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A novel structure (M¥) in the photoluminescence spectra from n-type indirect-gap GaAs;_,P,
alloys has been studied in detail. It has an asymmetric line shape and prominent X-point phonon
sidebands. Its binding energy relative to the free-exciton band edge (Eg",{c) is very shallow. The
characteristic lifetime of fluorescence decay has been found to vary rapidly over the ME band
linewidth. It is proposed that the M§ band is due to exciton bound by potential wells resulting from
the alloy compositional fluctuation. The narrowing of the M band’s linewidth at rising tempera-
tures and the temperature quenching of fluorescence with the excited state can be accounted for by
the strong energy dependence of the effective range of the localized exciton wave function. The de-
crease of the My quantum efficiency with increasing laser power is attributed to Auger decay of

biexcitons.

I. INTRODUCTION

In semiconducting solid solutions many of the optical
properties may be understood by applying band-structure
concepts appropriate for crystals with translational sym-
metry.! Random compositional disorder is then treated as
a perturbation which caused nonlinear dependence of band
energies on the composition® and smears the band edges,**
as observed in absorption measurements.>® In alloys that
have an indirect-gap average band structure the disorder
breaks the wave-vector selection rule that forbids zero-
phonon optical absorption.® The resulting absorption and
the related zero-phonon emission intensity are weak. The
work on disorder induced by doping has been reviewed by
Efros.”

Theoretical work on band-edge smearing may be ex-
tended to Mott-Wannier excitons in the presence of com-
positional disorder.* States sufficiently deep in the tail of
the band are thought to be localized in the sense that the
wave functions have limited range.®>° This does not mean
that localized excitons do not “move.” Even at low tem-
peratures it is possible for them to tunnel nonelastically to
lower energy states that are spatially accessible.

There have been two observations of photoluminescence
(PL) features in indirect-gap semiconductor alloys that
may be interpreted as a recombination of Mott-Wannier
excitons that remain in localized states before they decay.
The present authors reported a new PL band, M f)(, in
lightly doped n-type indirect-gap GaAs,_,P, alloys.!
This band was positioned about halfway between the
“free-exciton” band Eg)f‘ and DO, the band due to excitons
bound to neutral donors. Mg appeared only at the lowest
temperatures and at very low excitation power densities.
Decays following pulsed excitation were reported in Ref.
10 to be nonexponential w1th characteristic times far
longer than the lifetime of D¥. A tentative assignment
of M ¥ was made to be the recombination of localized exci-
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tons (in the above sense). The present paper will present
more data on Mg and discuss them qualitatively with the
use of this localization hypothesis.

Since our report of the M{ exciton, observation of a
similarly localized exciton has been reported in the
indirect-gap Ga,_,Al, As system.!! A satisfactory fit to
the nonexponential decay characteristics for nearly direct
alloys has also been worked out based on a distribution of
radiative lifetime.”> In the GaAs,_,P, work performed
so far, radiative lifetimes were so long that nonradiative
decays tend to dominate. The quenching center is short
lived, and the nonexponential decay is governed by the
tunneling probability to this essentially nonradiative exci-
ton trap. This requires that the average exciton lifetime is
to be determined by its binding energy. The very sensitive
dependence of its wave function on its binding energy can
be inferred from our data.

II. EXPERIMENTAL

Samples were purchased from Monsanto Corporation.
They were grown by vapor phase epitaxy on [100] GaP
substrates and doped with Te, Se, or S in the range
of (4—10)x10'® cm—3. High sample quality was neces-
sary for the observation of M centers. Samples were
mounted on a copper plate and cooled in a Janis “Vari-
temp” cryostat. PL was excited above the band gap with
5145-, 4880-, or 4579-A lines from an argon laser and in
the band-gap region with a cw dye laser. Front surface
excitation was used, and the emitted radiation was collect-
ed and focused at 3:1 magnification onto the entrance slit
of a Spex model 1400 +-m double monochromator. The
detector was an RCA C31034 photomultiplier tube. The
input power on the sample was varied by neutral density

filters. _
The effect of varying the penetration depth of the excit-

ing light on the PL spectrum was studied by using the ul-
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traviolet lines from the argon laser at 3511 and 3538 A
and also yellow light from a dye laser just above the band
gap of the alloy. There was practically no change in the
overall line shape. The same shape was observed from
samples with no GaP substrate. We observed some strain
effects from the substrate on the epitaxial layer: The PL
from the rectangular samples was found to be partially
polarized, but the shape of the spectrum was hardly af-
fected.

For time-dependent data the laser beam was chopped
using an acousto-optic modulator. The time-delayed spec-
tra were taken using a gated photon-counting system. The
time dependence of fluorescence at fixed wavelength was
recorded using a multichannel analyzer.

III. RESULTS

A. Phonon sidebands

In Fig. 1 the PL spectra of M{ are shown along with its
LA(X) and TO(X) phonon sidebands together with the
donor-bound exciton line, DX. Similar data were shown in
Fig. 1 of Ref. 10 using a different exciting wavelength
In a x =0.86 sample the new PL band labeled ME o, is ob-
served at 5503 A. It is found at 12.7 meV above Do The
full width at half maximum (FWHM) of the Mg band
remains almost constant for different x and is about 3.5

DX GaAs|_, B
.8K
= 48804

x=0.86
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FIG. 1. PL spectra for three alloy compositions as a function
of wavelength. The zero-phonon PL of the localized exciton and
its LA and TO phonon sidebands are labeled M¥, LA%, and
TO%X, respectively. The broad peak D{¥ is due to excitons bound
to neutral donors. The spectra for x =0.86 and 0.66 have been
shifted so that the three M peaks line up. Data on the three
samples were taken with same geometry, laser power, image
size, and temperature.
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meV, compared with a FWHM of 10 meV for the DY
band at x =0.86. Two other promment features in the PL
spectra are labeled LA, and TOM The 1ntens1ty of these
two bands changes similar to that of M{ with increasing
temperature, indicating that they are phonon sidebands of
M. A study of the donor-bound excitons in the alloys'3

showed that the longitudinal-acoustic phonon (LA) and
the transverse-optical (TO) phonon sidebands from the
neutral-donor—exciton PL are broadened by the allo },
fluctuation in a way similar to their parent peak Dj.

These phonon sidebands from DF remam dlscermble in all
indirect-gap alloys and are denoted LAY and TOD, respec-

© tively. The peaks LAY, and TOM have the same splittings

from M{ as LAY and TOY phonon sidebands from Dj.
We assign them to be the LA- and TO-phonon ass1sted
M exciton recombination at the X-point zone boundary.
The two lower curves in Fig. 1 give similar results for
x =0.66 and 0.50.

The TA(X) sideband of MY is masked by the D PL
peak in Fig. 1. Smce DO has a shorter lifetime than Mg
and its sidebands,!® it is possible to remove the former
from the latter by time-delayed PL. The result is shown
for the x =0.50 sample in Fig. 3. The spectra of Mg and
its sidebands allow an accurate determination of the pho-
non energies. The results are shown in Table I where they
are compared with neutron data on GaP,"* piezo-
transmission measurements on GaAs;_, P, (Ref. 15), and
neutron measurements on GaAs.!® The tabulated results
for phonon energies in GaP were obtained from a spec-
trum of D and its sidebands under resonant laser excita-
tion at 2.2 K. The various entries in Table I are generally
consistent, considering differences in temperature and
resolution.

Genzel and Bauhofer have discussed phonon features in
several alloys using a simple no-crossing model.!” We ap-
ply this picture to our results. Note that the observed en-
ergies of TA(X) and LA(X) monotonically decrease as x
decreases, whereas the TO(X) energy increases. The
TO(X) and LO(X) modes in the alloy merge into a phos-
phorous local mode in GaAs as x —0.® The LA(X) mode
of GaP is predicted to interact with the As gap mode of
GaP and shows relatively little dependence of its frequen-

TABLE I. Phonon energies (meV) for GaAs;_,P,.

TA(X) LA(X) TO(X) LO(X)
GaP? 13.2 30.9 43.8 45.4
GaP® 13 32
GaP® 13.2 31.5 45.9
x =0.86° 12.8 31.2 45.6
0.85° 13 32 46
0.75% 13 32 45
0.66° 12.4 30.7 46.2
0.59° 29-32
0.50° 11.0 30.8 46.2
GaAs® 9.8 28.1 31.3 29.9

*Reference 14 (300 K).
PReference 15 (10—300 K).
°This work 2—3 K).
dReference 16 (296 K).
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cy on x. Table I shows this to be the case. The large
predicted x dependence of the frequency of TA(X) is not
observed, but this prediction was less concrete than those
involving LA(X) and TO(X).!”

The shallow binding energy of M and its couphng to
the X-point phonons suggest that the M exciton is
effective-mass-like and associated with the X-point
conduction-band edge. This characteristic eliminates the
possibility that M ¥ may be associated with isoelectronic
traps. In the case of an isoelectronic trap, for example,
the electron feels a very short-range potential of the
Slater-Koster type.!® Its wave function is derived from
the conduction band as a whole, and it couples to phonons
throughout the Brillouin zone.

B. Temperature dependence

The peak intensity of Mg decreases rapidly with a rela-
tively small increase in temperature. This was shown in
Fig. 3 of Ref. 10 for the x =0.50 sample and is shown
here in Fig. 2 for the x =0.86 sample By 5.5 K M{ is
merely a shoulder on D, and it is essentiall ; gone by 8.2
K. At the latter temperature the weak LAy donor side-
band is visible, now no longer masked by the stronger
LAY, sideband.

An important feature of the M3 band is its shift to
lower energy while it loses intensity with increasing tem-
perature. This is readily apparent from the top four
curves in Fig. 2. This shift also applies to its phonon side-
band. This effect is not due to a temperature dependence
of the band gap; the D peak does not move in this tem-
perature interval.

M L1
5600 5700
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FIG. 2. Temperature-dependent PL for x =0.86. Labeling as
in Fig. 1. LA} denotes the LA-phonon sideband of D{.
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The shift in peak energy is also quite pronounced in the
temperature-dependent, time-delayed spectra shown in
Fig. 3 for the x =0.50 sample. The 4 us delay is suffi-
cient for DY to have completely decayed. Note also that
the Mg hne becomes slightly narrower with increasing
temperature. The M intensity drops by factors of 4 and
50 as the temperature is raised from 2.6 to 49 and 65K,
respectively. The broad feature near 5960 A in the lowest
curve has not been studied in detail. We speculate that it
originates from the phonon-assisted energy-transfer pro-
cess among the localized excitons to the lower-energy
bound states.

Our explanatlon for these temperature-dependent
features of M{ depends on the assumption of a distribu-
tion of the nonradiative decay rate W,, due to phonon-
assisted tunneling. Let W, and W, denote the no-phonon
and one-phonon radiative decay rates. The quantum ef-
feciency for the no-phonon line is

< ul ) (1)
o= W0+W1+Wnr '

The average in Eq. (1) is over the distributions of W, and
Wy Wy and W, are the zero-phonon and one-phonon
decay rates, respectively, and are assumed to be essentially
independent of the exciton binding energy. Details of the
finer energy dependence of W, and W, have also been ob-
served and are described in Sec. IIID. We assume that
Wy is due to phonon-assisted tunneling to deeper centers

such as Df. If the distance between the centers is r, then
T T T I
X
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FIG. 3. Time-delayed spectra of M¢ and its phonon side-
bands at various temperatures for x =0.5. The spectra were
taken with a 1-us gate 4 us after laser shutoff. Note the nar-
rowing and shift of M{ to lower energy with rising temperature.
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W .. takes the following form within a model that neglects
the electron-valley degeneracy:

Woo=Woe 22", (2a)
where
2a=#"1(2m*E,)'"?, (2b)

with m* equal to excxton effective mass and E; the bind-
ing energy of the Mg exciton relative to the “free” exciton
Eg’f‘ E, varies from 6 to 13 meV over the My line in
various alloys. The abrupt cutoff of the MY line shape at
high-energy side is explained by the rapid decrease of
(W, ) as E, decreases towards zero.

When the temperature is raised, the excitons make
phonon-assisted “uphill” transitions to other states which
have much shorter lifetimes (or larger values of W) be-
cause they have small values of a. These higher states
might be excited states of a given Mg exciton or another
nearby higher-energy M localized state. The data on the
temperature-dependent shlft suggest that for the uphill
“transition” the excitons with the smallest values of E,
will undergo the fastest thermal quenching, thus moving
the short-wavelength cutoff of M towards greater values
of E,, It is also noted in Fig. 3 that the FWHM of the
MY band gets slightly narrower at higher temperatures
Accounting for the gain factors for the traces, the M¢ is
being “peeled off” of the high-energy portion of its line
shape at higher temperatures. If M{ were due to excitons
bound to impurity centers, the temperature rise would
have thermally broadened its “inhomogeneous” linewidth.
Neither can the factor of 4 intensity decrease from 2.6 to
4.9 K be found in or explained by any impurity-bound ex-
citon system.

Figure 4 shows the temperature dependence of the M &
peak intensity. Over a limited temperature range from 2.5

I I !

GaAsg 4Py g6

Slope =196 meV
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T
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FIG. 4. A logarithmic plot of M{ peak intensity vs T~ for
x =0.86. The slope gives an activation energy of 1.96 meV.
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to 6 K there is an activation energy of 2 meV. Since the
distance from M¥ to Eg’f, in this sample is 9.7 meV, such a
low activation energy requires the existence of accessible
states near by but higher in energy—either a 2- meV excit-
ed state of ME or other nearby higher-energy M{ states.
From the temperature data of Figs. 2 and 3, we conclude
that such a 2-meV higher-energy state is nonradiative.
This requires that the wave function of such a state will
couple much more strongly with energy sinks such as Dg.
This rapid variation of coupling as a function of exciton
binding energy is verified from the fluorescence decay
characteristics at different M o energy positions (Fig. 10).
The abrupt cutoff of the M line shape on its high-energy
side is determined by such nonradiative coupling strength.

C. Saturation and Auger process

Another important characteristic of the M{ band is the
relative saturation of its peak intensity with laser pump
power. This is shown in Fig. 5 for the x =0.86 sample.
With a laser image s1ze of 50 ,um><2 mm on the sample
surface, D& and M{ intensities increase linearly with
pump power until the power reaches 8 uW (correspondmg
to an intensity of 8 mW/cm?). Whereas DO still increases
linearly with power beyond this level, M¥ 0 beglns to show
a sublinear power dependence. At 600 uW, Mj appears
only as a small hump and it becomes unnoticeable beyond
20 mW. Such a small hump is easy to overlook and is
sometimes mistaken to be the E x peak. We believe that
this is the main reason why the M & structure has escaped
prior attention even though GaAsP alloys have been so ex-
tensively studied. The low power at which saturation
occurs suggests that the M centers exist in a low concen-
tration or have a fairly long lifetime. The slope in the in-
tensity versus pump power curve changes from unity in

5
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FIG. 5. Peak intensities of M4 and D¥ vs 4880-A laser power
for the x =0.86 sample. The slope at the high-power end of the
MY curve is 0.51. Illuminated area of sample was 50 pm X2
mm; thus a power of 1 uW is equivalent to a power density of 1
uW/cm?
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the linear regime to a value of 0.5 just as M & becomes too
weak relative to D to be observed. A similar saturation
effect also occurs in the x =0.5 sample. The area of the
laser image on the sample surface in this case was about 6
times larger than that for Fig. 5. The onset of saturation
for the x =0.5 sample occurred at 33 mW/cm? compared
to 8 mW/cm? for the x =0.86 sample, suggesting that the
exciton lifetime of the x =0.86 sample is longer so that it
has a lower saturation threshold. This observation is con-
firmed by the time-dependent measurements to be dis-
cussed in the next section.

At higher pump rates there is a finite probability of two
or more excitons at the same Mg center. They will have
large wave-function overlap, and their individual electron
and hole components will experience mutual Coulomb in-
teractions. An Auger process which eliminates excitons in
pairs might then become favorable. At steady state the
rate equation for the probability p of one exciton at a
given M ¥ site (probability p? of two excitons) gives a re-
sult of the form

g=[p(Wo+ W +W,)+p*Wyln ,

where g is the generation rate, ng is the number density of
M sites, and W, is the Auger decay rate. In the linear
regime the number of excitons n =pn; obeys

(3a)

71=g(W()—+-W1+Wm)“1 (3b)
while at saturation
n=(gng, /W2 . (3c)

Thus we expect a change in slope in a plot of In/ (or Inn)
vs InP (or Ing) from 1 to 0.5 with increasing laser power P.

D. Decay of luminescence following pulsed excitation

Figure 6 shows experimental data for three values of x
on the decay of the peak of the luminescence spectrum
following shutoff of the laser light. This occurred at
10.24 us. Counting intervals for each data point were
5.12 us for the lower two curves and 10.24 us for the
upper curve. The curves are nonexponential. The solid
straight line corresponds to exponentials with lifetimes of
49, 27, and 15 us for x =0.86, 0.66, and 0.50, respectively,
but the curves do not extend over a sufficiently large time
interval to establish that they are true radiative lifetimes.
We shall refer to them as “characteristic decay times.”

Figure 7 shows the laser-power—dependent decay
curves x =0.86. There is a rapid initial nonexponential
decay that is increased by raising the laser power. This in-
crease is over an order of magnitude as the pump power is
raised into the regime of saturation. This behavior is con-
sistent with the Auger process mentioned in Sec. III C.

Figure 8 shows the rapid decrease of the characteristic
decay times for the x =0.86 sample with increasing tem-
perature. Since the intensity of Mg shows a rapid de-
crease in this temperature range (Fig. 3), we attribute the
rise in the decay rate shown in Fig. 8 to the decrease in the
nonradiative lifetime due to phonon-assisted transitions to
more extended, short-lived localized states or uphill tun-
neling to other My centers followed by downhill tunneling
to “sinks” such as D{.
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FIG. 6. Time dependence of M{ peak intensity following

shutoff of the exciting laser light. Relative vertical scale for the
three values of x is arbitrary.
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FIG. 7. Power-dependent decay curves for x =0.86 following
laser shutoff at zero delay time. A power of P, corresponds to
the onset of saturation. The curves have been arbitrarily shifted
vertically for ease of viewing.
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FIG. 8. Temperature-dependent decay curves for x =0.86.
Characteristic decay times at temperatures 7' are indicated.

Curves have been shifted vertically.

Figure 9 shows how the My peak and its TA* and LAY
sidebands depend on delay time for the x =0.65 sample.
The shift of the peaks to longer wavelengths with increas-
ing delay ¢ implies that the longer-lived centers have a
deeper binding energy. This is consistent with the nonra-
diative tunneling decay model. Note that with increasing
t the phonon sidebands increase relative to the no-phonon
band. This is due to the distribution of no-phonon decay
rates W;.!2 The one-phonon decay rate W, being from a
momentum conserving process, is expected to be unaffect-
ed by small difference in binding energy.

This variation of the intensity ratio of the no-phonon to
its phonon sideband can be qualitatively understood as
J

—(Wot W+ W )T, —(Wot Wi+ W, 0t

Je
WO + Wl + Wnr

. Wog(l—e
—Ny= 08

—(Wot Wi+ Wyt

Fy(t)= Woe
o= WO + Wl + Wnr
=Wy [T Mo gy (5b)
Similarly the one-phonon radiative decay rate obeys
—N(t)=g[F{()—F,(t +T)], (6a)
where
Fyo=w, [7e "ot gy (6b)

The average of the distribution of radiative decays
obey!?
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FIG. 9. M{ and its phonon sidebands at 2 K for x =0.65 at
various delay times. The laser was on for 10 us for all curves.
The counting gate width was 1 us for the two lowest curves, 4
us for the second curve from the top, and 10 us for the top
curve. Intensity scales have been adjusted for the difference in
integration time.
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follows: If the laser generates My centers at a rate g and
is on for a time T, the number of M{ centers will be
—(Wo+ Wi+ W, )T)

g(l—e
N= . (4)
W0+W1+Wnr

The no-phonon radiative decay rate is given by

=g[Fo(t)—Fy(t +T)], (5a)
'
(e_W"t'):——'—l——— (7a)
1+ (W)t~
— Wt /4
(Wee "oy = — Vo) (76)

(A+{(Wt'? -~

For the average over the nonradiative decays, we intro-
duce a function Q (¢):

—W_.(t)

(e "™ )=01(). (7¢)
Equations 5(a) and 5(b) and 7(b) and 7(c) yield
T 9 (e ar

(14+{Wode'?
and Egs. 6(a) and 6(b) and 7(a) and 7(c) yield

—(No(0)=g(Ws) [, (8a)
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—w,r
. t+T Qe V' ar
—(Ny(0)=gW, [, IV AT (8)
For a time t; << { W) ~! we obtain

' w
LU W (92)
(No(ﬂ)) <W0>

and for a time ¢, >>T we obtain

N, (tp) W,
¢ 12 ) (1+{Wp)ty) . (9b)
(No(ty)) i)

- By applying Egs. 9(a) and 9(b) to the data in Fig. 9 with
t;=1, t,=52.5 us, we find

(W0>=% ’

W~ (10b)

(measured in units of inverse us). These are rough esti-
mates. More time-dependent data are required for a de-
tailed analysis.

The shift in Mg position to larger binding energies with
increasing time delay apparent from Fig. 9 implies dlf—
ferent time dependences for different portions of the M
line. This is seen more clearly m Fig. 10. The more
weakly bound portion of the MY line (¢) decays much
more rapidly than either the center of the line (b) or the
more strongly bound portion of the line (a).

(10a)

E. Relative intensities

The three spectra shown in Fig. 1 were measured under
identical conditions in a same run. If we assume that both
the concentratlon and the distribution of nonradiative life-
times of M centers are independent of x, then the intensi-
ties of the M{ line should be proportlonal to the mean ra-
diative decay rate { W, ), which in turn should be propor-
tional to the mean-square random alloy potent1al
8v2=x (1—x)(dE, /dx)* d1v1ded by A% where A is the
difference between the M energy and that of the direct
gap at the T point.!"!? Values for the measured relative
intensity, v, A, and 8v2/A? are glven in Table II. It is
seen that the relative intensity of M approximately obeys
the expected proportionality of v2/A% The LA sideband
has the same recombination channel as the zero-phonon
line, but an electron- phonon matrix element replaces &v,
hence W, and the LA% intensity should be proportional
to A~2, which is approximately the case. The other pho-
non sidebands decay through higher direct gaps and hence
will have smaller effective values of A~2. (The data for
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FIG. 10. Time decays for three portions of the MY line for
x =0.66. Open circles (b) refer to the peak of the line (at short-
time delays); closed circles (a) refer to that portion of the line
with 2.45 meV greater binding energy than the peak; squares (c)
refer to that portion of the line with 2.45-meV less binding ener-
gy than the peak.

the TA sideband are obtained from the time-delayed spec-
tra shown in Fig. 2 of Ref. 10.)

F. Nonradiative decay

We believe that the principal reason for the differences
among the three curves in Fig. 6 is the dependence upon x
of (W,) and W, as discussed in Sec. II E. The decay of
the x =0.50 curve is primarily radiative, that of the
x =0.86 curve is primarily nonradiative; the dashed line is
our estimate for the nonradiative part Q (¢). This estimate
was made by correcting the experimental curve for the ra-
diative dependence [Eq. 8(a)] using

(Wy)=0.40
W, =0.26 .

(11a)
(11b)

TABLE II. Relative intensities of Mg and its phonon satellites; 8v is the rms random potential and A

is the energy difference from M{ to the direct gap.

Sv A
X M TAY LAY TOY (meV) (meV) (8v/A)?
0.86 2.7 0.49 1.54 0.42 176 398 0.20
0.66 8.2 0.77 3.8 0.51 208 213 0.95
0.50 80.0 40 33.6 2.4 175 63 772
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(measured in units of inverse 100 us).

The calculation of Q (z) has been given in integral form
by Thomas et al.'® and a useful approximation by Searle
et al.®® Because of the small range of delay times used so
far and the difficulty of accurately correcting for radiative
decays, we do not yet have sufficiently good data on Q(¢)
to compare with these results.

IV. SUMMARY AND CONCLUSIONS

The strong reduction in intensity of Mg with increasing
temperature shown in Figs. 2, 4, and 8 is evidence of ac-
cessibility to a given M center of a shorter-lived, higher-
energy state—either an excited state of the original center
or a neighboring higher-energy Mg center. The power
dependence presented in Figs. 5 and 7 is evidence that the
radiative decay processes of M 6" can be saturated before
the nonradiative decay processes. This is unlike the case
of indirect GaAl,As;_, near crossover to direct
behavior,!! where the radiative decays are much more ra-
pid, and where the nonradiative processes saturate first.
Saturation in GaAs;_,P, is attributed to Auger decays of
biexcitons.

Figure 9 and 10 clearly show that the more weakly
bound portion of the M centers decay more rapidly by an
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order of magnitude over the M line shape, consistent
with a tunneling picture of nonradiative decays. In addi-
tion, Fig. 9 shows that there is a distribution of zero-
phonlon radiative decay rates W, and that (W,)~(35
us) .

While none of these properties of M7 centers prove that
they are due to excitons bound to fluctuations in the alloy
potential, all are consistent with such a picture. The X-
point phonon sidebands point to M as an effective-mass
center, not an extrinsic center of the isoelectronic type. In
a planned future paper we shall develop further the model
for the density of states of M centers sketched in Ref. 10
and present model calculations for the time-dependent de-
cays.
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