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Taking a linear combination of free-molecule F,~ wave functions for the H ,(Na*)-center wave
function, the hyperfine tensors have been calculated for several ions neighboring this defect. The
theoretical results for each ion have been fitted with the experimental ones by relaxing the ion from its
perfect lattice position. These results show that the principal axes of the hyperfine tensors are in good
agreement with the experimental data and that the relaxations are small compared with the lattice

parameter.

I. INTRODUCTION

From the early work of Duerig and Markham!
and the ESR work of Kinzig and Woodruff? the mod-
el for the H,(Na') center in LiF has been proposed
as consisting of an interstitial halogen atom form-
ing a covalent bond with one of the neighboring halo-
gen ions in the [110] crystalline direction. Later
on, through the electron nuclear double resonance
(ENDOR) experiments done by Dakss and Mieher,?
the model of this defect has been definitely estab-
lished with the identification of a Na' impurity sub-
stituting for a Li’ in the nearest neighborhood of
the defect molecule (see Fig. 1).

The ESR lines are characterized by a strong
anisotropic primary hyperfine splitting due to the
interaction of the hole with the nuclei forming the
molecular ion and a secondary splitting of each one
of the lines due to the hyperfine interaction with
the nearest neighbors situated along the axes of
the molecular ion. :

There exists a remarkable similarity in the sym-
metry of the hyperfine interaction between the pri-
mary and the secondary spectra and the spectra of
the V, center,

On the basis of these results and the model of
the V, center, * we have proposed a wave function
to describe the H,(Na') center. % The proposed
wave function was assumed to be a linear combina-
tion of F, molecular wave functions,

lor)=al30,(1, 2))+(8/V2)[|30,(1, 3))+ [30,(2,4))],
e8!

where |30,) is the wave function constructed by
Wahl® for the F; free molecule ion and used by
several authors in calculations with V, centers.”™®

The values of 8, R(1-2) (distance between fluo-
rines 1 and 2), and R,(1-3) and R,(2-4) (distances
between fluorines 1-3 and 2-4, respectively) (see
Fig. 1) have been chosen to reproduce the experi-
mental results for the hyperfine constants of the
H,(Na') center. The value of a is obtained by im-
posing normalization.

11

The best fitting of the experimental value of the
hyperfine constants has been obtained for the val-
ues of the parameters shown in Table I. 4

Using these values for the parameters, the com-
ponents of the dipole-dipole hyperfine tensors have
been calculated for several relaxations of the
neighboring ions to the H,(Na') center; the calcu-
lation procedure is discussed in Sec. II. The com-
parison of the calculated results with the ENDOR
experimental parameters allowed us to determine
most of the distorted positions of these neighboring
ions in the lattice. It is necessary to mention here
that it has been assumed that the defect molecule
is linear although the ENDOR measurements® in-
dicated a small bending of the internuclear axis
due to the presence of the impurity. This simpli-
fying assumption has proved to be not too restric-
tive but in some cases, as will be discussed, dis-
crepancies between calculated and experimental
results can be explained in terms of this small
bending.

II. SPIN-HAMILTONIAN AND HYPERFINE TENSORS

The experimental results concerning the hyper-
fine interaction are described by a phenomenologi-
cal spin Hamiltonian which can be derived by eval-
uating'® the matrix element (3 |51 ). 19 ) is the
spatial part of the wave function of the unpaired
defect electron; 3C,; describes the interaction be-
tween this electron and one single nucleus and is
given by’

Hne=Hapore + Heontact - » ()
where
3@-7)@-r) i-§
chipole:'}’eynhz[‘L—'y)_s(_—‘)—?] R
Rcontactz%ﬂ'ye'}’nhaa(f)S'-f ,

and vy, ¥, are the eLectronic and nuclear gyromag-
netic ratios, S and I are the electronic and nuclear
spin operators, and T is the position vector of the
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electron with respect to the nucleus. part of the spin Hamiltonian for the H4(Na") center
The most convenient form to write the hyperfine is®
J

- . 4 - = £, . .
50ne(S, Ki, To)= (P D Fatpore(S, Ki, T) |95 ) + (¥ | :2 Hecontact® Ki, T)| )
i=1 =

n n
+ <¢H '2“&»019(& Iw I‘) lwli>+ <wﬂl Jccontact(s) Tw r)‘ lPH) ’ (3)
a= a=
-
where fa (a=1,...,n) is the nuclear-spin angular _i fivy I,Hy , (@)
momentum of the ath neighboring nucleus to the ] o«

H,(Na') center, and the K; (i=1,...,4) are the
spins of the four nuclei which constitute the defect
molecule. The values are

where the tensors E’, ’T, and A describe, respec-
tively, the electronic Zeeman interaction, the
hyperfine interactions with the defect molecule
nuclei, and the hyperfine interaction with neigh-

1 3
K=Ig=3, Ij=Iy,=2.
boring nuclei. The first three terms in Eq. (4)

Adding to this equation the terms describing the fit the ESR measurements and the others the
electronic and nuclear Zeeman interactions the ENDOR ones.
complete spin-Hamiltonian which allows one to fit Because of the symmetry of the H,(Na*) center,
all the ESR and ENDOR experimental results is o o 5.
obtained: T1=Tz; Ts=T4 .
U S From the axial symmetry of the EPR spectra of
58, K, 1,)= g‘“’ S'E-H0+Z K;*T;*S this defect, the components of the T tensor can be
0 =1 written as
4 LI T?Z2=Ti=a;+b
_Z nvi Ki.ﬁﬁz s.‘A’a. i i 1= +0;
=1 a=1 Ti(X=T§'Y=TJ{-=ai ’
X
[1oq]
81 D
T
D, / A
3 / A
K 8 C
. FIG. 1. Ion positions
A in the neighborhood of the
2 A Hy(Na*) center in LiF.
The relaxations have been
4 calculated for ions denoted
¥ - by subscript 1 in the Car-
y4"¢c, Ay K tesian axes shown.
¢ T.
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z
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TABLE I. Theoretical and experimental hyperfine con-

stants for the primary (ap and b) and the secondary (ap
and b’) EPR spectra of the Hy(Na*) center in LiF. The
value a, B,, R(1.2), and R(1.3) are the correspondent
parameters of Eq. (1) which best fit the experimental
data (see Ref. 4).

Units Theory Expt. Ref.
R(1-2) a.u. 2.68 cee
R(1-3), R(2-4) a.u. 4.0 e
a/VZ o 0. 77460 e
B./VZ oo 0.22373 R
ap gauss 713 319 3
b gauss 918 886(a>0) 3
ar gauss 4,1 46.3 2
b’ gauss 51.0 64. 8(a’ > 0) 2

where a and b are the isotropic and dipolar con-
stants of the spin-Hamiltonian used by Castner and
Kénzig, !

a;=aj -3b, (5a)
and
aj =8 Ye Vi i <¢H' 5(5t)|¢ﬂ> s (5b)
A b(gauss)
1100}
1000}
900}

Jette et al.
800+

700 L L 1
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by =37 v % Yu | BZE =73 /v |y . (5¢)
The hyperfine tensor Xa can be rewritten as

L d — o

A,=da1+B, , (6a)

where

L =Ry v, iR Wy | 0D [9h) (6b)

By =Y, Yo i

Xyl Gxg x5 =730 /75 |v) . (6c)

|9y is the H,(Na*)-center wave function properly
orthogonalized to the ion-core wave functions,

|¢L>=N(Iw,,>-2 <¢a|wy>|wa>) , )
B

where N is the normalization constant. In this cal-
culation it was found necessary to orthogonalize
only to the p, wave function of the F~ ions (7 and

T, in Fig. 1) nearest neighbors in the axis of the
defect molecule. Other overlap integrals were
also evaluated but their values were not significant
to modify the calculated results.

FIG. 2. Anisotropic

parameter b for the V,
center in LiF as a func-

tion of the internuclear

64 distance R. Calculated
by the Gauss method and
by Jette et al. (Ref. 7).
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FIG. 3. Calculated B-tensor components as a function
of the Li(A,) displacement from its perfect lattice posi-
tion. The experimental values (Ref. 3) are shown by
herizontal lines.

The theoretical basis and the approximations
leading to the present calculation are very well
described in the work of Daly and Mieher® who
treated a similar problem concerning V,-type cen-
ters in LiF and NaF, One of the features which
distinguishes the present work from that of Daly
and Mieher® is the fact that here the internuclear
distances of the defect molecule are fixed while
they tried to fit the experimental results by relax-
ing simultaneously both the neighboring ions and
the internuclear distance of the molecule ion.

In general, it was possible in the present calcu-
lations to obtain physically reasonable values for
the nuclear displacements except in the case of the
fluorine 7T (see Fig. 1), where the resulting relax-
ation was unreasonably large. An acceptable value
could be obtained if the internuclear distances of

the defect molecule were changed. Nevertheless,
to respect the consistency of the model it was de-
cided to introduce for this case a new physical fea-
ture instead of varying those internuclear dis-
tances. Phenomenologically there was introduced
a covalency parameter A which, as is well known
from the theory of small degrees of covalent bond-
ing, ¥ modifies the wave function of Eq. (7) to the
form

[y =N"[| 9g) = al 9oy + M) [9] (8

where N’ is the normalization constant. The
Clementi wavefunction has been used for y,=p,.

III. RESULTS AND DISCUSSION

To calculate the integrals involved in the present
work, for the magnetic anisotropic hyperfine pa-
rameters as well as for the wave function overlaps
and normalization, the Gauss method has been
used. ' This method of integration was tested by
calculating the ESR anisotropic parameters of the
V, center, for several orders (20, 32, 48, 64, 80,
96) of the Legendre polynomials and the results
were then compared with previous calculation of
Daly and Mieher® and of Jette, Gilbert, and Das, T

BMHz) B(MHz)
Li®) Na(B)
50
Bx 130
40l
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FIG. 4. Calculated B-tensor components as a function
of the Li(B;) and Na(B}) displacements from their perfect
lattice positions. The experimental values (Ref. 3) are
shown by horizontal lines.
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FIG. 5. Calculated B-tensor components as a function
of the Li(K;) displacement from its perfect lattice posi-
tion. The experimental values (Ref. 3) are shown by
horizontal lines.

where other processes of integration had been used.
The agreement between their results and those ob-
tained by the Gauss method was excellent when
polynomials of order higher than 48 were used,
typically 2% (see Fig. 2). For normalization and
overlap integrals it has been shown that the Le-
gendre polynomials of order 32 are enough to as-
sure an agreement better than 0.2%. A certain
care must be taken when calculating the dipole-
dipole integrals because for a given polynomial
some of its roots can be in a region extremely
close to the positions of the nuclei and because of
the particular form of the integrand it may numeri-
cally diverge giving spurious results. Changing
the order of the polynomial the roots are modified
and the integral can be correctly evaluated.

A. EPR

The agreement between the experimental results
for the hyperfine constants and those obtained us-
ing the wave function defined by Eq. (1) with the
parameters presented in Table I can be considered

[(AB,)?

(BL+BL+BYV2, | AT =[(AX)? +(AY)? +(A2)1V2, AB=

3.8a.u., B=

Th t,
BTh— gEwet,

Summary of the experimental (Ref. 3) and theoretical results: a,
= %,9,2)

+(AB)?+(AB)Y?, (AB,

TABLE II.

AZ |AT] AB/B
(ao) (ao) (%)

AY
(ao)

AX

(a 0)

B, B, a
(MHz) (MHz) (deg)

BI
(MHz)

ap
(MHz)

Nuclei

0.9%

0.076

— 0,026

0.071

25,2°
23.5°+£1,0°

25,2°
23.5°%1,0°

0

~1

-2,09
-2.14
—1.68
-1.40
-0.75
-0.56

Th 0.11 -3.10 5.19
Expt. ~0.86 -3.07 .20

Aq(Li)

6.8%

0. 031

0

0° —0.031
0°

0°
0°

-2,74
-2,98
-1.06
-1.22

4.42
37
1.81
1.78
-0.533
-0.50
—1.68
-2,22

0.00
-1.89

Th.
Expt.

By(Li)

0.168 ~-11.2%

0

0

0° —0.168
0°

28, 9°

0°
0°

0.00
-4.83

Th.
Expt.

Bj(Na)
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-0.237 0.239 4.8%

0.031

28°+1

28, 9°
28°4+1°

0
~0

0.970

0.98
—-1.47
-0.96

- 0.435
—0.48

0.005

0.17

0.00
-2,11

Th.
Expt.

Ki(Li)

0 0.281 18.6%

0.281

0°
0°
23.5°

0°
~ 1°
55,2°

3.17
3.17

Th,
Expt.

Cy(F)

3.0%

0,080

0.026

0,071

-0.026
15°+2°

1.3
52°+2° 54°+ 2°

4.46 -1.97
4.45 -1.85

—-2.49
-2,60

0.00
-2,07

Th.
Expt.

Dy(F)

8°+2°

-1.86 52+2 54°+2°

42

5.

-3.57

-3.24
0.87%x10"3

Th.
Expt.

D{(F)
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0°
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0°
0°

2,74
2.76

-1.37
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-1.37
-1.37

1.92

Th.
Expt.
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FIG. 6. Calculated B-tensor components as a function
of the F(Cy) displacement from its perfect lattice posi-
tion. The experimental values (Ref. 3) are shown by
horizontal lines.

very good, but a definite check on the accuracy of
this wave function can be obtained by comparing the
theoretical results with the experimental ones ob-
tained from the ENDOR spectra.

B. ENDOR

Assuming the parameters for the H,(Na*)-center
wave functions to be those presented in Table I,
and taking for the ¥, Clementi’s linear con‘l_lgination
of Slater function,!® the hyperfine tensors B, have
been calculated for several displacements of the
ath ion from its equilibrium position in the perfect
lattice, These are presented in Figs. 3-10 for
Li(4, B,K), Na(B'), and F(C,D,D’, T). The posi-
tions of the ions in the lattice shown in Fig. 1, are
those previously defined by Dakss and Mieher.?
For each ion, the relaxations proposed in this cal-
culation are the ones expected by symmetry con-
siderations. The experimental results from Ref.
3 are represented in each figure by horizontal
lines.

NASCIMENTO, AND BRANDI 11

The best value for the relaxations of each one of
the studied ions has been obtained by varying the
values of the ion position, in the m directions
AX,, (m=x,y,z), from the perfect lattice site, and
then plotting the family of curves generated by the
function A%(AX,;) (I+m) defined as

3
Aa(AXl) = Zl [Bixv - B{heo(A‘Xl)]z ’
j=

l=x,y,2z

Each one of these curves presents a minimum; the
smallest value of all the minima has been chosen
to indicate the best theoretical value for the B ten-
sor, For some ions, however, there was some
ambiguity in the determination of this smallest val-
ue, and in this case the value chosen was such that
the calculated angle of the principal-axes tensor is
the besE+ fitting for the angle of the experimental
tensor B. A typical plot is shown in Fig. 11.

The results presented in Figs. 3-10, are sum-
marized in Table II, Table II compares the cal-
culated theoretical results for the hyperfine ten-
sors with the experimental ones from Dakss and
Mieher?; it presents also the resulting relaxations.
Using these results for the relaxed positions, the
Fermi contact term a; [Eq. (6b)] has been calcu-
lated, and is also shown in this same table. An
estimate of the agreement concerning the aniso-
tropic parameters is given by the last column of
Table II.

C. Discussion

Li(4). From symmetry considerations the Li(4)
ion should remain in the YZ plane, if it is supposed
that the perturbation due to the sodium ion Na(B’)
will not distort the H,(Na*)-center wave function at
the Li(A) site. This assumption is confirmed by
the excellent agreement between theoretical and
experimental results for all three components of
the hyperfine tensor. This agreement has been ob-
tained with an ion relaxation from its normal po-
sition of 0.071q, in the positive ¥ direction, and
—0.026a, in the Z direction, i.e., toward the cen-
ter of the defect (see Figs. 3 and 9). (a, is the in-
terionic distance.)

Previous calculations® using the F; wave function
with internuclear distance of 3.6 a.u. have been
fitted to the experimental data, by relaxing the ion
0.14a, in the Y direction, and - 0. 1la, in the Z di-
rection.

The difference between the two theoretical re-
sults could be expected since the R(1-2) distance
used in the present calculations is 2.68 a.u., and
the fact that the wave function for the H, (Na') cen-
ter is spread over nuclei 3 and 4 reducing the spin
density around the Li(4) site.

Li(B) and Na(B'). These ions are situated on
the X axis which is a symmetry axis of the defect



and therefore they are constrained to relax along
this direction. Figure 4 shows that the agreement
between theoretical and experimental results is not
as good as in the case of Li(4). This can be ex-
plained by the fact that the presence of the sodium
ion will slightly break the axial symmetry of the
wave function and this effect should be particularly
noted in the nodal plane. The calculated relaxations
are in agreement with simple arguments based on
hard-sphere models. The difference between the
relaxations of Li(B) and Na(B') is 0.13a,, while
Ry, - Ry, calculated by different authors,® varies
betweenthe values of 0. 10a,and 0, 17a, (see Fig. 10).
Li(K). For this ion the best fitting has been ob-
tained by relaxing it - 0.237a, in the Z direction
and 0.031q, in the Y direction. This result could
be expected since Li(4)and also F(T)both relax to-
ward the center of the defect. A possible explana-
tion for this relaxation could be the decrease in the
repulsive energy between Li(K) and fluorine 3 or 4,
due to the hole density at these fluorines, together

MHz
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with the relaxation obtained for F(7) in the negative
Z direction and the probable relaxation of F(J) in
this same direction, which should be expected due
to the large calculated displacement of F(C) in the
positive Y direction (see Fig. 9). It should also
be pointed out that a different behavior for the
H,(Na*) center, as compared with the V, center,
could be expected since the H,(Na*) center is elec-
trically neutral while the V, center has a positive
charge which surely will make the positive ions
relax away from the V, center.

Calculations have shown that the contribution of
the orthogonalization between the H,(Na*)-center
wave functions and the Li*s functions is less than
0.01% for the dipole-dipole integrals. Therefore
the overlap between the s orbitals and |¢y) could
be neglected. The same is not true for the fluorine
ions, because of the p character of its outest-shell
electrons.,

F(T). Even including orthogonalization it was
not possible to obtain a good agreement with the

F (D) F (D))
80Or o 82=01
s 8z=-02
B
L
50
\}\\ k— taxX
, -04 -
00 FIG. 7. Calculated B-
401 \ 04 tensor components as a
\ 02 function of the F(D,) and
B F(D) displacements from
= their perfect lattice posi-

3.0

tions. The experimental
values (Ref. 3) are shown
by horizontal lines.
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FIG. 8. Calculated B-tensor components as a function
of the F(Ty) displacement from its perfect lattice posi-
tion. The experimental values (Ref. 3) are shown by
horizontal lines.

experimental results. To fit these results it would
be necessary to relax the fluorine - 0.38q, toward
the center of the molecule, which is not a physically
reasonable relaxation,

Previous results for interstitial hydrogen in
alkali halides, U, center, have shown that cova-
lency takes an important role in the interpretation
of the experimental hyperfine constants associated
with the nuclei which are nearest-neighbors to the
defect. Like the H,(Na’) center, the U, center is
an interstititial and electrostatically neutral de-
fect; therefore it seems reasonable that covalency
must be taken into account to interpret the hyper-
fine results of this F(7) nucleus.

If there is introduced phenomenologically a cova-
lency parameter, arbitrarily assuming it equal to
the overlap integral value, the experimental result
is reproduced for a slight relaxation of 0.131q,
along the Z direction toward the center of the mole-
cule (Figs. 8, 9, and 10). It is observed in these.
figures that the covalent contribution makes an im-
portant shift in the calculated results and that with
a little higher value for the covalency parameter
it would be possible to fit the experimental result
without having to assume any relaxation at all.

It is worthwhile noting that the arbitrary value
taken for the covalency parameter is only 10% of
the covalency parameter obtained for fluorine 3 or
4 in the “four-fluorine molecule” constituting the
basic model for the H,(Na’) center. Thus the fact
that the first-neighbor F(7T) ions are slightly cova-
lently bonded to this “molecule” is perfectly rea-
sonable, and the consequence is that the unpaired
hole is more delocalized onto the F(7T) ions than is
indicated by just the overlap.

FIG. 9. Calculated
displacements for the ions
in the YZ plane (in scale).
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FIG. 10. Calculated
displacements for the ions
in the XZ plane (in scale).

F(C). For this ion the calculations have shown
that orthogonalization has a small influence on the
results for the dipole-dipole tensors. The obtained
relaxation was 0.281a, in the positive Y direction.
This large relaxation could be caused by the pres-
ence of the interstitial fluorine which forms the
H,(Na’) center.

F(D) and F(D'). To identify fluorines D and D’
Dakss and Mieher® have used theoretical results
assuming for the H,(Na*)-center wave function the
F;-molecule wave function.

In the present work a very good agreement has
beer}_) obtained between the theoretical results for
the B tensor for F(D) and the experimental results
not for F(D) but for F(D'). It could be possible that
the use of theoretical results obtained with a less
precise wave function misled the proper identifica-
tion of F(D) and F(D') by Ref. 3.

The wave function used in the present calculations
is more accurate than the simple V, wave functions;

iroa]
Li(E) LiE)

PLi(B)

011
— 22— 2 -
F(T) 3 1 2 4 F(T)
Li(E) Li(E)
Na(B)

this suggests the possibility that F(D) and F(D’)
were improperly identified.

For F(D') the ratio between the experimental
values for By and B, is quite different from the
ratio obtained with the theoretical values, as can
be seen in Fig, 7. It was not possible to assign a
relaxation to this ion. This descrepancy may be

explained because of the presence of the Na(B) ion,
which will certainly distort the H,(Na*)-center
wave function in the vicinity of the F(D’) site.

IV. CONCLUSIONS

The present results seem to indicate that the
H,(Na%) center distorts the lattice very little, a
result that was not expected by simple hard-sphere
arguments. But this small relaxation is consistent
with previous work on volume expansion!® where
the annealing of the H,(Na*) center at 130 °K does
not show a great change in volume.

It will be interesting for a definitive check on the

FIG. 11. Plotof
ANAX) =33 [Big:
- Bi (AX))]? for Li(4,).
The arrow indicates the
chosen displacements.

ARBITRARY UNITS
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relaxations of the neighbor ions to the H,(Na*) cen-
ter to perform a calculation of the energy of the
lattice as a function of the displacement of the ions
similarly to the one made by Jette et al.” for the
V, center,

A word should be said about the very bad agree-

ment between the experimental values for the con-
tact interaction and the calculated ones. As in the
case of the V, center a strong exchange polariza-
tion is responsible for these discrepancies.® A
calculation of the exchange polarization on the
H,(Na*) center is in progress. '’

TWork partially supported by two Brazilian agencies:
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