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An anistropic EPR spectrum of Ag® ions has been observed at 4. 2 °K in single crystals of
CaF, and SrF, that have been doped with silver. X rays convert the silver from the Ag!* to
the Ag® state. The results may be fitted with spin Hamiltonians with S =%, g,=1.997+0, 001
and g,=2.106+0. 001 for CaF,, and g,=1.988++ 0. 001 and g,=2. 1300, 001 for SrF,. Hyper-
fine interactions with the silver nucleus are not resolved, but are expected to be small from
symmetry considerations. Hyperfine interactions with two equivalent fluorines are observed
and have the characteristic 1:2:1 intensity ratio with 4,=58.6x10~* cm~!and 4,=14. 5
x107" em~!for CaFy:Ag¥, and 4,=30.6x10~* cm~! and A, =14.6%10~4 cm™! for SrF,:Ag?.
Additional hyperfine structure from four other fluorine nuclei can be resolved when the
magnetic field is along a (110) direction. Optical absorption bands are observed in the x -
rayed CaFg:Agz* at 25550 and 19 000 cm ™", One of the optical absorption bands and the g shift canbe
correlated by assuming that the Ag?* excited state mixes with the fluorine ligands. This
physical system is unusual in that the silver ions distort from cubic symmetry by moving off
center in (110) directions away from the central position and should have an electric dipole
moment. In the distorted position, the hole in the d shell of Ag* is shared with a pair of
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{100y -oriented fluorine ions.

I. INTRODUCTION

Jahn-Teller effects’ have been a subject of in-
creasing attention recently. A considerable
amount of theoretical effort has gone into the study
of static and dynamic Jahn-Teller effects for the
doublet (I';) ground state. Bersuker,? Ham,® and
O’Brien* have made important contributions be-
yond the earlier work of Opik, Pryce, and others?’
Coffman® and Hochli” have recently found some
experimental evidence for tunneling effects in the
electron-paramagnetic-resonance (EPR) spectrum
of Cu®*in MgO and Sc?* in CaF, and SrF,.

Far less information is available on the distor-
tions of triplet ground states, and the theory ap-
pears to be more complicated and less developed.
Ham? has developed a theory of dynamical quench-
ing of the orbital angular momentum to success-
fully explain the reduced g shifts of some para-

magnetic ions that have triplet ground states.

Both Ham® and Sturge® have recently reviewed the
experimental and theoretical status of Jahn-Teller
effects.

Relatively few examples of static Jahn-Teller
effects have been observed for triplet states. One
example is the work of Estle et al.'and Morigaki'!
who have attributed an anisotropic spectrum of
Cr?* to distortions along a line bisecting the angle
to a nearest-neighbor pair of sulphurs in CdS.
Similar spectra have been observed for Cr?* in
ZnSe, CaF, andCdF,. A model related to the
one presented in this paper may apply to the above-
mentioned experiments. Recently, Ham® has re-
viewed the experimental situation for Jahn-Teller
effects in orbital triplet states.

In this article, we will present results for the
static distortions of the Ag®* ion in CaF, and SrF,,'?
where the ground electronic state is a I'f triplet
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orbital. The symmetry of the EPR spectrum in-
dicates that the Ag?* ion distorts from cubic sym-
metry to a symmetry C,, by an odd mode of dis-
tortion. In the distorted position, the hole in the

d shell is shared mainly with a pair of fluorines.
We will show that the EPR spectrum has a natural
relationship to the V, center of Kinzig'® as ex-
plored for CaF, in the work of Hayes and Twidell!*
and Sierro.® In the following paper, we will devel-
op a microscopic model for the Jahn-Teller dis-
tortions. EPR studies have also been carried out
for Ag®* and Cu®* ions in CdF, 2 but the results are
somewhat different and will be discussed in a sep-
arate publication.

II. EXPERIMENTAL PROCEDURES
A. Sample Preparation

The samples were prepared by diffusing silver
into crystals of CaF; and SrF, purchased from
Optovac and the Harshaw Chemical Co. First the
crystals were x-ray oriented and cut to an approx-
imate size of 0.1X0,1X%in. A thin film of silver
was then deposited on all sides of the crystal by
vacuum evaporation from a tantalum boat.

The crystals were then placed in a quartz tube
with argon gas flowing over the sample and heated
to 900°C for 12-15 h, Without delay the crystals
were removed from the oven to cool and then
mounted in the x-band cavity to observe the EPR
signal. A dull gray color extended through the
otherwise transparent crystals. Crystals prepared
in this way have a complicated EPR spectrum, but
no part of the spectrum can be identified with Ag?*
in cubic coordination or with Jahn-Teller distor-
tions from the cubic configuration. Very little
effort was devoted to the analysis of this complex
spectrum.,

After the crystals were x rayed at room temper-
ature the spectrum of Ag?*ions appeared and was
analyzedindetail. Other complex spectraarealso
present after x raying but are not analyzed. Our
crystals were x irradiated in a GE x-ray unit with
70 kV applied to the tube at a current of 6 mA.
Two opposite faces of the crystal were exposed at
room temperature for 15-20 min on each face.
After the exposure, the crystals have a purple col-
or and a part of the spectrum can be identified as
Ag®*, Silver ions are apparently converted from
the monovalent to the divalent state by the x rays.

B. EPR Spectrometer and Stressing Arrangement

Our EPR spectrometer has a 30-mc superheter-
odyne detection system with phase-locked automat-
ic frequency control (AFC) for both the primary
klystron and the local oscillator. The primary
klystron is stabilized against the 42nd harmonic

of a stable uhf source that can be tuned from 221
to 223 mc. The local oscillator is locked 30 mc
to either side of the primary klystron frequency.
A 30-mc reference frequency for phase detection
is brought out of the 30-mc AFC amplifier in the
local oscillator stabilization loop. Absorption
signals may be plotted directly by recording the
output of the 30-mc phase detector.

The cylindrical cavity operates in the TEy; mode
with the sample placed in the strong microwave
field at the center of the cavity. Stress can be
applied to the sample by applying force to a stain-
less-steel rod that rests on the top end of the sam-
ple. The bottom end of the sample is supported
by a heavy plate that is rigidly connected to the
waveguide. With this arrangement stress can be
applied along the axis of the cylindrical cavity,
that is in the same direction as the microwave
field. The external magnetic field is applied per-
pendicular to the direction of stress and can be
rotated about this axis. Difficulties with bubbling
helium have been eliminated by housing the cavity
in an evacuated box.

III. EXPERIMENTAL DISCUSSION AND RESULTS

After the crystals are x rayed in the manner
previously described an anisotropic EPR spectrum
appears and is assigned to the Ag?*ion. X raying
of the crystal apparently converts the silver ion
from the monovalent to the divalent state. The
fluorite crystal structure has a basis consisting
of a face-centered-cubic (fcc) lattice of cations
with origin at (0, 0, 0) and twofcc lattices of fluorines
centered at (4, &, 1) and (3, £, 2). An Ag®*ion sub-
stituting for the cation will then be surrounded by
eight fluorine ions. Our experimental results and
analysis indicate that after x raying the Ag?* ion
is surrounded by eight fluorine ions and must
therefore be in either the interstitial or substitu-
tional position. Charge compensation considera-
tions and also our stress measurements lead us to
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FIG. 1. Variation of the g values for CaFZ:AgZ’ versus
the angular orientation of the magnetic field in a {100}
plane.
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FIG. 2. Variation of g values with magnetic field
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the conclusion that the substitutional position is
more likely.

Three sets of lines appear in the EPR spectra of
Ag®" in CaF, and SrF, at 4. 2°K as shown in Figs.
1 and 2. Each set of lines consists of three hyper-
fine lines having a 1: 2: 1 intensity ratio for all
orientations of the magnetic field. This behavior
is characteristic of a hyperfine interaction with a
pair of equivalent fluorines. Figure 3 shows a
typical spectrum for CaF,: Ag?" when the field is
along a (100) direction. Two of the three sets of
lines overlap at g, =2, 106 to produce twice the
intensity of the high-field line. The g tensors
have cylindrical symmetry about (100) directions.

When the field is parallel to a (110) direction the
hyperfine interaction with four other equivalent
fluorines can be resolved as shown in Fig. 4.
The splitting between these lines is 2.8 G or also
about 2.8 X10™* em~!. This resolution can only
be obtained for the low-field line. No hyperfine
interaction with the silver nucleus is observed,
but later we shall see that the wave function has
a null at the silver nucleus so that no hyperfine
interaction is expected.

The magnetic resonance spectrum of any one
of the three sets of resonance lines can be de-
scribed by the following spin Hamiltonian:

H=g,BH,S,+g.B(H,S,+ HS)+A,(;,+1,,) S,
+ A+ Iy) S+ Iy + Ip,) Sy +al '+ S
+d3{3[(13y+l4y) Sy+ (15x+16x) sx]"'i'° §} ) (1)
where 1'=I;+ L + is +i6
The parameters a; and d; of the last term cannot
be fully determined since the splitting can only be
resolved when the field is along a (110) direction.
Table I gives the values of the parameters for Ag?*

in SrF, and CaF,. g, is the g factor as measured
along a (100) direction. There are three sets of g
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FIG. 3. Electron-paramagnetic-resonance spectrum
of CaFy:Ag® when the field is oriented along a {100) di-
rection.

ellipsoids with g, along the three possible (100) di-
rections and with each ellipsoid having cylindrical
symmetry about a (100) axis.

We have applied uniaxial stress to the CaF,: Aglz"
crystal along a (001) direction with the magnetic
field along a (110) direction. As shown in Fig. 5
the intensity of the low-field line increases as the
stress is increased. This can also be plotted in
terms of the energy separation of the vibronic
states indifferent potentialwells as in Fig. 6. The
position of the vibronic energy levels initially
changes linearly with stress but finally becomes
nonlinear at higher stresses. Initially the slope is
315 cm? sec”!/dyn. It is important to note that at
sufficiently low temperatures the random strains
would cause the intensity of the lines to remain un-
affected until the externally applied strain became
of the order of the random strain fields. Since the
intensity changes immediately even at 1.5 °K and
with small stresses, we conclude that random
strains are not important. We observed that the
intensity of the lines changed quickly in less than 1
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FIG. 4. Additional hyperfine structure on the low-

field line when the field has a (110) orientation (CaF,:
Ag™),
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2
TABLE I. Measured values of various parameters for Agz* ions in SrF, and CaFs,.
Optical
& - Ay(10-4 em™) A (107 em-Y) absorption (cm™Y)
CaF,:Ag 1.997 £0, 001 2.106+0. 001 58.6 14.5 19000, 25550
SertAgz" 1.988+0, 001 2,130+0,001 30.6 14.6

sec when the stress was applied. If the spectra
were due to charge compensated Ag?* in interstitial
positions, it is likely that the reorientation rate
would be much slower than 1 sec. Any defect near
the Ag®*ion would tend to “lock-in” one orientation.

EPR spectra were also taken at liquid-hydrogen
temperatures and it is observed that the lines
broaden without shifting. At liquid-nitrogen tem-
peratures the spectra are not observable. A mo-
tionally averaged sharp line does not appear at
higher temperatures as often happens in many EPR
experiments where distortions are involved. Rath-
er the lines broaden out and become unobservable.
We have not tried to carry out systematic linewidth
and relaxation time measurements as a function of
temperature.

Another bit of data is available in the form of op-
tical absorptions observed at 25550 and 19 000 cm™!
in the x-rayed material. Absorptions were ob-
served at room temperature and liquid-nitrogen
temperatures as shown in Fig. 7. Such absorp-
tions are not observed in the un-x-rayed material
or in undoped and un-x-rayed material. We
searched for absorption in the infrared but nothing
of significance was found. Table I summarizes
the data for CaF, and SrF,.

Our interpretation of these data will be in terms
of Jahn-Teller distortions of the triplet electronic
state of the Ag®*ion. The hyperfine structure on
the fluorines hints that the spectrum has a relation-
ship to the F; molecular ion which was first ex-
plored in detail by Castner and Kinzig!® Indeed, in
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FIG. 5. Variation of the relative intensities of the
resonance lines as a function of the stress along a {001)
direction. The magnetic field is along a {110) direction.

our model the hole in the 4d shell of the silver
spreads out to the surrounding fluorines. An odd
mode of distortion coupling between fluorine hole
states causes the Ag?*ion to move toward a pair of
fluorines. In this distorted position the hole on the
central ion is shared with the F; molecular ion.

IV. MAGNETIC RESONANCE ANALYSIS
A. Wave Function and g Factor

In Sec. I, we expressed the experimental re-
sults in terms of a spin Hamiltonian, From this
Hamiltonian we infer that the ground-state wave
function of the Ag?*ion has some of the F; wave
function mixed in to give the observed hyperfine
structure. It is also likely that crystal fields,
resulting from the distortion, will mix in some p
state of the central silver ion. The ground-state
wave function may be written as

| Ty =y (VB) (xz+y2)+ Byz

(21+ 23\ . [S1—S2
+74\ﬁ)+54\ 77 > , ()

which is a state of zero angular momentum and
transforms as T, under C,,.'” The first two terms
come from the d and p orbitals of the central ion
while the third and fourth terms represent the co-
valent coupling to the fluorines. Couplings to
fluorines 3, 4, 5, and 6 have not been included,
although they are observed in the experiment.

The ground-state wave function is pictured in
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FIG. 6. Plot of the energy separation between the
ground vibronic states of different potential wells as a
function of the external stress applied along a {001) di-
rection. These energy splittings are deduced from the
data of Fig. 5.
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FIG. 7. Optical absorption in CaF,:Ag® as observed
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Fig. 8.

Since we are dealing with a singlet orbital ground
state, the method of Abragam and Pryce'®!® may
be applied in calculating the g shifts. The g tensor
is given by

8i;= 2(5“")\/\1;) ’ &)
where X is the spin-orbit coupling parameter and

pye 2 OLin @l L,]0) @

n#0 An

with A,=E - E, representing the energy separa-
tion to excited states.

Our experimental results indicate that the g
tensor has cylindrical symmetry about the F3
axis ((100) direction) with g, >g,. The calculation
of g values can be simplified by classifying the
orbital angular momentum operators according to
the irreducible representations of C,,. (L,-L,)/
V2, (L,+L,)/V2, and L, transform, respectively,
as the Iy, I'y, and I'; representations of C,, and
will therefore couple to the excited states I'y, Iy,
and I'y, respectively. In Fig. 9, the energy lev-
els and wave functions are shown together with
their classification in C,,. These energy levels
have been drawn to be consistent with the observed
g shifts.

Equations (3) and (4) may be applied to yield the
following results:

Ay=Ay

FIG. 8. Pictorial representation of the ground-state
wave function for the distorted configuration.

| (o, V39 [(Ly= LY/V2 | ayl V3)(xz +92)) |2

n

Ala
= a%a aE/AIa
(5a)
and g,=g1=2(1-2ra%a¥/4,) ,
A=Ay
Ko (V)P =33 (L, + L)/ V2 ay(V $) (w2 +y2)) |2
4
2.2 ‘
=y A
208/ Ay (5b)
Ag** 5— ',:,:7
H :‘ 023z
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FIG. 9. Energy levels and the wave functions classi-
fied according to the C,, symmetry of the distorted con-
figuration. The positioning of the energy levels is drawn
to be consistent with the observed g values.
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and g,=g,=2(1-xaka?/a,) ,
An = A33

’(a3(w/% )z =y2) |L,|ayV2) vz +32)) |2
43

=aZal/a, (5¢)

and g,=g3=2(1- xafa}/a,) .

A term involving coupling to the I'y, state has been
neglected. In the above formulas, the a,’s are the
probability amplitudes of the ground and excited
states on the central ion and are less than one be-
cause of the covalent interaction with the fluorines.
The subscript #» on the a,’s refers to the wave
function associated with the represention I',. Val-
ues of the experimentally measured g shifts can be
used to partially determine some of the param-
eters. EPR methods can only be used to evaluate
the covalent mixing parameters for the ground
state. Covalency in the excited states can not be
determined directly. Nevertheless, we use the
atomic spin-orbit coupling constant of — 1840 cm™
for silver? to calculate the following parameters:

4y b, 1 2+
—ts = —-45 =35400 cm™ for CaF,: A
013014 Qg Oy 856
6
N (6)

- Sl _28750 cm™ for SrF,: Ag?" .

2,0
030y Q1,0

The shift in g, has the wrong sign to agree with
Eq. (5¢) so we cannot use Eq. (5¢) to calculate A4
but we can say that A;>> Ay, or 4,. To get agree-
ment with the absorption in CaF,: Ag?* at 25550
cm™ would require that a2, o2=0. 72 and for the
19000-cm™! peak, o, 5=0.54. Later in the anal-
ysis of hyperfine interactions we will find that for
CaF,: Ag®* the hole spends 91% of its time on the
central ion in the ground state. By doing a simple
point-charge calculation with a charge of 0.09
transferred to the F; the amount of p state mixed
in to the ground state is 0.30%. From this result,
our estimate for a2 remains about 91%.

The Ty, excited state at energy 4,, above the
ground state may have somewhat stronger mixing
with the fluorine states because of the smaller
energy denominators. In fact, if we associate the
25550-cm™ absorption peak with the I'y~ I'y, tran-
sition, a value of a%,=0.79 is obtained for CaF,:
Ag®*. The other value of a?, @ obtained from the
19000-cm™ absorption peak would not be as ac-
ceptable because of the necessarily large covalency
required.

In order to calculate g, we must go to third-order
perturbation theory with the spin-orbit interaction
as the perturbation. If we neglect the mixing with

the T'y, state and the third-order terms that have
4y in the energy denominator, the new ground-
state wave function may be written as follows:

> = r
IF,;'): II"4>— XM__S_I_‘Q_ |F1a>
Aia

_ (T IE-811y (ry IT-8 1Ty

| Ty) =2 |Tg)
A, 2 Ag 8
+)\2<F2|L'Slr‘1a><rla IL-S| F4>ll"2)
AlaAZ
28l IL ST LS ITY oy ()
B4 8,

The application of this wave function with proper
normalization yields an equation for gy,

aZad 2afa TN

=2.0023-2
& A A48,

(8)
From the experiment we found that A; was large
compared to Ay, and 4,. Let us assume that it is
large enough for the third-order term in Eq. (8)

to dominate over the second term on the right. We
then calculate the following shifts for CaF,: Ag?*
and SrF,: Ag®*:

Ag,=g,—- 2.0023=-0.0059 for CaF,: Ag?" ,

(9)
Ag,=8u— 2.0023=-0.0085 for SrF,: Ag®*

These results are to be compared with the experi-
mental shifts of — 0.0053+0.001 and - 0. 0143

+0. 001 for Ag® in CaF, and SrF,, respectively.
For SrF,, the departure from theory is signifi-
cant,

B. Hyperfine Interactions

The hyperfine interactions are calculated by
finding the expectation value of the operator?

Hh:sngT“g

5.7 7)) - 23 1, .
x5 [3(8 £, ;5,) 7i(8-1,) +%I,-Sé(ri):], (10)
i i

where g is the electron gyromagnetic ratio, B is
the Bohr magneton, p; is the magnetic moment of
the fluorine nuclei, I; is the spin of one of the
fluorine nuclei, and T; is the position of the nucle-
us. Dipolar interactions between the electrons
and the fluorine nuclei are included in the first
term. The second term containing the & func-
tion is the Fermi contact interaction which is im-~
portant when the electrons spend some time in
fluorine s states or when there is a depairing of
spins in the core s states. Hyperfine interactions
with the silver nucleus have not been observed ex-
perimentally and we are not including that interac-
tion here. It should be noted that the silver hyper-
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fine interactions are never large because the nu-
clear moment is small. Later we will see that
symmetry requires that the wave function have a
node through the silver nucleus.

Equation (2) gives the form of the wave function
except that smaller terms giving the coupling to
fluorines 3, 4, 5, and 6 should be added. In Fig.
8, the wave function is illustrated and the number-
ing of the fluorines is shown. Our experiment in-
dicates that the probability density on fluorines 7
and 8 is negligible:

ITy) = 014(‘/% Yz +92) +Byz +y (21 +25)/V2
+84(51 = 82)/V2 +2€4(Xy +31 — X5~ y,)
+2L403+X5—Yg—%g) + EN4lS3+S5—S4—sp) .
(11)
This wave function is constructed so that all of the
component wave functions transform according to
the I'y representation of C,,. After carrying out

the calculation the hyperfine Hamiltonian is de-
termined to be as follows:

H =g, 1.§+d,(-1-8+31,S,)

s = _(I.+I)(S +S)) -
+d <—I-S+3-—”———l"—i’—+ia 7. §
2 2 V2 :

+d8{'il's+3[(13y+l4y)sy+(ISx‘*‘st)sx]} y (12a)

where I= fl + iz ,

i'=i3+i4+i5+i6 )

ay= 22 |y (0) 267

8
a5= —%I‘*g—ﬁ- |4 [*n§

and the d’s are coefficients for the dipole-dipole
terms,

d1=(u1gﬁ/51) (1/7'3>Yi ’
do=(ur gB/501/7% & (12b)
ds=(urgB/10D1 /7 €5 .

The hyperfine interactions with the pairs of equiv-
alent fluorines have cylindrical symmetry about
(100) axes so the coefficient d, must be zero to be
consistent with this observed fact. By comparing
our hyperfine Hamiltonian to the experimental pa-
rameters we derive the values of the parameters
in the wave function. This is facilitated by the
following relationships:

o= %(Au+ 24,) ’
d1=%(AH"AJ.) ’

ay_ 20m 19(0) I® &
and =T T Y

(13)

Castner and Kénzig!® have analyzed the hyper-
fine interactions for the F; center and we make
use of some parameters given in their paper.
They use a value of (1/7%=60x10* cm"? that was
calculated by Sternheimer for fluorine. Also they
estimate a value of | $(0) |?=3.32x107% cm"3.

By employing these calculated values and our ex-
perimental parameters we calculate 52 /v% for
these two cases.

For CaF,:Ag?,

(a) A,>0:83/7%2=1.66 or 38% p character, 62%
S character and 4,=30.8 G, d;=16.0 G;

(b) A,<0:8%/v5 =0.37 or 713% p character, 27%
S character and a,=11.1G, d,=25.9 G.

For SrF,: Ag*,

(a) A,>0:6%/v5 =2.97 or 25% p character, 75%
S character and ¢,=20.8 G, d;=6.0G;

(b) A,<0:62/v5=0.06 or 94% p character, 6%
S character and ¢,=1.1 G, d;=15.9 G.

Case (b) is the more plausible choice because the
wave function on the fluorines should have pre-

dominantly p character and becomes more s-like
when the hole spends more time on the fluorines.

At this point we want to make an absolute de-
termination of the fluorine wave functions. To do
this we compare our data with the hyperfine inter-
actions for F; in CaF,. For the F; center in
CaF, we calculate the following parameters from
the data of Sierro!®:

a,=267.6 G, dy=316.1G.

By applying the analysis associated with Eq. (13)
we find that the F; wave function has 58% p char-
acter and 42% s character. We can calculate the
absolute probability densities on the fluorines for
CaF,: Ag® and SrF,: Ag®* by multiplying the Fj
probability density by the ratio of the hyperfine
parameters. As an example we calculate 82 for
CaF,: Ag® and list other results:

85 =0.42(a;)pp2+/(a1)p; =0.02
¥%=0.05 and £Z=0.02

For SrF,: Ag®, 62=0.002, y3=0.03. From these
results we can calculate that the hole spends 91%
of its time on the central silver ion for CaF,: Ag®*
and 97% of the time for SrF,:Ag®

V. DISCUSSION

From the experiment we see that the distortion
causes the silver ion and surrounding fluorine ions
to shift so that the silver ion has the greatest hy-
perfine contact with a pair of fluorine ions rather
than with all eight. As a result the symmetry is
reduced from O, to C,,. If the I'; mode of distor-
tion were strongest we would expect to have trig-
onal symmetry and a dominant hyperfine inter-
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action with pairs of fluorines having orientations
along (111) directions rather than in {(100) direc-
tions as in our experiment. Only an odd mode of
distortion such as the I'f mode can cause the com-
plex to distort in a (110) direction and thereby
place a greater hole concentration on pairs of flu-
orines oriented in (100) directions. In the follow-
ing paper, we will follow up this line of thought
and use a model in which the I'f mode of distortion
plays a key role.

Ions in crystals can also distort for reasons
other than electron degeneracy. When a substitu-
tional ion has an ionic radius which is smaller
than the ion that would otherwise occupy a lattice
site, a distortion may take place.?? Over the past
few years a good deal of interest has been shown

in the distortions of Li*, CN~, and OH" ions in
alkali halide crystals. Sodium ions do not distort
in KCl1 crystals but Li* does distort in (111) direc-
tions. The substitutional ion must be a certain
critical size smaller than the ion being replaced.
We might question whether or not the divalent
silver ion distorts because of the size of the ion.
Unfortunately the radius of divalent silver is not
known very precisely. By extrapolating from the
radii of other nearby ions one projects a radius
very close to that of Ca®, For this reason we
tend to discount the possibility of distortions asso-
ciated with small ionic size. One should also note
that all of the observed distortions of small ions
such as Li* have been in (100) and (111) directions
but never in (110) directions.
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