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Stress dependence of the Eu + nuclear quadrupole splitting and transferred hyperfine interaction
in fluorite crystals*
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We have made electron-nuclear-double-resonance (ENDOR) measurements of the uniaxial stress-induced
nuclear quadrupole splitting for Eu'+ in BaF„SrF„CaF„and CdF, . For stress in the )001] direction the results
are in agreement with predictions based on point-charge calculations. In the case of stress along the [111]
direction, agreement was achieved only if (i) an anticipated stress-induced dipole contribution to the
quadrupole'splitting was neglected, and (ii) allowance was made for the local compressibility differing from
the bulk compressibility.

I. INTRODUCTION

The investigation of the stress-induced nuclear
quadrupole splitting of rare-earth ions in crystalline
surroundings with electron-nuclear double reso-
nance (ENDOR), for example, is an useful tool in
studying crystalline-field effects. Subjecting a
cubic system to uniaxial stress brings about a low-
ering of the symmetry and therefore a change of the
nuclear quadrupole splitting of the rare-earth ion.
As there is only one crystalline-field term (Azo) in-
volved in this shift, a comparison of experimental
results with crystalline-field calculations should
give unambiguous information.

The only previous observation of such stress-
induced quadrupole splitting was reported by
Sroubek et a/. for CaF2: Eu" and MgO: Mn ' sys-
tems. ' For stress along the [001] axis their re-
sults are in full agreement with the point-charge
calculation. For stress in the [111]direction one
expects a stress-induced electric dipole moment at
the anion sites for CaF~. Agreement could only be
obtained if this contribution was-neglected. Dif-
ferences between local and bulk compressibilities
mere, however, not considered in the analysis.

To clarify this problem, we have made ENDOR
measurements of the nuclear quadrupole splitting
with simultaneous application of unaxial stress on
Eu '-doped BaF2, SrF~, CaF2, and CdF„establish-
ing values in CaF~ with improved precision. These
crystals have the CaF& structure and form a series
with decreasing lattice constant into which rare-
earth ions can easily be incorporated. Much work
has been done on these systems. In particular,
each of these crystals were investigated by ENDOR
measurements in the unstressed case.

A comparative study of the stress-induced quad-
rupole shift for all four crystals has the advantage
of being independent of the value of the Sternheimer
antishielding factor y„of Eu ', which has only been
calculated for the free Eu ' ion. Such a comparison
also leads to information about the local compres-

sibility as differing from the bulk compressibility,
which may significantly affect the quadrupole split-
ting. More detailed information about the local
compressibility was obtained by studying the stress
dependence of the transferred hyperfine interaction
in all four systems with ENDOR.

II. EXPERIMENTAL

The experiments to determine the changes in the
nuclear quadrupole splitting were carried out at
4. 2 K with stesss applied along the [001] and the
[ill] direction. Measurements of the transferred
hyperfine spectrum were carried out with stress
applied along the [ill] direction. The crystals,
nominally doped with 0. 005-0. 01-mole% Eu ', were
obtained from the Frankfurter Kristallverein, Semi-
elements, and Optovac Corp. To obtain a well-
defined surface area the crystals were cut in the
form of small elongated prisms with typical dimen-
sions of 1.5&&1.5&2 mm', the longer edge running
parallel to the stress axis. The crystal orientation
was carefully checked by Laue backscattering, so
that the [001]or [ill] axis coincides better than
+0.5' with the direction of the external stress.

The samples were mounted between two quartz
rods in the center of a, tunable TEogy circular cavity
operating at 24 GHz. Maximal pressure of 1000
kg/cm was applied perpendicular to the static mag-
netic field through one of the quartz rods driven by
a stainless-steel tube which entered the top of the
cryostat through an O ring. Four brass rods in-
side the cavity parallel to its axis formed part of a
Helmholtz coil used to generate the rf field. Thus,
the static magnetic field and the ENDOR rf field lie
in a horizontal plane perpendicular to each other
while the microwave magnetic field is in the verti-
cal direction.

The Helmholtz coil formed an inhomogeneity in
the coaxial line which was terminated outside the
Dewar with a 50-~ resistance to achieve a matching
of the rf power amplifier. A superheterodyne
spectrometer operating at 24 GHz with an if of 60
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TABLE I. Elastic constants of crystals with fluorite
structure (units of 10 ' cm /dyn). Values refer to T
=4. 2 K. a-c, experimental; d, calculated from room-
temperature values.

over the entire lattice. For stress along the [001]
direction, the second-order crystalline-field coeffi-
cient was obtained as

A20 = —0. 784(s&s —su) Tee/( —,'a)',
Sgo ~44

BaF)
SrF&"
C aF2
CdF

14.29
9.69
6, 61
6. 39

—4. 48
—2. 61
—1.42
—l. 74

39.31
30.23
27. 59
41.49

I

~D. Gerlich, Phys. Rev. 135, A1331 (1964).
D. Gerl. ich, Phys. Rev. 136, A1366 (1964).

~P. S. Ho and A. L. Ruoff, Phys. Rev. 161, 864
(1967).

S. Alterovitz and D. Gerlich, Phys. Rev. B 1, 4136
(1970).

MHz was used.
In performing the measurements a possible loss

of stress due to friction was ruled out, since
changing from increasing to decreasing pressure
did not result in an observable hysteresis. Care
was taken to align the sample with respect to the
magnetic field direction. The orientation was
checked by observing the transferred hyperfine
spectrum on an oscilloscope. Since this spectrum
was very sensitive to any misalignment, orientation
of better than +0. 1' was achieved. In the same
manner it was possible to detect a misorientation
when stress was applied. Since we were able to
correct the crystal orientation in two degrees of
freedom, we succeeded in keeping the deviation
below +0. 1'.

III. STRESS-INDUCED NUCLEAR QUADRUPOLE SHIFTS

Application of uniaxial stress to a fluorite-type
crystal produces an electric field gradient at the
site of the rare-earth impurity. For S-state ions
it follows that the main change in the hyperfine in-
teraction is manifested in a change of the quadru-
pole splitting,

Before discussing our ENDOR measurements of
the quadrupole splitting, we briefly present nu-
merical values of the electric field gradient. An
evaluation of this gradient has been carried out in
Ref. 6 using a point-charge model and summing

A2O(mon) = 0. 261 s44 T&&e/(4a)' . (2)

There exists, however, also a dipole contribution
arising from the electric polarization of the anions.
This polarization, which can be shown to be absent
for [001] stress from symmetry arguments, is in
principle present for [111]stress. Using the
method of Ref. 6, we have performed the lattice
summation to calculate the stress-induced electric
field at the anion site. Assuming an electric po-

0
larizability a =0. 98 A' for the fluorine anions, we
obtained the following dipole contribution upon
another lattice summation:

A20(dip) = 247(o /a )A»(mon) .

Including 60000 atoms resulted in a convergence to
within 2% of this value of the lattice sum, The
numerical values of the second-order crystalline-
field coefficients obtained in this manner are shown
in Table II.

ENDOR measurements of the stress-induced
quadrupole shifts were made by saturating a hy-
perfine line of the M~ =+~ ——

& transition, since
this ESR transition does not change its position with
applied stress. Greatest accuracy was achieved by
investigating the shift of all the ENDOR transitions

where e and a denote the magnitude of the electronic
charge and the lattice constant, respectively. T'&&

is the applied stress, g denoting the stress axis.
Numerical values for the elastic constants s;,. are
given in Table I. Even though the temperature de-
pendence of the elastic constants is small (less than
10% change between room temperature and 4, 2 K),
we have used the values appropriate to 4. 2 K. For
BaF2, SrF2, and CaF, these are as measured. The
values for CdF„however, were calculated from
room temperature measurements.

For stress along the [111]axis, the monopole
contribution to the 3 = 2 crystalline-field coefficients
ls

TABLE II. Stress-induced l =2 coefficient of the crystalline field for stress
at. ;~lied in the [001] and [111]directions [in units of 10 '3 {e/A )/{dyn/cm )]. For
stress in the [111]direction the monopolar as well as the dipolar contributions
arising from the pressure-induced electric dipoles at the anion sites are listed.

BaF2 SrF2 CaF,

Stress parallel to [001] A2p/Tqq —3, 951 —3, 163 —2, 472 —2. 611

Stress paral. lel. to [111]
A. 2p/T(( {mon)

2p tt lp
2, 755
2. 799

2, 588
3.211

2, 827
4. 197

4, 431
6„857
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with the spectrometer tuned in turn to each of the
hyperfine lines. Systematic errors due to sample
properties were checked (and found to be negligible)
by repeating each measurement with a second sam-

pie.
The data for stress along the [001] and [111]di-

rection were interpreted in terms of the following
spin Hamiltonian

= [A(Eu)S+A (Eu)S'] ' I(Eu) —g„(Eu) p, „HO ' I + [3I~ —f(I+1)][3S,—S(S+ 1)]

+ Q'(E.)[f, —f(f.1)).

Here the (Eu) indicates that measurements were
carried out on "~Eu or "'Eu isotopes. The z axis
is the direction of the static magnetic field, The

f axis is the direction of external stress, which is
perpendicular to the static magnetic field in our
apparatus.

By observing the ENDOR lines due to the m~=+&——~ nuclear transition, no change of the coupling
constants A or A could be detected up to the highest
available pressure. The stress dependence of the

other transitions arises from the last term of the

spin Hamiltonian. This term is related to the
stress-induced l = 2 coefficient in the following way:

3eQ(Eu)
Q (E ) =

2f(2f 1) o(1 'Y )

where the quadrupo1e moments Q(Eu) have been ob-
tained' as

Q("'Eu) =1.16 b,
Q(t~3Eu) =2. 92 b.

The Sternheimer antishielding factor y„has been
calculated for the free ion as y„= —72. 6. Utilizing
these quantities, we determined the experimental
and theoretical values for the quadrupole shift.

A. Tgg II [001]

V'ith stress applied in the [001] direction, the z

axis coincides with the [100]direction. The ex-
perimental and the calculated values are listed in
Table III. An example of the recorder trace of the

hyperfine lines with and without stress is shown in
Fig. 1.

B. T(( II[111]

Applying stress in the [111]direction, we chose
the direction of the static magnetic field (z axis) to
be along the [110]axis. With this choice of axis,
one could easily correct slight misalignments due
to the application of stress by observing the split-
ting of the transferred hyperfine spectrum. The
experimental results together with the calculated
values of the monopole contribution and also the
sum of the monopole and dipolar contributions are
also listed in Table III. Spot checks on several
transitions of '"Eu were in agreement with the ' 'Eu
values.

Owing to a relatively low signal to noise ratio,
the accuracy of the experimental value for the
BaF2: Eu ' system is somewhat lower than in the
other three systems. The cause was the relatively
small concentration of Eu ' in the BaF~ samples
available to us. This affected the aecuraey of the
measurements with stress in the [111]direction
more seriously than the [001] measurements. In
the latter case the signal-to-noise ratio was large
enough so that it was not the main source of error.

Comparison of the experimental and the calculated
values of the quadrupole shift shows that for stress
in the [001] direction the relative agreement among
the four systems is better than for stress in the
[111]direction. Before discussing these results
further, we must consider the problem of the local
compressibility at the Eu ' site differing from the
bulk compressibility. An investigation of this is
possible by using the ENDOR technique to map out
the local environment.

TABLE III. Experimental and calculated values for the quadrupole interaction constant
of ' Eu ' for stress applied in the [001] and [111]directions in units of Hz/(kg/cm ).

'"Eu'

Stress parallel. to [001]

Stress parallel to [111]

Q '/Tt. t. (expt)
Q'/T(q (calc)

Q'/T)( (expt)
Q'/T(~ (calc)~
Q'/&g| (calc)b

BaF)

-197~8
—172

170 +20
120
242

SrF2

—153 +8
—138

105 +8
112
252

CaF,
—130 +8
—108

98 +6
123
306

CdF)

-134~8
—113

78 +8
193
492

~Monopole contribution only.
"Sum of monopole and dipole contributions.



P. H. ZIMMERMANN AND R. VA I E NTIN

m =+1/2—

Sr F2 161EU2+

m = + 1/2-+3/2~~ Tyg([0011)=-58—2

Tgg ((0013)=-2.9—2

only P, and P, bonding contribute to A~. The dipole-
dipole interaction is given by

Au=&&nkap~iI (7)

By neglecting the terms 8, and S the ENDOR
transition frequencies are shown as given by Baker
and Hurrell

hv(8, i) =i[-g„p,„Hp+A,'+(Ap'+A,') (3 cos 8 —1)M, ]2

+ 9 sin 8 cos 8(A~ +A~) M, ) ~, (8~ Tgg([0012=0

63.0 .2 .4 .6 63.8 MHz

ENDOR FREQUENCY

FIG, 1. Eu ENDOR spectrum of SrF2. Eu '. The
ESR transition Mz =+ 2 —2, mr =+ 2 was saturated1 1 1

and only the ENDOR transitions within the M~ =+ 2- level
are shown. Hp = 8. 612 kOe; Hp 'll [100]; T = 4, 2 K; w = 0, 1
sec. The lower part shows the spectrum without stress;
the two spectra at the top were obtained with stress ap-
plied in the [001] direction.

IV. STRESS-INDUCED SHIFT OF THE TRANSFERRED
HYPERFINE INTERACTION

To measure the local compressiblity we have
performed ENDOR measurements of the transferred
hyperfine interaction under application of uniaxial
stress. One expects that a difference between the
local and the bulk compressibility would have the
largest effect on the shift of the two nearest-neigh-
bor (nn) anions along the [111]axis under applica-
tion of stress in the [111]direction. These two
anions are the only nn that impinge directly upon
the Eu ' ion when stressed. All other nn move
around the Eu ' ion in a more tangential direction,
which is also true for all nn in the case of [001]
stress.

The spin Hamiltonian describing the transferred
hyperfine interaction has the form'

R= g [S A(F*"~ '). I(F'~ & ')
i, j,A

—g.(F)uNHp 1(1'"'")]. (6)

Here the indices i, j, k denote the position of the
fluorine anion with respect to the cubic axes. The
tensor A has cylindrical symmetry with the axis of
symmetry parallel to the Eu-F lattice vector for
the case of equal indices (which includes the nn)
where

A,' =A,' —(A~+A~),

Ap-Ap -Ap,
and the index i denotes the ligand shell. A, arises
from the unpaired spin density at the ligand, and

where 0 is the angle between the bond axis and the
external magnetic field.

Under application of uniaxial stress these fre-
quencies will shift corresponding to the changes in
A,' and in A~+A„'. Since the estimated shift is very
small, the best chance of successful measurement
is with those ligands whose frequency separation
from the nuclear Zeeman frequency is largest. For
a certain fractional change in the transferred hy-
perfine coupling constants, one obtains the largest
possible absolute shift with those lines.

For our experimental geometry this is the case
for the two nn ligands lying on the [111]stress axis,
the static magnetic field being in the (111)plane. For
the transition frequency of these two ligands we obtain

hv = —g„p,„Hp —(A., —A~ —A„)Mz .
It was not possible to perform measurements of
this shift with Hp ~~ [110], since for this direction
there exist four equivalent nn ligands with 8= zm.
Choosing Hp ~~ [112] removed this difficulty. In this
case only the two nn lying on the [111]stress axis

1have an angle ~ =~v. The experimental results for
the frequency shift of the two ligands are given in
Table IV.

An example of a recorder trace of the transferred
hyperfine lines with and without stress is shown in
Fig. 2.

To interpret the frequency shift in terms of the
displacement of the two nn one can use two ap-
proaches. As A„ is the largest contribution, in a
first approximation one neglects the stress depen-
dence of A, and A~. The displacement of the two nn
fluorine ions lying on the [111]axis can be calcu-
lated from the measured frequency shift using Eq.
(7). In a better approximation one can also take
into consideration the dependence of A, and A~ on
the Eu-F- separation. This can be estimated from
the change in A, and A~ when going from BaF~: Eu '
to CaF~: Eu'. Performing an interpolation shows
an almost linear dependence of A, and A,~ on the
Eu —F separation. For Cd F2: Eu ' the dependence
is more complicated, so that the change in A, and
A~ cannot be estimated. Table IV shows our esti-
mated values together with the displacement ob-
tained from the bulk compressibility.

The errors shown here come about entirely from
the experimental errors.
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TABLE IV. Stress-induced frequency shift (&v) of the ENDOR lines due to
the two nearest-neighbor flourine ions lying on the [111]stress axis and the stress-
induced displacements (~u&) of these ions.

Ref.
Eu +-doped

CaF)

&My

Tcc

~u "

CC

3.98

8.89~1.40

2. 85

3.94+1.08

10 +3

2. 42

Hz/(kg/cm")

10 A/(kg/cm )

2. 82+0. 85 2. 14 +.O. 80 10 A/(kg/cm )

5. 14 + 0, 81 2. 76 + 0. 75 2. 34 + 0. 70 10 ' A/(kg/cm')

~Displacement calculated from the elastic constants.
Displacement calculated from the ENDOR frequency shift, assuming that this

shift is due only to the change of the point-dipole interaction constant A&.
'Displacement calculated from the ENDOR frequency shift, assuming that this

shift is due to the changes of A~ and A& as well as &&.

V. DISCUSSION

We first want to focus our attention on the results
of the stress-induced shifts of the tx'ansferred hy-
perfine interaction, because these results are a

necessary presupposition for an interpretation of
the stress-induced quadrupole shift. First one
must consider the effects due to the incorporation
of the Eu2' ion into the fluorite lattice. As can be
seen from the lattice constants listed in Table V no

M =-1/2
cos28=Q

Ba F2 ' Eu2+
M =+1/2
cos2 8=0

T)](L'111]}=-8.4 "9
2mrn

T
31.8 31.9 32.0 32.1 MHL

M=+1/2
cos2 8=8/9

M=-1/2
cos2 8=2/9

M=+ 1/2
cos2 8=2/9

M=+1I2
cos28=Q

M=-1/2
cos28=0

M=-1/2
cos2 8=8/9

37.0 37.1 37.2 37.3 MHL

FIG. 2. F ENDOR
spectrum of BaF2:Eu '
Ho= 8. 628 kOe; Hoii [112];
T =4. 2 K; 7. = 0. 1 sec;
&z is the nuclear Zeeman
frequency. The lower
part shows the fluorine
ENDOR spectrum when
saturating the EPR tran-
sition M& = —2 + 2.
Expanded view showing
the two ENDOR lines due
to the two fluorine
nuclei lying on the [111]
stress axis without stress
and with stress applied
in the [111]direction.

32.0 33.0 34.0 35.0 36.0
I

37.0 MHL

ENDOR FREQUENCY
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TABLE V. Lattice constants ao (Ref. 10), force
constants (Ref. 11), and difference between Eu ' —F dis-
tance and the cation-F separation. in the undoped lattice
(Ref. 5). The values for ao refer to 295 K; the change
of the lattice constant between 295 K and liquid helium
temperature is less than. 0.3%.

a0(A)

BaF2 SrF2 EuF2 CaF2

6. 2001 5. 7996 5. 796 5. 462 95

CdF2

3. 3880

Force constant
(mdy n/ nm)

Distortion

1.34

—3. 9&c

1, 58 1.75

~ ~ ~ +3 5%

l. 67

+ 5, 9%

distortion of the crystal occurs for the Sr': Eu '
system. For BaF2: Eu" the nn F ions move to-
wards the Eu' ion, while for CaF2 and CdF~ the nn

F should be pushed outward because the Eu ' ion
is "too large" for these lattices. Owing to the
weaker force constant as compared to CaF2 this
pushing should be stronger in the CdF2 system.
Under certain assumptions, quantitative values for
such displacement can be derived as given in Ref.
5. These values also listed in Table V.

When applying uniaxial stress in the [111]direc-
tion one expects the two nn F ions lying on the [1;:'

stress axis to be displaced as follows. In the
BaF~: Eu ' the displacement of these two F ions
should be larger than expected from the bulk com-
pressibility. For the SrF2: Eu2' system the dif-
ference between local and bulk compressibility
should be small but no definite conclusion can be
drawn. Even though the lattice constants of SrF~
and EuF3 are nearly the same, the compressiblity
of the two systems may differ. Unfortunately no
elastic constants for EuF2 are available. As for
CaF2. Eu ' and CdF2. Eu ' the nn F ions are al-
ready pushed away from the Eu ' ion; the displace-
ment of the two nn fluorine ions should be smaller
than expected from the bulk compressibility. In
the latter case of CdF~: Eu ' this difference should
definitely be large compared to CaF~: Eu ' since
also the force constant between Cd-F ions is
weaker.

The experimental results clearly support these
ideas. As the displacement derived from the fre-
quency shift under the assumption that only A. &

varies with applied stress forms an upper limit for
the actual displacement, the value for the CdF~:Eu '
system establishes that the actual displacement is
smaller than predicted with the bulk compressibility
outside the limits of error. Thus for CdF2: Eu~'

this is clear evidence that the local compressibility
does not equal the bulk compressibility. For
BaF~: Eu~ the values for the displacement obtained
under the two approximations are higher than the
bulk values, thus also supporting our considera-
tions. For CaF2: Eu ' and SrF~: Eu ' the displace-
ment obtained from the measurements agrees with-

in the experimental limits of error with the bulk
compressibility. No definite conclusion can be
drawn, but the tendency among all four systems is
in the same direction as predicted.

We were unsuccessful in measuring a shift of the
transferred hyperfine lines due to the other six nn
for stress in the [ill] direction and also in the
case for all eight nn for stress in the [001]direc-
tion, thus no statement can be made about the dis-
placement from measurements of the transferred
hyperfine interaction. According to previous con-
siderations, the difference between the actual and
the bulk displacements in this case should be much
smaller than in the case of the two nn F ions lying
along the [111]stress axis.

We now continue with a discussion of the quadru-
pole shifts. For stress in the [001] direction the
experimental and calculated values are in relative
agreement for the four systems within the limits of
error. Even quantitative agreement may be
achieved by allowing for the possibility that the
Sternheimer shielding factor is 10/o higher than the
value calculated for the free Eu2' ion. Therefore,
one can rule out local compressibility differing from
bulk compressibility, since there is no reason that
this difference should vary in the same ratio as the
quadrupole shift obtained from the point-charge
calculation. Also, contributions due to overlap and
covalency effects should be very small because
ther="- again is no reason that the change of these
contributions should be in the same ratio as the
.point- charge values.

In comparing the experimental values for the
quadrupole shift for stress applied in the [ill] di-
rection, the agreement with the values calculated
assuming monopole and dipol. e contributions is poor.
(Table III. ) Not only is the magnitude too large,
but also the change of the calculated shifts shows
the wrong tendency when comparing the systems.
Better agreement can be achieved considering only
the monopole contribution, but the tendency between
the four systems does not agree with experiment.
However, taking into account the local displace-
ment of the two fluorine ions lying on the [111]
stress axis, good agreement is obtained. This is
shown in Table VI.

The calculated values of the quadrupole shift,
considering the local displacement as obtained from
the change in A.„only, tend to overestimate the in-
fluence of the different local compressibilities.
Therefore, the value for the BaF2: Eu ' system is
high. But it can be seen that the tendency between
the four systems is reflected in the correct way.
Especially for the CdF, : Eu" system there is clear
indication that the poor agreement in Table III is
caused by a different local compressibility. Taking
into consideration the displacement as obtained
from the stress-dependent change in A.„&p, and
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TABLE VI. Stress-induced quadrupole coupling con-
stant for stress applied in the [111]direction neglecting
the dipole contribution. Values were calculated taking
into consideration the displacement of the two nn fluorine
ion. s lying on the [111]axis as given in Table IV.

Ref. BaF2
Eu2'-doped

SrF2 CaF, CdF)

Q ) R

~CO

qi b

367 +72

177+41

179+71

99+50

155 +74

113+60

68+72

g i C

170 +20 105 +8 98+6 78+8

~Displacement as given in Bef. b of Table IV was used.
"Displacement as given in Ref. c of Table IV was used.
'The experimental values are shown for comparison

[all units in Hz/(kg/cm )].

A„, the agreement with experiment improves even
more.

The contribution of the two nn anions lying along
the [111]stress axis to the quadrupole shift is of
comparable magnitude but of opposite sign to the
contribution of the rest of the lattice. The relative
experimental error in the determination of the
shift of these anions is thus amplified in the results
for the quadrupole shift and results in the error

shown in Table VI. Even though this error is con-
siderable, our above conclusions remain unchanged.
The stress-induced quadrupole shift for stress in
the [ill] direction can be explained by considering
only the monopole contribution and a different local
compressibility.

The apparent absence of the anion dipole contribu-
tion to the electric field gradient remains intrigu-
ing. This is particularly surprising for the case
of SrF2, as the Eu ' ion is incorporated almost
perfectly in this crystal. A possible explanation
may be the fact that '.he electric field was calcu-
lated at the site of the fluorine nucleus. As the
electric field changes rapidly over the spacial ex-
tent of the F atom, the induced dipole moment will
depend on this change. A small contribution may
also arise from the polarizability being affected by
covalent bonding as outlined in Ref. 12. However,
estimates of this effect obtained by calculating the
electric field at the midpoint of the bond show that
the sign of the covalency contribution is such as to
enhance the contribution of the expected fluorine
ionic polariz ability.
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