement with expe
ment is not that good as for the NaZ lattices. The hyperfine
values on the other hand are excellently reproduced. Both
experiment and theory it follows thatAz.Ay.Ax , which
differs from the situation in the sodium halides.

Since the monovacancy model leads to a good agreem
between experiment and theory, we may state that also
larger SSe2 molecular ion replaces a single halide ion in t
NaZ and KI lattices.

3. Se2
À molecular ion

For the NaZ: Se2
2 defects, the same overall agreement

noticed. There are some slight disagreements, e.g., the
served increase in experimentalgx value and decrease ingz
value with increasing halide size. Experimental hyperfi
data are available for the NaCl and NaBr lattices and
9-4
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TABLE III. A tensor values~MHz! for different diatomic lattice defects doped in NaZ (Z5Cl,Br,I) and
KI. All theoretical values correspond with the partial frozen core approximation.

Experimental
SSe2

Theoretical
SSe2

S2
2 S Se Se2

2 S2
2 S Se Se2

2

Ax ,Ay
c ,Az

f 69f 63d 230 27.5 295.7 240.8
NaCl Ay 108.5 80 432 350 71.3 50.4 293.7 271.9

Az ,Ay 60 200 287 210.1 35.7 232.8 234.7
Aiso n.a. n.a. 233.6 233.3 10.4 26.2 143.6 155.3
Ax n.a. n.a. n.a. 60e 231.7 210.8 2107.6 246.6

NaBr Ay n.a. n.a. n.a. 357 71.6 54.1 300 267.3
Az n.a. n.a. n.a. 275 213.8 26.5 173.3 220.5
Aiso n.a. n.a. n.a. 230 8.8 23.3 121.9 147.1
Ax n.a. n.a. n.a. n.a. 232.4 213.1 2123.6 244.5

NaI Ay n.a. n.a. n.a. n.a. 72.9 57.7 2315.4 257.8
Az n.a. n.a. n.a. n.a. 215.9 18.7 127.8 239
Aiso n.a. n.a. n.a. n.a. 8.2 21.1 106.5 105.8
Ax ,Ay

b ,Az
a ,Az

a ,Az
a 25.6 4.7 5.6 62.7

KI Ay 64 ,Az ,Az ,Az 37.5 20.8 102.4 24.5
Az 93 141 749 740 90.4 123 698.6 732.8
Aiso n.a. n.a. n.a. n.a. 40.8 49.5 268.9 273.3

aReference 2. dReference 6.
bReference 3. eReference 7.
cReference 4. fReference 8.
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relatively well reproduced by the calculations. Theory p
dicts in all casesAy.Az.Ax , in agreement with the avail
able experimental data.

The large deviation of the g values fromge for the KI:Se2
2

defect, is again reproduced by the calculations. TheAz pa-
rameter is almost perfectly predicted. In analogy with t
SSe2 and S2

2 defects, we may state that the monovacan
model is also valid for the Se2

2 molecular ion.
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C. ENDOR parameters

The principal values and tilting angles of the superhyp
fine and quadrupole tensors for the considered lattice def
doped in NaCl and NaBr are listed in Tables 4–6. In co
parison with our previous study, the quantitative agreem
between calculated and experimental anisotropic superhy
fine couplings for interaction 1 (X2

2 molecular ions! and 18
(XY2 molecular ions!, has considerably improved. This
s

TABLE IV. A andQ tensor values~MHz! for the Na~1! interaction for different lattice defects doped in NaCl.Aiso stands for the isotropic

part, whileAi ,aniso ( i 5x,y,z) represents the anisotropic part of theA tensor. The anglesaA andaQ are in degrees. All theoretical value
correspond with the partial frozen core approximation.

Experimental Theoretical
SSE2,a SSe2

S2
2,b S Se Se2

2,c S2
2 S Se Se2

2

Ax,aniso 0.57 0.69 1.1 1.69 0.85 0.94 22.49 21.96
Ay,aniso 0 0.11 0.25 0.57 20.09 0.22 20.6 20.87
Az,aniso 20.57 20.8 21.35 22.26 20.76 21.18 2.55 2.83

Aiso 3.91 3.94 4.96 4.96 20.29 0.27 21.58 21.74
aA 54.8 24.8 14.6 7.5 25.9 32.4 11.1 10.3
Qx 20.53 20.55 20.55 20.56 20.52 20.62 20.64 20.61
Qy 0.23 0.24 0.27 0.28 0.21 0.3 0.29 0.31
Qz 0.3 0.31 0.28 0.28 0.31 0.32 0.35 0.3
aQ 235.9 233.7 234.8 233.5 232.7 236.6 233.9 230.4

aReference 2.
bReference 4.
cReference 7.
9-5
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confirmed by a better reproduction of the calculated tilti
angles of the principal axes. In accordance with the con
sions made in Sec. IV A we do not succeed in giving reas
able estimates for the isotropic superhyperfine values.
partially frozen core as introduced in this work succeeds w
in the reproduction of the quadrupole values for both int
actions. The calculated tilting angleaQ is also in excellent
agreement with experiment.

The reproduction of superhyperfine and quadrupole
rameters for interaction 2 remains problematic. Although
calculated anisotropic values for theX2

2 ions show reason
able agreement with experiment, the results for the SSe2 ion
are rather disappointing, especially with respect to the tilt
anglesbA andbQ . It should be noted that in the SSe2 defect
the cations 2 are in principle no longer localized in a no

TABLE V. A andQ tensor values~MHz! for the Na~2! interac-
tion for different lattice defects doped in NaCl.Aiso stands for the
isotropic part, whileAi ,aniso ( i 5x,y,z) represents the anisotropi
part of theA tensor. The anglesbA and bQ are in degrees. All
theoretical values correspond with the partial frozen core appr
mation.

Experimental Theoretical
S2

2,b SSe2,a Se2
2,c S2

2 SSe2 Se2
2

Ax,aniso 20.94 20.95 20.91 21.07 20.2 20.99
Ay,aniso 0.36 0.15 0.11 0.79 20.22 0.68
Az,aniso 0.58 0.8 0.8 0.28 0.42 0.31

Aiso 24.41 24.84 25.53 20.02 0.08 20.08
bA 0 224.4 0 0 244.6 0
Qx 0.003 0.03 0.05 0.004 0.0820.05
Qy 20.007 20.07 20.09 20.01 20.18 0.16
Qz 0.004 0.05 0.04 0.006 0.1 20.11
bQ 0 221.5 0 0 20.8 0

aReference 2.
bReference 4.
cReference 7.

TABLE VI. A and Q tensor values~MHz! for the Na~1! and
Na~2! interaction for Se2

2 doped in NaBr~Ref. 7!. Aiso stands for
the isotropic part, whileAi ,aniso ( i 5x,y,z) represents the aniso
tropic part of theA tensor. The anglesaA andaQ are in degrees. All
theoretical values correspond with the partial frozen core appr
mation.

Experimental Theoretical
Na~1! Na~2! Na~1! Na~2!

Ax,aniso 1.36 20.75 21.51 20.76
Ay,aniso 0.63 0.26 20.95 0.71
Az,aniso 21.99 0.49 2.46 0.05

Aiso 4.39 24.77 21.33 20.05
aA 7.7 0 14.4 0
Qx 20.46 n.a. 20.43 20.08
Qy 0.2 n.a. 0.22 0.18
Qz 0.25 n.a. 0.21 20.1
aQ 232.9 n.a. 228.7 0
10442
-
-
e
ll
-

-
e

g

l

plane of the unpaired electron wave function and in view
the small values, the DFT results may become extrem
dependent on the positions of the cations.

D. Comments on the signs of the superhyperfine
and quadrupole parameters

We notice some striking discrepancies between the
perimental and theoretical signs of the~super!hyperfine and
quadrupole parameters, even though the absolute va
agree quite well. One can wonder in how far all experimen
signs are really correct. First, we like to emphasize that
signs carry additional information about the electronic a
geometric structure of the paramagnetic defect and its lat
surroundings. But even though these signs are difficult
assess experimentally, they can often be ‘‘guessed’’ by us
additional information or by considering trends in comp
rable systems. Hence the experimental ‘‘prediction’’ of t
signs can be the subject of some discrepancies with the
The most striking discrepancy in signs is observed in Ta
5. The quadrupole tensor of the Na~2! interaction forSe2

2 in
NaCl gives opposite signs. A sign reversal would lead to
reasonable agreement. On the contrary, if we look at
comparable quantities for the Na~1! interaction in Table 4,
there is obviously no need for a sign reversal. For the su
rhyperfine interaction with Na~1! nuclei neighboring Se,
however, the discrepancy between the experimental and
oretical signs for SSe2 and Se2

2 is quite general. At this
stage the reasons for these observed discrepancies are n
known and further study on these items is in progress.

E. Comments on the isotropic couplings

The present study shows that the quantitative reprod
tion of isotropic hyperfine coupling constants poses still
rious problems. Isotropic couplings arise due to the app
ance of spin density at the position of the nucleus. T
contact hyperfine interaction is greatly amplified by core p
larization of the s-electrons and is mediated by attract
exchange interactions between spin orbitals with para
spins in successive core shells. A relaxation of the froz
core approximation would be expected to enlarge the c
polarization, but the results do not reveal much improvem
suggesting an inadequacy of the used DFT functional for
type of calculations.35 Indeed, the exact exchange interacti
which is strongly non-local and which is responsible for
adequate core polarization is replaced by a local spin den
approximation. The insufficient core polarization in th
present results is an inherent consequence of the specifi
trinsic nature of the employed density functional, and und
lines the limits of DFT methods in the reproduction of som
spin dependent properties.

V. CONCLUSION

In this work we presented an extended version of
model outlined in Ref. 1. The extension mainly consists in

i-

i-
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partial unfreezing of the 88-atom cluster. It was found th
important shortcomings of the previous model using the f
zen core approximation are now removed. In particular,
quadrupole tensors of the alkali neighbors in thegx-gz plane
are now reproduced in a very satisfactory way.

For those quantities whose theoretical prediction was
isfactory even with the full frozen core approximation,
turns out that the unfreezing effect of the core has little
fect, in this way keeping the good experimental agreem
and even slightly improving it. In this context, we underlin
the excellent reproduction of the g values for all conside
diatomic defects. All ground states were correctly predic
using the same procedure and level of theory for all defe
and lattices. All results give evidence for the validation of t
monovacancy model for the SSe2 and Se2

2 molecular ions.
In general, the chalcogen hyperfine tensors show g

agreement with experiment. In some cases discrepancie
noticed when comparing experimental and theoretical hyp
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