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A model is developed for the Jahn-Teller distortions of Agz" ions in CaFy and SrFy. Two
odd modes of distortion dominate and give rise to hyperfine interaction with a pair of equiva-

lent fluorines as observed in our experiments.

The effect of the even mode of distortion is

included by using perturbation theory. Near the end of the paper, some estimates are given

for the Jahn-Teller energy.

I. INTRODUCTION

In recent years, Jahn-Teller effects! have been
of increasing interest. A considerable amount of
theoretical effort has gone into the study of static
and dynamic Jahn-Teller effects for doublet (I';)
ground states.® Bersuker, ® Ham, * and O’Brien®
have made important contributions beyond the
earlier work of Opik, Pryce, and others.$

Far less information is available on the distor-
tions of triplet ground states, and the theory seems
to be more complicated and less developed. In an
important piece of work, Ham* has developed a
theory of dynamical quenching for triplet states
and has successfully explained some reduced g
shifts and spin-orbit splittings of certain transi-
tion-metal ions. Both Ham' and Sturge® have re-
cently reviewed the experimental and theoretical
status of Jahn-Teller effects.

Our interest in this paper centers on the static
Jahn-Teller distortions of the ground-state triplet
of the Ag® ion in CaF, and other fluorite crystals.
In the previous paper, we presented experimental
evidence to show that substitutional Ag? ions in
CaF, distort in (110) directions toward pairs of
equivalent fluorines. The symmetry of the EPR
spectrum indicates that the Ag? ion and surround-
ing ions distort from cubic symmetry to a sym-
metry C,, by an odd mode of distortion. In the
distorted position the triplet I'; ground state is
split and the hole in the d shell is then shared with
a pair of neighboring fluorine ions, In pure CaF,
crystals, a hole can be completely on the fluorine
ions and unassociated with a transition-metal ion.
In this case, the center is called the V, center and
was first explored by Kinzig® in the alkali halides.
Later, Hayes and Twidell?® and Sierro!! examined
the center in CaF,,

We will attempt to develop a model in which the
Ag? ion has a dominant hyperfine interaction with
pairs of fluorines that are oriented in (100) direc-
tions. To be in accord with experiment we would
like the ions to distort in (110) directions. A

|

number of assumptions are involved in the model.
First of all, in Sec. II, we treat the hole as being
in a one-electron orbital which is spread out over
the fluorines. Interactions between electrons are
neglected. Second, the spin-orbit interaction is
assumed to be weaker than the Jahn-Teller inter-
action so that g shifts may be calculated by the
use of perturbation theory.!? As a third assump-
tion, we use a molecular model in considering
the hole wave functions of Sec, II C and the normal
vibrations of Sec, II D, To be more exact, the
interactions with the whole lattice should be taken
into account, Other assumptions are pointed out
as the model is developed. Near the end of the
paper we attempt to give some estimates of the
Jahn-Teller energy.

We might comment that the model given here
may eventually have to be evaluated and extended
in more detail than presented here. It is only
hoped that the presentation of this model will
stimulate further interest.

II. MICROSCOPIC MODEL FOR DISTORTIONS
A.. Model Hamiltonian

Our discussion will be in terms of a one-elec-
tron (or hole) model. Only nearest-neighbor fluo-
rines are included in the Hamiltonian of the system
and for simplicity we also omit hyperfine terms.

H=p¥2m+V+rL- S . (1)

The first term is the kinetic energy of the hole
while the third term is the spin-orbit interaction.
From the beginning we assume that the spin-orbit
interaction energy is less than the Jahn-Teller en-
ergies. At the end of the paper we estimate the
Jahn-Teller energies and find this assumption to
be validated. Crystal-field effects are included in
the second term which may be expanded in terms
of small distortions @, from the position of cubic
symmetry.
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All of the derivatives are evaluated at the cubic
position which is denoted by the subscript zero.
Covalent mixing with the fluorines also arises
from this crystal-field potential. A major part of
V is the Coulomb interaction of the hole with the
nearest-neighbor negative ions and the central ion
itself. In calculating the linear term of Eq. (2) it
is permissible to limit our considerations to these
Coulomb terms:
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Here R, is the position of the #th fluorine ion and
R, is the position of the central ion. The ion-ion
Coulomb terms are effectively included in the
second-order term of (2).

We start our problem by describing the hole
states of the Ag? jon in a cubic crystalline field,
then we consider states of the hole on the fluorines
with the system in cubic symmetry, introduce the
normal coordinates, and finally consider the Jahn-
Teller distortions.

B. Central-Ion Hole States

A free Ag? ion has nine electrons in the 4d

shell, One electron is missing from filling the

d shell so the wave function can be viewed as a
hole in the d shell. In the crystal, the Ag® ion
substitutes for an alkaline-earth ion and will be in
a position of cubic symmetry when no distorting
forces are present. In the cubal symmetry of the
substitutional site the orbital d levels of the free
ion are split into a T'§ triplet and a I'; doublet with
the doublet lowest in energy as in Fig. 1. Elec-
trostatic and covalent interactions together deter-
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FIG. 1. One-electron energy levels in the undistorted
or fully cubic configuration

mine the crystal-field splitting of the orbital
states. In the 4d° configuration, the hole state
will be described by the I'; type of wave functions :

|Ti) = V3vaf(r), |Tip=vV3axf(r),

|T)= V3 xyf(r) .

For triplet states, the spin-orbit interaction
can also be important since the matrix elements of
this interaction do not vanish within the I'; mani-
fold as they do in the I'; manifold. Our experi-
ment indicates, however, that the Jahn-Teller dis-
tortions of the I'; mode have greater strength than
either the spin-orbit interaction or the Jahn-Teller
(JT) distortion due to even modes of distortion. In
the work that follows, the spin-orbit interaction
will be treated as a perturbation. As an example,
static effects from the spin-orbit interaction enter
into the Abragam-Pryce’® type of g-shift calcula-
tion used in the preceding paper. The spin-orbit
interaction together with phonon interactions may
also produce dynamic effects such as spin-lattice
relaxation,

For the purposes of our model the covalent in-
teraction with the surrounding fluorine ions is ex-
tremely important, An odd mode of distortion is
only allowed by virtue of the hole spending part of
its time on the surrounding fluorines.

C. Fluorine Hole States

Let us consider that the hole only spends an ap-
preciable time on the eight nearest-neighbor fluo-
rines. In the alkaline fluoride crystals, the bond-
ing is mainly ionic in a material like CaF, but be-
comes more covalent in a material like CdF,.
Even in CaF,, there is a small covalent contribu-
tion to the bonding, The p-orbital bonds are di-
rected in (100) directions so that one can think of
bonding and antibonding electron orbitals between
pairs of fluorines. In our further discussion we
will refer to the antibonding and bonding electron
orbitals as bonding and antibonding hole orbitals,
respectively, These bonding and antibonding hole
orbitals are pulled out of the bonding and antibond-
ing valence bands of the crystal. It is precisely
these bond energies that allow the hole to lower
its energy by a distortion coupling between the
hole states on the fluorines, In the alkali halides
and many II-VI compounds, our mechanism may
not be so important because the hole on the cen-
tral transition;metal ion mixes with ligand orbitals
that aredirected toward the central ion, These
ligand orbitals have little overlap with each other
and thus the energies of the ligand ) states can
only be lowered by crystal-field effects.

In the undistorted or cubic configuration the 24
orbitals on the eight surrounding flourines are
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FIG 2. Pictorial representation of the various irre-
ducible wave functions for the bonding hole states on
eight fluorines in a cubic arrangement. A double arrow
represents a wave function of double amplitude.

split into a set of 12 bonding hole orbitals lowest
in energy and 12 antibonding hole orbitals higher
in energy. As we shall see, the explanation of the
distortion for Ag?® comes mainly from the coupling
of the JT distortion operator between bonding hole
states.

The fluorine p states that are used in forming
the bonding hole orbitals have a very small amount
of s character mixed in by the surrounding tetra-
hedral arrangement of alkaline ions. Further
changes in the s character come from the JT dis-
tortion. A single bonding hole orbital between a
pair of fluorines is described by

|nn’y = (|n) = |n"))/V2
with  |n) = agy, (n) + Bds,s (), (5)

where ¢, (z) is an atomic 3s wave function and
$4pn) is anatomic 2p wave function centered onion
n. |n')is a wave function identical to |») but cen-
tered on ion n’. As a convenience in writing down
the proper wave functions we note that the wave
function of Eq. (5) can be pictured (see Fig. 2) as
an arrow directed along one of the edges of a cube.
The fluorines are located at the corners and the
silver ion in the center of the cube. A bonding
orbital can be designated by locating the center of
an edge with indices 7and j that take on values %1,

+2, +3 corresponding to the different space direc-
tions of the edge from the center of the cube. For
example, |ij)= |12) is another way of designating
the orbital |nn’) = |14) which is represented in
Fig. 2 as an arrow going from fluorine 4 to fluo-
rine 1,

Using a similar notation, an antibonding hole
orbital between a pair of fluorines is described by

[nn’)=(|n)+ |n"))/V2 . (6)

This wave function has a buildup of hole density
between the nth and »’th ion and is pictured by cir-
cles in Fig. 3. In the undistorted configuration,
hole orbitals on the fluorines must transform ac-
cording to cubic symmetry and may be approxi-
mated as linear combinations (LCAO) of the pair
orbitals [nn’)and |nn’),. The reducible repre-
sentation generated by the 12 pairs of bonding hole
orbitals breaks up into five irreducible represen-
tations of O,

L-T; +03+ T3+ T3+ T ('

A list of bonding wave functions for holes is given
below together with the “tunneling” energy split-
tings of these states. Interaction between adjacent
pair orbitals at 90° is used to calculate the tunnel-
ing splittings. Figure 2 shows the bonding hole
wave functions of the fluorines in pictorial form.
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FIG. 3. Similar to Fig. 2 except for the antibonding
hole states. The phase of the wave function is repre-
sented by + and — signs.
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I'; wave function:

. 1
™=, 2

9 J=t1,22,3

S() S() i), (8a)

E(T;)=24; A=(12|H|23)+(23|H|12) .

I'; wave functions (| I';,) only):

Tio=1 2 i), (8b)
i,J=41,22
E(T;)=0.

I'; wave functions:

. 1
| T50)= m{z )

S()S()|i7)

i,j=41,22
2 S@SG)]i)
1,J=£1,3
',,ﬁg,*aswsmliﬁ] , (8c)
] 1 e o\ ] o
‘ r3b>=7§’:i,l=122,*3 S(z)S(])Il]>
- s(ns(j)liﬂ],
fyf=£1,3

E(T3)=-A.
g wave functions (I o) only):

[ 2 s@)i)+ S(i)lij)J, (8d)
1=42,7=%3 i=t1,j=43

E(T})=

I'; wave function (| I'j,) only):

L1 SN N
’r“)—‘[s [i,hztz:.ﬁu(t)ll]) t,j;l,tss(l)h])jl ’

E(r)=-4. (8e)

In the above equation, S (i) stands for the sign (1)
of the index <.

The reducible representation of the 12 pairs of
antibonding hole orbitals also yields five irreduc-
ible representations,

IF-T{+ T3+ T+ T+ T (9)
with the following set of wave functions.

I'} wave function:
. 1 ..
r= iz 2li)e - (102)
I'; -type wave functions:

1
|P§a>:;f—2—4—[ Z 'ij>a—2 Z Il]>a] ’

i=k1,42,j=43 i=1, =42
L1 ) : (10b)
=5 D e T i
8 i=t1,j=43 i=42,j=+3

Triplet wave functions (one of each type):

[Tty=4 X SGSG)|ij)e, (10¢)

i=kl, j=x2

| T50)= JS[_HZ;_ﬂs(z)Im - _ﬂ;:*zs(i)!im},
(10d)
s<i>|z'j>.,]. (10e)

Jrzc>=—}§[ >

i=43,j=£1,+2
The wave functions are pictured in Fig, 3.

D. Normal Coordinates

In considering the hole states, we have used a
tight-binding model in which the hole wave func-
tion only spreads out from the Ag® to the nearest-
neighbor fluorines. Likewise, only the distortions
of the nearest-neighbor fluorines will be taken into
account, In the fluorite crystal, the Ag® ion has
substituted for the alkaline-earth ion and is sur-
rounded by eight fluorine ions, The possible nor-
mal coordinates for the distortion of this molecu-
lar unit may be determined by group theory. Rig-
id-body rotations and translations may be ex-
cluded so the distortions can be reduced to the fol-
lowing sum of normal coordinates:

F-Tj+ D3+ T3+ T3+ 20+ 25+ T (11)

where we have used the representation designations
as found inKoster et al. 2 Liehr has drawn pictures
of all of these distortions. 14

The problem seems complicated with so many
possible modes of distortion so we introduce the
simplifying assumption of using only the ¢ modes
of distortion, i.e., the modes in which the fluo-
rines move in and out from the central ion.. In
Fig. 4,we show the modes of distortion of the ¢
type. Only the I';- and I'; -type distortions can
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FIG. 4. Possible ¢ modes of distortion from cubic
symmetry for eightfold cubic coordination. Arrows in-
dicate the movement of ions along {111) directions.
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cause a splitting of energy levels. A I'j-type dis-
tortion can only connect states of opposite parity
and hence cannot couple within the ground states of
the central ion but can couple between fluorine
hole states. Later we will find that the other I
mode or m mode of distortion can readily be in-
corporated into the theory. It is interesting to
note that the two I'; modes correspond to possi-
ble vibrational modes of the lattice molecular unit
of CaF,. The 7 mode is illustrated in Fig. 5.

E. JT Distortions

Now we consider the consequences of distortions
from cubic symmetry. It is well known that the
I'; distortion acting alone gives rise to trigonal
symmetry as the lowest-energy configuration in
the static limit. !* In this case, one expects to see
hyperfine interactions with a pair of equivalent
fluorines directed along a (111) direction. A num-
ber of systems with static trigonal distortions have
been observed.” Our experimental results do not
give any indication of a trigonal distortion so we
will concentrate our attention on the I'; mode of
distortion. Later we will include the effect of the
T'; mode by using perturbation theory. Also the
effect of the second I'; mode will be accurately in-
corporated. From parity considerations, we can
say that the matrix elements of the I'; distortion
operator vanish within the 4d°® ground-state mani-
fold of the central ion, Distortions of the I'; type
become allowed only when one considers that the
hole wave function spreads out over the surround-
ing fluorines. Coupling between the fluorine hole
states then allows the distortion to take place.
Later on, we will also account for the coupling
between the hole states on the fluorines and those
on the central ion,

The crystal-field potential including the JT dis-
tortion terms may be written as

v, -
V=Y, i Z[ Vao+ 2= 8Q' 0 Qo + 2Q; ’oQb
Zg— OQC:I +Va0+ BQ OQa

lac i B mode

FIG. 5. The second I'; mode or m mode of distortion.
Arrows indicate the movement of ions along {L12) direc-
tions.
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av,
+3 -IoQb"'

aQ- OQC ) (12)
where @;, @;, Q. are the coordinates of the I';
odd mode of distortion. Each derivative may be
expanded in terms of dlsplacements of individual
fluorines as

v 8V do, BV CLAR:14
- = == +—
aQa n Y n aQa ‘/-8 80‘1 302 30'3

(13)

where the ¢, are dlsplacements of the fluorines in
(111) directions.

For the physical systems discussed in this pa-
per the central ion has a fairly weak coupling to
the electronic states of the surrounding fluorines.
As a result, perturbation theory will be valid so
long as we first remove the degeneracies of the
fluorine hole states, Bonding hole states on the
fluorines are approximately degenerate in energy
and have both even- and odd-parity classifications.
States of opposite parity may be coupled by the I'j
distortion. We assume that the antibonding states
on the fluorines are separated from the bonding
states by an appreciable energy gap so that the
coupling to antibonding states may be neglected.
Our fluorine wave functions can then be repre-
sented in the following general form:

'I‘a)=zl[nn')(nn’lr‘a) , (14)

where I', belongs to an irreducible representation
of the cubic group O, and |nn’) is the wave function
between a pair of fluorines as was described pre-
viously. In Egs. (8), we have listed the various
representations | T',).

Our first task is to consider the JT coupling be-
tween the nearby degenerate fluorine hole states,
We use a rigid LCAO model*® where the atomic or-
bital on an atom shifts with the position of the
atom. Matrix elements of the Hamiltonian will
have the following form:

H|To) = 2 (Tor [n'n") (n'n""|(p%/2m)

ol

+V, +Z Valn'n'Yn'n" |T,) . (15)

Note that cross coupling of ]n n’"y to another state
[#''n'"") has been neglected. By using the bonding
pair wave functions given in Eq. (5) the matrix
element on the right side may be written as

E"lnll—- I "l(p2/2m)+ V +Z: V Inln,'>

=E,+3(n’ 'Va+Z V,,]n'>+ §<n"‘Va+Z V,,In"
n#nt néntt
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1(n"]V +Z V In')—z(n ’V + 2V l”
n#n’’ (16)

These energies are analogous to the terms that
arise in the hydrogen-molecule problem. The
first term is just the energy of the atomic p state
without crystal-field interactions, Crystal-field
effects on the atomic p states of the fluorines are
expressed in the second and third terms. Finally,
the last two terms represent the resonance energy
reduction arising from covalent interaction be-
tween ions. If the ions are in the cubic configura-
tion then the energy E,.,.. has the same value E%
for all fluorine pairs. When distortions of the I';,
type are present, expansion (12) can be used.

vV,

aQa n#n’ aQa, >Qa

v, v, n'! ’"
@ 2 % - 307 |53

1
Enlnlf = Eg- +3\n

1
G

n#n’’ eQa

9 l< 8V, oVl I\ -
+n¢n'aQa‘ > Qa 2 3Q; " 11295;” 3Q; " Qa ’
@am

Symmetry can be used to simplify the matrix
elements, For a I'; distortion atoms 1 to 4 (see
Fig. 4) experience identical changes in the crystal
field while atoms 5 through 8 have the opposite
sign but the same magnitude for the change,

B 3V Z;__n > A
=— for n'=1to 4,
<n ’aQa n#n'aQa r
(18)
Z—" > A forn’=5to 8,
< laQa n#n'aQa ¥

Similar relations may be set down for distortions
in the y and z directions. Also the following re-
lationships hold for the energies derived from the
resonance integrals:

forlig - 2

< v, aV,,
+\n

9Q; 0 i Qs ">]

=-Bforn’, n'’=1, 4; 1, 2; 2, 3; or 3, 4
’=1,6; 2, 7: 3, 8 or4, 5

n''=5,6; 6, 7,7 8 or5, 8.
(19)

Again similar expressions may be written for dis-
tortions in the y and z directions.

By using these relationships to calculate couplings
between the fluorine hole states one finds that
a I'; distortion in a (110) direction gives the maxi-
mum lowering of the energy. For a distortion in
a (110) direction a 5x5 secular equation must be
solved to find the lowest energy level, This cal-

I

=0 for n’, n'

=+B for n’,
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culation is best accomplished by classifying the
wave functions according to representations of C,y.
The energy lowerings associated with the different
directions of distortion are

E"(110= -V2 (A-B) @,
E~(100)=-(A-B) @, (20)
E~(111)=-(2/V3)(4-B)Q",

where @~ is the magnitude of the I'y distortion.
The wave function of the fluorine state of lowest
energy may be expressed as a linear combination
of the wave functions in cubic symmetry. Such a
wave function is simply a hole shared by a pair of
fluorines labeled by % and #’.

| Typ) = [mn’y = (1/243)| T3 + (1/V6)| T3,

+3|Ta) + (1/2V2) T30 + | T3+ [ Ti)— | i) ).
(21)

If “tunneling” coupling is introduced this ground
state will be modified by coupling to other T';
states with a corresponding perturbation on the en-
ergy.

It is quite simple to include the effect of the
second I'; mode of distortion since the linear JT
term will have the same form as given in Eq, (20),
We will label this second mode or 7 mode with a
subscript B8 and the first mode with the subscript
a. As seen in Fig. 5 the ions move in (112) di-
rections for the 8 mode, The extension of Eq.
(20) can then be written immediately.

E(110)=-v2(A-B)Q, - V2(A’'-B") @3,
E*(100)=-(A - B)Q, - (A’-B") @3, (22)
E*(111)=-(2/V3) (A - B) @, - (2/V3)(A'- B') @;.

As before, a maximum reduction in the energy is
obtained for a distortion in a (110) direction. The
wave function on the fluorines having the lowest
energy will remain as in Eq. (21).

F. I'f Mode of Distortion

Earlier, we pointed out that the I'; mode of
distortion will produce a trigonal static distortion
when acting separately. In our experiment, we
believe that the odd I'; modes dominate but the I';
mode can still have an effect as determined by
perturbation theory. Figure 4 shows the I'} mode

when the distortion is in the z direction. The lin-
ear JT term can be written as
8V
Hy= 0@z + —T 0@ +==7 [0QF , (23)

where Q;, Q,’;, and @; are the normal coordinates
for distortions in the x, vy, and z directions. As
before, the derivatives are evaluated at the posi-
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tion of full cubic symmetry, In Sec. II G, we will
include the first-order effect of the I'; mode on
the energy of the central ion. The linear change
in the energy for different directions of distortion
is as follows:

E*{(110)=-V, @, , E*(100)=-V, @, ,
E*(111)=-(2V,/V3)Q, ,

where V, =(T'}, | 8V/8Q%| o T}y , and @, is the am-
plitude of the distortion.

(24)

G. Effect on Central-Ion Wave Function

Matrix elements of the I'; distortion vanish with-
in the I'; ground-state manifold of the central ion,
Covalent coupling of the wave function of the cen-
tral ion to the hole states of the surrounding fluo-

(Typ| Ho+0V/0Q |0 Qo+ 8V/8Q5 |0 Q5 [ Tup) | Tyy)

rines allows the I'; distortion to occur with an as-
sociated lowering of the energy. We also include
the first-order correction arising from the I'j
mode of distortion,

When the framework of fluorine ions is in the
distorted configuration of minimum energy, the
symmetry is C,, with the lowest-energy hole state
on the fluorines belonging to the I'y, representation,
For the central ion, the wave function [| I'f,)
+| %) ]1/Y2 of O, also transforms according to the
Ty, representation of C,,. Perturbation theory
may be applied to the system in this symmetry C,,
to obtain the following result for the energy and
wave function. The first-order effect of the I';
mode of distortion has been included in the expres-
sion for the energy.

0= o e )T VA = BY@R) VB - B @3- S @P T @] (252)
E(Ty)=Ey(Ty) - V,Q, + 3k, Q%+ 3k (@2 + 344(Q3)
. (T | Hy+ 0V/0Q% 1 4 Q2+ 0V/0 Q5 | 0@ | Ty ) 12
Eg(Ty,)-E; +V2(A-B) Qo +V2(A" - B) Q5 - 3k-[(QC  +(Q5)7] (25b)
HQ =[)2/2m + Vo . (25(:)

In this expression |I'y,) has the form expressed in
Eq. (21) and | I'y,)may be obtained from Eq. (4).
For the cubic configuration the Hamiltonian is H,
and E,(I',,) is the energy of the central ion in the
absence of covalent coupling to the fluorines,
Various force constants such as &, k4, kp, and &,
determine the elastic energies.

r4a> ’

8%y 8%V
N e VIR A W L
8%y
ke :<F4”I 3Q3% |o o’ r4,,> ()
o

2

k+:<r4a'§§vf_ o r4a>'
In Eq. (25b), we have used an elastic potential en-
ergy with spherical symmetry to represent the
elastic interaction between fluorine ions. The
terms involving %, and 2, determine the elastic
energy between the silver ion and the fluorines,

Other I'y states on the fluorines are much higher
in energy and will not couple very strongly to the
IT,,) state of the central ion because of the large
energy denominators and the small overlap of the
wave functions. Nevertheless this coupling does
give rise to the hyperfine coupling to four extra
fluorines as observed in our experiment, In writ-
ing down Eq. (25b) we have assumed that the off-

0

r
diagonal matrix elements of the elastic term in the
Hamiltonian are negligible., Let us now assume
that E% — Eo(Ty,) > V2(A - B) (Q;, + Q3) so that the
energy denominator in Eq. (25b) may be expanded
and only linear terms need to be retained,

E(r4)ZE0(r4a)- yz/[Eg‘_ Eo(r4a)]_ V+Q++%k+Qf
= VaQa- Vs @5 +3ke (1) + 3k5(Q3)°

+2kp[(Q3)%+(Q3)7], (27)
where kh=y2%p/[E%— Eo(Ty,)]3,
— V2(A - B)y? L 2Cq
@ [Eg‘ - Eo(r4a)] 2 Eg‘ - EO(FM)’

V2(A'=Bn? 2yCy

Va= [E3- Eo(Ty,)]? T EY-EyTy,)’
v
Y= <r4alH0l P4b>7 Cm=<r4a 56‘;,0 r4b>7

CS: <I"4a %'0 I‘4b> .
The first two terms on the right side of Eq. (27)
represent the energy of the triplet state before the
distortion occurs while the remaining terms deter-
mine the effect of the JT distortions. From con-
siderations of overlap we expect C, to be positive
and C, to be negative so the two terms in Vg are
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of opposite sign,
Now we can minimize the energy with respect to
variations in @, @3, and @, and find the following
expressions for the energy and the magnitudes of
the static distortions:
2 VZ
E(T)Z EyTy) - 31270y ~ 50
T B0 T gl E((Ty,) 2k

+

_lvg)p 1 ()

2 ho+hl 2 kgikL (282)
Q+0= V+/k+ ) (28b)
Quo=Va/lky+kg), (28c)
Qao=Va/lkg+ky) . (28d)

The ground-state wave function may be found by
using these values of the static distortions in Eq.
(25a). For this ground-state wave function we
have primarily a hyperfine coupling to a pair of
equivalent fluorines as observed in the experiment.
Futhermore, the interaction with four additional
fluorines could be included by taking account of

the coupling to fluorine states of higher energy.
Perhaps this is one of the stronger arguments for
our model,

Itis interesting to compare with the reduction in en-
ergy obtained when the I' mode of distortion acts
alone. When the even mode of distortion acts
alone the third equation of (24) holds and together
with the elastic term lowers the energy by % V2/
k,. In comparing this energy with the JT energy
in Eq. (28a) we see that the odd mode dominates
when the following inequality holds:

LR 1 (R 1wt
2 kotki 2 ks 1k 6 K,

(29)

The term on the right-hand side is just § of the
JT energy for a trigonal distortion.

III. DISCUSSION

Let us now examine the JT distortions under var-
ious assumptions, First of all, the force constant
kg can be quite small because the fluorine ions
are moving perpendicular to the lines joining the
silver and fluorine ions, Little change in overlap
will result so the repulsive potential should be
fairly weak. It may also be true that both %, and
kg are weak because of the nature of the repulsive
potential, The repulsive potential becomes impor-
tant when the electron clouds of ions begin to overlap
and some electrons must be promoted into excited
states. For ions with saturated shells the excited
states are very high in energy thereby making the
repulsive potential very strong. On the other
hand, for the silver ion the electrons can transfer
into the vacant triplet state of the central ion, For
the T'y, orbital the lobes of the hole distribution

point exactly toward the fluorine ion so the fluorine
canmove in considerablybefore repulsion becomes
strong. On these admittedly shaky grounds we as-
sume that &, and 2, are of the order of %z and per-
haps smaller. A third possible reason for the re-
pulsive force being weak might be the smaller ionic
size of the silver ion. Our estimates indicate how-
ever that the ionic radius of the divalent silver ion
is comparable to that of the calcium ion,

In order to sort out the possible strength of dif-
ferent energy terms let us assume that %k is the
approximate elastic constant and that C, and Cy,
are negligible. The resulting JT energy has a
value of [(4 - B)®+ (A’ = B'\]y %/ [E} - Eg(Ty,)]?
which is related to the JT energy of the V, center
in CaF,. From our EPR experiment we found the
probability density on the fluorines to be 0. 09,
The factor y2/[E%— Ey(TI';,)]? should also have ap-
proximately the value of 0, 09 since the hole dis-
tribution on the fluorines is simply sloshed to one
side by the distortion. As a result, the JT energy
should be about 0. 09 the value found for the V,
center, Hayes and Twidell'® found the 3} «— 257
transition to be at 3500 A or approximately 30 000
cm™, Inthe JT distortion, the o, state goes up as
fast as the o, state goes down in energy so we ex-
pect the JT energy to be approximately one-half
of the optical splitting or 15000 cm™, From this
estimate the contribution to the JT energy of the
silver ion would be about 1400 cm™,

Of course, non-negligible values of %, and %4
will reduce this estimate but this calculation does
point out the importance of this term. In addition
the energy can be lowered further when C, be-
comes appreciable., We should point out that the
energy associated with C, cannot be as large as
the splitting betweenbonding and antibonding fluorine
states for this would cause the fluorine hyperfine in-
teractions to depart from the axial symmetry ob-
served inour experiments. Finally, the even mode
of distortion can contribute substantially to the
lowering of the energy even though the mode does
not dominate, For a static JT distortion to oc-
cur it is only necessary that the JT energy be
quite a bit larger than the energies of the optical
branches of the lattice vibrations. In CaF, these
energies are approximately 300 cm™ so it becomes
reasonable that the JT energy can exceed this
value,

IV. EFFECTS OF STRESS

A uniaxial stress in a {001) direction will lower
the energies of some of the vibronic states while
others go higher in energy. For CaF,: Ag® with
a uniaxial stress along a {001) direction the strain
Hamiltonian may be represented by
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oV
H,= -B-e—e— ey , (30)
where e, =e; - 3 (e, +¢,) is defined in terms of the
usual strains e;, e,, and e;. The stress T, is re-
lated to the strain by the familiar formula

6
e,=Z S“ Tj. (31)
j=1

For CaF,, S;;=0.71%10"*2 cm?/dyn and S,,
=-0.166x107'2 cm®/dyn.'" Consequently, for T,
#0and T,=T,=0,

e, =0.876x10712 T, | e3=0.710x10"2 Ty,

e,=-0.166X1072 Ty, (32)

Changes of energy resulting from strain may arise
from changes in either the crystal field or the res-
onance energies of covalent bonding. The strain
e, causes the fluorine ions to move in (112) di-
rections which is precisely the direction of mo-
tion of the fluorine ions for the @; mode. On the
other hand, the e, strain does not directly involve
a motion of the Ag® ion but only indirectly in that
the Ag® ion may adjust its position so as to main-
tain the center of gravity. For the case of the
heavy silver ion the shift of the silver ion will not
be as great as the shift of the fluorines, With
this in mind we approximately have a proportion-
ality between @3 and e, and the linear term in the
JT energy will also determine the energy split-
tings produced by strain. The proportionality
would be exact if C; were equal to zero. In the
limit where the part of the wave function on the
fluorines is localized to a pair of fluorines, we
can write the following relationship between @3
and ey:

QB n= (1/\/—6)aeg . (33)

This relationship holds when the axis of the fluo-
rine pair is parallel to 75. The spacing a between
the pair of fluorines has the value of 2,73 A in the
CaF, lattice. For Ty perpendicular to the axis of

the fluorine pair a different relationship holds be-
tween @3 and eg

Qz. = — (1/2V6) ae,. (34)

From these relations we can calculate the energy
changes for T parallel or perpendicular to the

axis of the fluorine pairs.
AEn: _VEQB-M == (VB-a/\/G) €y, T:;“;L (35)
AE, =-V; Qz.=+(V;a/2V8) ey, Tslhi

where 7 gives the direction of the axis of a fluorine
pair, From these expressions we can determine
the energy splitting AE between the different vi-
bronic states and estimate some parameters from
experiment,

AE=AE, - AE, =~ (3/2V8)aV; e, ,
or AE=- (3/2\[6) (Su— Sla)aVE T3 .

(36)

Again we should remind ourselves that this is only
an approximate expression because we have ne-
glected the motion of the silver ion in arriving at
this result. Nevertheless, the result provides us
with an estimate of ¥y when we compare with the
experimental stress measurements, The initial
slope of the experimental AE-versus-T; plot is
315 cm? sec™! dyn™. From this slope we estimate
the value of V; to be 1.4%x10™ erg/cm or 0. 89
x10% eV/cm. K we take the value of 2 to be 3.9
x10* erg/cm? as can be calculated from the pa-
rameters of Ganesan and Srinivasan, !® we can then
estimate the JT energy of the @; mode to be

1.5 eV, In making this estimate we have assumed
kg to be zero. If we cannot make this assumption
then we must calculate the JT energy as (V; 2/
2(k  +k4) and our estimate will be reduced accord-
ingly. Our estimates again show that the JT ener-
gy is sufficient to produce a static distortion,
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Optical Zeeman absorption and electron-paramagnetic-resonance experiments reveal that
the ground crystalline Stark levels of Tm® in YCly- 6H,0 and TmCly* 6H,0 and Tm® in Y,(SOy ;5
* 8H,0 and Tm,(SOy) 3+ 8H;O are nearly accidentally degenerate. Extrapolation of the data to

zero magnetic field gives the lowest Stark levels of the 3H6 state of Tm® as 0 and 1.12 cm

-1

for the chloride salts; 0 and 0.61 cm™! for the sulfate salts. It is also found from the EPR
data that the sulfate has two magnetically inequivalent lattice sites.

INTRODUCTION

Recent experiments and the subsequent interpre-
tation of the pseudoquadrupole shift of recoilless
nuclear-resonance spectra of tripositive thulium-
169 in crystals of low cation-site symmetry by
Clauser and M&ssbauer® have suggested that one or
more electronic crystalline Stark levels of Tm®*
may be nearly accidentally degenerate with the
ground Stark level. A crystal field splitting cal-
culation by Harrop?® also predicts that the two low-
est crystalline Stark levels of the 3H, ground state
of Tm®* in TmCl,* 6H,0 are nearly accidentally de-
generate. Previously unpublished optical Zeeman
spectra® of thulium in various salts have led us to
the same conclusion. We wish to report here the
results and interpretation of the electron-para-
magnetic-resonance spectra together with the opti-
cal Zeeman spectra of Tm*" in YCl; - 6H,0 and
TmCl, - 6H,0 and Tm®* in Y,(SO,); - 8H,0 and Tm,
(8O,)5* 8H,0 which confirm the supposition of a
near accidental degeneracy in the ground state of

Tm® in these salts. We also wish to report the
zero magnetic field splitting of the nearly degener-
ate ground Stark levels for Tm®" in these salts de-
duced from the EPR and optical Zeeman data.

OPTICAL ABSORPTION STUDIES

Absorption spectra of the hydrated chloride and
sulfate single crystals have been taken between
2500 and 8000 A at liquid-nitrogen temperature and
from zero magnetic field to nearly 24 kG in regu-
lar intervals and for specific crystal orientations.
The spectrometer used was a 3.4-m Jarrel-Ash
Ebert scanning spectrometer/spectrograph with a
resoluotion of 0.07 A in first order in the region of
5000 A. An L-96 Magnion magnet with a power sup-
ply stable to 0.1% was used for the Zeeman studies.
The magnetic field strength was measured with a
Rawson rotating coil accurate to 0. 1%.

The cation point-group symmetry of Tm3* in the
hydrated chloride and sulfate salts is reported as
C, and m, respectively'® Both crystals have mono-
clinic unit-cell symmetry.®” For a non-Kramer’s



