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Density-functional methods, as implemented in the Amsterdam Density Functional program, are used to
calculate the electron paramagnetic resondB&R) and electron nuclear double resonafiEBIDOR) param-
eters of the $ defect in a halide monovacancy in various alkali halioesz{M =Na, K, Rb andz=Cl, 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. Foivéll lattices, the calculated g artdS
hyperfine tensors of the,Smolecular 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" oind Z~ 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 resonanc€ENDOR) work in the 1990s and finally in NaCl it
could be unambiguously shown thaj SSe, , and SSe
Since the late 1950s the superoxide molecular ignh@s ~ were present in a monovacancy site, suggesting that all mo-
been the subject of numerous electron paramagnetic reségcular ions of this type could enter the alkali halides in a
nance(EPR investigations in alkali halidesMZ:M=Na, ~ monovacancy configuratioi*' The KCI S, case was left
K, Rb andZ=Cl, Br, I). Pioneering work has been done by unsolved due to insufficient ENDOR data.
authors of Refs. 1-3. This included both extensive experi- The occurrence of two different ground states and the call
mental and theoretical work, in which formulas fgrand ~ for an accurate modelmonovacancy/divacangywere the
hyperfine parameters were derived. The experimental dat®ain objectives for the present density functional theory
could be excellently described by this semiempirical method(DFT) study. The choice of the;Sion (instead of Q) to
Furthermore, the interactions with the six nearest catiorftart such a study is due to two reasons.

neighbors(interactions 1 and 2, see belpwere also dis- (i) S, in NaCl is the smallest defect for which the mono-
cussed in a similar schenfé. In the mid sixties this EPR vacancy model was proven experimentally.
work was extended towards thg SSe, , and SSe centers (if) Calculations on @ have shown that the standard ba-

by the authors of Refs. 4—7. As will be explained below, thesis functions used in the Amsterdam density functional
X5 (X=0,S,S¢ centers have either %29 or Zng ground (ADF) program package are probably less accurate in de-
state in the alkali halide lattice, apparently depending on thé&cribing the @ molecular ion adequately.

size of the chalcogen and the lattice ions. Frormkg and The presenab initio DFT investigation of the S radical
co-workers’ theory this was reflected in differently oriented
paramagnetic lobes of the unpaired electron. For both defect
types a model in whictX; replaces a singl&~ ion was
proposedFig. 1).

In the 1980s, however, by the use of new crystal growth
methods, the centers mentioned above could be introduced in
a growing number of alkali halide latticés!” The mono-
vacancy model was questioned when in KCl a secopd S
molecular ion was discovered, next to the one identified ear-
lier in Refs. 5 and 8. The identification ag Svas in both
cases carefully experimentally substantiated by, €% en-
richment and testing to the theory of Kzg and co-workers.

A divacancy model ($ replacing two neighboring Clions

along a(110) direction was proposedFig. 2), also inspired . . _

by the larger number of anion vacancies introduced by the ;mgg Akaltinteraction 7

specific doping procedufe’ From then onwards it was sus- Z1 : Halogen interaction 1

pected that otheX, centers, especially the “larger” ones in Eai it

“smaller” lattices, would also have to b&e)assigned to a

divacancy site. FIG. 1. Monovacancy model for th¢, molecular ion in alkali
This ambiguity stimulated a lot of electron nuclear doublehalides.

9,001]

| gi10]

0163-1829/2002/68.3)/13410312)/$20.00 66 134103-1 ©2002 The American Physical Society



F. STEVENSet al. PHYSICAL REVIEW B 66, 134103 (2002

X[110] [010] z[11yv The theoretical principles of EPR and ENDOR are out-
\ : lined in many textbook&~** and we only summarize the
G g most relevant expressions. The spin Hamiltonian used for the

interpretation of EPR and ENDOR spectra of systems with
one unpaired electrofeffective spin S= 1) is given by

[100] ﬂ=ﬁe§5§—2i IBNriEN,ié"_}i: SA;

© .
with B.=efi/2m, the Bohr magneton an@y=efi/2m, the
nuclear magnetonnf, and m, are the electron and proton
“ ; ‘ mass, respectively

\ | ‘ The first term in this equation is the electronic Zeeman
term, which describes the interaction between the electron

K Q¢ spinS and the external magnetic fieRland is parametrized
;ﬁ:tg:: :2{2;22::3:; by the g tensor. The second term is the nuclear Zeeman term,
' which describes the interaction between the applied magnetic

FIG. 2. Cross section of the divacancy model for ¥ig mo-  field B and a nuclear spiﬁ . This interaction is parametrized

lecular ion in alkali halides. by the nuclear g tensay ; , which in most cases reduces to
a scalargy; .
doped into different alkali halide lattices also intends to vali- The third term describes the interaction between the elec-

date the DFT methods for the description of defects in ionigyon spinS and a nuclear spif; and involves thésupejhy-

lattices. Using the monovacancy model, we shall try to re'perfine tensorA_i. We will further indicate the interaction

produce the ground state of thg ®n in the aforementioned with the nuclei of theX; molecular ion, which makes out the

n'l;]re J:glctehseggggafhfaliigio?:dra/neg bﬂgse(cj:rrr?é dF(())ru tthc')%ore of the paramagnetic defect, as hyperfine interactions and
purpose, use the expression superhyperfine interactions for interac-

clusters in vacuo, containing 88 atoms. Recent advances Ir . . ! ; . ;
computational chemistry have led to the development of nevt[/rnons with neighboring nuclei. Th(esupe)hyperfme_couplﬂg

methods for the calculation of electronigand hyperfine O A tensor is often decomposed into two terms: Ais,1
tensors. Most DFT-EPR studies focus on g and A tensor cal+ Aqjp - The isotropic or Fermi contact terf, is related to
culations for transition metal complex&s2® defects in  the probability| ¢+(0)|? of finding the electron at the nucleus
solids?’~?°free radicals®32or organic molecule®>~%° Al-

though the merit of DFT methods in the calculation of hy- 2 )

perfine parameters of organic radicals is unquestionable, Ai80:§“096369NBN|¢(0)| 2
their adequacy to describe EPR parameters of more complex

systems like transition metals or defects in solids is still al-where i, is the magnetic permeability in a vacuum agd
most unexplored. =2.002319 the free electrog value. The anisotropic part

The structure of the present paper is as follows. In Sec. lip ;| of the hyperfine tensor is due to the interaction between
the spin Hamiltonian parameters used in the analysis of thgagnetic dipoles and yields additional information about the
X, defects in alkali halides are introduced and a short survewave function and local environment of the unpaired elec-
of the theory of Kazig and co-workers for these parameterstron. From classical expressions of interacting dipoles at a

is given. The computational details are summarized in Sedistance r, the anisotropic components are derivét as
1. Section 1V is dedicated to the selection of the cluster. The

quality of the spin Hamiltonian reproduction is tested on the Lo 342—12

S, defect at a halide monovacancy in NaCl, for which the Aa’a=4—geﬁegNﬂN<—5>, (3
defect model was experimentally proven. In Sec. V, the DFT- & r

EPR results for the nin# Z lattices are compared with ex-

perimental EPR and ENDOR results. The computational re- “o 3ap
sults are discussed in Sec. VI. Aa.p= 7 9eBeINBN ek 4
Il. EPR PARAMETERS AND THE THEORY OF KANZIG with a, B=X,y,Z.. _ o
FOR X, LATTICE DEFECTS The last term in the spin Hamiltonian is the nuclear quad-

rupole interaction parametrized by the quadrupole te@sor
In this section, we discuss briefly some general propertiegl > ). To first order, the EPR spectrum gives no informa-
of EPR and ENDOR tensors. Also an introduction to thetion about this interaction. The quadrupole tensor describes
theory of X, defects in NaCl-type lattices, as developed bythe interaction between the electric quadrupole moment of
in Refs. 1-3, is presented. the nucleus and electric field gradients, which are present.
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FIG. 3. Linear combination of atomic orbitd CAO) energy
levels scheme for the freg, Smolecular ion and symmetry orbitals
in a lattice field withD,,, symmetry. Also the irreducible represen-

tations(IRREP for the considered symmetry group, atomic orbitals

(AO) and molecular orbitaléMO) are shown.
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where z corresponds to the direction of the molecular axis
which is along a(110) crystallographic orientation in the
considered alkali halides. Thedirection is defined perpen-

dicular to the axis (110) direction while they axis is de-
fined along the(001) direction. The formulagwith tan 2¢
=\/A andl~1 a parameter to include covalency effects
presented above show thgt<g, and correspond to éBzg
ground state, with the paramagnetic lojéescribed in a
lowest combination of atomic orbitals approximation by
p(x)-p(x;), p(x,) andp(x,) denoting atomic p-orbitals on
chalcogen nucleX, and X, respectively along(110). For
the other ground statg, < g, and the expressions fajy
andg, have to be interchanged.

The formulas show that the free molecular ion hgs
=g,=9,=0 andg,=g,,=4. For the formulas derived for

The relation between the quadrupole tensor and the electrd® (Superhyperfine parameters we refer to Refs. 2 and 3.

static potentiaV; at the nucleusi) is given by

___eQ vy
Qu.es=21(21-1) sasp

©)

with Qi) .. the representation of the nine elements of¢he

tensor.Q is the electric quadrupole moment of the involved
nucleus. From this expression, it follows that the quadrupol

coupling tensor is symmetric and has a zero trace.
The mentionedy, A (**S hyperfine and superhyperfine

andQ tensors are characterized by three principal values an
three principal axes. Especially in the case of superhyperfin
and quadrupole tensors, the orientation of the principal axe

can contain important information with respect to, e.g., th

direction and distance of the interacting nucleus to the mo
lecular defect center. Therefore, this orientational informa
tion will also be used in the discussion, which is certainly a

great challenge for DFT calculations.

The free $ molecular ion withD., symmetry has a
(10g)%(10y)2(209)%(20)% (309X (1) (17g)*(30)?
(40¢)*(40y)*(504)*(2m,)*(2mg)* electron configuration,
leading to aZHg ground state. In a NaCl-type lattice, the
symmetry is lowered td,, and the orbital degeneracy of

the g orbitals containing the unpaired electron is lifted: the

D..n mg level splits into &4 andbg, level (Fig. 3). Depend-
ing on whether the unpaired electron resides ly@aor b,

orbital, a ?B,4 or B, ground state arises. The two states

are separated by an energy As shown by Zeller and Ka

zig,? the calculation of the principal g values involves also a

third energy level withA; symmetry and separated from the
ground state by an amount & Also introducing an effec-
tive spin-orbit coupling constant, the principalg values
were calculated to be

A
Ox=0eC0S 2p+(COS 2p— 1+ sin 2<p)E,

N
gy=0eC0S 2p+(C0S 2p+ 1—sin 2¢)E,

0,=0eC0S 2p+ 2| sin 2¢, (6)

IIIl. COMPUTATIONAL DETAILS

All geometry optimizations and EPR calculations are
based on DFTRefs. 45—4Y principles and were performed
with the ADF program packad®,°version 1999. This pro-

ram comprises a set of routines to evalugted, and Q
ensors as developed and implemented by van Lettié.
The standard basis set IV was used in AT9Femploying
glater-type orbitals as basis functions. This corresponds

ughly to a triple¢ basis set extended with polarization

nctions for main group elements. Calculations were per-
ormed adopting the local density Approximation according
to Vosko, Wilk, and Nusair® parametrization of electron-

gas data. Calculations with gradient-corrected functionals

[Lb94%® PW91%" and Blyp (Refs. 58 and 59 were per-
formed but proved in bad agreement with experimental data.

All calculations were performed within the frozen core
approximatiorf® For S, Cl, and Na, electrons up to the 2p
shell were kept frozen while for Br, I, K and Rb, electrons up
to the 3, 4d, 3p, and 4 shells respectively, were included
in the core. With the zero-order regular approximation
(ZORA) (Refs. 60—65 for relativistic effects one has a fast
and powerful tool at hand to calculate the(giiperhyperfine
and the quadrupole tensor of systems containing heavy ele-
ments.

In the literature, there is no straightforward approach in
calculating EPR tensors. EPR-DFT calculations on transition
metal complexes are usually based on different methods for
g and A tensor calculation$*?>?® g tensors are calculated
using the spin orbit coupled spin-restricted ZORA
Hamiltonian®® and hyperfine coupling parameters are ob-
tained with the Scalar relativistic spin-polarized ZORA
Hamiltonian®’ As a test for the system under study, we per-
formedg and A tensor calculations with the aforementioned
and with the spin orbit coupled spin-unrestricted level of
theory. Because the latter performed superior in all EPR cal-
culations all results reported are based on this level of theory.
The relativistic atomic potentials were calculated using the
auxiliary programbpirac,®® which is supplied with the ADF
program package.
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TABLE I. Composition and definition of the cluster shells. will be compared. In order to test whether the total charge
and Madelung constant of the cluster are really important,
Shell Member Sublattic No. of sites  calculations have also been performed on a 58-atom cluster,
1 100 M 6 which does not meet the aforementioned requirements at all.
2 110 VA 12
3 111 Mt 8 B. Lattice relaxations
4 200 Z 6 Structure optimizations were performed varying the S-S
5 210 M 24 distance of the S ion and the positions of all Naions in
6 211 zZ 24 shell 1 and all CT ions in shell 2, while all other ions were
7 220 Z 12 kept at their undisturbed lattice position. We will justify our
8 221 M* 24 choice of the number of relaxed atoms below. Optimization
9 300 Mt 6 of the defect-free lattice (Clat the central halide vacancy
10 222 z 8 yielded no significant difference from the equilibrium Na -

Cl distance (2.82 A). Figure 4 presents the calculated S-S
distance and the displacements of the nearest &fad CI
IV. SELECTION OF THE CLUSTER: COMPUTATIONAL ions as a function of the cluster size.

STUDY OF S, IN NACL The S-S distancfFig. 4(a)] appears to exhibit a complex

A. General considerations dependence on the cluster size: it does not converge in a
, . . monotonic way. It should however be noted that the maxi-
In order to find the optimum cluster in vacuo model for mum variation found in this parameter barely exceeds
the S defect in alkali halide lattices, structure optimizations § 03 A and that for the largest two clusters the difference is
were performed and spin Hamiltonian parameters were Calgm|ier than 0.007 A. It is thus reasonable to assume that for
culated for the defect in NaCl for several cluster sizes. As theq |atter two clusters. the calculated S-S distance approxi-
spin Hamiltonian parameters strongly depend on relaxationg, yes the value for the infinite lattice very well. Because the
of the surrounding lattice ion@his will be substantiated be- S, molecular ion is considerably larger than the Gbn it

Iow),.the cluster should be chosen sufficiently_large, S0 thafepla\ces the neighbor atoms which are allowed to relax
the displacements of the nearest alkali and halide shells have, | 1_é mainly undergo an outward relaxation, i.e. a dis-

converged. Because the monovacancy model has been ex- g .
. ) . placement along the axis interconnecting the center of jhe S
perimentally proven for $ in NaCl, numerical agreement

. i L and the neighbor ion, away from the center of the defect.
between calculated and experimental spin Hamiltonian pagyoqq displacements are indicated with full dots in Figs.

rameters can be used as a second criterion in the selectiong b)—4(f). In general, it tends to decrease as the cluster size
thel CI.IlngTr' | the first f hells of cati n d ani increases, indicating that an increasing number of fixed lat-
In-lab'e |, the first lew snels of ca forM ") an anion yice points tends to prevent relaxing ions from being dis-
(27) neighbors around a §|ngle halide vacancy are define laced. Symmetry allows that the first shell Nions in the
The clusters that we considered always consist of complet quatorialg,-g, plane (indicated by 1 in Fig. Land the
Z IX .

shells. As t_hg influence of the rest of the lattice is to';allySecond shell Cl ions, not located in the equatorial plane
neglected, it is to be expected that the best results will b indicated with 3 in Fig. 1 undergo additional displace-

obtained using clusters for which the total charge is minimal ents. These are indicated with open symbols in Fib) 4

(i.e., =1, including the central Sion) and for which the 4 4f) "and are in general much smaller than the outward
electrostatic lattice potential at the halide vacafidpdelung relaxation. For the NA) [Fig. 4(b)], Na2) [Fig. 4(c)], and
constant: 1.74758 for the_mflnlte NaCl-type Ia_ttl?,%ss well CI(1) [Fig. 4(d)] ions, the outward relaxation has clearly con-
rep_roduced. Clysters which meet the_se requirements and r@érged with cluster size. The deviant (2adisplacement for
main computationally tractable, cqn3|st of_26, 86, and 1244 .59 _atom clustefFig. 4(c)] is probably related with the
neighbor atoms of the,Smolecular ion. Their shell compo-  geyiant charge and Madelung potential of the cluster. For the
sition (SO, total charge(Q) and Madelung constanMC)  qther displacements, convergence is not yet reached at the
are given in Tqble.ll. In the following, the lattice relaxations largest cluster size. As the calculated spin Hamiltonian pa-
and spin Hamiltonian parameters calculated for these clustefgmeters are believed to be strongly dependent on the exact
-~ position of the neighboring atoms, these results suggest that
TABLE II. Shell composition(SC), total chargelQ) and Made-  jmprovement of the DFT-EPR results may still be expected
lung cons_,tan(M_C) f_or different cluster sizes, with NON the num- by increasing the cluster size, even over 126 atoms. It may
ber of neighboring ions- 2. further be noted that the NB ions[Fig. 4(b)] undergo the
largest relaxation. The displacements for the second shell

sC NON Q MC Cl™ ions[Figs. 4d)—4(f)] are, however, of the same order of
1-3 28 1 2.133 magnitude. This already indicates that the relaxations of the
1-5 58 19 9.866 second shell ions should not be neglected. The outward re-
1-6,9 88 1 2.068 laxations of theZ(1) ions[Fig. 4(d)] appear to be induced by
1-8,10 126 -1 1.516 the S molecular ion. A comparison of Figs(l) and 4e)

suggests that the outward relaxation of the halid@sare
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towards the experimental data when the cluster size is in-
creased. In fact, the agreement with experiment is already
very satisfactory for the 88-atom cluster. Figure 7 shows the
influence of the number of lattice shells that are allowed to
relax on the calculated values, using the 88-atom cluster. In
For all optimized clusters, spin Hamiltonian parametersorder to obtain good numerical agreement, displacements of
were calculated using the ADF program. Unfortunately, thesdoth the first shell Na and the second shell Clions need to
calculations were computational not possible for the 126be considered. It should be noted that the correct ground
atom cluster, which is hence no longer included in the comstate is predicted for the,Sion, even if no neighbor relax-
parison. The results for the other clusters are summarized iations are taken into account.
Figs. Ha), 5(b), and 6 and Tables Ill and IV. For the neigh-  For all cluster sizes, the calculatéés hyperfine tensor is
bor interactions, data are only presented for the first sheljualitatively in agreement with experime(fitig. 6): the larg-
Na’ interactions Nél) and Nd2), because only for these the est principalA value is found along thg, direction and the
comparison with experimental ENDOR data can be madeother principal values are much smaller Although the quan-
The experimental values are indicated in the figures as fullitative agreement improves when going from a 26- an 88-

mainly due to the displacements of the (Jaions perpen-
dicular to their outward relaxation.

C. Spin Hamiltonian parameters

lines.
Considering they tensor[Figs. %a) and Jb)], it is strik-

atom cluster(the 58-atom cluster again performs badly
even for the largest cluster the calculated value still largely

|ng that for all luster sizes the correct ground statedeviates from the experimental, value. This discrepancy

? Bsg,9y<0x<d,) is obtained. If we compare thg values

has also been noticed by Van de Walle and BId€hh this

for the different cluster sizes with the experimental values, itwork, however, pseudopotentials have been implemented in
is clear that the 58-atom cluster performs the poorest. Thithe DFT concept, in order to handle defects which are un-
emphasizes the importance of the total charge and the elemanageable within all-electron calculations. For the d&-
trostatic potential at the Ssite. Disregarding the values for fects, there is no need for applying pseudopotentials, and we
the latter cluster, the calculategvalues appear to converge systematically perform full ab-initio calculations.
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2.02 TABLE l1ll. Calculated superhyperfine and quadrupole param-
s o} eters(MHz) for Na(1) as a function of cluster sizeéd, and Q,
¢ [001]. aa(ag), given in degrees, are the angles betweenAbe
§ 2 ¢ (Q, andg, principal directionsA;y, stands for isotropic part, while
T 199 o Aj aniso (i=X,Y,2) stands for the anisotropic part of tietensor.
[o]
s ¢ 28 58 88 exp
° ::: A aniso -0.43 —-0.59 1.03 0.57
Ay aniso —-0.51 -0.36 —-0.56 0
1.95 - - - - - A, aniso 0.94 0.95 —-0.47 —-0.57
20 0 e 50 g Ao -0.11 -0.38 —0.09 3.01
@) Clustorsize an 76.3 0.1 9.8 54.8
sz 0, 0.09 0.18 -0.22 —-0.53
04 Qy —-0.01 0.17 0.09 0.23
bas * Q, -0.08 -0.35 0.13 0.3
o ag —875 -51.4 -32.1 -35.9
8 236
S 2m 4Reference 9.
8 23
L L, the cluster size and reasonable agreement with experiment is
o * obtained for the 88-atom cluster. The tilting angle, on the
—_— . other hand, does not seem to improve in a monotonic way
5 ' . . . S . when the cluster size increases. It appears that none of the
0 20 40 60 80 100 superhyperfine tensor characteristics of this interaction have
Cluster size converged yet and larger clustéms other methods to incor-

(b) porate the effect of the rest of the lattiageed to be consid-
ered in order to obtain even qualitative agreement with ex-
periment. The results for the B Q tensor on the other
hand, seems to improve clearly with increasing cluster size.
For the 88-atom cluster, the tilting angle of this tensor prac-
In Table 1ll, the calculated superhyperfine parameters foﬂcezlIgéﬂgﬁ&giﬁggggﬂg@g zg‘;z ggt"; t2h ebzqgﬂg\?vl Sglc;d

interaction N&l) are presented. In order to eliminate prob- o . - . .
lems in calculating the isotropic part of the interaction, theguahtaﬂve agreement with experiment. For interactioridNa

FIG. 5. Comparison of calculated and experimemgtaland g,
values(a) and g, values(b) as a function of the cluster size. The
experimental values are indicated as full lines in both figures.

) . . : Table V), the correspondence between experimental and
isotropic and anisotropic part of the tensors are compare

with experiment separately. An additional parameter for this alculatedA parameters is again rather poor and does not
P p Y. P seem to improve significantly by taking larger clusters. The

interaction is th‘? til_ting angle: in the g,-gy plane, between results for the N&) Q tensor, on the other hand, seem to
the A, andg, principal axes. In general, thg agreement be"lmprove clearly with increasing cluster size.
tween calculated and experimental values is very poor. Inde-
pendent of the cluster size, the calculated isotropic superhy-
perfine value is at least one order of magnitude too small.
The anisotropidA values appear to improve when increasing The DFT-EPR results for ;Sin NaCl indicate that, in

order to obtain good quantitative agreement with experimen-

D. Choice of the cluster

120 tal g values, relaxations of the first two neighboring shells
— 110
:'; 100 TABLE V. CalculatedA andQ tensor valuegsMHz) for Na(2)
> as a function of the cluster sizé., stands for the isotropic part,
2 w0 while Aj aniso (i=X,Y,2) stands for anisotropic part & tensor.
>
% % 28 58 88 exp
£ 70
*
< o R . A, aniso -0.91 0.87 —-0.94 —-0.94
A, aniso 0.99 0.99 1.04 0.36
50 , - - , - A, aniso -0.07 -0.11 —-0.09 0.59
0 2 40 60 80 0 A —0.02 -0.03 -0.02 —4.41
Cluster size Qx —0.053 0.041 —0.004 0.003
Qy 0.121 0.052 0.023 —0.007
FIG. 6. Comparison of calculated and experimertfall line) —0.068 —0.093 —0.019 0.004

. . . z
A, tensor value as a function of the cluster size. All values are in
MHz. 8Reference 9.
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2.02 — O not all relaxations of the first two neighboring shells have
2 i converged yet. Therefore, increasing the cluster size is still
1.98 g expected to have an important positive influence on the
g 1% quantitative agreement between experimental and calculated
= =t spin Hamiltonian parameters.
g 1.92 The largest cluster, meeting the aforementioned require-
% 1.9 ments of total charge, Madelung potential, and number of
H relaxed neighboring shells, for which the DFT-EPR calcula-
1.86 tions are computational achievable, is the 88-atom cluster. In
184 % Sec. V this type of cluster is used to calculated the spin

Hamiltonian parameters of,Sin the otherMZ lattices, in
order to evaluate the monovacancy model for the defect.
(a) Number of relaxed lattice shells From the results for the NaCl lattice, we expect quantita-
tively good agreement with the experimentalvalues and

0 1 2

=8 qualitatively good agreement for th€S hyperfine tensor if
27 the monovacancy model is correct. For neighbor interactions,
& only for the ligand quadrupole tensors good qualitative
2 26 agreement with experiment may be expected.
>
g 25
C
e . V. MONOVACANCY MODEL FOR THE S ; DEFECT
© IN ALKALI HALIDES
23 *
* g, A. EPR parameters
=2 : ' 1 ' . Following the procedures outlined in Sec. IV, geometry

. optimizations and calculations of spin Hamiltonian param-
(b) NUFAgEREITHIEREel Igissenalk eters were carried out for the other lattices. In Table V, the
calculated and experimentglvalues for the nine lattices are
FIG. 7. Comparison of calculated and experimengaland g, compared. In all alkali halides where only ong &efect was
values(a) andg, values(b) as a function of the number of neighbor observed, calculations predict the correct ground state: in the
shells that are allqwed to relax. The experimental values are indisodjum halides, KBr and K, the,Sion has thezB3g ground
cated as full lines in both figures. state and in the rubidium halides, it has tB,, ground
state. Calculated and experimentd6 hyperfine values are
should be considered. Furthermore, the selected clustdisted in Table VI.
should have a low total charge and the Madelung potential at For the N& lattices, the agreement between calculated
the central halide monovacancy should be well reproducecand experimentadj tensors is nearly perfect. The observed
Structural optimizations, on the other hand, demonstrate thatends in the principal g values with growing ionic radius of
even for the largest clusters we considefep to 126 atoms  the halide ion ¢, andg, increase, whileg, decreasegsare

TABLE V. Comparison of the calculated principagivalues with experimental values. For all lattices, the
corresponding ground stat&9S) is listed.

Experimental Theoretical

lattice Ox Oy 9z Ox Oy 9z GS
NaCF 2.0107 1.986 2.2531 2.0069 1.9837 2.2643 2B3g
NaBr 2.0114 1.9876 2.2379 2.0135 1.9955 2.2684 2ng
Nal® 2.0178 1.9942 2.2303 2.0162 2.0005 2.2478 2839
KCI® 0.9484 0.95 3.4303 0.4641 0.4654 3.8206 2829
Kcld 1.9708 1.9491 2.4548 2839
KBr¢ 0.8434 0.8388 3.5037 0.8501 0.8481 3.6507 283g
Kl¢ 1.6369 1.6254 3.0629 1.3125 1.3053 3.4036 2839
RbCF 1.8728 1.8881 2.6515 1.1678 1.1751 3.5344 ZBzg
RbBr*€ 1.7448 1.7571 2.8936 1.0574 1.0635 3.6464 ZBzg
Rbl° 1.2895 1.2968 3.3595 0.3925 0.3935 3.8635 ZBzg
3Reference 9. dReference 8.

bReference 12. ‘Reference 13.

‘Reference 6.
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TABLE VI. Comparison of the calculated princip& values TABLE VII. Experimental and theoretical isotropi& and Q

(MHz) with experimental values. tensor valuegMHz) of the Nd1) interaction.A;, stands for the
isotropic part, whileA; 4niso (i=X,y,2) stands for the anisotropic
Experimental Theoretical part of theA tensor. The anglea, and ag are in degrees.
lattice Ay Ay A, Ay Ay A,
Experimental Theoretical
NaCP <A, 1085 <A, —287 674 -103 NaCF NaBP NaP NaCl NaBr Nal
NaBr n.a. n.a. na.—-274 627 -10.7
Nal n.a. n.a. na. —288 639 -—152 Aganiso 057 047 041 104 092 081
KCIP <A, <A, 137 5.6 2.9 152.4  Ayaniso 0 0.11 021 -056 -047 -044
KClI¢ 19.4 99.9 328 A, aniso —057 —-058 -062 -048 -045 -0.37
KBrP <A, <A, 145 28 12.1 129.3 Aiso 3.91 3.48 299 -0.09 -0.08 -0.07
K|P <A, 64 93 -0.7 24.3 101.8 ap 54.8 55.5 54.3 9.8 19.9 25.3
RbCl n.a. n.a. n.a. 22.8 04 1142 Q —-053 -041 -028 -022 -016 -0.08
RbBr n.a. n.a. n.a. 20.6 1.8 1299 Qy 023 017 012 009 007  0.03
RbIP <A, <A, 105 4.3 2.4 144 Q, 0.3 0.24 0.16 0.13 0.09 0.05
ag -359 -363 —-336 —-321 -329 -26.8

®Reference 9.
bReference 6. *Reference 9.
°Reference 8. bReference 16.

very well reproduced by the calculations. Experimental hy-pjaysible for this defect. As for the Rdattices, in which $
perfine data are only available in the NaCl case. The agregi,q the same ground state, according to the calculafigns

R}egt \Iévgrht:]heeﬁ:gruIaa:grl]\TaT?sttai‘gee:l(?r/]geDeSlerSeZlLJJTtSSEdr:andi?gAPAX' The present results give no further information
: ' P about the nature of the second Slefect with the 2839

the same qualitative result as for Na@,>A,, A,. From 3
these computational results, little doubt is left that the monoground state, reported by Calleesal.
vacancy model is correct for all three lattices.

The experimentad values for § in KBr and Kl exhibit a
much larger deviation frong, than those in the sodium ha-
lides. This is also nicely reproduced by the calculations. The 1. Na-halide lattices

ill%rzelerg_ent Wght gxpglrllment 'St.n(f)t (2U|te _?ﬁ gﬁOd E]}_S for tlhe The principal values and tilting angles of the superhyper-
attices, but is still very salistactory. 1he nypertiné val- o 5 quadrupole tensors of interactionNaare given in
ues are again qualltatlvgly In very good agreement with ®XTable VII. In general, the correspondence between experi-
periment and the qL_lantltatlve agr_eement seems to be bettﬁ‘{ental and calculated tensors is bad, as was already dis-
than for the Na lattices. Ca[culatlons predict thmz>Ay cussed for the NaCl lattice. The isotropic superhyperfine val-
>Ay. Also for these two lattices, the computational results o< are much too small and have the wrong sign. At first
strongly support the monovacancy model. glance, the anisotropic part of th& tensor appears to be

For the RIZ lattices, the overall quantitative agreementyyor calculated. The poor agreement between experimental
between calculated and exper[mental EPR parameters Is nghy calculated tilting angle indicates that also this part is not
so good. Experimental trends in the princigafomponents o4 4 \vel| reproduced. It was experimentally observed that
as a function of the halide ionic radita decrease df, and e jsotropic and all principal components of the anistropic
gy, and an increase @), are very well reproduced by the g,,erhyperfine tensor decrease when the halide ionic radius
calculations on the other hand. It should be noted that we,reases. This effect is well reproduced by the calculations.
encountered compqtaﬂonal difficulties fqr thg Rbl 'att'ce'However, taking into account that all contributions to the
Therefore, we consider the results for this lattice to be lesgserhyperfine tenséFermi contact interaction, point dipole
reliable. The calculations predict for all Rblattices that interaction, covalency, and wave function ovejlaecrease
A;>A>Ay, in contrast with the results for KBr and KI. it jncreasing distance between the center of mass of the
The good qualitative agreement with experime@ndA  nnaired electron distribution and the interacting nucleus,
data lead us to believe that also for these lattices the monQpjs resylt is not at all surprising. The calculated quadrupole
vacancy model for the Sdefect is correct. tensors are in much better agreement with experiment. If all

In KCI, finally, two S, defects with different ground calculated tensors were to be multiplied by a factor of 2—3,
states have been experimentally encountered. Calculationge agreement would even be excellent. The experimental
predict the ?B,, ground state for S in a single halide va- trends observed when comparing éensor characteristics
cancy. A comparison with the experimental EPR parametersf the three NZ lattices are always reproduced, even for the
of the § defect in the282g ground state, reported by Van- tilting angle. For the interaction N2), the agreement be-
notti and Mortofi shows satisfactory agreement for the gtween calculated and experimental superhyperfine values is
values and even quantitatively good agreement for the hypergain very pookTable VIII). The calculated quadrupole val-
fine tensor. The monovacancy model thus appears vemnyes, on the other hand, would be in very good qualitative

B. ENDOR parameters
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TABLE VIII. Experimental and theoretical isotropic and aniso- ment between experimental and calculated principal direc-
tropic A and Q tensor valuesMHz) of the N&2) interaction.Ais,  tions is very satisfactory. For th€] interaction, the numeri-
stands for the isotropic part, whik aniso (i =x,y,2) stands for the  c3| agreement is nearly perfect. The principal quadrupole
anisotropic part of thé tensor. values for both”®Br and %’ are largely overestimated and
the agreement between calculated and experimental axes is
not quite as good as for the A tensors. Still the qualitative
agreement with experiment may be called very satisfactory,

Experimental Theoretical
NaCP NaBPf  NaP NaCl  NaBr Nal

Ayanso —0.94 -08 -063 -095 -0.71 -0.3 especially if one considers that these ions are already very
Ay aniso  0.36 0.52 0.65 1.04 0.92 0.79 close to the edge of the cluster. Finally, it should be men-
Aganiso  0.58 028 —0.02 —-0.09 —-0.21 -0.26 tioned that the calculations predict that the superhyperfine
Ao —-4.41 -355 —248 —0.02 -001 -0.02 interaction with the’®Br and %l ions in positionsZ1 and

Q, 0.003 0.01 0.034 —0.004 —0.02 —0.028 Z2 (see Fig. 1is much smaller. This explains why these
Qy —-0.007 —-0.05 —0.086 0.023 0.05 0.067 interactions were not identified in the ENDOR spectra.

Q, 0.004 0.04 0.052 —0.019 —0.03 —0.039

aReference 9. 2. RbC

PReference 16. The ENDOR results for this lattice are discussed sepa-
rately, because in this case the #®n has theZBzg ground

agreement with experiment if the signs of the latter were tastate. The experimental and calculated A and Q tensor values

be reversed. The experimentally observed increase in the akyr the interactions RW) and RI2) are listed in Tables XI

solute value of the principa@ components with increasing ang XiI, respectively. One immediately observes a striking

halide ionic radius is very well reproduced by the calcula-ierence with the experimental and DFT results far &
tions. This effect cannot be simply attributed to the increasy, .\ lattices, with thezB3g ground state. For these lat-

ing lattice parameter, as andQ tensor components roughly .. S
exhibit the same dependence on the distance between trq(e:es (or ground states the absolute values of the principal

unpaired electron and the interacting nucleus. This leads Uperhyperfine components Of. interactions Nand N42) .
to believe that the calculations are, in spite of the lackin ave the same order of ma}gnltude. Although t'he ”Qmef'ca'
numerical agreement, very reliable and that the signs of th@9reement between experiment and calculations is rather
experimental principal components, which cannot be directlyP?0"» DFT-EPR reproduces this experimentally observed
determined, should be changed. fact. For S in RbCI, both isotropic and anisotropic parts of
For NaBr and Nal, the interaction with the eight equiva-the superhyperfine tensor of interaction(Rkare at least one
lent second shell halide ions outside of tpeg, plane has order of magnitude larger than those of theBhinteraction.
also been experimentally observed. These ions are indicatédhe DFT calculations are in very good agreement with this
with Z3 in the model in Fig. 1. Symmetry imposes no re- €xperimental result, which is strongly related with the fact
strictions on their principah and Q orientations. Thus the that the?B,y unpaired electron orbital directly overlaps with
superhyperfine tensor is determined by seven free parametdRe s and p orbitals of the alkali ligands in thg,-g, plane,
and the quadrupole tensor by six. In accordance with th&hereas the RR) ions are situated in a nodal plane of the
literature, all three principal values and three direction co-’B,q orbital. For the $ in the ?Bgy ground state, all first
sines for each principal direction are given in Tables IX andshell alkali ions are located in nodal planes of the unpaired
X, wherein experimental and calculatdcandQ tensor char-  electron orbital. The experimental and DFT results for the
acteristics for the’®Br and %l interactions are compared. superhyperfine interactions are an additional indication in fa-
Rather surprisingly, the agreement between experiment anedr of the monovacancy model fop, 3n RbCl, because, in a
calculations is very good. The isotropic superhyperfine val-divacancy model, the overlap with the @pions is not ex-
ues are very well reproduced. The anisotropic superhyperfinpected to be equally large.
interaction of "®Br is slightly overestimated, but the agree- The quantitative comparison between experimental and

TABLE IX. Experimental(Ref. 16 and theoretical halogen interactiofP®r) of NaBr (MHz).

Experimental angle between Theoretical angle between

Ox 9y 9; Ox 9y 9;
A, 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 55.4
A, 8.24 62.4 81.7 29 4.13 48.1 63.6 29.9
Aso  13.05 11.98
Qy —-162 121.8 36.7 73.6 —4.82 135.2 0.4 45.2
Qy 1.39 52.5 54 122.2 3.33 45.1 47 135.1
Q, 0.23 126.4 96.2 142.9 1.49 93.1 94.8 176.3
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TABLE X. Experimental(Ref. 16 and theoretical halogen interactiot?{) for Nal (MHz).

Experimental angle between Theoretical angle between
Ox 9y 9; 9x 9y 9,

Ay 22.04 1331 48.6 71.9 19.25 138.6 48.6 70.6
Ay 8.53 91.9 117 27.1 6.96 91.9 1151 25.2
A, 7.68 43.2 53.3 70.6 4.26 34.9 59.5 74.4
As 1275 10.16

Qy 0.63  110.9 20.9 91.3 4.46 135.8 14 135.1
Qy —0.61 50.3 76.9 137.4 —2.99 41.8 71.6 137.5
Q, —0.02 133 106.1 132.6 —1.47 166.1 118.4 101.8

calculated spin Hamiltonian parameters for interactiolRb overlap with the unpaired electron orbif&b(1) ions for S,
shows very good agreement for the isotropic superhyperfing, ine szg ground state, BZ3) and IZ3) ions for § in
interactjon anq the tilting angles of both theandQ. tensors.  ihe 2539 ground stat while for ions in the nodal planes of
The anisotropicA values appear to be underestimated by gne ynpaired electron orbital, the agreement with experiment
factor of 2—3. The principaQ values show a good qualita- i mych worse. For the latter ions, the isotropic superhyper-
tive agreement. For interaction B, the calculations again  fine value is expected to be dominated by core polarization
underestimate the anisotropic superhyperfine values by aRgfects. Furthermore, the underestimation of the anisotropic
proximately the same factor as for interaction(Bb The a1t of the RIL) superhyperfine tensor in RbCl may indicate
calculated isotropi@\ value and principaQ components are  ha the delocalization of the unpaired electron distribution is

in poor agreement with experiment. underestimated by the calculations. This is most probably a
result of the limited accuracy in the quantum mechanical
VI. DISCUSSION representation of the ions in the cluster. The fact that impor-

tant contributions to the anisotropic superhyperfine tensors of
The present study shows that DFT-EPR calculations,of S the Ng1) and N42) ions in sodium halides appear to be
defects in alkali halide lattices represent a successful tool imeglected[as a result of which, e.g., the calculated tilting
the reproduction of experimental EPR and ENDOR dataangle of the Nél) superhyperfine tensor does not agree at all
Nevertheless, we notice some discrepancies. We will focugiith experiment may also point in this direction. Finally, the
on this aspect and report on some limitations of the preseninderestimation of overlap and covalency effects in our cal-
model and suggestions for substantive improvement. Theulations also appear to be reflected in a systematic overes-
size of the cluster turns out to be of great importance in theimation of theg, values(see Table V. In Eq.(6) it is shown
quantitative reproduction of a lot of EPR quantities. that overlap and covalency effects<(1) tend to decrease
Increasing the cluster size and the number of relaxinghe g, value, while they have no first order influence gp
shells has shown to significantly improve thie initio repro-  and gy. The other parameter€(A,\) influence all threey
ductions of theg and **S hyperfine tensortSec. IVQ. Also,  factors. For the $ ions with the 2B, ground state, calcu-
the use of the frozen core approximation may lie on theatedg, and gy values are always too small compared with
origin of a looser agreement. For ti& interaction, it may  experiment, while the calculateg values are larger than the
be expected that core polarization may add an important consyperimental values. The numerical discrepancies are there-
tribution. For the ligand interactions, it is striking that the fore most probably mainly due to an overestimation\dE
isotropic superhyperfine constant is very well calculated;nq\/A. For the S ions in the 2By, ground state, on the
when the s orbitals of the neighboring ion exhibit a non-zero,i, o, hand, no systematic discrepgncies can be fourg in
_ - _ __andg,, but the calculatedj, value is always too large in
TABLE XI. Experimental and theoretical isotropic and aniso- comparison with experiment. The ligand field expressions for

tropic A tensor valuegMHz) of Rb(1) and RI§2) (*Rb) for RoCl. 0 principal g components in E66) suggest that the calcu-
Aiso Stands for isotropic part, whil8; 4niso (i =X,Y,2) stands for the

anisotropic part of the\ tensor. The angler, is in degrees. TABLE XIl. Experimental and calculated Q tensor values
(MHz) of Rb(1) Rb(2) (¥°Rb) for RbCI. The anglexg is in degrees.

Experimental Theoretical
Rb(1) & Rb(2) & Rb(1) Rb(2) Experimental Theoretical
Rb(1) & Rb(2) 2 Rb(1 Rb(2
Ay aniso 8.87 0 3.32 0.01 by b2) bt b2
A, aniso -3.01 0.28 —-1.21 0.1 Q, ~0.53 -0.27 —0.63 0.07
A, aniso —4.96 -0.28 —-2.11 -0.11 Q, 0.02 0.16 0.27 -0.02
Ao 25.73 —1.38 25.42 0.06 Q, 0.51 0.11 0.36 -0.05
ap 32.9 0 29.4 0 ag 36.7 0 35.2 0
%Reference 14. dReference 14.
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lations overestimate thieparameter, or, in other words, un- VII. CONCLUSION
derestlmate the effegt O.f cova]ency and overlap. In the performed DFT-EPR study, the calculated magnetic
In spite of the limitations discussed above, our approach

for simulati defects inMZ latti h t0 be lesonance parameters of the &olecular ion were com-
or simulating $ etects in attices has proven 10 b€ hareq with results of EPR and ENDOR single crystal mea-
very successful. Using the same defect model and the sa

- > ) > rements for nine alkali halide lattices. A first major success
quantum mechanical description of the defect in the latticéof the present DFT work is the correct prediction of all

the correct ground state was found for the eiljht lattices,  ground states, using the same procedure and level of theory
in which only one $ defect is known. The numerical agree- for all lattices. All calculations were performed assuming a
ment between calculated and experimental g values is imonovacancy model and hence give conclusive support for
each case very satisfactory and in the case,ofi8fects in  the latter model. In the KCI lattice, this allows us to assign
the ngg ground state, nearly perfect. Calculat&® hyper- one of the experimentally observed $lefects to a mono-
fine tensors are always in very good qualitative agreementacancy model, while for the other this model is inadequate.
with experiment. The correspondence between calculationkhe 88-atom cluster provides an excellent compromise be-
and experiment should not be regarded as being fortuitougween computational feasibility, on the one hand, and the
Indeed, the statistical chance of obtaining the right groundiuality of the environmental description on the other hand.
state for the § defect in all eightMZ lattices is only £).8 The quantitative agreement between calculated and experi-

The DET its th t v indicate that th mental magnetic resonance parameters can, in general, be
€ results thus strongly indicate that the monovacancy., q very satisfactory. The best quantitative results were

model for the defect in these lattices is correct and that th%btained for theg tensor, the®3s hyperfine tensor and the

applied cluster in vacuo model for the defect is very ad-hearest halogen interactions in NaBr and Nal. For the latter
equate, although further improvement in the calculation ofpis also includes the orientations of the principabnd Q
the spin Hamiltonian parameters of the neighboring ions isensor axes.

still desirable. Furthermore, our calculations have shown that The interactions with the nearest cation neighbors still
one of the § defects in KCI can certainly not be assigned topose considerable problems. The calculation of the superhy-
a monovacancy model without considering other neighborperfine tensor axes and isotropic hyperfine couplings is a
ing lattice defects (3 with the 2839 ground statg while the  great challenge for future DFT calculations, which are in
paramagnetic properties of the second (Bith the ?B,,  Pprogress for @, Se , and SSe. As a general conclusion,
ground statecorrespond very well to those calculated fgr S the calculations can be used to analyze experimental EPR
in a CI” monovacancy. The cluster in vacuo approach fol-2"d ENDOR data and demonstrate the power of DFT meth-
lowed in this study thus appears very attractive for the vali-°ds in the study of defects in ionic crystals.

dation of microscopic models for chalcogen defects in alkali

halides. Its merits and limitations will be further explored in ACKNOWLEDGMENTS
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