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EPR investigations of Ag’* in the series of isomorphous hosts SrO, CaO, and MgO
show that the low-temperature Jahn-Teller effect is static for SrO:Ag?*, predominantly
static but intermediate to the dynamic effect for CaO:Ag?*, and predominantly dynamic

but slightly intermediate to a static effect for MgO:Ag?*.

This represents the first ob-

servation of the systematic transition from static to dynamic Jahn-Teller effects at low

temperature.

Theoretical treatments of the effects of Jahn-
Teller (JT) coupling on EPR spectra associated
with 2E electronic states have been given by
O’Brien' for the case of strong Jahn-Teller cou-
pling and by Ham? for the case of weak to moder-
ate coupling. The principal features of the model
arising from this work are as follows: For weak
to moderate JT coupling the vibronic ground
state remains a ®E state, and the first excited
states are A, and A, levels which are accidental-
ly degenerate for linear JT coupling. In what
might be termed the “pure” dynamic regime, the
first excited vibronic singlets are sufficiently
removed from the ground state so that no observ-
able interaction occurs between the ?E and A, or
A, levels. For this case, the effects of JT cou-
pling are manifested only in the form of reduced
values for various perturbations which split the
2E state, and the associated EPR spectra are ac-
curately described by second-order solutions of
the effective Hamiltonian formulated by Ham.?

As the linear JT coupling increases, the 4, and
A, levels approach the ground state asymptotical-
ly. Additionally, nonlinear JT coupling terms
(“warping” terms) can split the accidentally de-
generate A, and A, levels. If the singlet-doublet
energy separation is not large, appropriate per-
turbations (e.g., strain and anisotropic Zeeman
interactions) can couple the singlet level to cer-
tain components of the random-strain-split ground
state, and thus modify the observed EPR spec -
tra.® When the linear JT coupling and warping
terms are large, an A, or A, level approaches
degeneracy with the ground state, and the “stat-
ic” Jahn-Teller effect is observed. Chase® and
Ham? have shown that the EPR spectra for 2E

electronic states in cubic symmetry are strongly
dependent on the ratio of the average random
strain splitting 6 to the 2E — A, or A, splitting 3T
and that, in fact, the ratio 6/3T determines
whether dynamic, static, or intermediate effects
are observed.

Chase® has previously observed a selective
shift and broadening of some components of the
optically detected EPR spectrum for an excited
T, level of Eu?* in CaF,. The effects of strain
coupling to an excited singlet level were respon-
sible for these deviations from the predominantly
dynamic features of this system. The work re-
ported here for the MgO:Ag?* system represents
the second observation of this “quasidynamic”*
JT effect. Features of EPR spectra correspond-
ing to the alternate intermediate situation (i.e.,

a predominantly static system which is signifi-
cantly affected by deviations from the limiting
case of degeneracy of an A and 2E level) are
reported here for the first time for the CaO:Ag®*
system. Additionally, the explanation of the Ag?*

‘EPR spectra in SrO, CaO, and MgO represents

the initial verification of the theory formulated
by Chase® and Ham? to describe the transition
from dynamic to static JT effects in the strong-
coupling limit.

The silver-doped alkaline-earth oxide crystals
used in the EPRinvestigations were grown by an
arc-fusion technique.’ Divalent silver has a [Kr]-
4d° electronic configuration and a 2E orbital
ground state in a sixfold coordinated cubic-sym-
metry site. EPR spectra due to Ag?* were not
observed in the “as-grown” single crystals, but
could be obtained after room-temperature ultra-
violet irradiations of about 4 h duration.
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TABLE I. Ag®* EPR parameters at 1.3 K.
Static Jahn-Teller effect
B 107A" 109A " 107AL 109Al
Host 5/310 & A (10"% em™Y) (1074 em™Y (1074 em™Y) (10"% cm-1)
Sro 2.112+0.001 2.017+0.001  28.79+0.02  33.31+0.02 22.92+0.02 26.61+0.02
CaO 1.22 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 Jahn-Teller effect
_ Ay qA;
Host 8/3r 81 L) (10”4 em™Y) (104 em™Y)
MgO 0.13 2.0998+0.0007 +0.0563+0.0007 +25.8+0.2P +5.4+0.8P

40Obtained by fitting the spectrum observed at 8.8 GHz.

bThe effective hyperfine parameters A; and A4, given here are not to be confused with the labels A; and
A, which are used to designate the excited singlet levels. The 107Ag and 19%Ag isotopes were not resolved
for orientations other than H[| (111) . The errors shown here were determined by assuming an experimen-

tal accuracy equal to 10% of the composite linewidth due to both isotopes.

At 1.3 K the EPR spectrum of Ag?®* in SrO con-
sisted of three spectra with tetragonal symmetry
and principal axes along (100) directions. The
spectra were characterized by symmetric line
shapes, and the linewidth (= 1 G) allowed good
resolution of the hyperfine structure due to the
17A¢ and 1%Ag isotopes (I=3). The tetragonal-
symmetry spectra were described by the usual
axially symmetric spin Hamiltonian, and the
parameters gy, g,, Ay, and A, determined for
the SrO:Ag?* system are given in Table I. As
the sample temperature increased from 1.3 K,
the anisotropic spectra decreased in intensity
and were replaced by an isotropic, motionally
averaged, Ag®*spectrum. At 233 K only the iso-
tropic spectrum could be observed; however,
very weak vestiges of the tetragonal spectra were
still present at 200 K. For the isotropic spec-
trum, a value of g=2.047+0.002 was determined
experimentally. In the static JT limit the aver-
aged spectrum is expected to occur at g=3%(gy
+2¢,), where g and g, characterize the low-tem-
perature anisotropic spectra. Using the mea-
sured values of g and g,, a g value of 2.049 is
predicted. All of the features described above
characterize what we have chosen to term the
“pure” static Jahn-Teller case.*

At 1.3 K the EPR spectrum observed for Ag?*
in CaO also consisted of three (100) axially sym-
metric spectra; however, the line shapes were
asymmetric (see Fig. 1) and generally resembled
the “powderlike” line shapes observed for sys-
tems exhibiting the low-temperature dynamic JT
effect.®*” The angular dependence near the [111]

direction of the CaO:Ag?* spectrum is illustrated
in Fig. 1, and the degeneracy of the observed

F IS 2.5° FROM
[1m1] TowarD [011]

H IS 2.5 FROM
[1m1] TowarD [o11] BUT
ROTATED SLIGHTLY OUT OF
THE (OT1) PLANE

FIG. 1. Orientation dependence of the Ag?" EPR spec-
trum in CaO, Top: groupings designated by A and B
differentiate the spectra resulting from sites which are
inequivalent in the (011) plane. The doubling of each
line results from the slightly different nuclear magnet-
ic moments of "’Ag and ’Ag each of which has I =3.
Bottom: the splitting of the “5” group into its two com-
ponents indicates that the spectrum exhibits a static
JT effect. Small lines due to averaging are seen be-
tween the high- and low-field components of each hyper-
fine group.
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lines is clearly established. The angular varia-
tion was exactly described by an axial spin-Ham-
iltonian with the parameters listed in Table I.
The EPR spectra observed at 8.8 and 23 GHz
with the applied dc magnetic field precisely ori-
ented along a (111) direction are shown in Fig. 2.
At 8.8 GHz each hyperfine component of the “7Ag
and ®Ag isotopes exhibits an unusual line shape.
At 23 GHz the line shape consists of a large com-
ponent with a reasonably conventional shape and
a small component occurring at higher field with
an asymmetric shape. (At 23 GHz note that the
asymmetric component for the "Ag isotope is
also at the high-field side of the relatively large
symmetric component associated with the “Ag
isotope.) Between 4.2 and 1.3 K the relative in-
tensity of the symmetric and asymmetric com-
ponents is unchanged, indicating that the ob-
served high-field structure does not result from
thermal population of an excited state or from
averaging by relaxation between strain-split lev-
els. The extra high-field structure at both fre-
quencies occurs at the “average g-value” field
position g=3(g, + 2¢,), while the main (low-
field) resonance occurs at the field position ex-
pected for an axial spectrum with A II[111], i.e.,
g=[3(g,2+2g.2)]"2. The observed line shapes
are apparently characteristic of the intermediate
state between the pure dynamic case and the pure

2, = 8.8 GHz

T-4.2K
\[\[\\A o ey
2.5G
H —

FIG. 2. EPR spectrum of Ag?* in CaO with H|[111].
The top trace was taken at a frequency of 8.8 GHz and
the bottom trace at 23 GHz. The line shapes result from
intermediate JT coupling effects.

static case. We have shown that, with the tech-
nique described below, the line shapes can be
related to the relative strengths of strain and JT
coupling.

Using the technique described by Chase,® a com-
puter diagonalization was made of the matrix of
strain and JT coupling interactions between the
A, and 2Eg states. (Since g >g,, it can be argued
that the 4, level is nearest the ?E, ground state.®)
The diagonalizations were carried out for strains
which had a Gaussian distribution about an rms
strain 6 and which were randomized between eq
and e, components. Expectation values of the
Zeeman and hyperfine interactions were com-
puted from the eigenvectors resulting from each
diagonalization. The resulting computed EPR
spectrum at 8.8 GHz duplicated the observed line
shape for H [I[111] when the ratio 6/3T was 1.2.
The CaO:Ag?* system is typical of what we term
the “quasistatic” Jahn-Teller effect.

The EPR spectrum observed at 1.3 K for Ag2?*
in MgO is characterized by an angular variation
somewhat similar to that obtained for Y2* in
SrCl,,° which is a system exemplifying what we
term the “pure dynamic” JT case. The effects
of selective coupling to an excited singlet 4, lev-
el® are observed for the MgO:Ag?* system, how-
ever. For orientations of the applied magnetic
field in a (110) plane other than H II[111], the Ag?*
spectrum consisted of two hyperfine sets, and
one of these was appreciably sharper than the
other. In the (ITO) plane the “sharp” components
cross from the high-field side of the spectrum to
the low-field side as the magnetic field orienta-
tion is changed from H [1[001] to H I[110]. For
H 1I[001] the “broad” components are shifted to a
lower field position than that predicted by second-
order solutions” to Ham’s effective spin Hamil-
tonian for a 2E state with the parameters which
describe the angular variation of the “sharp”
components. Using the computer technique noted
previously to include the interaction with the A,
level, it was possible to fit the complete angular
variation with a value of 6/3I'=0.13, and the pa-
rameters given in Table I (values of g=3% and »
=-vV2¢q were assumed, where g and 7 are the
parameters defined by Ham? and Chase3).

At 4.2 K an intense isotropic spectrum is ob-
served which coincides with the field positions
of the anisotropic components when the applied
field is parallel to a (111) direction. Since the
ratio 6/3T indicates that the A, state is close to
the ground 2E level, and since the observed in-
tensity of the isotropic spectrum is a distinctly
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nonlinear function of temperature, it is reason-
able to assume that a significant portion of this
intensity is due to thermal population of the sin-
glet. Assuming then that the intensity varies as
exp(- 3T'/kT), which is also valid for averaging
by relaxation via an Orbach process, we can cal-
culate a value of 3'=4.8 cm ™! from the intensity
variations observed between 4.2 and 1.3 K. This
value and the value of 8/3I'=0.13 are then used
to calculate an average strain splitting 6 of 0.62
cm™!, An average strain splitting of the orbital
doublet on the order of 1.0 cm ™! has previously
been estimated by Ham.? The features of the
EPR spectrum of Ag?* as described above are
characteristic of what we term* the “quasidynam-
ic” JT effect.

The EPR spectra of Ag?* reported here for the
three alkaline-earth oxide hosts SrO, CaO, and
MgO illustrate the transition from a case very
close to the static limit (SrO:Ag?*) to a case
which is predominantly static, but in transition to
the dynamic situation (CaO:Ag?*), and finally to
a case which is essentially dynamic (MgO:Ag?*),
but for which the proximity of an excited singlet
level produces significant departures from the
spectrum expected for an isolated 2E level. In
each case, the formalism of Ham? and Chase?
which describes the transition from dynamic to

static JT effects at low temperature satisfactori-
ly explains all major features of the spectrum.

The authors are particularly indebted to L. L.
Chase for the correspondence regarding his com-
puter analysis of intermediate coupling effects,
and acknowledge helpful discussions with F. S.
Ham and T. L. Estle.
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Cyclotron resonance heating is used to produce hot (T =250 keV) electrons with 8 up to
10% in an axisymmetric torus. The plasma pressure is nearly isotropic. Confinement
times of several seconds are achieved, limited by collisions with background gas, Plas-

ma stability is described.

An efficient toroidal fusion reactor must oper-
ate at a substantial value (approaching 10%) of
=nkT(B?/8m) . In such a reactor, with 7, =20
keV, the ion mean free path is much larger than
the plasma dimension associated with mirror
trapping. One would expect plasma behavior in
this regime to be qualitatively different from the
low-Bcollisional case representative of most
present-day toroidal confinement experiments.
For example, in the tokamak configuration under
reactor conditions, theory predicts trapped-par-
ticle instabilities including a hydromagneticlike
mode! which could seriously impair confinement.

10

Unfortunately, it may be years before this sort
of prediction can be checked experimentally in an
actual tokamak.

Toroidal confinement of finite-8 collisionless
plasma can be studied in the technically simpler
situation where hot electrons, rather than hot
ions, provide the pressure. This has previously
been done using magnetic-mirror confinement
and electron-cyclotron-resonance (ECR) heating.?
In this Letter we report the first studies of the
toroidal confinement of a hot-electron plasma
having a large . The experiments were conduct-
ed in the superconducting levitron.® Hot elec-



