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in the crystal as phonons, in contrast to the sys-
tems studied up to now for which trapped reso-
nant radiation is stored mainly as electronic ex-
citation energy (in case of trapped bottleneck
phonons" as well as in case of trapped resonant
photon s").
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FIG. 3. Spatial distrIbution of 29-cm phonons ln
the crystal 200 nsec after emission of the heat pulse.
The width of the ballistic phonon pulse in (a) is larger
than the 0.6 mm expected from the duration of the
heat pulse (100 nsec) due to the dimension of the detec-
tor volume kfx=1 mm in Fig. 1(b)1. The curve in (b)
indicates the imprisonment of 29-cm phonons directly
behind the heater when the crystal contains a larger
concentration of excited Cr3 .

Therefore, me can determine the lifetime Tp„
of the 10"-Hz phonons from the exponential de-
cay of the imprisoned phonons [Fig. 2(b)]. The
resulting time, T

& h = 1.5 p. sec, corresponds to
the spontaneous decay time of the 29-cm ' pho-
nons in ruby because no temperature dependence
between 4.2 and 2'K has been observed.

Applications of the described detection princi-
ple for 10"-Hz phonons are in preparation for
other crystal-impurity systems. By applying ex-
ternal fields to the crystal it should be possible
to realize tunable detectors for 10"-Hz phonons,
thus extending the region of existing phonon spec-
trometers. "

The authors mould like to thank K. Dransfeld
and C. Kittel for very stimulating discussions.
We acknowledge conversations with Q. Nath and
experimental assistance by J. Peckenzell.
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Observation of Simultaneous Excitation of the Coupled Cr Ions

to the E States in LaA10, :Cr
J. P. van der Ziel

Bel/ Telephone Luboratm ies, Murray Hill, Nese Jersey 07974
(Heceived 1 February 19713I

Transitions to the states of Cr ' pairs where both ions are excited to the F. levels
have been observed in LaA103..Cr . Of the predicted eight pair levels, three of the 8=0
and one of the S=1 levels have definitely been identified at approximately twice the 2F.

energy absorption. The remaining transitions either are obscured by the strong vibron-
ic spectrum or are very weak. The polarization of the lines agrees with a model based
on the mechanism of exchange-induced electric dipole moment.

Previous studies of exchange-coupled Cr' '
pairs have been concerned with the spectra re-
sulting from transitions between the pair levels
where both ions are-in the ~A,

2 ground state and
levels where one of the ions is in the 'F. state and

the other in the A, state. ' We report the experi-
mental observation of a sharp line spectrum of
Cr'' pairs in I aA10, resulting from transitions
to levels where both ions of the pair are in the
'E state. The levels are found at approximately
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FIG. 1. Absorption spectrum of Cr + pairs in LaA103 resulting from the excitation of both Cr + ions to the E&
state. The lines with a definite polarization are denoted by o. or m. The low-temperature transitions originate on
the S =0 ground-state pair level, and the additional high-temperature transitions {*)on the S =1 level.

twice the 'E „energy.
The uv absorption spectra at 22 and 82'K are

shown in Fig. 1. Monochromatic radiation from
a 1-m Czerny- Turner spectrometer equipped
with a 200-% tungsten lamp and appropriate fil-
ters was incident on a crystal. which was held in
a variable-temperature Dewar. The transmitted
radiation was detected by an S-20 response photo-
multiplier equipped with a uv-transmitting filter.
In order to show adequate detail, the zero-trans-
mission base line is off scale. The crystal nomi-
nally contained about 1.0 wt% Cr''.

These lines appear as a broad band in the low-
resolution pair excitation spectrum of the near-
infrared spectrum of Tkachuk and Zonn. ' The
band was identified as an excited state of the pair
from (a) the nonlinear concentration dependence,
(b) the enhancement in the pair emission relative
to the single-ion emission as compared to the in-
tensities when the 'T,

g
or 'T,

g
single-ion bands

are excited, and (c) the time dependence of the
emission following pulsed excitation. The exci-
tation spectrum has been re-examined using a

detector sensitive either to the single-ion 8-line
emission or to the strongest pair line at 13 368.5
cm '. At low temperatures the uv lines are not
present when the 8-line emission is monitored,
thus eliminating the possibility that these are
transitions to higher-energy doublet levels. Such
transitions have recently been observed in the
excited-state absorption spectrum of ruby. ' Linz
and Newnham have reported a complex structure
at approximately twice the 8-line energy in
ruby. 4 These transitions were also attributed
by them to higher energy doublets with the non-
linear concentration dependence arising from an
exchange enhancement of the transitions in the
pair system. A similar enhancement is expected
for the pair transitions involving the E level.
Indeed these lines are found in LaA10, to have
electric-dipole polarization (the 8 lines are mag-
netic dipole), and to have the selection rule AS=0
and for the strongest lines ~,=0, indicating
that the strength of the pair emission comes
mainly from the mechanism of exchange-induced
electric dipole moment. "However, for mea-
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surements made on a 0.05% sample, and at T
& 100 K where the excited-pair levels are popu-
lated, the infrared pair absorption was at most
0.3 times the R-line absorption. Even if the ex-
change of the uv dipole moments is a factor of
10 larger than that for the infrared pair lines,
the single-ion transitions should have been easily
observed in the excitation spectrum, thus ruling
out the possibility that in our material the strong-
est uv lines result from the mechanism described
by Linz and Newnham.

The splittings of the ground-state pair levels
are given by

I.O

E(S) = -J't'S' ~ S~

where S', 5' are the spins of the two ions. The
ground-state single-ion levels of an antiferro-
magnetic pair combine to form a lowest energy
level with S =

i
S'+ S'i = 0, and levels with S = 1, 2,

and 3 at energies -2J "S(S+1). From infrared
absorption and emission measurements we ob-
tain J"=-67.6 cm ' for the nearest-neighbor ex-
change. This differs from the published values
of J"=-39.8+ 1 cm ' of Blazey and Burnsv and
-98 cm of Tkachuk and Zonn.

The near-infrared levels of the pair are formed
from the coupling of the 'E„and A, states of
the pair to yield four pair states with S =1 and
four with S=2. The exchange splittings of the ex-
cited state are derived from the more general
form

(2)

where s,.' and s,.' are the spins of the I,, elec-
trons of ions a and b, respectively, and J,, is a
function of the orbitals. '

The pair levels corresponding to both ions in
the 'F states consist of four states with S =0,
M, =0, and four states with S =1, M, =0,+1. Since
the 'E levels are involved, the exchange split-
tings are obtained from Eq. (2) rather than from
Eq. (1).

The temperature dependence of the absorption
enables us to identify the ground-state pair levels
involved in the transitions. With increasing tem-
perature the absorption coefficients of the low-
temperature lines decrease uniformly, and a new

spectrum appears with increasing intensity. The
latter are denoted in Fig. 1 by an asterisk. Fig-
ure 2 is a plot of the 7 ' dependence of the26701-
and 27810-cm absorption coefficients which
are typical of the two groups. The coefficients
have been plotted on a relative vertical scale to

0.0I
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FIG. 2. Curves: the populations of the S =0 and 1
ground-state pair levels as a function of T . Solid
points: the measured absorption coefficients of the
26 701- and 27 810-cm lines multiplied by a constant
factor.

E(s )2S'+1 exp—
-S'=0

(3)

where the ground-state splittings E(s) are given
by Eq. (1).

The two types of absorption are identified with
S =0-0 and S=1-1 transitions, respectively,
the transitions with M =+1 and +2 being negligi-
bly weak. This selection rule, and the predomi-
nant electric-dipole polarization of several of the
lines, indicates the double excitation gains its in-
tensity from the mechanism of exchange-induced
electric dipole moment. Figure 2 provides addi-
tional confirmation that the higher-energy ex-
change-coupled doublets are not involved. These
levels have S =1 and 2, and the 4S =0 selection
rule predicts that the strongest absorption would

bring the points into coincidence with the calcu-
lated probabilities for a nearest-neighbor pair
to be in the S =0 and 1 ground-state levels, which
are given by

P(s) =(2S+1)exp- '(s)
kT

768
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occur from the S =1 and 2 levels.
The uv levels, together with the levels of the

singly excited pair, and the ground-state levels
should provide a good test of the excited-state
exchange-interaction theories. "' Because of
its relatively simple structure the LaA103 host
is especially suitable for such a comparison. As
indicated above, only first nearest-neighbor ex-
change is important. Furthermore, the coupling
proceeds via an approximately collinear bond

(the a.ctual Al''-CP -Al" angle of the host is'0
166.8'). The exchange splittings have been cal-
culated from Eq. (2) for the C, symmetry of the
nearest-neighbor pair in terms of the empirical
parameters 4, , ' The exchange-induced shifts of
the S =1 level are found to be just -3 the shifts
of the S =0 levels. The polarization of the lines
has also been calculated using the mechanism of
exchange-induced dipole moment:

3
P= QP, ,(s,. s,),

cm-'

405.7

20S.1

70.8
0

b
O

OJ

b
CV

C4

b
ff)

CV

s=o

S=5

where the P,, are empirical parameters. The
matrix elements of Eq. (4) were evaluated using
the wave functions which diagonalize Eq. (2).
Transitions to two of the S =0 as well as the S =1
levels are predicted to be relatively strong and

appear in o and e polarization. Experimentally
these transitions are found at 26701 and 27758
cm ' for S = 0, and at 27 063 cm ' for S = 1. The
remaining 0- and 0-polarized S =1 transition has
not been identified. For both S values the theory
further predicts a third transition to be strong in
all polarizations, while the transitions to the re-

- maining levels are significantly weaker. A com-
parison with the theory and the experimental re-
sults of the infrared pair spectrum shows that
these uv transitions are expected to be strongest
in m polarization. Since the strong S =0 line at
27337 cm ' has this polarization, it is identified
with this transition. We have thus identified four
of the predicted six strong transitions. The ener-
gy level diagram is shown in Fig. 3. A striking
feature of Fig. 1 is the vibronic spectrum asso-
ciated with the lowest-energy 0-polarized lines
which severely complicates the finding of the re-
maining transitions. The strong vibronics of the
doubly excited states indicate that these levels
are a sensitive function of the crystal field, and
that the displacement of the energy parabolas on
the configuration-coordinate diagram is consider-
ably larger than the displacement for the singly
excited states. " The 0-polarized transitions
terminate on pair levels having both ions in ei-

FIG. 3. Energy levels of the nearest neighbors. The
transitions to the states with both ions in the 2g levels
are shown.

ther the 'E, or 'Ee states. For these levels,
symmetry arguments show that the spin-depen-
dent dipole moment vanishes in the cubic perov-
skite phase. ' Its existence in the low-tempera-
ture rhombohedral phase is due to the lowering
of the symmetry resulting from a distortion of
the CP ions from their cubic positions. Raman-
scattering experiments show that the soft modes
associated with the phase transition are at 40
cm ' (A, ) and 147 cm ' (E ) at low tempera-
tures. " Because the symmetries are the same,
the E phonon will couple most strongly to the
electronic excited states. The vibronics of both
o -polarized transitions are indeed mainly well-
defined multiples of this mode.

The terminal states of the infrared pair absorp-
tion involve one ion in the A, state and the other
in a 'E state. The 27343-cm ' transition results
in one ion in each of the E and E, states.
These transitions consequently do not have strong
vibronic sidebands.

A comparison of the exchange splittings of the
ground states, the singly excited states, and the
doubly excited states shows that the exchange
splittings and the J,, parameter incr ease with in-
creasing energy. ' This implies that the overlap
of the Cr" wave functions with the 0' ligand is
larger in the 'E states than in the 'A, state.
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Normal Modes of Vibrations in CuC1

C. Carabatos, * B. Hennion, K. Kunc, t F. Moussa, and C. Schwab*
Centre d'Etudes XucleaA es de Saclay, Saclay, Ivance

(Received 28 November 1970)

The frequency-wave-vector dispersion relation v(q) for the normal vibrations of a
CuC1 single crystal at room temperature has been measured for the [100]-, fll0]-, and
[111]-symmetric directions using inelastic neutron scattering.

In view of the interest in studying the lattice
dynamics of crystals with zinc-blende structure,
we present in this paper the results of coherent
inelastic neutron scattering on cuprous chloride
(CuCl). Our particular attention was drawn by
this material because of its peculiar behavior
relative to other crystals with the same symme-
try, as pointed out by Martin. '

The present experiments were performed by
means of the triple-axis crystal spectrometer at

400—

the EI 3 reactor, Saclay. A collimated beam of
monochromatic neutrons, produced by Bragg re-
flection from a germanium single crystal, was
incident upon the CuCl specimen. The energies
of the scattered neutrons were determined by
Bragg reflection from a second germanium single
crystal. The experiments were carried out by
using either constant-Q or constant-v techniques,
for waves propagating along the high-symmetry
directions [100], [110], and [111].
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FIG. 1. Typical neutron groups obtained on a CuCl single crystal.
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