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ABSTRACT: Calculations using density functional theory are performed to study the
electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR)
properties of Sy and Se; impurities in alkali halide lattices. Cluster in vacuo models are
used to describe the defect and the lattice surroundings. The trivacancy defect model
proposed in the literature is able to reproduce both the experimental principal values and
directions of the g tensor for S;” and Se; defects doped in alkali halides. The alternative
monovacancy model gives rise to important discrepancies with experiment and can be
discarded. For the KCl lattice, the hyperfine tensors of the S; and Se; molecular ions also
agree well with the available experimental data, giving further evidence to the trivacancy
model. In addition, for NaCl:S; and KCL:S; computational results for the **Na and **Cl
superhyperfine and quadrupole tensors are compared with experimental ENDOR

parameters.
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Introduction

S ulfur and selenium doping in alkali halides
and subsequent exposure to ionizing radiation
gives rise to a wealth of paramagnetic defects. With
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the aid of electron paramagnetic resonance (EPR)
and electron nuclear double resonance (ENDOR)
mono- [1-4], di- [5-7], tri- [8-10], and tetra-atomic
[8] centers have been identified. Despite the accu-
racy of the experiments and the analyses of these
data, our knowledge about the structure of these
defects is still incomplete. Recently, cluster in vacuo
density functional theory (DFT) calculations [11, 12]
for S;, SSe” and Se, molecular ions have shown
that the ground state, the ¢ and hyperfine tensor
may be satisfactorily reproduced in nine alkali ha-
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FIGURE 1. Mono- (A) and trivacancy (B) structure for
the S5 defect. The alkali and halide atoms are colored
red and green, respectively.

lide MZ, M = Na, K, Rb and Z = Cl, Br, I) host
lattices. This opens favorable perspectives to
solve at least some of the remaining problems
concerning sulfur and selenium defects in these
lattices, such as their precise structure or ground-
state properties.

The present work deals with X5 (X = S, Se)
molecular ions in alkali halides which give rise to
orthorhombic centers with S = 1/2 and principal g
tensor axes along [110], [110], and [001]. Two mi-
croscopic models are compatible with this symme-
try: (i) a monovacancy model in which X5 replaces
a single Z~ halide ion [Fig. 1(A)] and (ii) a triva-
cancy model [Fig. 1(B)] in which the paramagnetic
ion replaces an (ZMZ)™ unit.

Based on the theory of Walsh [13], which is de-
veloped for X3 ions in vacuo, some preliminary
conclusions about the electronic configuration of
the molecular ion in the crystal lattice can be made.
According to this theory, the X3 ion in vacuo has a
bent structure with C,, symmetry and a *B; ground
state. Within the linear combination of atomic or-
bitals scheme, the unpaired electron resides in a
molecular orbital of the following form:

lpx + [p)
|b1> = C1|Pf> +cy n ’ (1)
\J

with the x axis perpendicular to the molecular
plane X; and X, the two outer equivalent S or Se
atoms and X in the center. Using Stone’s formula
[14, 15], the largest principal g value is found along
the axis connecting the outer X atoms, which is
defined as the y axis. The smallest g value is ex-
pected along the axis perpendicular to the molecu-
lar plane (x axis), and the direction of the interme-
diate g value corresponds with the C, axis of the X5
ion, defined as the z axis. Assuming that this theory
is still valid for X3 ions in an ionic lattice environ-
ment, one would expect that the smallest g shift is
to be found along an (110) direction for the mono-
vacancy model [Fig. 1(A)] and along an (001) direc-
tion for the trivacancy model [Fig. 1(B)]. On these
grounds, the latter model was proposed for the
MZ:X; defects. Nonetheless, no symmetry argu-
ments are present to exclude the monovacancy
model.

The purpose of the present cluster in vacuo DFT
calculations is twofold. First, using both the mono-
and the trivacancy model, we want to verify if the
unpaired electron lobe and the direction of the
smallest g shift are found perpendicular to the X3
plane for both defect structures. This would imply
that the monovacancy model could be excluded.
Second, it is tested to what extent the calculations
are able to reproduce the EPR and ENDOR param-
eters of the S5 and Se; defects in alkali halides. The
main quantities determined in EPR and ENDOR
experiments are the g, (super)hyperfine, and quad-
rupole tensors, which describe the interaction be-
tween (i) the electron spin and the external mag-
netic field, (ii) a nuclear spin and the electron spin,
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FIGURE 2. Calculated g shifts (in ppt) as a function of
increasing cluster size for the NaCl:S; defect structure.

410

VOL. 102, NO. 4



TABLE |

DFT-EPR STUDY OF S; AND SE; IONS

Theoretical Ag values (in ppt) using the mono- and the trivacancy model for the NaCl:S; structure, compared

with experimental data.

Experiment®

Theory: monovacancy

Theory: trivacancy

Value Direction Value Direction Value Direction
Ag, -0.9 [(_)01] 0.06 [110] -1.6 [C_JO1]
Ag, 44.2 [110] 37.6 [110] 34.6 [110]
Ag, 28.5 [110] 271 [001] 28.1 [110]

2 Ref. [8].

and (iii) the electric quadrupole moment of the
nucleus and electric field gradients respectively.
For a detailed discussion on EPR and ENDOR
properties, we refer to specialized standard works
[16].

Computational Details

The monovacancy model was simulated using an
89-atom cluster as described in Refs. [11, 12]. For the
trivacancy model, a cluster composed of 140 atoms
was used to optimize the structure of the X5 molec-
ular ions. For this cluster size, EPR calculations turned
out to be computationally unfeasible. Therefore, an
84-atom cluster was cut from the optimized structure
(see below). Geometry optimizations were performed
with the ADF1999 (Amsterdam Density Functional)
program package [17-19] with basis set IV [20] and
the VWN functional [21]. For both the mono- and
trivacancy model, the central X3 ion and the nearest
shell alkali atoms were treated unfrozen; for all other
atoms a frozen core approximation was applied. In
both defect models, the first alkali and halide lattice
shells were allowed to relax while all other atoms
were kept fixed at their lattice positions. The ADF
program was also selected to calculate the g [22] and
Q tensors [23] for both defect models, again using the
VWN functional in combination with basis set IV.
Using this approach, very accurate g and Q values for
diatomic chalcogen defects were obtained [11, 12] but
substantial discrepancies with experimental (super)-
hyperfine data were observed. For this reason, a hy-
brid functional shall be used for calculating the (su-
per)hyperfine values, as they produce more reliable
results for these properties [24]. The frozen core ap-
proximation was applied in accordance with the com-
putational protocol of the geometry optimizations.
The (super)hyperfine tensors were calculated for the

optimized ADF geometries with Gaussian98 software
[25]. The B3LYP functional [21, 26-28] was used in
combination with a 6-31G** basis set for the lattice
environment and a 6-311+-+G** basis set for the X5
ion. For the Rb atoms, the full-electron Sadlej pVTZ
basis set was applied [29].

Computational Results

VALIDATION OF THE CLUSTER SIZE FOR
THE TRIVACANCY MODEL

Although geometry optimizations are feasible
for a cluster composed of 140 atoms at the ADF
VWN/1V level of theory, the program fails in eval-
uating the corresponding relevant EPR parameters.
These computational limitations necessitate a re-
duction of the 140-atom cluster. This should be
performed with great care and it should be verified
that convergence of the EPR parameters under in-
terest still takes place. To accomplish this, the clus-
ter size dependence of the g tensor has been inves-
tigated for the S; defect in NaCl. The results are
displayed in Figure 2, and we may assume that
sufficient convergence has been reached at least in
the 84-atom cluster. This cluster fulfills the require-
ments of a low total charge (—4) and an accurate
description of the lattice environment of the central
molecular ion to limit boundary effects.

2 TENSOR

Monovacancy vs. Trivacancy Model for
NaCl:S3

Table I reports the calculated g shifts (Ag; = g; —
8o 1 = x,y, z; in ppt) for the NaCl:S; defect structure
using the mono- and the trivacancy model.
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TABLE Il

Comparison of calculated Ag values (in ppt) with the experimental ones for the S; ion and the Se; ion using

the trivacancy model.

Experiment Theory

X5 Lattice Ag, Ag, Ag, Ag, Ag, Ag,
Sy NaCl# -0.9 44.2 28.5 -1.6 34.6 28.1
S; NaBr? 0.7 47.7 32.5 0.5 51.1 44.9
S; KCI# 0.3 47.6 29.6 1.3 40.6 30.8
S; KBr? 1.7 48.5 30.4 2.6 45.9 36.4
S; RbCIP 0.1 51.4 36.1 0.8 45.6 33.9
Se; KCI# —-13.8 218.2 152.2 -17.0 186.6 136.3

a Ref. [8].

® Ref. [10].

For both defect structures, the smallest g shift is
found along the direction perpendicular to the mo-
lecular plane. This corresponds to a (110) direction
in the mono- and to a (001) direction in the triva-
cancy model. Also, the largest g shift is found along
the direction of the outer two S atoms, while the
intermediate g value is found along the C, symme-
try axis for both defect models. This is in agreement
with Walsh’s theory [13]. The magnitude of the g
shifts is nearly independent of the lattice environ-
ment. Indeed, for both defect models, the smallest g
shift is close to zero, the intermediate g shift is
about 28 ppt, while the largest g shift is 36 ppt on
average. Therefore, no final assignment of the de-
fect model can be made, solely based on the mag-
nitude of the g shifts.

From a single crystal study [8], the smallest g
value was found along the (001) direction. Hence, a
trivacancy model is supported while the monova-
cancy model is excluded. For the trivacancy model,
the computed ground-state wave function of the
unpaired electron is of the form of Eq. (1) with ¢; =
0.84 and ¢, = 0.54.

In conclusion, the trivacancy model is found the
reproduce in a correct way the experimental g val-
ues, and its results coincide with those predicted by
the theory of Walsh.

& Tensor for MZ:X3

Because the experimental g tensors of the S ion
doped in NaBr, KCl, KBr, and RbCl have the same
symmetry and orientation as for the NaCl lattice,
we may assume that the trivacancy model is correct
for all these lattices. Theoretical and experimental
Ag values are listed in Table II. In all cases good

agreement with the experimental g shifts is ob-
tained.

For the Se; ion doped in KCI, larger g shifts are
observed both experimentally and theoretically.
The quantitative agreement is fairly well.

(SUPER)HYPERFINE AND QUADRUPOLE
DATA

The principal axes of the hyperfine tensor for the
central sulfur or selenium nuclei, are parallel of
those of the ¢ tensor. In contrast, two principal axes
of the hyperfine tensor for the two outer nuclei are
expected to be tilted away from the g-tensor axes in
the plane of the molecular ion by an angle ay, ;.

TABLE Il

Comparison of predicted and experimental
hyperfine values (in MHz) for the 33S and 7’Se
interaction for KCI:S; and KCI:Se;.

S; Se;
Exp.2 Theory Exp.2 Theory
A, 150 148 694 632
A, <30 —-32 135 —231
A, <30 —-33 166 —245
Asq 54 40 203 225
A, 1 n.a. -8 0 -9
21 n.a. —-11 48 -32
Qp 1 n.a. 37 20 6
2 Ref. [9].
“A” (i = x,y, z) stands for the interaction with the central

nucleus; “A; ;” stands for the interaction with the two equiv-
alent outer nuclei. The tilting angle a, 4 is given in degrees.
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TABLE V

Theoretical and experimental ENDOR data for the
35C] interaction for S5 in NaCl and KCI.

% *Na interaction J *Clinteraction

FIGURE 3. Trivacancy model for MZ:X5, indicating
the nuclei with which the interaction has been identified
in the ENDOR spectra.

Experimentally, it is observed that the direction of
the largest hyperfine value corresponds to the di-
rection of the smallest g shift (g, axis, [001]). This is
perfectly reproduced by the calculations as seen in
Table III. Both the *°S and ”’Se interaction are cal-
culated in very accurate agreement with the exper-
imental data for KCL

For NaCl:S5, superhyperfine and quadrupole in-
teractions with four equivalent sodium neighbors
(Fig. 3) could be resolved using ENDOR [9]. For
comparison with literature, all three principal val-
ues and three direction cosines for each principal

TABLE IV

NaCl KCI

Exp.2 Theory Exp.? Theory
T, 2.10 19.80 2.64 10.44
T, -1.05 —9.90 -1.32 -5.22
T, -1.05 —9.90 -1.32 —5.22
Aiso 9.96 14.90 3.94 4.93
@a 5.00 2.60 7.00 1.70
Q, 0.66 0.46 0.54 0.14
Q, -0.33 -0.23 -0.27 -0.07
Q. -0.33 -0.23 -0.27 -0.07
?q n.a. 8.64 n.a. 18.60

a Ref. [9].

Ais, and T; are equally defined as in Table IV. The tilting angle
®a IS given in degrees.

direction are given in Table IV, and it is seen that
the theoretical data are close to the experimental
data. The values for the *?Na quadrupole interac-
tion are also reasonably well reproduced.

Besides the interaction with four equivalent so-
dium atoms, interaction with two equivalent chlo-
rine neighbors was also identified. The *°Cl super-
hyperfine and quadrupole interactions have axial
symmetry and the principal axes are close to the g
tensor axes but slightly tilted by an angle ¢4, in
the (110) plane (Fig. 3). Experimental and compu-
tational data are also available for KCI:S3, and for
both crystals the same conclusions can be made
(Table V): the anisotropic couplings are seriously
overestimated and the quadrupole couplings are
underestimated. On the other hand, isotropic cou-

Theoretical and experimental ENDOR data for the 2°Na interaction for NaCl:S; .

Direction cos.

Direction cos.

Exp.® 9x 9y Theory 9x 9y 9:

T, 1.72 0.986 0.075 0.147 1.62 0.980 0.086 0.179
T, -0.72 —-0.164 —0.883 0.440 —-0.65 —0.196 —0.799 0.569
T, —-1.00 —-0.164 0.440 0.883 -0.97 0.033 0.575 0.818
Aico 6.48 5.14
Q, -0.18 n.a. n.a. n.a. —-0.14 —0.933 0.248 0.262
Q, 0.02 n.a. n.a. n.a. 0.06 0.326 0.882 0.324
Q, 0.16 n.a. n.a. n.a. 0.08 0.152 —0.387 0.909

2 Ref. [9].

Ais, Stands for the isotropic part, while T; (i = X, y, z) represent the anisotropic part of the A tensor.
INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 413
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plings and tilting angles ¢, are reproduced reason-
ably well. Although the agreement between exper-
imental and theoretical ENDOR data is not in all
cases satisfactory, the calculations are able to repro-
duce that the largest A and Q value is found close
to the [001] axis, i.e., the direction of the smallest g
shift.

Conclusions

In the present DFT study, the calculated mag-
netic resonance parameters of the S; and Se; mo-
lecular ions were compared with results of EPR and
ENDOR single crystal measurements. A first major
success of the present work is the confirmation of
the B, ground state and the trivacancy model for
X5 ions. The calculations clearly show that the use
of the monovacancy model gives deviating results.
Furthermore, both experimentally and theoreti-
cally, the directions of the smallest g shift and the
largest hyperfine value, i.e., [001] axis, were found
to coincide. Also, the calculations were able to re-
produce the experimental g values for X5 ions em-
bedded in various alkali halides.
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