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Polarization dynamics and optical selection rules for excitonic transitions in strained
guantum wells
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Dual-beam spectral interferometric techniques are used to time resolve the polarization state of the coherent
emission from both intentionally and unintentionally strained GaAg:& _,As multiple quantum wells fol-
lowing irradiation with very weak femtosecond pulses. Any anisotropy in the in-plane strain is shown to result
in dramatic oscillations in the intensity, the orientation, and the ellipticity of the coherent emission at the
heavy-hole, light-hole beat frequency. This behavior is shown to be the result of replacing the circularly
polarized optical selection rules with elliptically polarized selection rules in the uniaxially strained sample.
When only the heavy-hole transition is excited with linearly polarized light, these elliptical selection rules lead
to a linearly polarized coherent emission that is rotated with respect to the incident orientation. The degree of
rotation of the coherent emission as a function of sample orientation is used to quantify the anisotropy in the
strain. When the in-plane strain is uniform, no such rotation and no light-hole, heavy-hole beats in the
polarization state of the coherent emission are observed.

DOI: 10.1103/PhysRevB.64.035302 PACS nunier78.67.De, 71.35.Cc, 78.4%p, 42.50.Md

[. INTRODUCTION removed with a selective etch, and an antireflection coating
was applied to the top surface. The second sample was pro-
Dephasing processes in semiconductors have been studiedssed in a similar manner, except that the sample was
in detail in recent years.The circularly polarized optical bonded to ab-cut LiTaO; substrate with thes axis in the
selection rule§CPOSR for the heavy-holghh) and light-  plane of the sample along th&10] axis, as shown in Fig.
hole (Ih) excitonic transitions have played an essential role inl(b). Measurements$to be described belowwere then per-
the interpretation of many of these experiments. In additionformed on each sample at 80 K. The thermal expansion
it is often impossible to avoid introducing stress and straincoefficient§® of GaAs, BK7 and LiTa@are shown in Table
into the samples used in these experiments during growth The thermal expansion coefficients of GaAs and the amor-
and fabricatiorf. For this reason, it is important to understand phous BK7 glass are close, but not identical. Consequently,
and to quantify the effects of stress and strain on the opticahe sample in Fig. () will be strained, but the strain is
selection rules. Here, we describe our use of dual-beam speexpected to be uniform in the plane of the sample. By com-
tral interferometric techniques to time resolve the polarizaparison, the sample in Fig.(ld) will experience a net com-
tion state of the coherent emission induced by a single ulpressive uniaxial strain along tkeeaxis®=8
trashort optical pulse in intentionally and unintentionally — The polarization state of the coherent emission induced in
strained multiple quantum we{MQW) samples. From the each of these samples by a single 172 fs pulse from a mode-
dynamics of the polarization state, we determine whether thiocked Ti:sapphire laser was measured using a dual-beam
sample is uniformly or anisotropically strained in the planespectral interferometer that we have described
of the wells. For the special case of a uniaxially strainedpreviously>®!°as indicated schematically in Fig. 2. For our
sample, we demonstrate that the polarization selection rulgsurposes, we need only recall that this interferometer allows
are elliptical, as expected, and we extract a numerical valugs to time resolve the amplitude, the phase, and the polariza-
for the difference in the strain tensor elements. That is, weion state of the emitted signal. Also, for the measurements

quantify the strain. to be described in this paper, the incident pulse was always
linearly andx polarized, and the sample was rotated by an
IIl. EXPERIMENTAL TECHNIQUE angle 6 with respect to the linear polarization of the incident

field as shown in Fig. @). The notation that we use for the

The two samples used in this study are shown schematpolarization ellipse of the emitted light is shown in FigcR
cally in Fig. 1. The first sampl¢Fig. 1(a)] was prepared Here, fsiq designates the orientation of the polarization el-
using a standard procedure that (@a@d othersroutinely use
to prepare our samples for four-wave mixing and other non-
linear optical studied.In this case, no strain and no anisot-
ropy were intentionally introduced. In the second sample
[Fig. 1(b)], we intentionally introduced a uniaxial strain.
Each sample was prepared from a separate piece of the same
wafer, which consists of ten periods of 14-nm-wide GaAs @)
wells alternating with 17-nm-thick gkGa, ;As barriers
grown on a(001)-oriented GaAs substrate. The first sample  FIG. 1. Schematic drawing @#) the uniformly strained an¢b)
was glued to a BK7 glass window, the GaAs substrate waghe uniaxially strained samples.
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TABLE I. The thermal expansion coefficients of the sample and o — T T T ]
windows at room temperature. % Copolarized

Thermal Expansion

Intensity
[
17}

Material Coefficientx 1078/°C Reference
GaAs 6.15 4
BK7 glass 7.1 5
LiTaO; (alonga) 16.2 4
LiTaO4 (alongc) 4.1 4

lipse ande denotes the ellipticity angle, which is determined
by the ratio of the minor axis to the major axis.

In general, the emission traveling in the direction of the
incident pulse will consist of the transmitted portion of the
incident pulse, the first-order coherent emission, and higher-
order contributions to the coherent emission. However, the
excitation pulses used in the experiments to be reported here
had a fluence of~20 nJ/cm, which would produce an esti-
mated areal carrier density ef10° cm™2 (or ~10"cm™3).
Consequently, the coherent emission is weak and is domi-
nated by the first-order term. Unless otherwise stated, the ST,
laser was tuned so that bokth and Ih excitonic transitions -180 1.52 1.53 1.54
were excited. ’ ) )

For the measurements on the uniaxial sample, a second Energy (eV)
LiTaO5 window was attached to the first and rotated by 90°, . o
so that the optical anisotropy from the first substrate would FIG. 3. The spectrally resolved emission from othe uniaxially
be compensated by the second. Nevertheless, a small rgt_ramed sample when the sample was rotateitte- 45° and when
sidual anisotropy remained after the insertion of the secon oth thehh and Ih excitonic transitions were exciteda) the x

substrate. This remaining anisotropy was systematically regomponemX(w) and(b) they component,(w) of the intensityin

- . . arbitrary unit$ and(c) the spectral phase differengg(w)- ¢y (o)
moved by carefully measuring the Jones matrof the pair (in degrees between thex andy components of the field. Notice

of substrates. The latter was accomplished by measuring thg; they component of the intensity has been multiplied by a factor

output polarizations after transmission .through the pair oty go for comparison on the same scale astt@mponent. The

substrates for four known input polarizations. The Jones Masy|id jines are data, and the dashed curves are the results of simu-
lations described in the text.

Intensity

Phase difference

MQW
Dual trix was subsequently calculated from three of the known
‘ Beam input polarizations and the corresponding measured output
/L> Spectral polarizations. As a check, the fourth input polarization was
Interfero- then calculated from the measured output polarization using
meter the calculated matrix. Finally, to ensure consistency, this

procedure was repeated for all combinations of the known

Reference . o
input polarizations.

@

ﬁ? IIl. RESULTS FOR THE UNIAXIAL SAMPLE

('b) (;) is shown in Fig. &). (The dashed lines are the results of
simulations to be discussed belgwor these measurements,
FIG. 2. (a) The experimental geometry for time resolving the the sample was oriented such that the strain axis was at 45°
polarization state of transmitted and coherently emitted light usingVith respect to the incident polarizatidne., = —45° in
dual-beam spectral interferometry. Schematic drawings shofing Fig. 2(b)]. The spectrum of the copolarized signal is identical
the orientation of the sample relative to the incidesptolarized  to that of the incident pulse, except for small dips located at
radiation and(c) the notation used to describe the polarization el-the hhandlh resonances, indicating that the copolarized sig-
lipse associated with the transmitted and emitted radiation. nal is dominated by the transmitted portion of the incident

We discuss the results for the uniaxially strained sample
first. The measured spectrum of the copolari@eith respect
to the x-polarized incident fieldcomponen{|,(w)] of the
emission is shown by the solid line in Fig(a®, and the
spectrum of the orthogonally polarized componpi{ ) ]
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ence beats that are 180° out of phase with those for the
parallel component. The temporal phase differeheg(t)

— ¢y(t)] between the copolarized and cross-polarized fields
is shown in Fig. 4b), and it too exhibits oscillations at the
hh-1h beat frequency. Notice that we show the phase differ-
ence only for times after the transmitted pulse has passed.
The transmitted portion of the incident pulse is linear and
polarized, and during the period that it is present, it so domi-
nates the signal that it determines the polarization, making
the phase difference between it and the crossed component

relatively irrelevant and difficult to determine.

It is interesting to note that the data shown in Fig&) 3
and 3b) could have been obtained by performing measure-
ments of thex andy components of the signal with a spec-
trometer, and the upper and lower curves in Fi@) 4ould
have been obtained, for example, by performing a cross-
correlation measurement between the signal and a reference
pulse in a second harmonic crystal. In fact, when Figa), 3
3(b), and 4a) are taken together, they provide similar infor-
mation to that shown in Fig. 3 of Ref. 2. The phase informa-
tion shown in Figs. &) and 4b), however, is not provided
by these techniques. This information about the relative
phases of the copolarized and cross-polarized components is
essential if the vectorial dynamics of the coherent first-order
emission are to be accurately determined. For example, if
one were to assume that the phase difference between the
and y components of the field in Fig. 4 is zero, then one
and lower curves, respectively, in arbitrary upigsd (b) the tem- would conclude that the emission remains ”nearly pOlarized,
poral phase difference,(t)-¢,(t) (in degreesbetween thecandy ~ but that the polarization direction varies in time. However,
components of the field. The solid lines are data, and the dashdfie time varying amplitudes and phases shown in Fig. 4 sug-
curves are the results of simulations described in the text. gest a more complicated behavior.

The polarization dynamics are more evident if we plot the

pulse. By contrast, the cross-polarized spectrum consists préata of Fig. 4 in terms of the ellipticity angle and the
dominately of emission at thiéa and hh exciton resonances. azimuthal angleds;, that determine the polarization ellipse,
The very presence of a distinct cross-polarized component t8S We have done in Fig. 5. Clearly both parameters oscillate
the signal indicates that the sample is anisotrdpic. at thelh-hh beat frequency. The corresponding temporal
Dual-beam spectral interferometry allows the measurebehavior of the polarization ellipse for one beat period
ment of the spectral phases as well as the spectral amplitudés265 f9 is shown in Fig. 6 for selected times. Notice that
[i.e., Figs. 3a) and 3b)] of the x andy components of the the orientation of the emission oscillates from0° to
signal. The differencke,(w)-¢,(w)] between the phases of ~—45° _and back again each beat period an_d that _the average
the copolarized spectrum and the cross polarized spectrum ientation(~—25°) is rotated toward the axis of high com-
shown in Fig. 3c). The copolarized spectral phagg(w), is  Pressive str.am—that is, .toward tree axis. The glhptlcny.
approximately constant; therefore, the structure evident igo€s from linear to elliptical and then back to linear twice
Fig. 3(c) is predominately associated with,(w). Notice  Per beat period. Finally, the sense of rotation changes from
that the spectral phase difference has no significance, is diflockwise (left circulan) to counterclockwisdright circulay
ficult to obtain, and therefore, is not shown in spectral re-€@ch period. This behavior can be understood in terms of the

gions where there is no measurable contribution from eitheph-1h mixing associated with the uniaxial strain as described
L(w) or Iy (w). in the next section.

The temporal signals that are obtained by inverse Fourier
transformation of the spectral data in Fig.(icluding the
phase informationare shown in Fig. 4. The time-resolved ] ] .
copolarized component of the signalpper solid curve in Thg_effects of the strain can be readily taken into account
Fig. 4a)] is dominated at early times by a strong peak cor-by writing the Luttinger Ham_|lton|an for the valence bands
responding to the transmitted portion of the incident pulsefor a compression along thé 10] direction(our a axis) and
This initial peak is followed by beats associated with thea tension alond110] (our ¢ axig).®®*?7**If the strain is
polarization interference between the linear coherent emidreated as a small perturbation and the split-off band is ig-
sions from thenh andlh excitons. By comparison, the cross- nored, the strained Hamiltonian for the valence band can be
polarized component of the signabwer solid curve in Fig. shown to consist of a 44 matrix composed of two inde-
4(a)] is much weaker, and it exhibits polarization interfer- pendent X 2 matrice$:®?~1%These matrices can be diago-

270
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FIG. 4. The temporally resolved emission from the uniaxially
strained sample when the sample was rotatefHo- 45° and when
both thehh and Ih excitonic transitions were exciteda) the x
component,(t) and they component ,(t) of the intensity(upper

IV. THEORETICAL MODEL
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1
_ _ A _p2\12
a, A (1-V1-R9™, (4)

and where for this strain configuratioR, is defined as the
ratio

(degrees)

sig

d(s,—s0)
Re—3x—

0

, ®)

where ¢, and g, are the compressive and tensile strains
along thea and c axes, respectivelyd is the deformation
potential appropriate for rhombohedral symmetry, @and

the hh-Ih hole splitting under these deformations. The
conduction-band states remain parabolic and are denoted
here as

¢ (degrees)

1
x50 (6)

N| =

&)=

-30 . L In the absence of strain or for a uniform in-plane strain,
500 1000 1500 the valence-to-conduction band optical transitions can be
Time (fs) shown to obey the CPOSR. For an interaction Hamiltonian
of the form — & - E (whereE denotes the incident fieldthe
FIG. 5. The time'resolved polarization State fOr the em|SS|0nn0nzero d|p0|e matrlx Coup“ng elements are g|ven by
from the uniaxially strained sample when the sample was rotated to
6=—45° and when both thbh andlh excitonic transitions were 33
excited:(a) the orientation of the polarization ellipgg;g(t) and(b) I"E—:-;): +(e|ulhhy, = <_ = IL‘_: _> =ue )%, (7)
its ellipticity anglee(t) in degrees. The solid lines are data, and the 22|72 2
dashed curves are the results of simulations described in the text.

3 1

11
nalized to obtain new eigenenergies and eigenfunctions. It is me'= . (elplih), = <§, > ”‘5’_ §> =pel(T4)*, (8)

straight forward to show that, at the zone center, the eigen-

functions of the strained Hamiltonian for the valence band 1 1 13 3
are of the form: M(,): (elplhhy_={=,— 2 pl=,— =) = pe(72)*
eh - M - 2’ 2,"21 2 Men T + ’
hhy. — 3+3+ 3 1 ! 9
| >r—3-1§a—§ a2§1+§ ) (1)
=) 1 1] |31 -
3 3 3 1 e = (elplth)_={ 5.~ Slm5. 5) = pne(G-)*,
llhy.=—a, Eni§>+a1 §,+§>, (2 (10)

where|3/2, =3/2) and|3/2, +1/2) denote the doubly degen- where &, =(a4+i¢)/v2 and &_=(a—i¢)/v2 are the unit
eratehh andlh basis states of the unstrained Hamiltonian, vectors for right and left circularly polarized light, respec-
tively, referenced to the strain axes and whgrg and
1 are thehh andlh matrix elements for the unstrained system,
a;=—(1+1-R)Y? () respectively. ’
v2 : . .

In the presence of an anisotropic in-plane strain, however,
one can use Eq¢l) and(2) to show that the mixing of thia
andhhvalence bands leads to elliptical coupling between the
new eigenstates. In this case, the elliptically polarized optical

selection rulesEPOSR are given by
uG) = (el . = e as(6 )% + 2 ()|,
V3

545fs 620 fs 680 fs 720 fs 810 fs (12)

and

FIG. 6. Sketches of the polarization ellipse at selected N
times during a single oscillation period corresponding to the data M& )= elpllhy, = pe| —Vv3ay(a_)* +a(a,)*],

in Fig. 5. (12
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FIG. 7. The energy-level diagram used to model tiheand lh = L (b) o KN
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Notice that in the absence of anisotropic straig=0 and 90 45 0 45 9% 135
a;=1, and the EPOSR reduce to the CPOSR given by Egs. Sample Rotation Angle 5 (degrees)

(7)—(10). That is, thelhh), valence state is coupled to the _ o _
|e>+ conduction state by right circularly polarized light, and FIG. 8. The gated, time-averaged polarization state for the emis-
the|lh) ., valence state is coupled to the safap, conduc- sion from the uniaxially strained sample as a function of sample
tion state by left circular light. By comparison tHlbh)_ orientation when only thdéh excitonic transition was exciteda)
valence state is coupled to the)_ conduction St,ate by left the total intensityin arbitrary, but relative uni}s(b) the orientation
circularly polarized light, and thélh) valence state is of the polarization ellipség,, and(c) the ellipticity angles. The
coupled to thefe) condtjction state b)_/ right circular light solid circles are data, and the dashed curves are the results of simu-

In this case, there is no preferred direction for absorption. IAatlons described in the text.

the presence of uniaxial strain, thieandhh wave functions (for the moment, assumed to be the same for botandih)
are mixed so that the selection rules become elliptical, witlh is the hh-1h éplitting £is the incident field amplitude
the Major axis .Of thénh elllpseA aligned along_ the compres- 6(t) is the Heaviside s’tep function, antlis the angle be-’
sive strain axigi.e., parallel tod) and thelh ellipse perpen- 0o the compressive strain axis and the incident linear po-

d|cuI§1r to this a>_<|5(.|.e., parallel tof). In other WO“’% thé‘h larization. We will use this expression to guide our qualita-
matrix element is increased along the compression axis a e discussions in the following sections

decreased along the tension axis. In contrastlithiansition

strength is increased along the tension axis and decreased

along the compression axis. Oscillator strength is conserved

through|ay|?+|ap|*=1. The polarization state of the coherent emission as given
When the incident radiation is resonant with the eXCitonibe Eq(15) C|ear|y depends upon Samp|e orientation, and we

transitions, the linear absorption of this system is most easil¢an use this orientational dependence to quantify the strain.

calculated by representing thé andlh excitonic transitions  For these measurements, the laser was tuned so that we ex-

by two independent three-level systems obeying the selectiogited only thehh transitions. Note that when only theh

rules given by Eqgs(11)—(14) as depicted schematically in excitons are excited, EGL5) is simplified by the elimination

Fig. 7. A first-order perturbative solution to the density ma-of all terms multiplied by exp¢iQt):

trix equations for these two systems in response to a delta

V. EXTRACTION OF STRAIN PARAMETERS

function excitation pulse gives P i w2 K
C°S)oc Fen Eo(t)e " (a2+a3/3)| oo
P i/.LZ ’Pcros h Oy
co eh —t 2, .2 2
o E6(t)e™ " [(af+a3/3)+(a
(Pcmsj - ) (t) {[( T+a3/3)+ (a3 pava, Cosm)
R V3 \sin26y) " (16)
2 —ioty| X 28,8, —iot
+ai/3)e ]| f | T [1—e "™ . _ . . .
oy V3 The time-integratedintensity and thdime-averagedri-
entation and ellipticity of the emitted first-order field as a
COS 26X function of the orientation of the sample are shown in Fig. 8
X sin26y) [ (19 when only thehhis excited. These time-averaged parameters

were obtained by gating the time-resolved emission to re-
for the copolarizedP.,, and cross polarizedP,,.scompo-  move the contributions of the transmitted pulse in the follow-
nents of the emission, whereis the exciton dephasing rate ing way. We first time resolved the andy components of
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the intensity and the phase, as described in our discussions 10° — T
surrounding Figs. 3 and 4. For convenience, we then ex- 10" Copolarized |
pressed this data in terms of the time-resolved Stokes = |  \ - Cross Polarized

parameters! and we numerically integrated the time- (x2.5x10%) 7
resolved Stokes parameters beginning at a time of roughly
400 fs after the pump pulse. Finally, we converted the time-
integrated Stokes parameters to time-averaged values for the
ellipticity and the orientation. This procedure was repeated
for each sample orientation. In this way, we were able to
eliminate the effects of the transmitted pump pulsed the
reflection from the second substrate that we describe Helow 1.0
and were able to average over the first-order emission only.
Several features in Fig. 8 are worth noting. First, in agree-
ment with Eg. 16, the emission is in general rotated, but
linearly polarizedi.e., e=0) for all sample orientations. The
total emission is strongest when the incident polarization is
parallel to the compressive strain axi§=0), and it de- . .
creases with angle until the polarization is along the tensile 152 153 154 155 156
strain axes §=90°). When thg incident polari_zation is Energy (eV)
along one of these axes, there is no cross-polarized compo-
nent, and the emission is polarized. However, when the  FIG. 9. The(a) temporally resolved antb) spectrally resolvest
incident polarization is not oriented along either of thesecomponent(solid) andy componentdashed of the emitted inten-
axes, the emission is rotated towards the compressive strafity from the uniformly strained sample when both thie and Ih
axis. excitonic transitions were excited. Notice that theomponent of
The dashed curves in Fig. 8 are the results of simulationfe intensity has been multiplied by a factor of 250" for com-
based on Eq(16) and on the elliptical selection rules given Parison on the same scale as the&omponent. This result was
by Egs.(11)—(14). From such fits, we are able to extract a "dependent of sample orientation.
value ofa,=0.353+0.004. Using this value foa, in Egs.
(4) and(5), we can estimate the net compressive strain to béhe amorphous glass substrate when Wduttand Ih are ex-
£a—£c=—2.3x10"°. In making this estimate, we have cited. The spectra for the parallel and orthogonal intensities
used the measuretih-lh spliting of A=15.6meV and are also showrFig. Ab)]. As in Fig. 4, the copolarized
takend=—4.55eV™® component of the time-resolved signal is dominated by a
Numerical simulations using finite puls&&72 fs, full  peak corresponding to the transmitted portion of the incident
width at half maximum of the intensitythe elliptical selec-  pyise, and this peak is followed by beats associated with the
tion rules given by Eqs11)—(14), anda,=0.353 are shown poarization interference between the linear coherent emis-
by the dashed curves in Figs. 3—6. For these simulations, Wgqn, from thehh andlh excitons. In contrast to the uniaxial
assumed that the pulses were tuned 8.1 meV abov@hhe o, rements, however, the orthogonal signal and spectrum
transition, in agreement with the experimental detuning, o i every respect identical to the parallel signals, except
Clearly, all of the key_featur_es in the data are a_ccurate!){hat they are reduced in magnitude by 40 8, which is
reproduced by these simulations. One exception is the dlse

¢ bet imulati d ) i 260 f'qual to the measured leakage of our analyzer. Thus, to
agreement bétween simulation and eéxperiment near Within the accuracy of our measurements, the light from this
which is particularly evident in Fig. 4. The anomalous ex-

. ; N . o sample is linearly and polarized. This result is independent
perimental behavior at this time has been identified as a r P y P P

: . ) €f sample orientation. This confirms the validity of the
flection fror_n the interface betwe_en t_he crossed_ L'_Im' CPOSRpand confirms that the processing used toymount the
dO\.NS' and '.t has the same _polar|zat|on as the |nC|den_t pUISgample has introduced no measurable anisotropy.

This reflection makes it difficult to extract the correct inten-
sity and phase of the copolarized emission in this temporal
region. One final remark concerning the simulations is that,
in order to correctly account for the decay of the oscillations
in & and g (see Fig. 3, it was necessary to take the dephas-  Time resolving the polarization state of the coherent emis-
ing rate for thelh to be slightly larger than theh. We offer  sjon induced by weak ultrashort pulses from these two MQW
no justification for this ansatz. samples has allowed us to characterize the in-plane aniso-
tropic strain present in the samples. Our intentionally uniaxi-
VI. RESULTS FOR THE UNIEORMLY STRAINED ally strained §ample, mounted on LiTaGshows clear evi.-
SAMPLE dence of anisotropy. From measurements of the time-
integrated polarization state of ti emission as a function
Finally, in Fig. 9a), we show the emission that is copo- of sample orientation, thé@h-lh valence-band mixing pa-
larized and cross polarized to the incident field as a functiomameters have been determined. By comparison, our conven-
of time for the conventionally prepared sample mounted ortional sample mounted on BK7 glass, shows no sign of an-

Intensity (arb. units)
)
[—]

-500 0 500 1000 1500 2000
Time (fs)

Intensity (arb. units)

VIl. SUMMARY AND CONCLUSIONS
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isotropic strain, validating the use of the circular polarizationwhich the sample is prepared and mounted and upon the
optical selection rules in describing the coherent emissiosensitivity of the measurements to any anisotropy present.
from this sample. Finally, as a note of caution, it should be
pointed out that, in contrast to our results using amorphous
substrates and our mounting procedures, another §uamp
investigated samples glued tecut sapphire substrates and  The authors gratefully acknowledge numerous insightful
has found evidence of a small, but detectable, strain-inducecbnversations with Rolf Binder and Eric Gansen. This re-
anisotropy. While these effeétaere small, nevertheless, the search was supported in part by the U.S. Army Research
validity of the CPOSR may depend upon the manner inOffice and the Office of Naval Research.
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