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spectral range, but with a concomitant lower
resolution, had to be used. The central portion
of the spectrum was recorded by tilting a high-
resolution Fabry-Perot with a 5-cm plate spac-
ing. The experimental resolution, correspond-
ing to a full width at half-maximum of 150 MHz,
is largely determined by the short pulse duration
of 4x107° sec, in accordance with the uncertain-
ty principle. Unfortunately this resolution is not
sufficient to resolve all of the individual compo-
nents.

In this context it should be noted that the nitro-
gen-laser—pumped dye laser available to us was
designed for high peak power output and intended
for the investigation of nonlinear optical proper-
ties of crystals and liquids. H#nsch has shown
that much higher resolution of about 10 MHz can
be obtained with cw dye lasers. The nonlinearity
of many two-photon transitions in alkali vapors
is so large that a focused beam with 0.1-1-W cw

power is sufficient for their observation. Our
limited resolution was, however, sufficient to
obtain confirmation of the rather striking selec-
tion rules and Zeeman splittings governing two-
photon transitions between one-electron 2S states.
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Raman Scattering from Vibronic Levels of a Jahn-Teller—Distorted Complex*
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(Received 6 March 1974)

Raman-scattering transitions have been observed between the hindered rotational
states of the Jahn-Teller—distorted 2Eg ground state of Cu®** in CaO. Impurity-induced
scattering from the CaO vibrations was also observed. The results are in good agree-
ment with the cluster model for the low-lying vibronic states.

The vibronic energy levels of Jahn-Teller —dis-
torted impurity complexes in solids have been
the subject of many theoretical efforts over the
previous two decades. However, no unambiguous
and extensive experimental information has been
obtained in this area because of the lack of a
spectroscopic technique which was not limited
severely by frequency range, selection rules, or
complications resulting from extraneous spectral
information not related to the Jahn-Teller distor-
tion. We report the first observation of Raman
scattering from both the hindered rotational lev-
els and the impurity -perturbed lattice vibrations
associated with a Jahn-Teller distortion. The
experiments were performed on the *E 8 electron-
ic ground state of the Cu®* ion at a Ca site in
Ca0O. The substantial intensity of the spectra,
particularly for the transitions between the rota-
tional levels, suggests that this will be a power-

ful and widely applicable method for studying the
Jahn-Teller effect.

The experiments were performed using the
5154-A argon laser line and conventional photon-
counting detection techniques. An I, filter' was
employed for the work within 200 cm ™ of the la-
ser line to reduce the intensity of the Rayleigh-
scattered laser light. The samples were grown
at Oak Ridge National Laboratory by an arc-fu-
sion method and had varying Cu®* concentrations
from sample to sample as well as over the vol-
ume of each sample. Spectra were obtained for
polarization geometries for which the Eg, E,
+A,g, and ng scattering symmetries were ob-
served.

The E ;, spectrum at 4.2°K for the 0-200-cm ™
region is shown in Fig. 1. Four sharp lines are
observed at 4, 26, 34, and 38.5 cm™'. In addi-
tion, three broader and weaker peaks appear at
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about 65, 105, and ~180 cm™'. The inset of Fig.
1 is an expanded low-frequency spectrum to show
the 4-cm ! transition more clearly. With the
200-mW power level of the laser in single-mode
operation and the ~60% absorption of the I, filter,
the intensities of the peaks in Fig. 1 correspond
to about 500 photocounts/sec. The E +A,, spec-
trum is identical to the E g spectrum to within
the experimental accuracy, and no scattering is
observed in the ng geometry below 200 cm ™.

At TT°K, the rotational spectrum is broadened so
that the three transitions between 26 and 38.5
cm ™ appear as a single broad peak.

The energy levels of the coupled electronic-vi-
brational Hamiltonian for a doubly degenerate
electronic state interacting with a doubly degen-
erate molecular vibration were calculated for
linear coupling by Longuet-Higgins ef al.? and
were subsequently extended by O’Brien® to include
the effects of anharmonicity. For strong cou-
pling, the lowest energy levels correspond to a
hindered rotation of the distorted complex be-
tween equivalent minima of the effective nuclear
potential. These minima correspond to tetrago-
nal distortions along the cube axes of the neigh-
boring oxygens for the Cu®* ion in the CaO lat-
tice. The parameters which characterize the
hindered-rotational levels are the rotational
splitting and the height of the potential barrier,
28, between the minima. The rotational splitting
is®

E(§)=(R?/2pp*)(j%+ %)= a(j*+ %), (1)

where p, is related to the amplitude of the distor-
tion, j is a half-odd-integral rotational quantum
number, and u is the effective mass associated
with the vibrational motion. The resulting ener-
gy levels are linear combinations of the rotation-
al levels and are either singly or doubly degen-
erate. They transform as the A, ,, A, g Or E
representations of G,. The group-theoretical se-
lection rules for Raman transitions between these
states are that the A, —E, A,—E, and E —E
transitions are allowed in E g scattering and the
A, —A, A,—A, and F —E transitions are al-
lowed in A, g The A, — A, transitions are forbid-
den, and no scattering is allowed in the ng ge-
ometry.

We have fitted the data of Fig. 1 with the eigen-
value plots of O’Brien,? and find a quite satisfac-
tory agreement with the energies of the six low-
est excited levels, A,g, Azg, Eg, Eg, Alg+A2g,
and E,, above the E g ground state. The parame-
ters obtained from the fit are a=5 cm ™ and 23
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FIG. I. The hindered rotational spectrum of CaO:Cu’*,
Note the scale change of 2.5 for frequency shifts > 50
cm”!, The inset at the upper right shows an expanded
low-frequency spectrum containing the ~4 cm™! E — 4,
transition.

=43 cm™!. The measured and calculated energies

(in cm ™) are (calculated values in parentheses),
for Arg 4 (3.8); 4, g 26 (26.5); E,, 38.5 (38);
E,, 65 (63.5); Arg+Asg 105 (99); E, 180 (145).
Since no A, g scattering was observable, the se-
lection rules were only of use in identifying a
missing transition as A, -~ A4,, and we were fur-
ther guided by the results of electron-spin-reso-
nance measurements® to give the sign of the sta-
bilized distortion which gives A, , as the lowest
excited state. The identification of the level at
180 cm ™! is somewhat uncertain since it is close
enough to the 200-cm ™ zone-boundary acoustic
peak of CaO in Fig. 2 that it could also result
from the perturbed lattice vibrational spectrum.
The abrupt decrease in intensity of the spectra
beyond the 38.5-cm ! transition is qualitatively
consistent with the small value of 8 /@ and the se-
lection rules for Raman scattering in the pure
rotational limit.°

The good agreement with the molecular cluster
model is remarkable since the electronic state is
coupled not to a single degenerate vibration, but
to most of the lattice vibrations of CaO. Some
theoretical approaches to this problem have been
proposed recently,®° and the work of O’ Brien’
shows that the rotational energy levels for strong
coupling, neglecting anharmonicity, still have
the form of Eq. (1), but with a value of a reduced
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FIG. 2. The (a) calculated and (b) measured impurity-
induced vibrational spectra of CaO:Cu?*, The CaO vi-
brational branches giving the largest contributions to
the calculated intensities are designated in (a). The
105~ and 180-cm” ! rotational transitions are labeled
in (b) for a comparison of the intensities of the rotation-
al and lattice-mode scattering.

by the coupling to a phonon continuum. An im-
portant assumption of these recent theories is
that {Aw?)<«<w 4%, where (Aw?) is the mean
square spread in frequencies to which the elec-
tronic state is coupled and w.;; is a weighted-
average frequency.” This aspect of the problem
can also be examined by Raman-scattering meth-
ods. In Fig. 2 is shown the impurity-induced,
lattice-vibrational E g-symmetry scattering at
77°K. This spectrum was obtained without filter-
ing using a double monochromator, which results
in a large Rayleigh-scattered intensity out to

100 cm ™. The two-phonon spectrum of CaO,
measured in a pure CaQ sample, has been sub-
tracted from the data.

The scattering spectrum expected for an iso-
topic impurity has been calculated assuming cou-
pling to only the nearest-neighbor oxygen ions.
Shell-model lattice dynamics, with parameters
obtained from neutron scattering data at 300°K, '
were used to obtain the projected density of states
for E g distortions of the oxygen octahedron,

which is plotted in Fig. 2. Although the promi-
nent features are qualitatively similar to the da-
ta, there are pronounced differences in the posi-
tions and relative intensities of most of them.
Data taken at 300°K are not markedly different
from those at 77°K so that the differences do not
result from changes with temperature. Perhaps
the most important of these differences is the
large integrated scattering intensity observed in
the 400-500-cm ™! region of the LO modes in
Ca0O. Data will be required for similar scatter-
ing from an orbital singlet impurity of the same
size as Cu®" to determine if these differences re-
sult from its small size compared with the Ca®*
or from the Jahn-Teller distortion. In either
case, it is clear from the data that the assump-
tion concerning the frequency spread of the vi-
bronic coupling is not well satisfied in this case.

In the cluster model, the rotational splitting
factor a is related to the stabilization energy E
for the distorted complex by

Ejr=(Fwe ) /4a. (2)

Both the data and calculated spectrum in Fig. 2
suggest a value of Zw.;;~350 cm ™. We find the
corrections to a given in Eq. (44) of Ref. 6 to be
<10%, and, from @=5 cm™, we obtain E;;= 6000
cm™, This is most likely to be an overestimate
of E;r, since the w.” factor enters Eq. (2) be-
cause of its proportionality to the effective force
constant for E, distortions of the oxygen neigh-
bors. Because of the small size of Cu®*, this
force constant may be somewhat smaller than the
Hw.¢;* estimated from the lattice-mode scatter-
ing distribution of Fig. 2. Strong Raman scatter-
ing is also expected between the two sheets of the
effective potential surface,’ which would have a
maximum intensity at AE ~4E ;; and could there-
fore determine E; directly. Although some po-
larized scattering is observed at large frequency
shifts in this case, the large E;; would place the
peak outside the range of our detection system.
Also, fluorescence from impurities is also pres-
ent in our samples at large shifts, which compli-
cates the observation of this scattering.

We are grateful to Dr. Marvin Abraham and
Dr. Yok Chen of Oak Ridge National Laboratory
for allowing us to use their excellent CaO sam-
ples for these experiments.

*Work supported by the National Science Foundation
under Grant No. GH33404.
TAlfred P. Sloan Foundation Fellow.
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Determination of the Electron Thermal Conductivity across Magnetic Surfaces
in the FM-1 Spherator*
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A new approach was taken to measure the electron thermal conductivity across mag-
netic surfaces by utilizing localized upper hybrid resonance heating. The electron ther-
mal conductivity coefficient measured in the FM-1 spherator was increased with an in-
crease of electron temperature for T,> 1 eV. The dependence is similar to that of the
particle diffusion coefficient. The absolute value was 10—20 times smaller than the

Bohm coefficient.

The thermal conductivity across magnetic sur-
faces in toroidal devices has been studied exper-
imentally by many groups in an effort to under-
stand the mechanisms responsible for the trans-
port. In many cases the average thermal trans-
port has been determined from the energy bal-
ance.™? A new approach is reported in this pa-
per to measure locally the electron thermal con-
ductivity across the magnetic surfaces by utiliz-
ing localized upper hybrid resonance heating,
The electron thermal conductivity measured in
the FM-1 spherator with this new method was
found to be anomalous. The electron thermal
conductivity increases with an increase of elec-
tron temperature; this dependence is similar to
that of the particle diffusion coefficient. The ab-
solute value of the electron thermal conductivity
was 1071-5x1072 of the one estimated from the
Bohm coefficient. Within our best knowledge,
the present report is the first direct observation
of local electron thermal conductivity across the
magnetic surfaces in toroidal devices.

As is well known,® microwave power with a fre-
quency w,/27 close to the electron-cyclotron fre-
quency w,,/27 is absorbed in a localized area
which satisfies the upper hybrid resonance condi-
tion, w,?(, X)= w,(¥) + w2, x), where w,,/2m
is the electron plasma frequency and (¥, x, 8) are
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the toroidal coordinates. At the resonance the
energy is mainly deposited in the electrons with
mild ion heating.® Although the localized reso-
nance w, =w, does not coincide with a magnetic
surface, the strong energy absorption takes place
on a magnetic surface which is tangential to the
resonance surface. By reducing the pulse width
of the resonant heating, it is possible to localize
the heating around the maximum energy absorp-
tion surface. The pulse length should be long
enough to allow the heat to spread uniformly on
the magnetic surface. The observed spreading
of the initially localized heat after the termina-
tion of the heat pulse provides a measurement of
the electron thermal conductivity across mag-
netic surfaces. In the present paper we report
experimental results in the FM-1 spherator on
(1) the production of a localized heat source and
the observation of heat spreading, (2) the deter-
mination of the local electron thermal conductiv-
ity coefficient K ,, and (3) the determination of
the dependence of K, on the electron tempera-
ture. The identification of the heating mecha-
nism is described elsewhere.?

The FM-1 spherator? is a toroidal plasma con-
finement device which has a magnetically levi-
tated superconducting ring inside the plasma con-
finement volume. The superconducting ring was



