VoLUME 26, NUMBER 15

PHYSICAL REVIEW LETTERS

12 Apriv 1971

absorption at the room temperature end of the trans-
ducer. The least-square fits to the Eu?* spectra showed
one single phase at all T and were successful even
very close to T, in contrast to our findings for either
EuS or EuSe. No Eu metal could be detected and tri-
valent Eu impurities were less than 1%. The narrow
linewidths indicate an electronic spin relaxation time
that is sufficiently short to produce a true time-aver-
aged field at the nucleus. Only close to T, the lines
broaden as a result of short-range-order spin fluctua-
tions.
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Stimulated Emission from the Excitonic Molecules in CuCl
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We report observation of efficient stimulated emission (gain ~10* cm™!) from recombi-
nation of excitonic molecules. This emission is obtained near 3.16 eV (3920 10\) in opti-
cally excited CuCl crystals and shown to be stimulated by use of a recently described
technique employing a variable excitation length. These results in CuCl point out the
importance of excitonic molecules in intrinsic stimulated-emission processes in semi-

conductors.

We report the observation of efficient stimulat-
ed emission from recombination of excitonic
molecules. These molecules represent the low-
est intrinsic energy state in many crystals at
high excitation levels, and it might be expected
that excitonic molecule recombination (EMR)
will play an important role in stimulated emis-
sion processes. It has previously been specu-
lated,” but then discounted,? that EMR could be
a fundamental recombination route for intrinsic
stimulated emission in many semiconductors.®
The observations described here were made on
optically excited CuCl crystals and represent the
first demonstration of stimulated excitonic mole-
cule recombination. Spontaneous emission due
to EMR in CuCl near A =3920 A had been previ -
ously established®® with the reported molecular
binding energy being ~44 meV.® CuCl is an ideal
crystal in which to investigate stimulated emis-
sion from excitonic molecule recombination. It
is a zinc-blende semiconductor with a band gap
in the uv, the lowest exciton absorption peak
occurrring at 3.207 eV at 4.2°K.® Three sharp
absorption lines of the exciton series have been
observed and found to be not hydrogenically
spaced. This results because the exciton is
deeply bound (binding energy 190 meV and Bohr
radius 7 A) and the usual effective-mass theory
breaks down. Low-intensity photoluminescence
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spectra’ show the usual bound-exciton lines com-
mon to wide-band-gap semiconductors. At very
high exciting intensities, a new peak appears*?®
at 3.164 eV, about 44 meV below the free-exciton
energy, and it has been identified as exciton-
molecule recombination radiation. In this paper,
we discuss new studies of this radiation.

The EMR mechanism is an Auger process
whereby one of the excitons is scattered into
either the n =1 or higher state of the free exciton
while the other is simultaneously scattered down
on the polariton curve. A schematic diagram of
the EMR process is shown in Fig. 1. The photon
is shifted down in energy from the absorption
peak of the n =1 exciton by the binding energy of
the molecule (R,, =44 meV in CuCl)® if the termi-
nal state of the surviving free exciton is n=1.
This photon energy represents the high-energy
threshold for the EMR radiation. For recombin-
ing molecules with large crystal momenta K, the
radiation will appear with energies at and below
this threshold because of the difference in the
dispersion of the molecule and the free exciton,
as seen in Fig. 1. The momentum-conserving
properties of the Auger process allow radiation
to arise even from molecules with large crystal
momenta so that the number of initial states that
may participate is much larger than for ordinary
exciton recombination. Thus there is good rea-



VOLUME 26, NUMBER 15

PHYSICAL REVIEW LETTERS

12 ApriL 1971

S
= A x*s&
|| TERMINAL STATE £ <
Q
&
|
= n=1
2 ea [/ | TERMINAL STATE RSO
2

woreoue o
k \\// Eplk)
L~ yoLecuLes 2

/

7 PHOTON DISPERSION
!
4

WAVE VECTOR (k]

FIG. 1. Dispersion curves for the photon, exciton,
and excitonic molecule. The excitonic molecule ener-
gy E, (k) has been divided by 2 in order to be repre-
sented conveniently with the exciton dispersion curves.
The arrows illustrate two possible decay mechanisms
for an excitonic molecule which decays into a photon
plus a free exciton in either the =1 or n =2 state.

son to believe that EMR can in general show
stimulated emission.

Crystals of CuCl are hygroscopic and quite
soft, so that the standard technique for demon-
strating stimulated emission (fabrication of an
optical cavity and the observation of actual laser
action) would involve considerable effort, and
failure to observe laser action would not prove
that the EMR process does not exhibit gain. To
eliminate this problem, the stimulated emission
spectra and gain in CuCl were measured using a
recently described gain-measurement technique.
The method is indicated schematically in the in-
set in Fig. 2. A rectangular beam of pump light
from a nitrogen laser (3371 A and ~10° W) of
width W (=20 um) and variable length I (0-100
wm) is focused on the face of the sample near an
edge. Light which originates in and passes
through the excited region of the crystal and out
the edge is dispersed by a monochromator and
detected by a fast photomultiplier. This light
will have a dependence on the length of excitation
of the form®

I=I[exp(gl)-1)/g, (1)
where I is the spontaneous luminescence inten-
sity and g is the net optical gain (i.e., total gain
-loss). Hence, a superlinear (exponential if gl
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FIG. 2. High-intensity photoluminescence spectra
of CuCl at 2°K for three pump powers (indicated by
the numbers associated with each curve). The inset
illustrates the geometry used for measurements.
Note: 1 is the length of the excited region.

>1) dependence of I on [ is a direct indication of
gain and the presence of stimulated emission.

The CuCl samples, grown® by a gel diffusion
technique, were single crystals in the form of
tetrahedra with several as-grown faces suitable
for photoluminescence studies. An HCI etch was
used to assure clean, undecomposed CuCl sur-
faces just prior to immersion in liquid helium
for measurements.

The stimulated emission spectrum of CuCl at
2°K measured for various excitation intensities
is given in Fig. 2, The spectrum shows two dis-
tinct sets of features: a large peak near 3.16 eV
and a doublet near 3.18 eV. The former of these
has been previously*® identified as excitonic mol-
ecule recombination radiation. The evidence® for
this interpretation was based on two facts: the
approximate square-law power dependence of the
observed peak intensity, and the emitted photon
energy which is in agreement with the theory® for
excitonic molecules. Our results are in agree-
ment with these facts for sufficiently low pump
powers and the corresponding geometry, i.e.,
observation of luminescence from the front sur-
face of the sample. For the geometry shown in
Fig. 2, however, it is seen that the intensity of
the 3.16-eV peak increases by more than a factor
of 100 for a factor of 4 increase in pump power
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density. This large increase is suggestive of
gain in the molecule recombination. (The dou-
blet near 3.18 eV, which has been attributed to
bound excitons,’ has only slightly greater than
linear dependence on power and will not be dis-
cussed here.)

A positive identification of stimulated emission
and gain on the 3.16-eV peak is obtained by
studying the luminescence intensity as a function
of excitation length. The results of such a study
are shown in Fig. 3, which is a plot of emission
intensity at 3.166 eV versus excitation length for
four different pump powers. These curves all
show a linear portion extending over about two
orders of magnitude in intensity at the shorter
excitation lengths. According to Eq. (1), a linear
region in a semilog-plot is a direct indication of
the existence of gain. These results thus con-
clusively demonstrate the existence of stimulated
excitonic molecule recombination in CuCl. The
departure from linearity in the curves of Fig. 3
at longer excitation lengths is to be expected be-
cause of saturation effects.’’ The magnitude of
the gain can be obtained by measuring the slope
of the linear region of the curve, and values for
various pump powers are listed in Fig. 3. In
selected samples, peak gains of the order of 10*
cm "! have been observed for 2x107-W/cm? pump
power. Such gains are more than 2 times larger
than in GaAs under similar conditions.®

The gains listed in Fig. 3 have a nearly linear
dependence on pump power. However, it has
been observed that in some samples the gain var-
ies quadratically with pump power at low power
levels, then becomes linear at high pump intensi-
ties. A similar effect has been observed in the
spontaneous EMR luminescence intensity.*®
Such a correlation is reasonable since the spon-
taneous and stimulated emission are related by
the Einstein coefficients. As pointed out by
Haynes, !? the quadratic dependence is easily
understood in terms of the probability that two
excitons will collide and form a molecule., At
low exciton densities the probability is propor-
tional to the square of the exciton density and
hence the square of the pump power. At high ex-
citon densities the time required for formation
of a molecule becomes short compared to the
low-density exciton lifetime, and an equilibrium
is established where the rate of molecule forma-
tion is proportional to the first power of the
pump intensity. A detailed solution of the rate
equations involved in the formation of excitonic
molecules has recently been given,®®
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FIG. 3. Emission intensity for EMR radiation [x
=3915 A (3.166 eV)] as a function of excitation length
for four different pump powers. The gaing, as ob-
tained from the linear portion of each curve on this
semilog plot, is given for each pump power.

The large optical gain of the stimulated EMR
process in CuCl can be attributed to a number of
factors related to the large excitonic molecule
binding energy. The EMR emission is separated
from the exciton absorption by this large binding
energy and thus falls in a relatively low-loss re-
gion of the spectrum. The binding energy is
large enough so that thermal dissociation of the
molecule is unlikely. In addition, this binding
energy is sufficiently larger than that of a bound
exciton so that the molecule cannot be readily
dissociated at impurity sites. Hence the princi-
pal decay mechanism available to the molecule
is radiative.' Further, the recoiling free exci-
ton can absorb momentum during the radiative
decay and all the molecules can participate in
the gain process. Therefore the excitonic mole-
cule is an intrinsic excitation which can give rise
to efficient stimulated emission.
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and to I. P. Kaminow for helping to make these
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Observation of Nonextremal Fermi-Surface Orbits in Bulk Bismuth*

Victor E. Henrich
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Using giant quantum oscillations in the attenuation of ultrasound, we have observed non-
extremal areas of the electron Fermi surface of bismuth. The giant oscillations occur
simultaneously with oscillations due to extremal areas, and both the periods and the gen-
eral shape of these oscillations can be explained by the theory of Gurevich, Skobov, and

Firsov.

We have observed nonextremal Fermi-surface
orbits by means of giant quantum oscillations in
the attenuation of ultrasound in bismuth. The
possibility of seeing such orbits in metals and
semimetals in a magnetic field was first pre-
dicted by Gurevich, Skobov, and Firsov'in 1961,
Considering the problem of the absorption of a
single acoustic phonon by an electron which re-
mains on the same Landau level, they found sev-
eral interesting features of the acoustic attenua-
tion. One of the properties of these “giant quan-
tum oscillations” is that when the phonon wave
vector { is nearly perpendicular to the magnetic
field ﬁ, the orbits of the electrons responsible
for acoustic attenuation are displaced from the
extremal Fermi-surface orbit by an amount
which depends on the angle between { and H It
should thus be possible to study any cross section
of the Fermi surface by varying the relative
orientation of q and H a property unique to this
type of acoustic attenuation. Giant quantum oscil-
lations have been seen in several materials, and
many features of the theory have been confirmed,?
but there have been no unambiguous measure-
ments of nonextremal Fermi-surface areas.**
When § is nearly normal to H, the attenuation
versus magnetic-field curves «(H) become com-

plex, but the periods found in previous experi-
ments correspond to extremal areas.*® We re-
port here the first observation of giant quantum
oscillations due clearly to nonextremal orbits.
They occur simultaneously with oscillations due
to extremal orbit electrons in the vicinity of g
normal to H. The resulting Fermi-surface areas
agree with the theory of Gurevich, Skobov, and
Firsov,' assuming an ellipsoidal-parabolic model
for the electrons.

The sample was a 1-cm cube spark cut from a
single-crystal boule grown by the Czochralski
method from 99.9999%-pure bismuth, Resistivity
ratio measurements made on small (15x1x1
mm?) bars cut from the same boule yielded val-
ues of p(300°K)/p(4.2°K)=230. A conventional
pulse-transmission method was used for the
ultrasonic measurements, with gating circuits
monitoring the amplitude of the first transmitted
pulse. Longitudinal sound waves at 185 MHz
were generated by resonant quartz transducers
glued to the sample. All measurements were
made at a temperature of 1.5°K. The orientation
of the sample in the Dewar could be varied by a
gear-driven sample holder and rotatable magnet,
with an accuracy of about 0.1°. The relative
orientation of q and H was determined by using
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