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Table I. Values (in eV) of the exchange integral J for La:Ce and La:Gd alloys, of the position E of the 4f level,
and its variation dF. under a 10 kbar pressure in La:Ce alloys. Calculations are done with two densities of states,
n(EF) =2.4 and 0.5 states/eV atom, and with a half-width 4 = 0.02 eV. (Between brackets the pressures p are ex-
pressed in kbar. )

JGd ] JCe(P = 0) JCe{P= 10) F.(P =0) E(P = 10) d~ =~(P =0)-&(P = 10)
(eV) (eV) (eV) (eV) (eV) {eV)

n{EF)= 2.4 states jeV atom
n{EF)= 0.5 states/eV atom

0.03
0.06

-0.08
-0.18

—0.11
-0.24

0.05
0.11

0.04
0.085

0 ~ 01
0.025

similar system, the Y:Ce alloys, "which are not
superconductors, would also be very interesting
to study at very high pressures. Both La:Ce and
Y:Ce alloys show a Kondo effect and are good
candidates to study experimentally the transition
from magnetism to nonmagnetism at very high
pressures when E becomes zero. This study
would relate directly to all the recent theoretical
developments on the Kondo effect.
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The shape of the intrinsic-emission magnon sideband is well described assuming a
wave-vector representation but with zero dispersion for the exciton. An observed dif-
ference in the decay rates of the intrinsic-emission zero-magon line and magnon side-
band implies that the zone-center and zone-boundary excitons are distinct thermodynam-
ic states. Thus, the exciton wave-vector states are, at least approximately, eigenstates.

A number of recent papers have been concerned
with the properties of the optically excited states
of MnF„' particularly those states belonging to
the lowest 4T, . These transitions have been
classified as zero-magnon lines and magnon
sidebands, both of which are zero-phonon lines,
as well as broad phonon sidebands which are not
relevant to this communication. In order to cal-

culate the shapes of the magnon sidebands, ' ' a
Frenkel exciton representation has been assumed
for these excited states wherein the zero-mag-
non lines correspond to the creation (in absorp-
tion) or the annihilation (in emission) of excitons
near the center of the Brillouin zone (k = 0),
while the sideband peaks correspond to the crea-
tion or annihilation of an exciton with the simul-
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FIG. 1. Zero-phonon emission resulting from the
decay of intrinsic excitons in MnF2 at 1.3 K. The
sharp line indicated by the dashed curve is F. 1, the
magnetic dipole zero-magnon line, which is observed
only in a polarization. The broader peak 0'1 is the
electric dipole magnon sideband which is observed in
both 0, and as shown in the figure, axial polarization.
The solid curve is a theoretical calculation of the side-
band shape as outlined in Ref. 7. The error in predict-
ing the frequency of the zero-magnon line (about 0.5
cm ) is less than the reported error of the neutron-
scattering measurements.

laneous creation (at low temperatures) or annihi-
lation ("hot" bands) of a magnon, both particles
having wave vectors near the zone boundary.

Recent experiments, ' however, have demon-
strated that the excitons must have an energy
dispersion of less than 1 cm ', and that the mag-
non sideband shapes in absorption are largely de-
termined by a strong magnon-exciton interaction.
Since in emission the exciton and magnon do not
exist simultaneously at low temperatures, the
emission spectrum is free from this interaction
complication, and as shown in Fig. 1, the shape
of the magnon sideband of the intrinsic exciton in
emission can be computed' from the neutron
scattering density of magnon states' without any
adjustable parameters, assuming zero disper-
sion for the exciton.

Thus, while we may say that an exciton (wave-
vector) representation is sufficient to explain the
observed sideband shapes, is it necessary?
More explicitly, are the wave-vector states true
eigenstates or merely a suitable basis? If the
exciton consists of a stationary excitation local-
ized on a particular atom, then its wave function
may be expressed as a Fourier sum over all the
wave-vector states of the Brillouin zone, there
is no energy dispersion, and the exciton descrip-
tion is a trivial one, although useful in relating
to the wave-vector basis of the magnon. (Such a
localized description might be valid, for exam-

pie, if the exciton were a small polaron of very
large mass. ) Therefore, a wave-vector repre-
sentation for the excited state will be necessary
only if the different wave-vector states are ther-
modynamically distinct, i.e. , do not have fixed
relative occupation numbers.

In order to answer this question, we have mea-
sured the rate of decay of the zero-magnon and

magnon-sideband emission, following pulse ex-
citation of the excitons by the 5145-A line of an
argon-ion laser. The emitted photons were dis-
persed with a monochromator and detected with
a photomultiplier, then discriminated and count-
ed by conventional photon-counting techniques.
Counts from repetitive pulses were stored in a
multichannel analyzer for signal averaging. The
results of these measurements are shown in Fig.
2(a) for 1.3'K and in Fig. 2(b) for 4.2'K.

As had previously9 "been pointed out, the
bulk of the visible emission from MnF, arises
from Mn levels perturbed by impurity ions such
as Zn and Mg. These trapping levels occur
some tens of cm ' below the lowest intrinsic ex-
citon. Other traps such as nickel emit in other
regions of the spectrum, "and possibly still oth-
er traps decay nonradiatively. All told, trapping
processes reduce the quantum efficiency for the
excitation and lifetime of the intrinsic excitons
by more than two orders of magnitude in the pur-
est available crystals. " Thus the decay of the
intrinsic excitons is dominated by nonradiative
trapping processes rather than the radiative life-
time of about 35 msec. " As seen for 1.3'K in
Fig. 2(a), the decay of the zero-magnon line and
magnon sideband are similar and both are nonex-
ponential. Nonexponential decay would be expect-
ed if the mobility of the excitons were small and
the trapping cross sections large. However, at
4.2'K the rate of decay of the magnon sideband
intensity is significantly increased from that of
the zero-magnon line, while the zero-magnon de-
cay is relatively similar to that at 1.3'K. Below
about 2'K, the intensity of both lines is tempera-
ture independent, suggesting that the exciton
transport and trapping is not thermally activated
at low temperatures.

It is possible to draw several conclusions from
these data without making further assumptions:

(1) The different decay rates at 4.2'K prove
that the zone-center and near-boundary states
are thermodynamically distinct. The similarity
of rates at 1.3'K does not necessarily indicate
the converse.

(2) At 4.2'K the zone-boundary and zone-center
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FIG. 2. Decay of the intensity of the zero-magnon line (E1) and the peak of the magnon sideband (0.1) following
pulse excitation at two temperatures. The spectral slit width in both cases was 1.5 cm centered on the intensity
peaks. The channel width was 25 @sec with 12.5-psec dead time between channels. The laser pulse (rectangular
wave) width was 25 @sec and the pulse interval was 7.5 msec. The pulse occured near the eleventh channel, with
peak fluorescence attained by channel 13 or 14. The count in channel 14 was chosen for normalization. The ordi-
nate is linear in the log of the relative intensity. The indicated intervals are powers of e. The curves in (b) sum-
marize the data of (a). A background count was subtracted from each channel count. For E1 the background count
was about 2' of the peak count, while for 01 it was less than 0.5Vo. The background was determined by averaging
the count in the ten channels preceding the laser pulse. This count proved to be equal to the dark count determined
independently.

excitons fail to attain quasiequilibrium (which
would be evidenced by equa. l decay rates) during
the span of time covered by Fig. 2(b), or about 3

msec. Thus, the wave- vector distinction be-
tween zone-center and zone-boundary excitons is
limited by the trapping lifetime rather than by
thermal scattering which would bring the system
into equilibrium after a long time. Nearly elas-
tic scattering of zone-center excitons into zone-
boundary states by crystal imperfections must
also be negligible.

(3) The exciton trapping probability at low tem-
peratures (&2'K) is not thermally activated (i.e. ,
involves only spontaneous phonon emission) and
is independent of wave vector.

(4) The trapping probability of the near zone-
boundary excitons is greater than for the zone-
center excitons at 4.2'K.

Conclusions (1) and (2) suggest that a wave-
vector representation is necessary to account
for both the spectral measurements and the de-
cay measurements at 4.2 K. However, to prove
that a wave-vector representation is uniquely
valid, we would have to demonstrate the thermo-
dynamic distinctness of each wave-vector state.
Not only is this impracticable, but the validity of
the wave-vector representation will be limited by
the dimension of the unperturbed regions of the
crystal. In view of the narrowness of the exciton
band, these regions may be small.

The significance of conclusions (3) and (4) is
more difficult to speculate on since the trapping
probability involves directly both the exciton
group velocity and the trapping cross section.
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and J. P. van der Ziel.
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R. E. Dietz and A. Misetich, in Proceedings of the
Conference on Localized Excitations in Solids, Irvine,
California, 1967 (Plenum Press, Inc. , New York,
1968), p. 366.

Although we will present details of the calculation
of the shapes of the emission magnon sideband of the
intrinsic exciton in a future paper, we sketch the cal-
culation briefly: Polarization studies of the emission
for the crystal under (110) stress indicate that the rel-
evant transition moment operator for the emission is
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I'=Q(Pi, i —1Aiui l-t +Pi, i+1Aiui+1» where Ai is an
annihilation operator for T& excitation on ion i of sub-
lattice A, and ai~ 1' creates a spin deviation on its
first neighbor. The P's are interaction constants simi-
lar to those defined in Ref. 2. The exciton operators
can be expressed as Fourier sums of the corresponding
momentum operators Ak, as well as for the usual mag-
non operators n&t, p&. P is then given by++~, where
the important terms Pp are Pk =P001exp(ikzc)ukAknk~
+P,„„-;exp(-ik c)u&A&n&~, where u& is the usual magnon
sublattice weighting function. By considering the crys-
tal symmetry, we obtain the components ((110) and
~1 t1TO) of the electric vector polarization which are

P

Pi,' "—-2iu~-OO&~ «'i sin(kzc), where the f and q com-
ponents are distinct for a sublattice exciton.
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We have found that the trapping probability increases
with temperature, and can be reduced by stressing the
crystals uniaxially along the 001 direction. Such a
stress is also sufficient to render the trapping proba-
bility nearly independent of temperature between 1.3
and 4.2 K. Since the intrinsic exciton emission is near-
ly invisible at 4.2 K in an unstressed crystal, all data
recorded in Figs. 2(a) and 2(b) were made under a
stress of 25 kg/mm2.

This is the low-temperature lifetime of the weakly
perturbed traps, measured in Ref. 9, which have es-
sentially the same wave function as do the intrinsic
exciton states.
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The Zeeman effect of the intrinsic Sn02 exciton (direct forbidden) has been measured
at 1.8 K, thus facilitating the identification as well as the interpretation of the anisotrop-
ic exciton spectra. The exciton symmetries and possible band symmetries are obtained
on the basis of group theory and appear to be consistent with the valence band of 0 2P
functions and the conduction band of Sn 5s functions, both being crystal field split.

In our previous report' the anisotropic absorp-
tion spectrum of Snoa (D~p, symmetry) at very
low temperatures was described. Exciton struc-
ture composed of a series of sharp lines having
absorption coefficients less than 100 cm ' was
found near the fundamental absorption edge
(3.5S7 eV at 1.3'K) for light polarized perpendic-
ular to the c axis. The crystals were transpar-
ent in this spectral region for light polarized
parallel to the c axis. The photon energies of the
exciton lines satisfy the relation for the hydro-
genlike series beginning with the n = 2 quantum
state.

The situation where the n = 1 state is totally in-
active to light is expected to arise if the transi-
tions between the Bloch states at either side of
the direct gap are forbidden by selection rules,
as in the case of Cu, O.' However, it is not self-
evident that this situation is the case in Sn02,
since the conduction and valence bands of this

material may be considered to be s-like and P-
like, respectively.

In the present Letter, measurements of the
Zeeman effect are briefly described. The re-
sults facilitate the identification as well as the
interpretation of the anisotropic exciton spectra.
The exciton symmetries and possible band sym-
metries are obtained on the basis of group theo-
ry. It is shown that the experimental facts are
not inconsistent with the valence band of 0 2P
functions and the conduction band of Sn 5s func-
tions.

The measurements were made spectrophoto-
metrically using a Spex Model 1700-II grating
spectrometer in the second order (reciprocal
dispersion, 5.5 Aimm) and an EMI 6256S photo-
multiplier. The crystals, prepared by the vapor
reaction method, ' were cut into platelets of 0.2-
to 0.5-mm thickness with the c axis in the plane.
The crystals were immersed in liquid helium at
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