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Anomalous selection rules and heavy-light hole beats: Stress effects in GaAs
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Time-resolved measurements of the coherent emission due to excitons in GaAs show a polarization-
dependent phase shift of the heavy-light hole exciton beating observed in the linear optical response and
deviations from the usual polarization selection rules. The anomalies are ascribed to the presence of strain in
the plane perpendicular to that of the light propagation. The data are in qualitative agreement with theoretical
calculations based on the strain-orbit Hamiltonian and a simple harmonic model for the excitonic resonances.
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Since the development of ultrafast lasers, coherent t
sient studies have made important contributions to the un
standing of the electronic and structural properties of se
conductor systems and, in particular, GaAs.1 Such studies are
motivated primarily by the fact that experiments with fs res
lution make possible measurements of parameters difficu
obtain by other means. This methodology is also critica
the development of new ultrafast optoelectronic devic
Central to optical studies in semiconductors is the und
standing of exciton dephasing and many-body interaction2,3

as they play a major role in the semiconductor’s reson
response. In the investigation of these effects, m
studies,4,5 including work on biexcitons,6 and on excitation-
induced dephasing,7,8 rely heavily on the validity of the cir-
cularly polarized optical selection rules~CPOSR! to isolate
the contributions of allowed transitions. These rules de
mine the spin orientation of the state created by the opt
field. They follow from theP(S) character of the valenc
~conduction! band and the cubicTD symmetry of GaAs.
Early work on Ge, Si, and GaAs~Ref. 9! has shown, how-
ever, that the presence of strain breakingTD symmetry can
modify these rules if it leads to heavy-light hole band m
ing. Since the presence of built-in stress arising from
growth and sample preparation is unavoidable, it is import
to understand its effect on the optical and electronic respo
of the material as they relate to the outcome of coher
transient experiments.

Effects due to stress can be investigated by measuring
temporal evolution of the coherent emission induced b
single ultrashort pulse. Interesting coherent phenomen
semiconductors such as polariton beating,10 Rabi flopping,11

and dipole coherence beats12 have been reported using th
approach. In these experiments, a transient coherent op
field induces an electronic coherence aligned with the fie
The induced polarization, which oscillates at the natural f
quency of the resonance, gives rise to a radiated field th
phase matched in the direction of propagation of the incid
field. Electronic dephasing results in a loss of coherence
ducing an exponential decay of the macroscopic polariza
and, thus, on the radiated field. Consistent with the symm
of GaAs, the radiated and incident fields have the same
larization. Thus, emission that is~linearly or circularly! cross
polarized to the incident field is a signature of symme
PRB 600163-1829/99/60~12!/8970~5!/$15.00
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breaking in the plane perpendicular to the light propagati
As we discuss here, this also reflects heavy-light hole mix
or, equivalently, CPOSR violation.

In this work, we report the observation of linearly cros
polarized emission that corresponds to approximately 3%
the total emitted resonant field. Our data also show that
time evolution and frequency spectrum of the cross-polari
signal differs from that of the allowed emission. In partic
lar, the heavy-light hole beats have ap phase shift with
respect to the beatings in the allowed configuration that
show to be a direct consequence of the sum rule dicta
that the strain-induced change in the light-hole~lh! and
heavy-hole~hh! oscillator strengths have different signs. Th
experimental results are in good agreement with calculati
of the dielectric constant«~v!, assuming a simple harmoni
oscillator model for the excitonic resonance. The stre
induced changes in«~v! were calculated using the strain
orbit Hamiltonian13 in the presence of biaxial strain.

We use a 0.3-mm-thick molecular-beam-epitaxy~MBE!
grown GaAs bulk semiconductor sample bonded to a s
phire disk ~c-axis normal! with the substrate chemically
etched to allow for transmission experiments. The absorp
spectrum of the sample~see Fig. 1! shows the lh and hh
excitonic resonances separated by 6 meV, indicating
presence of uniaxial strain. The sample shows no signific
Stokes shift in the luminescence spectrum when compare
the absorption spectrum also shown in Fig. 1.

The experimental configuration is shown in Fig. 2. T
sample, placed in an optical cryostat at approximat
T56 K, was excited by a single beam of 120-fs laser tun
between the lh and hh transitions~center at 1.507 eV!. The

FIG. 1. Photoluminescence~upper curve! and absorption~lower
curve! spectra of the bulk GaAs sample.
8970 ©1999 The American Physical Society
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estimated exciton density was;231015cm23. The induced
coherent emission following each pulse was time resolved
mixing it with a reference pulse in an efficient secon
harmonic generation crystal. A metallic mask in front of t
photomultiplier tube~PMT! blocked the portion of the trans
mitted beams that was not up-converted in the crystal an
high-pass optical filter absorbed the scattered light in
direction of the second-harmonic emission at the fundam
tal frequency. The intensity of the second-harmonic field a
function of the time delay between the two pulses was
tected by a PMT and the generated photocurrent was m
sured by a lock-in amplifier. The second-harmonic field
tensity as a function of time delay represents the cro
correlation function between the two field intensities. Bo
the excitation and reference pulse were generated by a
Sapphire oscillator allowing for a pulse-width limited tim
resolution. The polarization of the coherent emission w
analyzed by a pair of fixed polarizers. Polarizer A sets
polarization of the incoming pulse and polarizer B analyz
the emission parallel~co-polarized! or perpendicular~cross-
polarized! to the excitation beam. To minimize the polariz
tion leakage due to the optical elements in the beam p
~i.e., sapphire disk, cryostat windows, etc.! we inserted a
Babinet Soleil compensator~BSC! before polarizer B to
compensate for the birefringence introduced by these op
elements. The polarization extinction ratio at the cross c
relator at zero delay was in the range 1025– 1026 when the
beam passed through the rest of the setup but not throug
sample. We kept the growth direction~z! perpendicular to
the sapphire disk and parallel to the propagation of the lig
and used broadband optical components to ensure a fla
quency response throughout the entire pulse bandwidth~14
meV!. The spectra of the co- and cross-polarized sign
were obtained by placing a mirror after polarizer B and
recting the beam to a spectrometer.

Our experimental results are shown in Fig. 3. The up
plot shows the time evolution of the co- and cross-polariz
coherent emission. The co-polarized signal is character
by a nonresonant fast contribution that dominates at tim
close tot50 followed by a slower resonant contribution du
to the hh and lh resonances. The energy difference betw
these excitonic states manifests itself in the beating
modulates the decay of the signal. As shown below,
phase of the beats gives information on the relative phas
the generated optical fields that is not present in the po
spectrum.

FIG. 2. Experimental configuration.
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The cubic symmetry of GaAs predicts that there should
no coherent emission cross polarized to the incident fie
That contradicts our findings in that not only does a cro
polarized signal exist, but its time evolution differs consi
erably from that of the co-polarized signal as seen in
solid curve of Fig. 3. The cross-polarized signal is domina
by the resonant response and the lh-hh beats have ap phase
shift with respect to the beats in the copolarized signal. T
cross correlation between the excitation pulse and the re
ence pulse, also shown in the plot, defines the time resolu
of the experiment.

The lower plot displays the frequency spectrum of t
copolarized and cross-polarized emission, and the excita
pulse. Unlike the co-polarized signal, the cross-polarized
nal has a spectrum that is dominated by the resonant co
bution. The cross-polarized field component accounts
about 3% of the emitted resonant field.

In the following, we show that the resonant nature of t
cross-polarized signal as well as the phase shift in the lh
beats result from the presence of biaxial strain. There are
contributions to the strain in this sample. An unavoidab
built-in strain formed during the growth process and a str
induced by mismatch of the mechanical and thermal coe
cients between the GaAs layer and the supporting subst
in this case a sapphire disk typical in low-temperature opt
experiments. The mismatch, in addition, gives to the built
stress in the GaAs layer a preferred direction~namely, per-
pendicular to the growth axis! which creates a uniaxia
strain. The 6-meV lh-hh energy splitting observed in the a

FIG. 3. Experiments. Time evolution~upper panel! and fre-
quency spectra~lower panel! of the co-polarized and cross
polarized emission. The autocorrelation~upper panel! and the spec-
trum ~lower panel! of the excitation pulse are also shown. For t
cross-polarized data, the resolution is spectrometer limited~the slits
were opened to obtain adequate signal to noise!.
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8972 PRB 60N. H. BONADEO, D. G. STEEL, AND R. MERLIN
sorption spectrum~Fig. 1! or, alternatively, in the tempora
lh-hh beating~Fig. 2! as well as the redshift of excitoni
resonances are a direct result of this strain. In general,
strain is not perfectly isotropic in the plane and thereby
can lead to anisotropic changes in the eigenstates of the
tem that, in turn, modify the dipole moments of the optic
transitions. This is the source of CPOSR violation.

To account for the effects of strain, we write the effecti
Hamiltonian of the crystal asĤ5Ĥ01ĤSO1Ĥ« and con-
sider the usual basisu1/2,61/2& ~split off subband!, u3/2,
61/2& ~lh!, and u3/2,63/2& ~hh!, taking theẑ axis ~001! as
the quantization axis. The first term,Ĥ0 , represents the non
relativistic Hamiltonian for which the three states have
same energy, the second term is the spin-orbit interac
that separates the split-off and the lh and hh bands by
amountDEso. The last term is the orbital-strain Hamiltonia
for wave vectork50. Assuming a diagonal strain tensor wi
componentsexx5e'1de, eyy5e'2de, andezz5ei where
e'5aei and a is the Poisson’s ratio for GaAs, the strai
orbit Hamiltonian can be written as

Ĥ«52a~122a!ei23bS L̂z
22

1

3
L̂2D

3~11a!ei23bde~ L̂x
22L̂y

2!. ~1!

From our measurements, we know that the difference
tween thex andy strain components, 2de, is small because
the cross-polarized signal is about 3% of the copolari
field component. Therefore, to lowest order in the strain
new eigenstates of the system are

U32 ,6
3

2L
e

5U32 ,6
3

2L 1a2U32 ,7
1

2L
and

U32 ,6
1

2L
e

5U32 ,6
1

2L 1
a1

&
U12 ,6

1

2L 2a2U32 ,7
3

2L
where a15@2bei(11a)#/DEso and a25)de/@2ei(1
1a)#. Hence, the uniaxial strain splits the lh and hh ban
while the in-plane anisotropy component of the strain ten
mixes them.

We calculate the changes in the oscillator strength a
function of the unperturbed oscillator strength and the str
tensor components. The modified oscillator strength of
transitions can be written asf i , lh8 > f lh2d f so1d f i , lh , f i ,hh8
> f hh1d f i ,hh and f so8 > f so1d f so where f i , j8 is the oscillator
strength of thej 5 lh,hh resonance for light polarized alon
the i 5x,y axis. The changes in the oscillator strength are

d f x,hh52d f y,hh> f hhS 2
a2

)
D ,

d f x, lh52d f y, lh> f lh~22)a2!,

d f x, lh52d f x,hh,

d f SO5a1f SO. ~2!
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Clearly, the total oscillator strength is conserved as predic
by the sum rule. Using a simple harmonic oscillator mod
for the linear optical response of the exciton system, we
tain the following expressions for the dielectric response
sociated with thex andy axes:

ei~v!5eb14px res~v!14pdx res~v! i1dei ,b , i 5x,y
~3!

where

x res~v!5
~ f lh2d f so!

~v lh2v!1 ig lh
1

f hh

~vhh2v!1 ighh

is a susceptibility that reflects the isotropic resonant con
bution, and

dx res~v! i5
d f i , lh

~v lh2v!1 ig lh
1

d i ,hh

~vhh2v!1 ighh

describes the stress-induced resonant birefringence.eb;13
accounts for the nonresonant contributions to the dielec
constant14 dei ,b is the stress-induced nonresonant birefr
gence (dex,b52dey,b), and vhh~vlh! and ghh~glh! are, re-
spectively, the resonance frequency and the damping c
stant of the hh~lh! resonance.

We solve Maxwell’s equations inside the material to o
tain the field after it propagates a distanced:

S Eco~d,v!

Ecross~d,v! D
5S E0~0,v!@cos2~u!eikx~v!d1sin2~u!eiky~v!d#

2E0~0,v!sin~2u!~eikx~v!d2eiky~v!d! D .

Expanding this expression foruky(v)2kx(v)ud!1 we ob-
tain

S Eco~d,v!

Ecross~d,v! D
'E0~0,v!eikx~v!dS 11 i @ky~v!2kx~v!#d sin2~u!

2 sin~2u!i @kx~v!2ky~v!#d D .

~4!

Here,u is the angle between the polarization of the field
z50 and thex axis, E0(0,v)51/2p*2`

` eivt@E0(0,t)#dt is
the field atz50, andki(v)5v/cAmei(v) is the wave vec-
tor for light polarized along thei axis. The subindices ‘‘co’’
and ‘‘cross’’ indicate fields polarized parallel and perpe
dicular to the driving field atz50. We note that to lowes
orderuky(v)2kx(v)u}F(v)de/e' , whereF(v) is an arbi-
trary function ofv.

To compare our calculations with the experimental da
we numerically solve Eq.~4!, obtain the spectrum, and fin
the cross correlation with the reference beam. We assum
Gaussian pulse profile with full width equal to 120 fs. Th
oscillator strength, resonance frequency, lh-hh splitting, a
damping constants are taken from the absorption spectr
Even though many parameters are involved in the numer
calculations, the qualitative features do not depend sign
cantly on the particular set chosen, thus, no effort was m
to find the best fit. The theoretical results foru5p/4, de-
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picted in Fig. 4, reproduce the important features of the m
surements, namely, a small cross-polarized coherent com
nent dominated by resonant emission that shows lh
beating, phase shifted byp. This last result reflects the op
posite sign of the differential oscillator strength in thex and
y axes@Eq. ~2!#.

It is important to emphasize the fact that the angleu af-
fects the amplitude, but not the overall behavior of the cro
polarized signal. Experimentally, we did not observe a stro
dependence of the cross-polarized intensity on the angle
tween the light polarization and the crystal axes, except c
to the edges of the sample. From this we infer that the
entation of the principal axes of the dielectric tensor is
uniform but fluctuates on a length scale small compared
the laser spot size of;200 mm.

From the value of the lh-hh splitting we can estimate t
of the uniaxial strain and, then, use this value, together w
the measured cross- and copolarized signal strength rati
calculate the amount of strain anisotropy inx-y plane. We
are also taking into account that the signal intensity is
average over the angleu. The calculation yieldsei;6.8
31024 and the averagede;331025. We note that while
this paper examined the strain-induced changes in the p
ization in the limit of the linear optical response, at high
excitation levels, coherent exciton-exciton interactions h
been predicted to significantly modify the polarization pro
erties in these strained systems.15

We have also observed strain-induced effects in ot
bulk GaAs and GaAs/AlxGa12xAs quantum well samples
Figure 5 shows data obtained in a quantum well sample c
sisting of 10 periods of 100-Å GaAs wells and 100-Å
Al0.3Ga0.7As barriers grown by MBE. The experimental co
ditions were the same as in the previous experiment.
data show many similarities to the data obtained in b

FIG. 4. Calculations that simulate the data of Fig. 3. Time e
lution ~upper panel! and frequency spectra~bottom panel!.
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GaAs. The temporal oscillations of the cross-polarized a
co-polarized emission are initiallyp shifted and the cross
polarized emission spectrum has clear resonant feature
expected from our model. We note, however, that the per
of the cross-polarized temporal oscillations is shorter th
that of the co-polarized temporal oscillations. This is a
reflected in the small frequency shift in the cross-polariz
spectrum with respect to the absorption resonances obse
in the co-polarized emission. The physical origin of th
phase shift and the difference in the period of the tempo
oscillations cannot be accounted for in our model and
currently under investigation. We expect the stress-indu
effects described in this work to be present in other mater
and heterostructures as well, in particular those with a la
lattice mismatch, which show large built-in strain in th
growth plane.

Our time-domain method for estimating the strain h
some advantages over the more traditional cw ellipsometr16

A simple example is when a broadband nonpolarized ba
ground scattering source such as surface roughness is pr
in the sample and cw experiments cannot distinguish
tween the scattering light and the signal. Here, our appro
provides a background free determination of the reson
component because the scattered light contributes onl
times close tot50, allowing measurements to be made aw
from zero delay. Another clear advantage is that we can
tain information about the relative phase of the emitted fie
as discussed above, that is not present in the power spec
In our experiments this allowed for the measurement of
relative sign of the lh and hh oscillator’s strength chan
finding it consistent with the proposed biaxial induced bi
fringence model.

In summary, we have shown that the presence of bia

- FIG. 5. Measured time evolution~upper panel! and frequency
spectra~lower panel! of the co-polarized and cross-polarized em
sion in a quantum well sample.
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strain in GaAs leads to coherent emission that is cro
polarized with respect to the polarization of the excitatio
pulse, in disagreement with CPOSR predictions. The tim
evolution of the signal reveals a polarization depende
phase shift of lh-hh beats. The temporal response as wel
the frequency response of the signal are in qualitative agr
ment with theoretical predictions based on the orbital-stra
model.9
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The use of time-domain techniques to measure str
should allow one to extend birefringence studies to samp
in which background scattering is the limiting factor an
obtain information regarding the sign of the induced chang
that is not available in standard cw ellipsometry.16

This work was supported by ARO, AFSOR, and NS
through the Center for Ultrafast Optical Sciences. We wou
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