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Theory of the H„(Na+) center in LiFT
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(Received 3 July 1974)

Taking a linear combination of free-molecule F2 wave functions for the H~(Na )-center wave

function, the hyper6ne 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 rvork of Duerig and Markham
and the ESR work of Kanzig 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 arith 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 ax e characterized by a strong
anisotropic yrimary hyperfine splitting due to the
interaction of the hole vrith the nuclei forming the
molecular ion and a, secondary splitting of each one
of the lines due to the hyperfine interaction vrith

the nearest neighbors situated along the axes of
the moleculax ion.

There exists a remarkable similarity in the sym-
metry of the hyperfine interaction bebveen the pri-
mary and the secondary syectra and the syectra of
the V~ center.

Gn the basis of these results and the model of
the V„centex, ~ ere have proposed a wave function
to describe the H„(Na ) center. The proposed
vrave function was assumed to be a linear combina-
tion of F2 molecular vrave functions,

~q„& = o ~3o„(1,2) &+ (p/W2) [~ 3o„(1,3) &+ I 3o„(2,4) &],
(1)

where I 3a„& is the wave function constructed by
%able for the F2 free molecule ion and used by
s8ve1 al authox 8 1n calculations %1th V, centex s.

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

II. SPIN-HAMILTONIAN AND HYPERFINE TENSORS

The experimental results concerning the hyper-
fine intex'action are described by a phenomenologi-
cal spin Hamiltonian which can be derived by eval-
uating' the matrix element (g )'JC„,[g). )$) is the
spatial part of the vrave function of the unyaired
defect electron; Kh, describes the interaction be-
tween this electron and one single nucleus and is
given by

hf +diyole+ +contact (2)

3(1 r)(S r) 1 S
+@yale +e 4~, &5 &8

K„,g~, ~
——~ y, y„h 6(r) S '1

and y„y„are the electronic and nuclear gyromag-
netic ratios, 3 and I are the electronic and nuclear
spin oyex ators, and r is the position vector of the

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

Using these values for the parametex s, the com-
ponents of the dipole-dipole hyyerfine 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-
t1ve but 1n some cases, as mull be discussed, dis-
crepancies bete& een calculated and experimental
results can be explained in terms of this small
bending.
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electron with respect to the nucleus.
The most convenient form to write the hyperfine

t

part of the spin Hamiltonian for the H„(Na') center
ls

where I (u= l, ... , n) is the nuclear-spin angular
momentum of the &h neighboring nucleus to the
H„(Na ) center, and the K; (i= l, .. . , 4) are the
spins of the four nuclei which constitute the defect
molecule. The values are

1 3E;-Ip —~, Igq -Ig~- 2.

Adding to this equation the terms describing the
electronic and nuclear Zeeman interactions the
complete spin-Hamiltonian which allows one to fit
all the ESR and ENDOR experimental results is
obtained:

4

X(S, K„f.)= 'S g H, ++K, T,'S
80

tl
—Q Ky; K( H()+Q 8 A I

-g ay„jI, H(), (4)

where the tensors ™g,V, and A describe, respec-
tively, the electronic Zeeman interaction, the
hyperfine interactions with the defect molecule
nuclei, and the hyperfine interaction with neigh-
boring nuclei. The first three terms in Eq. (4)
fit the ESR measurements and the others the
ENDOR ones.

Because of the symmetry of the H„(Na') center,

Tl T$) TS ~4
Prom the axial symmetry of the EPR spectra of

this defect, the components of the T tensor can be
written as

(I [100]
Bq

FIG. l. Ion positions
in the neighborhood of the
H~{Na') center in LiF.
The relaxations have been
calculated for ions denoted
by subscript 1 in the Car-
tesian axes shorn.
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e(MHZ)

6.0

Li (A,) 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 ~ which, as is well known

from the theory of small degrees of covalent bond-

ing, '3- modifies the wave function of Eq. (7) to the
form

4.0—

3.0

i z,z(aui

-0.2
-0.1

0.0
0.1

&D, Z

-0.2

where N is the normalization constant. The
Clementi wavefunction" has been used for Pr =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. '4 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, '

-0.1
0.0
0.1

, B(MHz}

Li (B,i

B(MHz}iI

Na (8,)

2.0 jhZ
-0.2
-0.1
0.0
0.1

I I

(j.1 0.P 0.3 0.4 ~y(~U)

FIG. 3. Calculated B-tensor components as a function
of the Li(A1} displacement from its perfect lattice posi-
tion. The experimental values (Ref. 3) are shown by
horizontal lines.
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40

Bx

2.5

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 I.iF and Nap. 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 T (see Fig. l), where the resulting relax-
ation was unreasonably large. An acceptable value
could be obtained if the internuclear distances of

30 2.0

2.0

1.0

1.0
Bz

-09
I I I I ( I I I

-OA -Q2 QO Q2 0.4 Q6 08. 1Q ~x(~~)

FIG. 4. Calculated B-tensor components as a function
of the Li(B1) and Na(B~) displacements from their perfect
lattice positions. The experimental values (Ref. 3) are
shown by horizontal lines.
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I, EI(MHz)

o wit Jl or thogonalization
b wltlloUt ~

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
dX (m=x, y, z), from the perfect lattice site, and
then plotting the family of curves generated by the
function 6 (AX)) (f Wm) defined as

~'(~, ) =- g [B,'„,—B',„„(nX,)j',

I i I I I

-EIx

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 best fitting for the angle of the experimental
tensor B. A typical plot is shown in Fig. ].1.

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-
sor8 with the experimental ones from Dakss and
Mieher3; 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.

FIG. 6. Calculated B-tensor components as a function
of the I (C~) displacement from its perfect lattice posi-
tion. The experimental values {Ref. 3) are shorn by
horizontal lines.

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

8. ENDOR

Assuming the parameters for the H„(Na')-center
wave functions to be those presented in Table I,
and taking for the P~ Clementi's linear combination
of Slater function, " the hyperfine tensors B have
been calculated for several displacements of the
nth ion from its equilibrium position in the perfect
lattice, These are presented in Figs. 3-10 for
Li(A, 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. 3

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.

C. DlscUss1011

Li(&). »om symmetry considerations the Li(A)
ion should remain in the 1'Z 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 agr cement 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 0.071uo in the positive F direction, and
—0.026a, in the Z direction, i.e. , toward the cen-
ter of the defect (see Figs. 3 and 9). (ao is the in-
terionic distance. )

Previous calculations using the Fa 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 F direction, and —0. lao in the Z di-
rection.

The difference between the two theoretical re-
sults could be expected since the R(l-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(A) site.

Li(B) and Na(B'). These ions are situated on
the X axis which is a symmetry axis of the defect
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FIG. 8. Calculated 5-tensor components as a function

of the F(T~) displacement from. its perfect lattice posi-
tion. The experimental values (Ref. 3) are shown by
horizontal lines.

experimental results. To fit these results it wouM
be necessary to relax the fluorine -0.3Sao toward
the center of the molecule, which is not a physically
reasonable relaxation.

Previous results for interstitial hydrogen in
alkali halides, '5

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 Un 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(T) 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 0.131ao
along the Z direction toward the center of the mole-
cule (Figs. 8, S, 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/g 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(T) 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(T) ions than is
indicated by just the overlap.

Io«j
Flo. 9. calculated

displacements for the ions
in the FZ plane (in scale).
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)1I100]

FCT)
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LI(B)

„Li(E)

IGllj

F (T)

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

,Li(E) ,Li(E)

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 0.28la() 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 Hz(Na')-center wave function the
Fa-molecule wave function.

In the present work a very good agreement has
been obtained between the theoretical results for
the ™Btensor for F(D) and the experimental results
not for F(D) but for F(D'). lt 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;

t1118 sllgges'ts tile posslblll'ty 'tllat, F(D) and F(D )
were improperly identified.

For F(D ) the ratio between the experimental
values for B~ 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 111 tile vlcllllty of 'tile 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 haxd-sphere
arguments. But this small relaxation is consistent
with previous work on volume expansion'6 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

ARBITRARY UNITS

h Z=O.1 FIG. 13,. Plot of
~'(&Xl) =g =1 Ls~l
-BT~hexl) j2 for Light)-
The arrow indicates the
chosen displacements.
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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. '

)Work partially supported by two Brazilian agencies:
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Nacional de Desenvolvimento Econhmico (BNDE).
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