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The EPR spectra observed for Ag'+ in the alkaline-earth —oxide host crystals SrO, CaO, and MgO
provide an exceptionally clear example of the unusual spectral features associated with the transition from a
static to a dynamic Jahn-Teller effect at low temperature. The spectrum observed for Ag" in SrO exhibits
the low-temperature threefold tetragonal symmetry with symmetric line shapes and averaging at higher
temperatures (80 to 200 K) which characterize the static Jahn-Teller (JT) effect. A threefold tetragonally
symmetric spectrum is also observed for Ag'+ in CaO at 1.3 K, but, in this case, the line shapes are not
symmetric and resemble those. observed for systems exhibiting a dynamic JT effect. Additionally, a complex
line shape is observed at 1.3 K for Ag'+ in CaO with the orientation H f [111).These line-shape effects are
due to a value of the ratio of random strain splitting 8 to "tunneling" splitting 3t which is intermediate to
those associated with either the static or dynamic JT effect. The complex line shapes observed at 9 GHz
with H I [111) have been computed by performing a numerical diagonalization of the matrix of strain and
tunneling for the manifold of states consisting of the ground 'E and first-excited A, vibronic singlet levels.
From this calculation a value of 1.2 has been determined for the ratio 8/3I . At a frequency of 23 GHz, the
line shapes for Ag'+ in CaO exhibit additional effects due to the increased Zeeman interaction, and, by
performing a simultaneous diagonalization of the strain, tunneling, and Zeeman matrices, it is possible to
independently determine values of 4.7 and 3.9 cm ' for 5 and 3I, respectively. For Ag'+ in MgO, the
angular variation of the EPR spectrum at 1.3 K resembles the type of variation typical of a dynamic JT
system, but with one component shifted and broadened by coupling via random strain to a nearly excited A,
vibronic singlet level. A value of 8/31" = 0.13 was determined for Ag'+ in MgO by fitting the observed
angular variation to a computed angular variation derived from a numerical diagonalization of the matrix of
strain and tunneling for the 'E-A, manifold. These observed features classify the JT effect as static,
quasistatic, and quasidynamic for Ag'+ in SrO, CaO, and MgO, respectively.

I. INTRODUCTION

Early EPR investigations of the orbitally degen-
erate ground states of impurity ions which were
incorporated into high-symmetry hosts and which
were, accordingly, subject to a configurational
instability as a consequence of the Jahn-Teller
theorem, resulted in the identification of a num-
ber of systems characterized by the limiting case
known as the "static" Jahn-Teller effect." Some-
what later, for the particular case of ions with 'E
orbital ground states, EPR spectra were ob-
served'"' whose features were completely different
from those found previously for systems exhibiting
the static Jahn-Teller effect. This new type of
Jahn-Teller (JT) spectrum was characterized at
low temperature by an anisotropy appropriate to
an 'E state in a cubic symmetry crystal field in-
stead of the three magnetically inequivalent, tet-
ragonally symmetric spectra associated with the
static Jahn-Teller effect. The extreme differences
(relative to the static case) exhibited by the new

spectra were attributed to a manifestation of the
zero-point motion of the lattice which resulted in
a "dynamic" effect at low temperature. Initial in-
terpretations of this low-temperature dynamic ef-
fect were based on the "tunneling" model of
0 Brien' and Bersuker. ' ' In this model, tunneling
occurs between the potential barriers which sepa-
rate the three tetragonally distorted "static" Jahn-
Teller configurations and results in a splitting of
the ground state into a 'E vibronic ground level
and excited A, and A, vibronic singlets. The model
of O' Brien' and Bersuker' ' is only appropriate to
thos'e systems in which the Jahn-Teller coupling
is strong and the system is close to the static JT
limit.

Subsequent to the work of Bersuker and O' Brien,
an alternate interpretation of the low-temperature
"dynamic" JT spectra was proposed by Ham. '
This interpretation, which was based partially on
the previous work of Longuet-Higgins et al."'"
and Moffitt et a/. '""was appropriate to systems
where the JT coupling was weak to moderate in
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contrast to the model of Bersuker or O' Brien with
its inherent assumption of strong JT coupling. Ham
demonstrated that the unusual line shapes observed
for the low-temperature dynamic systems resulted
from the effects of la'rge random strains present in
the host crystal. Additionally, Ham formulated an
effective Hamiltonian which included the effects of
random strain and which accurately described the
features of observed dynamic JT spectra while re-
lating these features to the strength of the vibronic
coupling. These theoretical formulations provided
the impetus for a whole series" "of ensuing ex-
perimental EPR investigations which dealt princi-
pally with the d'-configuration ions Sc", Y", and
La" in the fluorite-structure alkaline-earth ha-
lides. In the course of these investigations, spec-
troscopic features were observed which required
the addition of a quadrupole term to the effective
Hamiltonian, and second-order solutions to the
Hamiltonian were obtained which properly ac-
counted for the observed angular variations.

Investigations of the d -configuration ions, as
noted above, resulted in the characterization of
a number of excellent examples of systems for
which the JT coupling was weak to moderate. This
information, together with that available from the
earlier studies of systems exhibiting a static JT
effect, provided a clear picture of the spectral
features of 'E systems which represented the lim-
iting dynamic and static cases of the JT effect.
Since the EPR spectra are fundamentally quite dif-
ferent for these two limiting cases, an important
question remained regarding the nature of the
spectra in the transition region between a "pure
dynamic" and a "pure static" JT effect. An indica-
tion of what some of the spectral features might
be in an intermediate system was px ovided by the
results of an experiment by Chase' '" who em-
ployed optically detected resonance techniques in
the investigation of an excited 'E level of Eu" in
CaF, and SrF,. This work showed that when the
first-excited vibronic A, or A, singlet was suffi-
ciently close to the ground 'E vibronic level, cou-
pling between the 'E and A, (A, ) levels would lead
to an asymmetric broadening of the spectrum. In
conjunction with the experimental work on Eu~, a
three-state vibronic coupling model was developed
which described the transition from a dynamic to
a static JT effect in the limit of strong vibronic
coupling.

Although these theoretical formulations"' pro-
vided a basis for the analysis of intermediate JT
systems, this work was followed by a period of
several years during which there was an absence
of published results on systems in which the pres-
ence of intermediate JT effects was established.
This situation was markedly altered when it was

discovered that the EPR spectra of Ag + in the
isomorphic series of alkaline-earth-oxide hosts
SrO, CaO, and MgO provided an excellent example
of the transition from a static JT effect to an "al-
most dynamic" effect with two of the systems (i.e. ,
CaO:Ag" and MgO:Ag"} representing intermediate
cases. Subsequently, it was also shown" that the
CaO:Cu 'and MgO:Cu" systems investigated by
Coffman"' were actually systems which exhibited
intermediate JT coupling effects. In conjunction
with the experimental work on Ag'+ and Cu" in the .

oxide hosts noted above, two of us (R.W. R. Ind
L.A. B.) investigated in detaiP4 the general im-
plications of the three-state formalism which de-
scribes the transition from a dynamic to a static
JT effect. As a cumulative result of these efforts,
it has now been established that intermediate
Jahn-Teller effects for 'E orbital states are evi-
denced by the presence of one or more of the fol-
lowing features: (i) an angular variation which is
neither characteristic of tetragonal symmetry nor
of full cubic symmetry, but is intermediate to both
(See Figs. 3 and 4 of Ref. 24 for examples); (ii) a
broadening and shifting of spectral components
which is selective in regard to the portion of the
spectrum that is affected (See Figs. 2 and 9 of Ref.
24); (iii) an unusual structure for the EPR line
shapes found for the orientation H)) (111) (See Figs.
6 and 7 of Ref. 24).

Since the EPR spectra observed for Ag" in SrO,
CaO, and MgO exhibit, in one host or another, all
of the above characteristics, a complete presenta-
tion of the experimental results and the special
analysis for this system is desirable. According-
ly, the present article is directed toward three
major purposes. First, the results for the Ag"-
alkaline-earth-oxide system, which has been the
subject of preliminary reports, "'""will be pre-
sented in detail. Second, a new technique for in-
dependently determining the magnitudes of the
average strain splitting and the tunneling splitting
in intermediate JT systems will be discussed. The
ability to make a determination of this type has
been developed since the publication of Ref. 22,
and it affords a number of interesting possibilities
for the study of random strains in the refractory
oxides. Finally, the properties of the Ag" EPR
spectra observed at elevated temperatures and the
associated high-temperature averaging processes
will be examined in some detail for the three cases
represented by the EPR spectra of divalent silver
in the alkaline-earth-oxide hosts.

-II. THEORY

The primary aspects of the theory associated
with the transition from a static to a dynamic
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Jahn-"Feller effect have recently been the subject
of a detailed treatment by Reynolds and Boatner. '~

Accordingly, the present discussion will only
briefly review those aspects of the theory which
are directly pertinent to the interpretation of the
EPB, spectra observed for Ag" in SrQ, CaO, and
MgO and which also provide the background for a.

necessary extension of the theory as treated in the
App end lx.

Divalent silver has an electronic configuration
consisting of nine 4&~ electrons with a krypton
core. For a d'-configuration ion in a sixfold-co-
ordinated cubic crystal field, a 'E electronic
state lies lowest, and the first-excited electronic
state is a triplet 'T, level. Coupling between the
ground 'E orbital state a,nd the vibrational modes
of the cluster formed by the Ag~ ion and its near-
est neighbors via JT linear coupling and warping
interactions results in a vibronic energy-level
structure characterized by a 'E vibronic ground
state and excited vibronic A, and A, singlet levels. '
The signs and magnitudes of the JT linear and
warping parameters determine which singlet (i.e. ,
&, or A, ) lies lower, and the singlets become ac-
cidentally degenerate as the warping terms become
negligible. Other vibronic levels are present at
higher energies, and a calculation of their relative
energies has been made by O' Brien' for the case
of strong ~ T coupling. The presence of such ex-
cited vibronic states has been confirmed experi-
mentally, and Raman scattering measurements of
their energy relative to the ground-vibronic 'E
state have been made by Guha and Chase" for the
case of Cu" in CaO. The characteristics of the
EPR spectra for nearly all cubic symmetry sys-
tems having 'E orbital ground states can be pre-
dicted by considerations employing only the three
lowest vibronic levels, the 'E vibronic ground
doublet and the lowest vibronic singlet. (The EPR
spectrum of Cu" in MgQ is the major exception
to the above. ") The observed EI?R spectra result
from the effects of the random strain, Zeeman,
and (if appropriate) hyperfine and quadrupole inter-
actions operating within the three lowest vibronic
levels.

The energy difference between the 'E vibronic
ground state and the nearest A, or A. , vibronic
singlet is designated as the "tunneling" splitting
and is denoted by the symbol 3I . Random strains
in the host crystal produce a splitting of the ground
'E vibronic state with an average strain splitting
& which is usually greater than the Zeeman split-
ting at an EPR frequency of 10 GHz. The ratio
6/3F then determines whether static, intermedi-
ate, or dynamic JT effects are observed. For the
large values of 5/3t' which occur as the excited
vibronic A, or A, singlet approa, ches the ground

'E level, a static JT effect is observed. On the
other hand, when the tunneling splitting is suffi-
ciently large relative to the random strain and
Zeeman splittings, the EPR spectrum is charac-
teristic of the isolated, strain-split E vibronic
level and a dynamic JT effect is observed. Inter-
mediate JT effects occur when the random strain
(or Zeeman) splittings are comparable to the tun-
neling splitting 31". We have found previously that
the various JT effects observed for 'E systems
can be conveniently classified by the use of four
general (and slightly overlapping) categories.
These are as follows:

(a) For those cases where three tetragonal sym-
metry spectra are observed and where the line
shapes of such spectra have the usual Gaussian
or Lorentzian form, the JT effect is denoted as
"pure static. " In general, this classification cor-
responds to 5/3I'& 5.

(b) When three tetragonally symmetric EPR
spectra are observed but are a,ccompanied by the
presence of distorted line shapes similar to those
found for dynamic systems, the JT effect is termed
"quasistatic. " This clas sification is associated
with a, range of 6/3I' values less than 5.0 and
greater than 0.3.

(c) The classification "quasidynamic" is applied
to those spectra where the observed angular vari-
ation is similar to the angular variation appro-
priate to an isolated 'E state and three tetragonal-
ly symmetric spectra are not observed. The an-
gular variation for this category is not identical to
that found for an isolated 'E state in that one com-
ponent of the spectrum is shifted (and broadened)
by coupling via strain to the nearest excited vi-
bronic singlet. This category applies to systems
where &/3I' lies in the range 0.1 & &/3I'& 0.8.

(d) When the 'E vibronic state is separated from
the first-excited vibronic singlet A, or A, by an
energy difference which is large in comparison
with that associated with perturbations (such as
the strain or Zeeman interaction) which could
couple the ground and excited states, the JT effect
is denoted as "pure dynamic, " and a spectrum ap-
propriate only to the isolated strain-split 'E state
is observed. This occurs for values of 5/3I' less
than 0.1. The low- temperature EPR spectru:n
of Sc' in CaF„SrF„and BaF, has been
successfully described by considering only
the 'E vibronic ground state, and the reader is
referred to Refs. 15-19 for a detailed description
of pure dynamic JT effects.

In treating the limiting case of the static JT ef-
fect as well as both categories of intermediate
(i.e. , qua. sistatic and quasidynamic) effect, it is
convenient to express the perturbing interactions
relative to the vibronic states P„$„and g, de-
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fined as follows'.

4»=(1/&3)(4', +4, + 4',),
@z= (I/W)(2@, —4', —4',), 4'„=(I/~2)(+, —@,),

withA, lowest or, withA, lowest, as

+»=( I/~3)(+, ++. +~,), +e =(I/~2)(e, -e,),
4„=(1/M)(2e, e, e,),

where g ~ and P, are the components of the 'E
vibronic ground state having the transformation
properties indicated by the respective subscripts.
For strong JT coupling with warping (such that the
Ham reduction factors' are related by r = —v2 q}
and with the random strain and tunneling interac-
tions large compared to the Zeeman interaction,
the matrices of strain and tunneling expressed
relative to the g„g„g, basis are as follows':

I' + & cosP/2q

1"a &(cosp —v 3 sing)/2q

r + &(cosp+ v3 sing)/2q~, (2)

where the upper signs correspond to A, lower and
the lower signs to A, lower. In Eq. (2), & is given
by

&=2q~ V, ((e,'+e,')"',
where V, is the strain coupling parameter, e~ and

e, are the components of the tetragonal strain, and

tang = e,/e, . The EPR spectrum for the conditions
noted above can then be computed by a numerical
diagonalization of Eq. (2) and the Zeeman interac-
tion treated by first-order perturbation theory
using the eigenstates resulting from this diagonal-
ization.

From Eq. (2) it can be seen that for &»3r, the
eigenvectors are simply g„g„and g,. Within each
of these three Kramers doublets, the expectation
values of the Zeeman interaction are given by the
foll.owing expressions:

K„=1 +g, ) geHP, +g, y.e(H„S„+H,s,)

+A„S I +Ai(S„I„+SI„),
X»= 1 +g„PeH„S„+g„ge(H,S,+K,S,)

+A„S„I„+A~(s,lg+S I„),
X„=r+g„q,H,S,+g, p,,(H„S„+HP, )

+A))s~ I~+A~(s Ig+Sg'I )

The relationships between g„g„A„,and A, and
the effective Hamiltonian parameters g„qg„A„qA,
used to describe the dynamic JT effect" are as
follows:

gg=gy + qg'2p

Att =Ay + 2qA2$ AJ. Ay + qA2$

where the upper sign is appropriate to having the
A, vibronic singlet lower and the lower sign to

having the A, state lower. The relations given by
Eq. (4) correspond to an EPR spectrum consisting
of the three magnetically equivalent spectra with
tetragonal symmetry which characterize the static
JT effect.

As discussed previously, intermediate effects
are manifested by a selective shift and broaden-
ing of the: spectral components relative to an other-
wise "pure dynamic" or "pure static" EPR spec-
trum. The relation of the components thus affected
to the sign of qg, and to which vibronic singlet
(A., or A, ) lies lower has been discussed in detail
in Ref. 24. Once the sign of qg, is known, the
singlet responsible for the observed intermediate
JT effects can be identified using Table I of Ref.
24. For quasidynamic cases, the effective Ham-
iltonian parameters g„qg„A„and qA, can be
determined by fitting the angular variation of those
spectral components which are not affected by cou-
pling to the vibronic singlet level to Eq. (3) of Ref.
18. The ratio 5/31 can then be determined by fit-
ting the angular variation of the components which
do exhibit the effects of 'E-Ay 2 coupling by means
of a numerical diagonalization of the matrix given
in Eq. (2). For quasistatic systems, the angular
variation has, by definition, tetragonal symmetry
and in such cases, in order to determine 6/3r, it
is necessary to fit the line shapes observed for the
orientation of the applied magnetic field corre-
sponding to Hll(111) by means of a numerical dia-
gonalization of the matrix in Eq. (2). When the
Zeeman interaction is not sufficiently small in
comparison with the strain and tunneling interac-
tions, a simultaneous diagonalization of the matrix
of strain, tunneling, and Zeeman interactions
must be performed. However, by utilizing a rela-
tively low microwave frequency, so that the as-
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sumptions inherent in formulating the matrix in
Eq. (2) are satisfied, it is possible to accurately
determine g„qg„A„qA„and 5/SI' as previous-
ly noted. Then, by using a significantly higher
microwave frequency and performing a numerical
diagonalization of the matrix including the larger
Zeeman interaction, it is possible to determine
the ratio of 3I' to the Zeeman interaction and hence
to evaluate Sj.". The value of & can be determined
since the ratio &/SI" is determined from the EPR
data obtained at the lower microwave frequency.
The details of the formulation which explicitly in-
cludes the Zeeman interaction will be treated in
the Appendix, where a procedure of the type de-
scribed above has been used to independently de-
termine & and 3I' for Ag" in CBO from a fit to the
line shapes observed for H ll(111) at 8.8 and
23.0 GHz.

III. RESULTS

The SrO, CaO, and MgO single crystals em-
ployed in this investigation were grown by an arc-
fusion technique' with the silver dopant added to
the starting powder in the form of AgO. For all
three types of host crystal, no spectra due to Ag"
could be detected in the "as grown" samples. In
each case it was necessary to irradiate the crys-
tals with short-wavelength ultraviolet light for
periods ranging from 4 to 48 h in order to observe
the Ag" spectrum. Following a room-temperature
uv irradiation, the divalent charge state remained
stable for a period of several days with the sample
stored at room temperature.

The X-band spectrometer (v =8.8 GHz) and the
K-band spectrometer (2S GHz) both utilized "back
diode" detectors in order to realize low-noise per-
formance with the magnetic field modulated at a
frequency of 2 kHz. At X band, a TE«y mode cy-
lindrical cavity was used, which provided for sam-
ple interchangeability at helium temperatures and
for in situ orientation of the single crystals. A
cylindrical TE«, -mode cavity was employed in the

measurements made at K band, and this cavity also
permitted in situ crystal orientation. The ability
to perform in situ orientations by rotating the sam-
ple in a vertical plane (and the magnetic field in
the horizontal plane) while observing the first-de-
rivative presentation of the EPR absorption signal
on an oscilloscope was essential. In particular,
the accuracy with which the orientation must be
carried out (better than 0.1') in order to obtain an
accurate line shape with HII(111) makes an exter-
nal x-ray orientation and sample transfer pro-
hibitively difficult.

A. Ag
' in SrO

The SrO:Ag" single crystals employed in this in-
vestigation were grown from starting material in
the form of high-purity strontium carbonate. Fol-
lowing the uv irradiation at room temperature, an
EPR examination at X band and 4.2 K resulted in
the observation pf the Ag" spectrum as well as an
unknown anisotropic spectrum. No other spectra
due either to para. magnetic impurity ions or to
color centers were observed in the SrO crystals.
At 4.2 K, the EPR spectrum of Ag" in SrO was
characterized by the presence of three tetragonal-
ly symmetric spectra whose principal symmetry
axes lay along the three (100) crystallographic axes
of the host. For three axial sites which are sym-
metry related in this manner, it is possible to ob-
serve the resonance spectra for the applied mag-
netic field H perpendicular to the principal sym-
metry axes at two different orientations of H in a
(110]plane. These orientations are 90' apart and
correspond to Hll(100), where the applied field is
perpendicular to the principal axis of two of the
three sites and to Hll(110), where the field is per-
pendicular to the principal axis of one of the three
sites. As can be seen from Fig. 3 of Ref. 24, in-
termediate JT effects near the static limit are
manifested in changes in the angular variation such
that the magnetic field values for the resonance ab-
sorption at the two "perpendicular" orientations

TABLE I. Effective Hamiltonian parameters for Ag
' in SrO, CaO, and MgO.

6
Host 31"

Static and quasistatic Jahn-Teller effect
107A 109A

II II

(f 0 cm ) (10 cm )

107A 109Aj.
(10+ cm 1) (f 0+ cm ')

SrO ~ ~ ~ 2.112+0.001 2.0f7+0.001 28.79+0.02 33.31+0.002 22.92+0.02 26.61 +0.02
CaO 1.2 2.166+0.001 2.031 +0.001 29.4+0.4 34.0 +0.4 21.0+0.3 24.8 +0.3

Dynamic and quasidynamic Jahn- Teller effect

Host
A1

(10+ cm ')
qAr

(fo~ cm ')

MgO 0.13 2.0998 + 0.0007 + 0.0563 +0.0007 25.8 +0.2 5.4+0.8
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noted above are not equal. Accordingly, for Ag"
in SrO, particular attention was given to measure-
ments of the values forg, at the orientations 811[100]
and H II [110]in the (110) plane. The magnetic field po-
sitions (or g, values) were found to be equal to
within the experimental error of —,', of the line-
width or about 0.1 G. [An excellent example of a
situation where the magnetic field positions are
only slightly different for the perpendicular ori-
entations with Hll [100] and Hll [110]is given by the
ca,se of Cu" in CaO (see Fig. 5 of Ref. 23).] The
effective Hamiltonian parameters which describe
the low-temperature tetragonal spectra for Ag"
in SrO are given in Table I. These parameters
were determined using a computer technique based
on an exact calculation of the eigenvectors, eigen-
values, and transition probabilities and an ensuing
least-squares fit in which all of the parameters
were varied to give transition energies equivalent
to the microwave energy. For Ag" in SrO, the
observed linewidths (=1.0 G) were sufficiently nar-
row to permit a clear resolution of the hyperfine
structure for the '"Ag(I= —,) and 'o9Ag(f =-,) iso-
topes, not only for the orientation Hll [ill], but
throughout the entire (110) plane. As shown in Fig.
1 (top and bottom), the observed first-derivative
line shapes exhibited the symmetric form generally
observed for EPR spectra of impurity ions in sin-

H

SrO: Ag
2

- 4.2'K

- 9.0GH

H II [111]

)109Ag

(OTlj PLANE

FIG. 1. Top: Low-temperature EPB spectrum of
Ag 2+ in an SrO single crystal with the applied magnetic
field parallel to the [111]direction. The two silver iso-
topes are clearly resolved and identified as shown. The
spectrum is in the first-derivative form. Bottom: The
first-derivative EPB spectrum of Ag2+ in SrO obtained
when the applied field is rotated away from the orientation
tion HII [ill) by 5' in the (110) plane. Two groups of
resolved ~ 9Ag and Ag hyperfine lines are present with
one group having an intensity twice that of the other.

gle crystals. These symmetric first-derivative
line shapes were also present throughout the (110)
plane. From the results presented in Ref. 24, it
is known that near the static JT limit, the observed
line shapes are more sensitive to the presence of
intermediate JT effects than are straightforwa, rd
measurements of the angular variation of the spec-
trum. This can easily be verified from a compari-
son of Figs. 2, 3, and 7 of Ref. 24. The line shapes
shown here in Fig. 1 for Ag" in SrO do not exhibit
any asymmetry of the type associated with an in-
termediate JT effect.

With a sample temperature of 4.2 K an interest-
ing orientation-dependent saturation phenomenon
wa, s observed in the tetragonally symmetric Ag"
spectrum. With the applied magnetic field oriented
parallel to a (111)direction, it was necessary to
apply power levels in excess of 10.0 mW in order
to partially saturate the spectrum. As the applied
magnetic field was rotated away from the orienta-
tion Hll(111) it was possible to saturate the reso-
nance transitions at power levels, which became
increasingly lower as H approached the orienta-
tion Hll(100). In particular, with II II (100), the
transitions corresponding to the magnetic field ori-
entation lying parallel to the principal symmetry
axis could be easily saturated with power levels as
low as 0.01 mW. Although no attempt was made to
measure the relaxation times as a function of ap-
plied magnetic field orientation, the above obser-
vations are consistent with an orientation depen-
dent spin-lattice relaxation rate T, which is much
longer at the orientation H ll(100) than at H ll(ill).
An expression for the direct process spin-lattice
relaxation rate has been derived previously by Ham

[see Eq. (2.6.2) of Ref. 1]. This result predicts an
anisotropic relaxation rate and also predicts that
T, should be relatively long for the orientation
Hll(100). Our observations on the saturation be-
havior of the Ag" spectrum in SrO, although quali-
tative, are in agreement with the predicted behav-
ior as noted above. As a result of these observa-
tions and the purity of the SrO:Ag" system relative
to the presence of other impurity-ion spectra, it
is apparent that this represents an ideal static JT
system for a careful quantitative examination of
the spin-lattice relaxation rates.

For the particular case of a system character-
ized by a pure static JT effect, it is necessary to
observe a thermal averaging of the spectrum at
elevated temperatures in order to substantiate the
identification of the origin of the axial spectra as
arising from a Jahn-Teller effect. In the absence
of such an observation, the argument can justi-
fiably be made that perhaps the tetragonal sym-
metry is simply a consequence of some associated
defect in the host crystal. For Ag in SrO, the
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PARALLEL SITE AVERAGED SPECTRUM PERPENDICULAR SITE

FIG. 2. Temperature variation of the Ag + EPH
spectrum in an SrO single crystal with the applied mag-
netic field oriented near a [100] crystallographic di-
rection. The two silver isotopes are not resolved in this
temperature range. As the anisotropic "parallel" and
'perpendicular" components decrease in intensity with
increasing temperature, the "averaged" isotropic spec-
trum increases in intensity and resolution. An additional
unknown center with (111) axial symmetry is located at
the high-field side.

transition from the tetragonal symmetry spectra
to the "averaged" spectrum was observed to take
place over a broad temperature range, with the
transition region extending from below 77 K to
slightly above 203 K. As shown in Fig. 2, at a
temperature of 86 K with the applied magnetic field
oriented near a (100) direction, the "averaged"
spectrum is already in evidence in the form of a
single broad resonance. At 123 K, the intensity of
the tetragonal symmetry spectra has decreased
considerably, and the averaged spectrum is be-
ginning to show a resolved Ag" hyperfine structure.
(The lines are, of course, too broad at these tem-
peratures to permit a resolution of the '"Ag and
"'Ag isotope. ) At a sample temperature of 203 K,
the tetragonal components have almost disappeared
and, as shown in Fig. 2, the averaged spectrum
now consists of two reasonably well-defined, broad
resonance lines. At 203 K, the averaged spectrum
may be said to be "isotropic" in the sense that the
magnetic field positions of the line centers do not
change as a function of applied magnetic field ori-
entation. The "averaged" lines do, however, ex-
hibit a considerable anisotropy in the widths of the
two component EPR transitions. This linewidth
anisotropy persists to even higher temperatures
when the tetragonal components can no longer be
detected. The linewidth of the "averaged" com-
ponents is a maximum at the orientation Hll(100)

and reaches a minimum value with Hll(111). The
spectrum for Ag" in SrO at 223 K, with Hll(111),
is shown in Fig. 3. At this temperature the tetra-
gonal symmetry components can no longer be de-
tected. A comparison between this spectrum and
the "averaged" spectrum shown in Fig. 2 clearly
shows the change in linewidth and the associated
increased resolution of the composite (i.e. , un-
resolved '"Ag and '"Ag) hyperfine structure which
is obtained at the orientation corresponding to
HII (111).

The g value and hyperfine structure parameter
A of the high-temperature "averaged" Jahn-Teller
spectrum should be related to the parameters gl]p

g„A, and A, which describe the low-temperature
"static" JT spectrum by the following expressions:

Z.,= -'(a, + 2g,),

A,„=g(A„+ 2A,).

(6)

(7)

SrO: Ag~+

FIG. 3. "Averaged" Ag~+ EPR spectrum in SrO at a
temperature of 212 K with Hll[lll] . The resolution of the
hyperfine lines at this orientation is superior to that
evident in Fig. 2 where h is near the [100] direction.
Significant anisotropy in the line widths of the "aver-
aged" spectrum persists after the anisotropic compo-
nents of the Ag~+ low-temperature spectrum can no
longer be detected.

The g,„and A„values experimentally determined
at 223 K for Ag" in SrO with Hll [111]are listed in
Table II together with values determined previous-
ly for Ag" in other hosts where the JT effect has
been identified as static" " (or quasistatic). The
calculated values for g,„and A,„ in Table II are de-
termined using Eqs. (6) and (7) and the e'xperiment-
ally determined g„g„A„and A, which describe
the low-temperature tetragonal spectra. The ex-
perimentally determined g,„value of 2.047 +0.002
agrees within the experimental error with the cal-
culated g„value of 2.049. The agreement between
the "averaged" hyperfine parameters is not as a
satisfactory, however. From the results present-
ed in Fig. 2, there appears to be a slight diminu-
tion of the hyperfine splitting in the averaged spec-
trum between 123 and 203 K. Owing to the poor
resolution of the hyperfine structure in the "aver-
aged" spectrum at 123 K, it is difficult to de-
termine with a high degree of certainty whether or
not such an effect is present and, at the lower
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TABLE II. Averaged Ag
' parameters.

Expt.
107 f09

&av &av
(10 cm ') (10 4 cm ')

Calc.
'1 07~ f PgA

av RV

(10 cm ') ' (10 cm ')Host 8'av Nav

SrO"
CaO
CaO

LiCl '
NaCl '

(21.6 + 0.5)
23.3 + 0.2 26.6+ 0.2

(25.6) '
223 2.047+ 0.002

77 2.0760 + 0.0005
100 2.075
300 2.09 + 0.01
130 2.085+ 0.002
200 2.092 + 0.002

2.049
2.076

24.8
23.8

28.8
27.8

2.088
2.085
2.093

temperatures, the increased resolution at the ori-
entation Hll(111) cannot be utilized to make more
accurate measurements due to interference from
the anisotropic tetragonal symmetry components
of the Ag" spectrum Unfortunately there is also

.a dearth of previously published data which would
enable a comparison to be made between the ex-
perimental and calculated values of the hyperfine
coupling constant for the "averaged" spectrum in
static JT systems. From the data summarized in
Table III of Ref. 1, it is apparent that for one of
the three listed systems for which a comparison of
this type can be made, the difference between the
experimental and calculated values of A,„lies out-
side of the experimental error. This result and
the result obtained in the present work for Ag" in
SrO suggest that there is a possible additional tem-
perature-dependent contribution to the hyperfine
structure which may modify the applicability of
Etl. (7). In contrast to this situation, the data list-
ed in Table III of Ref. 1 indicate that the agree-
ment between the experimental and calculated
g values is generally quite good as it is in the
present case of Ag" in SrO.

For Ag' in SrO, the observed three, generally
inequivalent tetragonally symmetric spectra, the
symmetric line shapes throughout a f110)plane,
and the averaging at a relatively high temperature
all serve to classify the SrO:Ag" system as a pure
static Jahn-Teller case. The fact thatg~) is greater
than g~ indicates that the A, level is the lowest vi-
bronic singlet.

(CaCO, ). For the resulting CaO single crystals,
however, the purity with respect to paramagnetic
ions other than Ag" was not as high as for the
SrO:Ag" specimens discussed in Sec. IIIA. The
EPR spectrum obtained with a sample temperature
of VV K following the room-temperature uv irradia-
tion of a typical silver-doped CaO crystal is shown
in Fig. 4. In addition to anisoAopic Ag" spectrum,
an iritense spectrum due to Mn~ in a cubic symme-
try site is evident. Fortunately, at liquid-helium
temperatures, the Mn" spectrum could be satu-
rated easily while the Ag" spectrum could be satu-
rated only at considerably higher microwave power

Ca0: Ag2

:Mn2
H 11 [111]

T r 77oK

& =9.0 GHz

H~
50 G

I

Mn
I
I
I
I
1

I
I
I
I
I
I
I

I
I

I

I
I
I

I

I
I

I

10 G

FIG. 4. EPR spectra present in a single crystal of
silver-doped CaO at T =77 K. In addition to the isotrop-
ic Ag + "averaged" spectrum, an intense spectrum due
to Mn + in a cubic site is observed. At this orientation
(i.e. , H11 [111])one of the Mn2+ fine-structure lines in-
terferes slightly with the low- field Ag hyperfine line.
(The first derivative of absorption is shown. )

B. Ag
+ in Cao

The crystal growth procedure employed in the
production of the silver-doped CaO spmples was
similar to that used for the SrO growth in that the
starting material was in the carbonate form

a iOYThe Ag and Ag isotopes could not be resolved experimentally at this temperature, and109

the quoted A-value therefore represents an effective "average" A~-value for the two isotopes.
"This work.
'Reference 33:
"Reference 31.
'Reference 32.
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levels, and accordingly, interference from the
manganese spectrum could be minimized by opera-
ting the spectrometer at intermediate microwave
power levels. The magnetic field region in which
the isotropic Ag" spectrum appears at VV K is
shown using an expanded scale at the bottom of Fig.
4. The small resonance line which appears just
slightly to the high-field side of the low-field '"Ag
hyperfine component is due to one of the ~ - ~ fine-
structure lines of the second (counting from low
field) Mn" hyperfine groups.

The Ag~ spectrum observed at 77 K for the CaO
host is significantly different from that found for

g" in SrO at the same temperature in two essen-
tial respects: First, the anisotropic tetragonal
symmetry spectral components found at VV K (and

SrO
clearly in evidence in Fig. 2 at 86 K) f A "
r were not detected at 77 K for divalent silver in

CaO. Additionally, for CaO, the linewidths were

Fig. 4. These two significant differences already
in evidence at VV K are suggestive of the more fun-
damental differences exhibited by the results ob-
tained at liquid-helium temperatures for the CaO
and SrO:Ag systems.

The EPR spectrum obtained at 1.3 K for Ag" in
CaO with the magnetic field oriented parallel to a
(ill) crystallographic direction is shown in Fi .

is spectrum was obtained follow'ing a careful

OFF [111] !
WARD [100]',

A

H IS 2.5 FROM

[111]TOWARD [011]

COO: Ag

T=1.3K

w = 8.8GHz

I I

10G

IE

H IS 2'.5' FROM

[111] TOWARD [011]BUT

ROTATED SLIGHTLY OUT OF

THE (011) PLANE

ORIENTATION DEPENDENCE OF Ag2+ SPECTRA

IN CaO

FIG. 6. &OP: EPR spectrum of Ag + in a CaO single
crystal with H oriented 2.5' from the [111 dir

e ) p ane. The asymmetric first derivative line
shapes resemble those observed for systems charac-
terized by the "pure dynamic" Jahn-T 11 fe er e feet. These
line shapes should be compared with those shown at the
bottoxn of Fig. 1 for Ag2+ in SrO. Bottom: VVhen the
applied magnetic field is rotated slightly out of th 11

lane
o e 0)

p ane, each of the components labelled "B"' the to
p o e figure splits into two coxnponents. Thisart of th

e ~n e top

shows that theree are three generally inequivalent s ectra
present.

e '
spec ra

I I

2.5 G

FIG. 5. EI'R spectrum of Ag2+ in C 0 1in a a single
crystal at T =1.3 K, with H~][ill]. The line

e ow- ie yperfine coxnponents are significantly
different from those of the high-field components. The
inset at the top of the figure illustrates the sensit it

ape to magnetxc field orientation. Each of
the line-shape features including the protuberance at

xs ro te away fromigh field is observed to split as H is ta d
H~][ill]. These line shapes represent one characteris-
ic o e intermediate Jahn-Teller effect. (The

are in th
c . e spectra

e form of the first derivative of absorption )

in situ orientation of the crystal as described pre-
viously. The inset at the top of F' 5

' d' t th
degree of sensitivity of the line shape to magnetic
ield orientation. A comparison of this line shape

with that shown at the top of Fig. 1 for SrO:Ag"'
with HI] [111]shows that the line shapes for these
two systems are fundamentally very different. Ac-
cordingly, owing to the seemingly highly unusual
nature of this feature at the time of its d'

the true formof the line shape for CaO:Ag" was
repeatedly verified by in situ orientations of nu-
merous silver-doped CaO crystals.

Additional significant differences between the
CaO:Ag ' and SrO:Ag ' systems at 1.3 K are evi-
dent when the magnetic field is not applied at the
orientation HI] [111]. The spectrum obtained when
the applied magnetic field is oriented 2.5' away
from the [111]direction in the (110) plane is shown
at the top of Fig. 6. At this orientation the spec-
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trum consists of two groups of Ag and Ag hy-
perfine lines, denoted by "A" and "8" in Fig. 6,
plus a weak isotropic hyperfine group, which is
evident between the components of the A. and B
anisotropic spectra. The group labeled I3 is seen
to have approximately twice the intensity of the
group denoted as A. A comparison of the line shape
observed at a general orientation for the anistrop-
ic components of the Ag" spectrum in SrO (as
shown at the bottom of Fig. 1) with those evident
in Fig. 6 shows that the line shapes for the two
hosts are completely different. For Ag" in CaO,
the line shapes resemble those found previously for
systems characterized by a low-temperature dynam-
ic JT effect. " "Whenthe applied magnetic field is
rotated out' of the (110) plane, each of the B com-
ponents of the spectrum splits into two components,
which shows that there are three generally inequiv-
alent spectra present for the CaO:Ag" system. A
careful examination of the angular variation giving
particular attention to the establishment of the
equivalence of the g, values in the (110) plane also
shows that, within experimental error, the spectra
exhibit tetragonal symmetry. The angular varia-
tion of the spectra observed for Ag" in CaO is
therefore consistent with that associated with Eqs.
(4). The effective Hamiltonian parameters g1I
A~ (

and 4, for CaO:Ag" we re determined using the
identical computer technique described previously
for Ag" in SrO, and these parameters are listed
in Table I.

The spectrum found for Ag" in CaO is, there-
fore, similar to that observed for the SrO:Ag" sys-
tem in that both systems are characterized by
three generally inequivalent, tetragonal symmetry
spectra. The spectra for the two hosts appear to
be very different, however, on the basis of a line-
shape comparison for a general applied field ori-
entation as well as for the orientation Hll(111).

As previously discussed, the unusual line shapes
of the type observed for Ag" in CaO with Hll(111)
are an important characteristic of the intermediate
JT effect. Using a computer technique to diagonal-
ize the matrix of strain and tunneling for the g„
II1„and g, manifold of states [i.e. , EIl. (2)] it is
possible to compute the EPR line shapes as a func-
tion of jj/SI', and, therefore by fitting an observed
line shape, to determine this ratio for a given sys-
tem. For Ag" in CaO, the value determined for
g„ is greater than that found for g, and this is con-
sistent with having the A, vibronic singlet nearest
the 'E ground state. ' Accordingly, the matrix of
strain and tunneling to be diagonalized is given by
Eq. (2) with only the lower values of the signs. For
the line shapes observed at a frequency of approxi-
mately 8.8 GHz, the expectation values of the Zee-
man and hyperfine interactions were computed
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FIG. 7. ToP: The experimental X-band line shapes of
Ag + in a CaO single crystal shown in the first deriva-
tive of absorption form. The applied magnetic field is
parallel to the [111]direction. Middle: The first-
derivative line shapes computed using a value for 6/3F
of 1.2. Assumptions that x = —v2 q, and q =0.5 have
been made. The magnetic field scale is larger than that
shown for the experimentally determined line shapes.
Bottom: The calculated absorption line shapes, whose
first derivative 'are shown directly above, are presented.
Both the absorption line shapes and their corresponding
first derivatives were computed by a repetitive diagonal-
ization of the matrix of strain and tunneling appropriate
to the A» E~e, E«manifold of states.

using the eigenvectors which resulted from the dia-
gonalization of Eg. (2) (i.e. , both interactions were
treated by perturbation theory and were not includ-
ed in the matrix prior to the diagonalization).

For the magnetic field orientation Hll(111), the
various contributions to the spectrum due to the
random nature of the strains were summed over an
ensemble of sites having a uniform distribution of
It values (where tanIt = e,/ee) between 0 and 2II. A

Gaussian distribution of random strain splittings
was employed, and the spectra from each Kramers
doublet were weighted by a Boltzman factor ap-
propriate to the assumed temperature. (The de-
tails of this procedure are treated in Ref. 24.) The
results obtained after the ratio of &/31 had been
adjusted until the line shapes of the calculated and
computed spectra were as similar as possible are
shown in Fig. 6. Since the line shapes are identi-
cal for the '"Ag and '"Ag isotopes, the calcula-
tions were performed only for the "'Ag isotope.
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FIG. 8. Top: The experimental line shapes at 23 GHz
for Ag2+ in a CaO single crystal at a temperature of
4.2 K. In contrast to the line shapes obtained at X'

band (8.8 GHz), the low- and high-field hyperfine
components have the same form in the first derivative
presentation. Bottom: The calculated first-derivative
line shapes at 23 GHz. At this frequency the Zeeman
interaction must be explicitly included in the matrix
of strain and tunneling prior to the diagonalization. This
procedure determines the value of 31" as 3.9 cm

A comparison of the experimental results repro-
duced at the top of Fig. 7 with the computed first-
derivative curves given in the middle of the figure,
shows that an excellent fit is obtained when &/31'

equals 1.2. (The magnetic field scale for the com-
puted first-derivative line shape is slightly larger
than that of the experimental line shapes in Fig. 7.
A point-by-point computer plot was employed in
these calculations, and it was necessary to use a
slightly expanded scale in order to show the par-
ticular detail present in the line shape of the low-
field hyperf inc component. ) The corresponding cal-
culated absorption line shapes for each 'Ag hy-
perfine component are shown at the bottom of Fig.
7.

The line shapes observed at a frequency of 23
GHz for Ag" in CaO with H II [111]are shown at the
top of Fig. 8. %hen a calculation of the line shapes
identical to that described above was performed
with 5/31 = 1.2 for a frequency of 23 GHz, the re-
sulting fit was not good. In fact, using the assump-
tions previously noted, in order to obtain agree-
ment between the experimental and computed line
shapes at 23 GHz it is necessary to increase the
value of &/31 to 4.5. A value of &/31'=4. 5 would,
of course, correspond to a Jahn-Teller effect which
has a more '-'static" character than that associated
with the value of &/31 = 1.2, as calculated from the
results at 8.8 GHz. It has been pointed out pre-

viously by Ham, ' that a strong Zeeman interaction
can have the effect of stabilizing a JT system to
produce a more static Jahn-Teller effect. Accord-
ingly, based on this and the results described
above, the conclusion was made that at 23 GHz the
Zeeman interaction is no longer negligible relative
to the random strain splitting. Therefore, in order
to perform a proper calculation of the line shapes
observed at 23 GHz, it was necessary to diagonal-
ize Eq. (2) or its equivalent with the addition of the
appropriately transforming Zeeman terms.

The details of the calculation including the Zee-
man interaction are presented in the Appendix. In
carrying out this calculation, the dynamic basic
states g&, P „and g„were used and a coordinate
transformation was performed to bring the z axis
parallel to a (ill) crystallographic direction (i.e. ,
parallel to the applied magnetic field at the ori-
entation 8 ll(111)). The matrix elements whichwere
off-diagonal in the electronic spin were then small
relative to the diagonal terms, so that it was nec-
essary to diagonalize only the 3 &3 matrices
which were diagonal in terms of spin. The off-dia-
gonal elements were then treated by perturbation
theory. A Gaussian distribution of the strain mag-
nitudes was employed and the strain distributed
between components as described in Ref. 24. The
spectra arising from the various levels were
weighted by the appropriate Boltzmannfactor. The
line shape resulting from this calculation with a
frequency of 23 GHz is shown at the bottom of Fig.
8. The line-shape agreement is apparently quite
good. Although the line shapes for the low- and
high-field hyperfine components were significantly
different at 8.8 GHz (see Fig. 8), the line shapes
are found to be equivalent for the two components
at 23 GHz (Fig. 8) owing to the increased role of
the Zeeman interaction, and the results of the cal-
culation described above verify this effect.

Since the strength of the Zeeman interaction is
known at 23 GHz, the ratio of the Zeeman to tun-
neling interaction then uniquely determines the
tunneling splitting 3t', which is found to be 3.9
cm '. If the line shape with Hll [111]for the 9-
GHz spectrum is then computed under these con-
ditions, the line-shape fit shown in Fig. 7 is du-
plicated. Accordingly, the 9-GHz spectrum is not
affected by the Zeeman interaction, - and the ratio
5/31'= 1.2, determined at 9 GHz, is the correct
one. This ratio together with the value of 3.9 cm"',
determined for 3I', fixes the value of the strain
splitting & as 4.7 cm '. The ability to determine
3I' and 6 independently more than justifies the ad-
ditional effort required to carry out a line-shape cal-
culation with the inclusion of the Zeeman interaction.
It should be possible to exploit the intermediate Jahn-
Teller effect in the CaO:Ag" system by means of
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FIG. 9. Variation at low temperature of the relative
intensities of the isotropic and anisotropic Ag2+ spectra
in CaO. The averaging of the anisotropic components
occurs rapidly in this temperature range.

this calculation in order to study the various ran-
dom strain splittings which could result from such
factors as different crystal growth techniques,
heavy neutron irradiations, etc. , and investigations
of this type are planned as an extension of the work
reported here.

The presence of the isotropic spectrum shown in
Fig. 4 for Ag" in CaO at 77 K shows that the ther-
mal averaging of the anisotropic A and B compon-
ents in Fig. 5 must occur relatively rapidly with
increasing temperature between 1.3 and 77 K. An
indication of the rate of this averaging with in-
creasing temperature is given in Fig. 9, which
shows the anisotropic A and B components and the
isotropic spectra (as connected by the dotted lines)
at 1.3 and 4.2 K. Although the temperature differ-
ence of 2.9 K represents a very narrow tempera-
ture range, the intensity of the isotropic compo-
nents relative to, for example, the A. anisotropic
components has changed by a factor of approxi-
mately 50. The low-temperature averaging of the
Ag'+ spectrum in CaO has been investigated pre-
viously by MGller and Berlinger" using silver-
doped CaO powder samples. Their results show
that the temperature averaging of the anisotropic
components is essentially complete at a tempera-
ture of 25 K.

The spin-Hamiltonian constants g„and A „which
describe the isotropic Ag" spectrum shown in Fig.
4 have been determined, and the results are listed

in Table II along with the corresponding values
which were calculated using Eqs. (6) and (7) and
the effective Hamiltonian parameters given in
Table I. For the CaO:Ag" system, exact agree-
ment between the g„value determined experi-
mentally at 77 K and the calculated g,„value is
obtained. The experimental and calculated values
of A.,„for the '"Ag and '"Ag isotopes, although
reasonably close to each other, still differ by an
amount which lies outside of the experimental
error. The agreement between the experimental
and calculated values of A,„for Ag" in CaO is,
however, much better than that obtained for the
SrO:Ag" system treated earlier. There is, of
course, a significant difference in the temperature
at which the measurements on the isotropic spec-
tra for Ag" in CaO and SrO were made. A simple
average of the ' Ag and ' 'Ag hyperfine parame-
ters yields a value of A,„=25.0 + 0.2 x 10"' cm ',
which compares favorably with the value of A.,„
= 25.6 x 10 ' cm ', which was obtained" using a
powder sample at a temperature of 100 K.

According to the criteria discussed in Sec. II of
the present work, the various features of the spec-
tra observed for Ag" in CaO all serve to charac-
terize this system as a quasistatic Jahn-Teller
case. This type of Jahn-Teller effect occurs, as
previously noted, whep the value of the ratio of the
random strain splitting & to tunneling splitting 3I'
is somewhat smaller than that necessary to place
the system in the pure static JT limit. From the
results presented in Ref. 24, it is known that a
value of &/3I' somewhat greater than 5 is required
in order to obtain the characteristics of the pure
static JT effect. The value of 5/31 = 1.2 which has
been calculated from the line-shape analysis is
therefore entirely consistent with the quasistatic
JT classification as applied to Ag~ in CaO.

C. Ag2+ jn MgO

Arc-fusion growth of the Ag"-doped MgO single-
crystal samples investigated here was carried
out using starting material in the form of magne-
sium oxide, rather than the carbonate form which
was used for the growth of both SrO and CaO. An
irradiation using a short wavelength uv lamp was'

again necessary in order to observe the Ag" spec-
trum.

The EPR spectrum obtained for Ag" in MgO at
a temperature of 1.3 K with the applied magnetic
field parallel to a [111]direction is shown in Fig.
10. At this temperature and orientation, the line-
width is sufficiently narrow to permit an excellent
resolution of the spectra due to the ' 'Ag and ' 'Ag
isotopes as shown in the figure. The line shapes
which are evident in Fig. 10 were obtained follow-
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FIG. 10. EPB spectrum observed for Ag2+ inMgO at
T =1.3 K, with the applied magnetic field oriented
parallel to the [111]direction. At this orientation the
line shapes are similar to those shown at the top of Fig.
1 for Ag2+ in SrO.

ing a careful in situ orientation of the single-crys-
tal sample. A comparison of these line shapes
with those found for the spectrum of Ag" in SrO,
as shown at the top of Fig. 1, indicates that the
line shapes for Ag" in MgO and SrO are quite
similar at 1.3 K with Hll [111]. Any further simi-
larity of the spectra for the MgO:Ag" and SrO:Ag"
systems vanishes immediately, however, when
the applied magnetic field is rotated away from
the orientation H(( [111]in a. (110) plane. The spec-
tra obtained when the applied field is rotated 16
away from the orientation H II [111]towards the
[011]direction and 12' away from 8 II [111]toward
the [100]direction are shown in Fig. 11. The fol-
lowing characteristics of the spectra obtained at
these orientations are immediately apparent:
First, the linewidth of all of the components has
broadened (relative to the width at H II [111])to the
point where it is no longer possible to resolve the
two silver isotopes. Second, the spectrum now

consists of two groups of two lines, and both
groups exhibit asymmetric line shapes. Finally,
the linewidth for one of the groups of two lines is
considerably narrower than that of the other and
the apparent intensity (i.e. , the peak-to-peak
height in the first-derivative presentation) of this
narrow group is larger than that of the broad group
by a factor of approximately 4. The "narrow" two-
line group is observed to move from the high-field
side of the magnetic field position of the spectrum
with H(( [111]to the low-field side of this position
as the applied field is rotated from the orientation
Hll [100]to H[[ [110]. When the applied magnetic
field is rota. ted out of the (110) plane, neither the
narrow nor the broad two-line spectra are ob-
served to split further into two components.
Therefore, in contrast to the spectra found for
Ag" in SrO and CaO, the spectrum observed for
the MgO:Ag" system does not consist of three

generally inequivalent components with tetragonal
symmetry.

The experimentally determined angular varia-
tion in the (110) plane is shown in Fig. 12, where
the experimental points are indicated by the open
circles. This angular variation appears to be
identical to the type of angular variation previous-
ly observed for systems characterized by a pure
dynamic Jahn-Teller effect" "(in particular, the
angular variation in Fig. 12 can be compared to
that shown in Fig. 4 of.Ref. 18). In spite of this
apparent similarity, the angular variation exhibits
some significant quantitative differences with re-
spect to that appropriate to a pure dynamic JT
system. These differences become evident when
an attempt is made to account for the complete
experimentally determined angular variation by
using Eq. (3) of Ref. 18, which is only appropriate
to the pure dynamic JT case. Using the measured
values for the magnetic field positions of the "nar-
row" components of the spectrum at various ap-
plied field orientations, a least-squares fit was
made to Eq. (3) of Ref. 18, and the effective Ham-
iltonian parameters g„qg„A„and qA, listed in

T = 1.3K H

H IS = 16'FROM

[111]TOWARD [01'I]

2+
MgO: Ag

H IS = 12' FROM

[111] TOWARD [100]

~ = 8.8 GHz.
I I

25 G

FlG. 11. EPR spectra of Ag~+ in MgO observed when

the applied magnetic field is rotated away from the [111]
direction toward the [011] (top) and [100] (bottom) di-
rections. The line shapes resemble those found previous-
ly for systems characterized by a pure dynamic JT
effect. The "narrow" hyperfine set moves from the
high-field side of the magnetic field position H ~~[ill] to
the low-field side of this position as the magnetic field
is rotated from H

~~ [100] to H~([011] in a (110) plane.
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FIG. 12. Experimentally determined angular variation
fro the spectrum of Ag2+ in MgO is indicated by the
open circles. The solid curves represent the fit to this
angular variation which was calculated from a diagonali-
zation of the matrix of strain and tunneling for the A2,
&ge p and &g &

manifold of states . This fit corresponds
to a value of 8/3I'=0. 13. The dotted lines represent
the angular variation calculated using Eq. (3) of Ref. 18
which is only valid for the pure dynamic JT case.

Table I were determined. These effective Hamil-
tonian parameters were then used in Eq. (3) of
Ref. 18 to calculate the angular variation for both
the "narrow" and "broad" components. For the
narrow components (i.e. , those components having
a high-field extreme at the orientation Hll [100]
and a low-field extreme at Hll [110]), the resulting
calculated angular variation is indicated by the sol-
id lines labeled a and a in Fig. 12, and the agree-
ment with the experimental points is excellent.
The angular variation calculated for the broad com-
ponents using the same effective Hamiltonian pa-
rameters is indicated by the dotted lines in Fig.
12. As is evident in the figure, these lines do not
fit the experimental points which were determined
for the broad components of the spectrum. There-
fore, although the EPR spectrum of Ag~ in MgO
is characterized by an angular variation which
closely resembles that of a pure dynamic system,
one set of components has been selectively broad-
ened and shifted. This type of selective shift and
broadening has been observed previously in the op-
tica11y-detected EPR spectrum for an excited 'E
state of Eu + in Ca F2. ' The effect arises when
the first-excited vibronic singlet state is sufficient-
ly close to the 'E ground vibronic level so that per-
turbations via the random strain and Zeeman inter-
action can couple the two states. This coupling
then produces the type of progressive changes in
the angular variation that are illustrated in Fig. 3
of Ref. 24. By carrying out a calculation identical
to that described in Sec. IHB for the X-band
Ag" spectrum in CaO (i.e. , the calculation which
does not include the Zeeman interaction in the ma-
trix diagonalization) it is possible to adjust the

value of ()/3t' until the computed and experimental
values of the magnetic field positions for the
broad components of the MgO:Ag" spectrum with
HII [100] coincide. (Since the qg, is positive, the
shift of the component which is at low field with
HII [100] identifies the first-excited singlet as the
2, level. See Table 1 of Ref. 24.) The value of &/
3I' determined by this procedure is given by &/3&
=0.13. This value of &/31 can then be used to cai-
culate the complete angular variation of both the
broad and narrow spectral components in the (110)
plane. The results of this calculation are indicated
by the solid curves a and a' in Fig. 12, and the
complete angu1ar variation in the (110) plane is
now described.

The temperature dependence of the isotropic Ag"
spectrum in MgO between 2.0 and 4.2 K is shown in
Fig. 13. At 4.2 K, the isotropic spectrum has a
relatively high intensity in comparison with the
anisotropic portion of the spectrum. As the tem-
perature decreases, the intensity of the isotropic
resonance lines decreases as a nonlinear function
of the temperature. This rate of change in the in-

ISOTROPIC LINES

H IS 6 FROM [111] TOWARD [100]

FIG. 13. Temperature variation of the isotropic and
anisotropic components of the spectrum of Ag + in MgO
between 2.0 and 4.2 K. The rate of increase of intensity
of the isotropic components with increasing temperature
is significantly greater than that found previously for
pure dynamic JT systems. The isotropic components
are indicated by the dashed lines.
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tensity of the isotropic lines is much greater than
that observed previously for systems characterized
by the limiting case of the pure dynamic Jahn-
Teller effect."" The isotropic spectrum observed
for pure- or quasidynamic JT systems can result
either from thermal population of the first-ex-
cited vibronic singlet (for MgO:Ag, the A, singlet
would be thermally populated) or from averaging
by relaxation. The various criteria for distin-
guishing between these two possible origins of the
isotropic spectrum have been discussed in detail
previously in Ref. 24. Since, in the case of Ag"
in MgO, the A, singlet is sufficiently close to the
ground 'E vibronic level to be coupled to this state
via the strain and Zeeman interactions, and as a
result of the previously noted large temperature
variation in .he intensity of the isotropic lines, it
is reasonable to assume that thermal population of
the A., level is responsible for a significant con-
tribution to the intensity of the isotropic spectrum.
Using this assumption and the functional form for
the variation of the intensity given by exp(-31'/kT), .
it is possible to calculate a value for 3I' from the
observed integrated intensity of the isotropic lines
between 4.2 and 1.3 K. A value of 3I"= 4.8 cm"' is
obtained from this calculation. The average strain
splitting can then be calculated from this result
and the previously determined value of 6/31'= 0.13.
The resulting value for & is 0.62 cm '. Since it
was not possible to accurately determine what
fraction of the isotropic spectrum might be due to
averaging by relaxation, the value of 3I'=4.8 cm '
must be assumed to be an approximate result.

The observed angular variation of the Ag" spec-
trum in MgO, the line shapes and line-shape varia-
tions, and the rapid averaging of the spectrum with
increasing temperature all serve to classify the
MgO:Ag" system as a quasidynamic Jahn-Teller
case.

IV. DISCUSSION

The asymmetric line shapes observed for the
CaO:Ag" system with the applied magnetic field
oriented parallel to a (111) crystallographic direc-
tion represent one of the most interesting mani-
festations of the intermediate Jahn-Teller effect.
Similar line-shape effects have been observed pre-
viously for Cu" in CaO, and the ability to calculate
in detail the line shapes observed for these two
systems provides a firm validation of the applica-
bility of the three-state formalism described in
Sec. II of this work. Physical insight into the na-
ture of the origin of the line shapes observed for
the orientation Hll (111) may be obtained via. the
following considerations: For a system charac-
terized by a "pure" dynamic JT effect, the g value

corresponding to the orientation Hll (111) is re-
lated to g, and qg, by the following equation:

(6)

For a "pure" static JT, system the equivalent re-
lation is

Generally the condition g, »qg, is satisfied and, in
this event, the g values obtained from Eqs. (8) and

(9) above are slightly different for the two limiting
cases at the Hll (111) orientation. For a system
exhibiting intermediate JT effects, the intensity of
the transitions at this orientation is effectively dis-
tributed between the positions associated with the
g values for the limiting cases as noted above. The
progressive change in the distribution of the inten-
sity for intermediate JT cases (in the absence of a
hyperfine interaction) has been illustrated in Figs.
6 and 7 of Ref. 24 as a function of 6/31'. These re-
sults indicate that the intensity is equally distri-
buted between the "static" and "dynamic" g-value
positions when &/31' is slightly larger than 0.5.
For the case of Ag in CaO, the low-field portion
of the line as shown in Fig. 5 exhibits the greatest
intensity and this is consistent with a more static
intermediate JT effect and with the corresponding
calculated value of 6/31' = 1.2. The ability to make
a determination of 6/31' by fitting line shapes of
this type, even when deviations in the angular vari-
ation of a quasistatic JT spectrum cannot be de-
tected experimentally, obviously represents an
important source of information which is not avail. -
able from EPR measurements made on systems
in the limiting pure static case.

Measurements of the ratio &/31' and, in particu-
lar, an accurate independent determination of &

and 3I" (such as that performed here for Ag" in
CaO) can provide a relatively complete characteri-
zation of the JT effect in a given system especially
when such results are combined with those ob-
tained from Raman scattering studies of the type
reported by Guha and Chase. " Measurements of
the separations of the excited vibronic levels by
Raman scattering techniques permit a determina-
tion to be made of the relative contributions of the
JT linear coupling and warping terms.

When an independent measurement of SI' and ~

is combined with the results of a determination of
the strain coupling coefficient V, which appears in
Eq. (3), it is possible to calculate directly the av-
erage value of the random tetragonal symmetry
strain responsible for splitting the ground 'E vi-
bronic level. The strain coupling coefficient has
been determined in Ref. 28 for Cu" in CaO by
means of an applied external stress with the re-
sult V, = 2.6 x 10' cm '. From the ratio 5/31' = 0.67
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determined in Ref. 23 and the tunneling splitting of
31 = 4 cm ',"we obtain a value of 2.7 cm ' for the
average random strain splitting &. These results
can then be used in Eg. (3) to determine a value of
0.93 x 10 for the "average" random strain (ee
+ e', )',~' in the CaO:Cu~ case. Using the same value
of V, and the result that for Ag" in CaO, 6= 4.7
cm ', it is possible to calculate an approximate
value for (ee+ e',)',~' of 1.5 x 10 '. Both of these
values are listed in Table III along with other pa-
rameters appropriate to systems exhibiting inter-
mediate JT effects. The above values of 0.93&& 10 ~

and 1.5 x 10 ' determined for the average residual
strain compare favorably with the value of 2 & 10 4

which was found by Stoneham" from an analysis of
Fe'+ EPR linewidths in the alkaline-earth oxide
MgO. Additional work by Stoneham" indicates that
for the alkaline-earth oxides (and in particular for
MgO), residual strains of the same order a,s those
noted above can result from a dislocation density
of 10' cm/cc or from point defects in a concentra-
tion of 70 ppm. It would be desirable to determine
an accurate value of the strain coupling coefficient
V, for the CaO:Ag" system by means of a calibra-
tion based on the application of a known applied
stress. The resultigg value of V, could then be
used to perform quantitative studies of changes
in the residual strains in CaO as a function of
sample treatments such as neutron irradiation,
annealing and quenching, ion implantation, etc.
Such an investigation would, of course, involve a
determination of values of & and 3I' corresponding
to the different magnitudes of the residual strain,
and this determination would be carried out using
the techniques discussed in the Appendix.

It should be noted that the calculations of various
features of the intermediate JT effect as reported
here have been performed using a value of 0.5 for
the reduction factor q. This choice is justified by
means of the following considerations: A value of
5+ = 330 cm"' has been calculated in Ref. 23 for
the CaO host. Using this value and our va'lue of
3I'= 3.9 cm"' for Ag" in CaO, we determine that
for this system the ratio 3I'/h+ is equal to 0.01.
Assuming linear JT coupling, this corresponds to
a value for E»/hue of 42. For strong linear JT
coupling, q is given by the expression q= 1/2[1
+ (h~/4E»)'. ], and accordingly q = 2 for Ag" in CaO.
A similar argument can be made for the MgO:Ag"
system where 31"=4.8 cm ' and E»lb&v=40. An
examination of Eq. (2.3.44) in Ref. 1 shows that q
should be 0.5 for all values of &zr/S&u». Wil-
liams et a/. 37 have shown that q and x are related
by the expression

q(1 3~)v 2,
when the linear JT coupling is strong, and, addi-

A, =( 2psp(r -') ,/)I(.» +4X/a),

A, = (-2p~ p(r ')/f )( ~4, + 34K/Vb, ),
(10)

Here v is the Fermi contact parameter, (r ') rep-
resents the one-electron expectation value of x ',
and p, is the nuclear magnetic dipole moment. Val-
ues of g» qg„A» and qA, have been calculated
from Eqs. (5) and the parameters listed in

Table I for Ag" in SrO and CaO. The calculated
results for g, and qg, are listed in Table III along
with the g, and qg, directly measured for Ag" in

MgO.
The usual procedure for determining the value

of q for these systems is to calculate g, from the
measured value of g, using Eqs. (10) and to employ
this value of g, in order to calculate q from the
measured value of qg, . If this procedure is em-
ployed using the values g, and qg, obtained as
noted above, we obtain the q values for Ag~ in

SrO, CaO, and MgO, which are listed in Table
III. It is immediately apparent that not only are
all of the q values significantly greater than 0.5,
but that the largest q value is obtained for the
static JT system while the smallest value is
found for the quasidynamic case. This trend is
exactly opposite to the expected behavior since

q values greater than 0.5 should only be found for
those cases where the JT coupling is weak. In

Ref. 1, the g„and g, values have been tabulated
for six different systems in which the JT impurity
is either Cu" or Ag" (i.e. , a d' configuration) and

for which the JT effect has been identified as sta-
tic. If we use a procedure identical to that de-
scribed above to calculate q for these static sys-

tionally, they have calculated values for & as a
function of the ratio of warping to linear JT cou-
pling. Their results show that E decreases rapidly
as the warping increases and that r= -&2q for
large warping. For both the CaO:Ag and
MgO:Ag" systems, the Jahn-Teller coupling is
not purely linear since the experimental results
indicate that the ground 'E level is only coupled
to one excited vibronic singlet and, therefore the
relation r= -&2q should be valid. A quantitative
valise for the splitting of the A, and 4, vibronic
singlet levels cannot be deduced from EPR mea-
surements such as those reported here, but this
value may be determined by employing the Raman
scattering technique.

It is possible to relate the effective Hamiltonian
parameters g» g„A» A, to the ratio of the spin-
orbit coupling X to the cubic crystal-field splitting
6=10Dq by the following expressions, which are
valid when the spin-orbit coupling is small relative
to the crystal-field interaction'.

g, = 2.0023 -4X/b, , g, = -4X/b, =g, —2.0023,



102 BOATNER, REYNOLDS, CHEN, AND ABRAHAM S6

TABLE III. Parameters for Ag ' and Cu + in MgO, CaO, and SrO single crystals.

System

Lowest
vibronic
singlet

3I' 6
(cm-') (cm-') gg2

Random
strain

( 2+ 2)i/2ee+ ee "av Reference

SrO:Ag '
CaO:Ag '
MgO:Ag '
CaO:Cu '
CaO:Cu '
MgO:Cu

A2

A2

A2

A(

A2

3.9

3.25

4.7
0.62
2.7

1.2
0.13
0.67

2.049.
2.076'
2.0998
2.22i i

+ 0.032'
+ 0.045
+ 0.0563
+ 0.122

0.682
0.6f 0
0,577
0.557

~ 0 ~

i.4x&0 4~

~ ~ ~

0.93 x10

4.5
2.7|.3
0.003

~ This work.
"Reference 23.
Reference 28.
The value of 3.25 cm was calculated in Ref. 28 based on the results obtained for the higher-lying vibronic levels
Calculated using Eqs. (5) and the g~, and g~ values listed in Table I.
The special problems associated with the analysis of the experimental results for the MgO:Cu ' system are discussed

in detail in Ref. 23.
This represents an approximate value since the value of V2 obtained in Ref. 2 and for Cu ' in CaO has been employed

in Zq. (3).

tems, we find that the q values range from 0.53
to 0.62, with most of the values lying close to
0.56 or 0.57, i.e. , the q values are, in every
case, significantly larger than 0.5. Accordingly,
Eqs. (10) are not adequate for a, rea, listic deter-
mination of q in this manner and, therefore, first-
order crystal-field theory is not sufficiently pre-
cise. For a d'-configuration ion, the second-or-
der expressions for g, and g, may be written"

g, = 2.0023+ 4k'/6 —(4+ k)X'/6',

g, = 4k'/d + (2 —4k)X'/6',

where k is a parameter which can be used to make
corrections arising from the effects of covalency
(i.e. , k= 1 in the absence of covalency and is less
than one when covalent effects are significant).
Using Eqs. (11), it is then possible to obtain the
following expression which relates g, and g, :

g, =g, —2.0023+ (6 —3k) (&'/&') . (12)

If we neglect any possible effects due to covalen-
cy (i.e. , k= 1) and use Eq. (12) and the values of

qg, listed in Table III, we can compute the value
of X/6 which would be required in order for q to
equal 0.5. The values of X/6=0. 075, 0.074, and
0.071 are obtained for Ag'+ in SrO, CaO, and MgO,
respectively. The magnitudes of these values are
quite reasonable and, additionally, the variation
of the values is completely consistent with the
known variation of the strength of the crystalline
electric field in these materials (i.e. , the crystal

field is weakest in SrO and 6 should be smaller
than the 6 found for Ag" in MgO).

The procedure described above is useful in that
it indicates that the observed g values are con-
sistent with a value of q close to 0.5 when second-
order equations are used with the assumption of
reasonable values for X/A. Obviously the reverse
procedure would represent the preferred approach
[i.e. , the experimentally determined values for n
and X should be used in Eqs. (11) in order to com-
pute the actual value of q]. The values of 6 for
Ag" in MgO, SrO, and CaO are unfortunately not
presently available, however. The effects arising
from covalency can of course be quite significant
and should be included by means of the appropriate
value of k in Eqs. (11). This value of k would, in
principal, have to be determined by some indepen-
dent means. In any event, in view of the uncer-
tainties involved in the determination of q from
measured g values, the physical significance of the

q values thus determined should not be over em-
phasized.

Thevaluesof A, and qA, determined for Ag' in
SrO and CaO by means of Eqs. (5) may be employed
in Eqs. (10) in order to compute a value for the
contact parameter x. The resulting values of z for
Ag" in the three alkaline-earth oxides are shown
in Table III. These values indicate an effective in-
crease in v as the JT coupling becomes stronger,
but, again, these results should be viewed with an
appropriate degree of caution since Eqs. (10) are
first-order results. Additionally, the effect of co-
valency on hyperfine coupling parameters is well
established, and Eqs. (10}do not take such effects
into account.
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V. SUMMARY

The results presented here clearly illustrate the
various spectral features associated with the trans-
ition from a dynamic to a static Jahn-Teller effect
at low temperature. The ability to calculate, in de-
tail, the unusual line shapes and angular variations
exhibited by the intermediate JT effect systems
serves to firmly establish the applicability of the
three-state model to the interpretation of EPR
spectra for those systems in which the vibronic
singlets are adequately split as a result of the
warping terms in the vibronic Hamiltonian. Ad-
ditionally, a technique has been presented by which
it is possible to independently determine the tun-
neling splitting and the random strain splitting in
those cases where the intermediate JT effect is
manifested by a lineshape change at the orienta-
tion H ll(111). This result, in particular, repre-
sents a promising technique for the investigation
of random strains on a microscopic basis. Ad-
ditionally, many of the features associated with
the transition to an isotropic "averaged" spectrum
at elevated temperatures have been illustrated for
the three systems investigated here.
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having the transformation properties indicated by
their respective subscripts and q and x are the
Ham reduction factors. ' The generalized operators
for the strain, Zeeman, and hyperfine interactions

1are given by

G, = V,e„G~= V,e» strain;

G, =g, P aH'S, G, =zv3 g, pa(H„S„-H, S,),

G~ = 2g, p,a(3', —H S), Zeeman;

G, =A,I ~ S, G, = 2vSA,(I„S„IS ),—

Ge = 2A, (3I,S, I .S), hyperfine,

(A2)

y' = nlly nm ly -y

z' l rn n

(A3)

where V, is the strain coupling coefficient, e~
=2(2e„—e„„—e„), e, = —,'v3 (e„„—e,„), and pz is
the Bohr magneton.

In order to simplify the diagonalization of Eq.
(A1) for the three interactions given in Eq. (A2),
a coordinate transformation is desirable. In this
transformation, which is similar to that described
in Appendix B of Ref. 16, the applied magnetic
field H is chosen to be parallel to the z' axis of
the new coordinate system (x', y', z'). The x' axis
is restricted to the old xy plane and both the z' and
y' axes are chosen such that an orthogonal right-
handed system is formed. If the direction cosines
of the z' axis (and therefore of H) relative to the
old (x, y, z) system are denoted by I, m, and n,
then the transformed coordinates (x', y', z') are re-
lated to the coordinates (x, y, z) by the following
transformation:

m/y fly O" -x

APPENDIX

The details of the calculation used to determine
the eigenvalues of the strain, tunneling, Zeeman,
and hyperfine interactions operating within the

vibronic manifold are presented in thisg8& ge P A2
section. The method was successfully applied to
the determination of the CaO:Ag'+ line shapes at
23 6Hz for Hll(111).

For the manifold of states consisting of the g e
a.nd g, components of the vibronic 'E state and the
A, vibronic singlet, the generalized matrix for
perturbations within the manifold may be writ-
ten1, 21, 23

and the inverse relationship

m/y inly

y = -I/y mn/y m

0 y n

is given by

(A4)

where y= (f2+m')'~'. Since the applied magnetic
field H is chosen to be along z', it has components
H„= IH, H, = mH, and H, =nH in the old (x, y, z) co-
ordinate system, where H= ~H~. The components
of.the spin operator S in the (x, y, z) system are
transformed by the use of Eg. (A4) and are given as
follows:

2

A2 g8
3I'+ G1 gG,

g6

-zGO

S„=(m/y)S„, + (In/y)S, , + IS,„
S„=(-I/y)S +(mn/y)S, +mS... (A5)

G, G1 —qGe qG (Al) S,= -yS,, +nS, ,

kgb ~ -gGq qG, Gl + qGg

where G„G8 and G, are generalized operators

The transformed Zeeman terms of Eq. (A2) are
then determined directly by the use of Eq. (A5) and
the components LH, mH, and nH. The resulting
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transformed G„G8, and G, Zeeman terms are given by the following expressions:

Gj -g1PI JPIIS

Gz= zg pzH[(3n —1)s++ znyi(S, , —S,)],
G, = —V3 g, p, zH((l —m')S, , +(lm/y)(S. , +S,) —z[ni(P -m')/y](s. . -S )],

(A6)

where

s„,= —,'(s„~s .), s,, = (s„s,)/2i.

A transformation of the G„G„and G, hyperfine terms as given by Eq. (A4) with the following results:

G =A (S' I'),
Gz= zqAz[( ,y')-(S—,,I,, +S,I,) + ~(3y' —2)(S I,, + S,,I,) -(3yn/2i)(S, ,I,, —S ,I,, +„S,,I,, S,,I,-) +(3n' —1)S,,I,, ],

G, = z v 3 qAz([(n'+ 1)(m' —l')/4y'](S, ,I,.+ S,I,) -(lmni/y')(S, ,l,, —S,I,) + —,'(m' —l')(S,,I, +S,I,,)
+ (l' -m')S, ,I,, +(lm/y -[n(l' —mz) /2y]i ](S.,I,, +S,,I,,)+(lm/y+ [n(l' —m')/2y]its, l,, +S,,I,))

(A7)

With the inclusion of the Zeema, n terms given by Eg. (A6), the 6 x 6 matrix resulting from Eq. (Al) now
has the 36 elements which are tabulated in Table IV. Similarly, the nonzero matrix elements for the trans-
formed hyperfine terms may be calculated using Eq. (A7) particularized to the orientation H~~(111) (i.e. ,
l=m=n= 1/v3 ).

The matrix for the strain interaction can be formed using the relations given by

Gz= Vzez= icos@/2q, G, = Vze, = 5 sing/2q, (A8)

where & is given by Eg. (3) and g is determined by tang = e,/e, . The resulting matrix of strain and tunnel-
ing is as follows:

('Y/2q) 6 sin(b ( t/2q) 6 c-os'(j&

(~/2q) & sing

(-z/2q) & cosg

--'z5 cosQ

z5 sing

z 5 sing

z& cosP

(A9)

The complete matrix of strain, tunneling, and Zeeman interactions can now be formed by combining the
matrix of Eq. (A9) with the. matrix elements listed in Table IV. For the orientation Hll(111) and with the
condition z = -u 2 q, this matrix can be written as follows:

1
+ ~

2
1

4ze~+ z

1
gz6y+ 2

1f,z, -z
1

g6 7 2

14. )+z
2

3I"+ 2P

-zv2 6 sing

+ zV2 6 cosp

+ W2 ~g, v/4g,

+ vYirg, v/4g,

1
|l'ge~+ z

-z~2 & sing

—,'(v —5 cosg)

+ z& siriP

vY z.g, v/4g,

+ W2 iqg, v/4g,

+ ~2 qg, v/4g,

1
~ze&+ z

+-,'v2 &cosy

+ z5sing

—,'(v+ & cosP)

+ W2 i~g, v/4g,

+v 2 qg, v/4g,

-W2 iqg, v/4g,

&2zg, v/4g,

v2 i~g, v/-4g,

31 —2V

--z'v2 &sing

+-z'v2 &cosy

1
4ze -z

+ v2~g, v/4g,

-v2 iqg, v/4g,

-~2i zg, v4/ g,

+ vYqg, v/4g,

—zv2 &sing

—,'( v &cosP)

+z& sing

+-z'v2 6cosp
+ —,

' 5 sing

—,'(-v+ 5 cosQ)

+ V2 qgzv/4g~ + &21qgzv/4g~

(A10)

where the notation v= g, p~II has been employed.
As noted previously, the numerical diagonaliza-
tion was performed only for the 3 && 3 blocks in
Eg. (A10) which were diagonal in spin. These

blocks, of course, differ only by v along the diag-
onal. The elements which are.off-diagonal in spin
could be treated by second-order perturbation
theory since they are smaller than the difference
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TABLE IV. Transformed elements of the matrix of tunneling and Zeeman interactions.

&0» +-el&
I 4»,+-e&

&tee +el&ltee 'e&

&t...+el&It„.+e&

&&,e +el&1&~, +e&

&(('» +el&14...+e&

&&e" +el&I&ee +

&4, +21&14, +e&

&4, +r'I&14e +2&

&4,e. +e 13(:14,, +e&

&&,. +-'13014, +-.'&

&4'e. +e'I&ltee +e&

1= 3~ +2g~pgH
2=+evnlf(gi-eeg2(3n —I)]

1= +rV~Htgi+ 2qg2(» —&}1
1 2

=+—,'&3 rg2P~H(l' —m'}

= +~~g2p~H(3n —1}1 2

= ~4~~ qg2P/H(&' —~'}

=0
3= + gqg2p, gHnpi
3= + gqg2pgHnpi

=+ ex 3 rg2pJeH(lmly we(n(I' —m') lip])

= +~gg2 p,gHnpi

=+~e3 qgg AH(lmly+ e [n(l —m )i/y])

3

4j j+~
j=l

where + indicates +M„and j= 1,3 represents a
sum over A„E ~, E „ then the perturbed eigen-
values E„resulting from the operators H, which
are off-diagonal in spin are given as follows:

(A11)

in the diagonal terms by a factor of -g, /g, . If we
denote the eigenvectors which result from the diag-
onalization of the blocks which are diagonal in
spin as

+',M
=@ + a ya'g PM I HF

+ Q Q a;ga;g(t/iauI IHHe

ling~,

,)
M,

E'g El~,) . -

where the summation over j of g,. represents a
sum over the wave functions in Eq. (A10), and
where for constant i, only three values of a,j are
in general 40. The first-order correction to the
energy eigenvalues arising from the hyperfine
interaction can be written

E',,=E,, 1

4~ & ~, /~
(A12)

The second-order term, given by

(A13)

In order to carry out a proper calculation of the
line shapes for the orientation Hll (111) it is nec-
essary, of course, to include the hyperfine inter-
action which has been appropriately transformed
using the general results shown in Eg. (AV). In the
present calculation, the hyperfine terms were
treated using perturbation theory. If we denote
the energy levels resulting from the strain, tun-
neling, and Zeeman interactions as E', [Eq. (A12) j,
then the associated wave functions can be written

a. -

E a pajg QM HF /M,

(A14)

can be shown to be negligible for the present case
of Ag" in CaO. (The nonzero matrix elements

&oeN, IIIHEI4rn, &»«4aM, l jfHPI4lN, ,&»e comp«ed
using the transformed hyperfine operators as in-
dicated earlier. )

The Zeeman and hyperfine interactions were
thus taken into account through the use of Eq. (A13).
[For example, the EPR magnetic field values were
calculated by equating g, p, ~H to the energy difference
between allowed transitions in Eq. (A13).]
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