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We report on reflectance-difference spectra ofn-type GaAss001d under af110g uniaxial stress. Measure-
ments where carried out in the energy range from 2.5−5.5 eV. This energy range comprises transitionsE1,
E1+D1, E08, E08+D08, E08+D08+D0 and E2. RD spectra shows sharp structures around 3.0 eV(E1 and E1+D1

transitions). Optical structure is also observed in the energy interval corresponding to theE08-triplet s4.4
−5.0 eVd. Despite the fact that theE2 transition dominates the GaAs reflectance spectrum around 5.0 eV, its
contribution to the reflectance-difference(RD) spectra is found to be negligible. This fact was verified by
polarized photoreflectance spectra. RD spectra are thus found to comprise only components associated to
critical points ofL andG symmetries. Furthermore, on the basis of a perturbative approach, we developed a
theoretical RD line-shape model that shows an excellent agreement with experimental spectra. Results pre-
sented in this paper should probe to be useful in the identification of strain-related features in RD spectra and
should contribute to the understanding of the different physical mechanisms leading to reflectance anisotropies.
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I. INTRODUCTION

Reflectance-difference spectroscopy(RDS) has emerged
in the last two decades as a tool to study surface and inter-
face anisotropies in zinc-blende semiconductors.1,2 In
s001d-oriented crystals RDS measures the difference in re-

flectivity betweenf110g and f11̄0g light polarizations. For
crystals of zinc-blende structure a polarization-independent
reflectance spectrum may be expected from crystal symmetry
considerations.1 Therefore, any observed anisotropy must be
associated to the region near the surface(or interface in the
case of heterostructures) where the cubic symmetry has been
broken.

One of the most important application of RDS regards the
in situ monitoring of the epitaxial growth of zinc-blende
semiconductors.3,4 For these applications RDS offers advan-
tages over other techniques due to its high sensitivity and
experimental simplicity. Nevertheless, because the cubic
symmetry may be broken for a number of physical mecha-
nisms(surface reconstruction,5–9 dislocations,10–12 local field
effects,13 surface electric fields,14 etc.), RD line shapes are
prone to comprise more than one component, thus making
their interpretation difficult. The lack of an adequate theoret-
ical understanding of RD line shapes has limited the wide-
spread use of RDS as anin situ, real time probe for epitaxial
growth processes.

A reflectance anisotropy may also be induced by applying

an external uniaxial stress along eitherf110g or f11̄0g. Such
stress changes the zinc-blende symmetry from cubic to
orthorhombic inducing a RDS signal that increases with ap-
plied stress strength. RDS measurements of GaAs, InP, and
ZnSe under an uniaxal stress have demonstrated the high
sensitivity of this spectroscopy for the determination of
piezo-optical properties of cubic semiconductors.15,16

In this paper we report on the results of a research under-
taken to determine the experimental RD line shape of

GaAss001d crystals under af110g uniaxial stress, in the en-
ergy range from 2.5−5.5 eV. We further report on the devel-
opment of a theoretical RD line shape that accurately de-
scribes the observed experimental spectrum. The
investigated energy range comprises critical points ofL, G,
D, X, and S symmetries.17,18 The applied stress, however,
does not renderD and X transitions anisotropic and thus they
do not contribute to the RD line shape. Furthermore, it is
found thatS transitions are largely isotropic under the ap-
plied stress. The experimental line shapes in the energy range
investigated in this paper are therefore found to comprise
only contributions from critical points ofL and G symme-
tries. Results reported here should prove to be useful in the
identification of stress-related features in RD line shapes.

The rest of the paper is organized as follows: In Sec. II we
discuss experimental details, in Sec. III we present experi-
mental RD spectra, and in Sec. IV we develop the RDS
theory for L and G critical points. Using this theory we fit
the experimental results in Sec. V. Finally, conclusions are
given in Sec. VI.

II. EXPERIMENTAL DETAILS

RDS measurements were carried out in air and at room
temperature onn-type GaAss001d crystals with a carrier con-
centration ofn=5.631016 cm−3 that was cut from a com-
mercial wafer with no further treatment. RD spectra were
obtained in the energy range from 2.5−5.2 eV by using a
setup described elsewhere.19 A 75-W Xe lamp was employed
as the light source and a silicon diode as the photodetector.
The samples were cut out from commercial wafers in pieces
3.033.030.5 mm in size. Crystal direction were deter-
mined by etching in(KOH).20 RDS measurements were car-

ried out by applying a stress along eitherf110g or f11̄0g by
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using a calibrated spring. The experimental setup allowed us
to apply stresses up to −5.03109 dyn/cm2. To get rid of any
parasitic signal, two RD spectra were measured at each ap-
plied stress, at two azimuth angles 90° apart. The artifact-
free signal was obtained by subtracting the two measured
spectra.19

In order to model RD spectra, we measured the sample
dielectric function by spectroscopic ellipsometry(SE) by us-
ing a rotating analyzer ellipsometer.21 The measured
pseudodielectric functionk«l was corrected for the presence
of a GaAs oxide layer. The oxide thickness was determined
by applying a three-phase(bulk-oxide-ambient) model,22 as-
suming sharp interfaces and using literature data for the di-
electric responses for GaAs23 and GaAs oxide.24 We found a
thickness of 40 Å for the oxide layer.

III. EXPERIMENTAL RESULTS

Figure 1 shows experimental room temperature RD spec-
tra for GaAss001d: (a) under strees alongf110g with magni-
tude X=−1.23109 dyn/cm2, (b) with no applied stress and

(c) under stress alongf11̄0g with magnitude X=−1.6
3109 dyn/cm2. Spectra are shown in the range from 2.5 to
5.2 eV. As pointed out above, this photon energy range com-
prises transitions ofL, G, D, X, and S symmetries. For a

stress alongf110g or f11̄0g the critical points ofD and X

symmetries do not contribute to reflectance anisotropy. This
can be understood by considering that the projection of the
stress perturbation is the same for all six vectors of thes100d
family. Using similar arguments it is not difficult to see that
only one-third of theS critical points could contribute to
reflectance anisotropy. ForL and G symmetry points, the
perturbation alongf110g splits the four-fold degenerate va-
lence band and, in general, these points contribute to reflec-
tance anisotropy.

The anisotropic transitions in the energy range investi-
gated areE1, E1+D1 (L-symmetry), E08, E08+D08 andE08+D08
+D0 (G-symmetry), andE2 (S-symmetry25). The energies for
these transitions at room temperature are shown by arrows in
Fig. 1. We note thatE08, E08+D08 transitions are actually dou-
blets involvingG andD critical points. However, as pointed
out above, only theG-symmetry components contribute to
reflectance anisotropy.

We can see that the RD spectra of Fig. 1 display structures
around transitionsE1, E1+D1 andE08-triplet that reverse sign
when rotating the applied stress direction fromf110g to

f11̄0g indicating that they have a linear-strain origin. We
note, nevertheless, that the overall RD line shape does not
simply change sign when rotating the applied stress. This is
due to the fact that, besides the applied stress component,
both RD spectra comprise an additional residual component.
The residual component corresponds to the unstressed spec-
trum of Fig. 1(b).

We note that the residual RD spectrum shows aroundE1
andE1+D1 features similar to those of the stressed samples.
This fact indicates the existence of internal orthorhombic
strains associated to either a surface electric field.26,27 or to
60° dislocations.10 Furthermore, the residual spectrum com-
prises a second broader component that is probably not as-
sociated to surface-modified bulk states but to the presence
of either anisotropic surface overlayer28 or to surface
roughness.29

Optical structure is also observed around theE08-triplet
that originates in a linear-strain effect. Furthermore, since the
E2 band is close in energy to theE08-triplet, from Fig. 1 alone
it is difficult to make a conclusion about whether it does or
does not contribute to the RD line shape. However, as dis-
cussed below, additional polarized photoreflectance measure-
ments show that the optical response of theE2 band is
largely isotropic, thus leading to a negligible contribution to
the RD line shape.

From the above discussion we may conclude that RD
lines shapes around theE0-triplet are simpler than the corre-
sponding photoreflectance(PR) or spectroscopic ellipsom-
etry (SE) spectra that comprise transitions from all, isotropic
and anisotropic, critical points. In particular we note that
while E2 band dominates both SE and PR lines shapes, it
does not appreciably contribute to RD spectra.

To remove the intrinsic component of the RD spectra of
Figs. 1(a) and 1(c), given by the spectrum of Fig. 1(b), we
subtracted spectrum(c) from spectrum(a) and divided the
result by 2. The RD spectrum obtained in this way is shown
with open circles in Fig. 2. This spectrum, as already men-
tioned, is dominated by transitions ofL andG symmetry. We
note the vertical offset in the difference spectrum that makes

FIG. 1. RD room temperature spectra for(a) f110g uniaxial
stress with magnitude −1.23109 dyn/cm2, (b) with no applied

stress, and (c) f11̄0g uniaxial stress with magnitude −1.6
3109 dyn/cm2. Arrows indicate the energy positions for the inter-
band GaAs bulk transitions.

LASTRAS-MARTÍNEZ et al. PHYSICAL REVIEW B 70, 035306(2004)

035306-2



it negative, except aroundE1. This offset probably results
from nonresonant contributions to sample reflectance aniso-
tropy. In order to have a theoretical model for this line shape,
in the next section we develop expressions for the change in
dielectric function due to the applied uniaxial strain for the
electronic transitions ofL andG symmetry. Continuous lines
in Fig. 2 are fits to the experimental RD spectrum obtained
from the developed theoretical line-shape model.

IV. THEORY

In what follows we will consider a(001)-oriented zinc-
blende semiconductor with an uniaxial stress applied along
f110g direction. This stress induces a strain with nonzero
tensor components given by30

exx = eyy =
S11 + S12

2
X,ezz= S12X,

exy = eyx =
S44

4
X, s1d

whereX is the strength of the applied stress, andS11, S12, and
S44 are the elastic compliance modulii.

The deformation tensor(1) induces a changeD« in the
dielectric function. We define this change by the subtraction

of the dielectric function forf11̄0g polarization from the di-
electric function forf110g polarization. The RD spectrum is
related to this change according to31

DR

R
= Refsa − ibdD«g, s2d

wherea and b are Seraphin coefficients. To obtain an ex-
pression forD« we must calculate the energy shifts and the
interband square matrix elements as a function of tensor(1)
for each electronic transition.

We will consider in this section the contribution of the
points ofL andG symmetry to the RD spectrum.

A. Points of L symmetry

Under a stress alongf110g, transitionsE1 andE1+D1 split
apart into two sets of four equivalent points in the Brillouin

zone: a first set containing ellipsoids alongf111g, f1̄1̄1̄g,
f111̄g and f1̄1̄1g, and a second set containing points along

f1̄11g, f11̄1̄g, f11̄1g, andf1̄11̄g.27 Using the energy shifts and
the matrix elements for a stress alongf110g as reported
elsewhere,27 the change in dielectric function for transitions
of L symmetry is given by

D«8 =
1

E2

] E2«8sE,E1 + dEso+ dEh8d
] E

dEs8 +
4rg8

D1
«8sE,E1

+ dEso+ dEh8d, s3d

whereD1 is the spin orbit splitting energy for valence band,
r = +1s−1d refers toE1 sE1+D1d, and

dEso= s1 − rd
D1

2
,

dEs8 =
D1

5S44

4Î3
X,

dEh8 =
D1

1sS11 + 2S12d
Î3

X,

g8 =
D5S44

2Î6
X, s4d

whereD1
5 andD1

1 are the interband orthorhombic and hydro-
static deformation potential for transitions ofL symmetry,
respectively.D5 is the orthorhombic deformation potential
for the valence band. To obtain Eq.(3) we have assumed that
g@dEs8, whereg is the broadening parameter for the inter-
band transitions.

B. Points of G symmetry

Interband transitions corresponding to points ofG symme-
try are shown in Fig. 3. These transitions areE08, E08+D08, and
E08+D08+D0, corresponding to transitionsG8

v→G7
c, G8

v→G8
c,

andG7
v→G8

c, respectively.17,18

Under the effect of the applied stress theG8 levels split
and consequently each transition splits into two components
as shown in Fig. 3. Thin and thick arrows in this figure
correspond to transitionsE08 and E08+D08+D0, respectively.

FIG. 2. RD spectrum obtained by subtracting spectrum(c) from
spectrum(a) of Fig. 1. The solid lines correspond to the calculated
spectrum obtained using Eqs.(3), (5)–(7), and(2). Inset shows the
first energy derivatives of the RD experimental spectrum and its
fitted line shape. Arrows indicate the energy positions for the inter-
band GaAs bulk transitions.
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Note that while the valence band splits for transitionE08, it is
the conduction band that splits for transitionE08+D08+D0. We
show also in Fig. 3 with dashed arrows the two components
of theE08+D08 transition. Note that for this last transition both
bands split.

We calculated the change in dielectric function for each
critical point by using Eqs.(A6)–(A9) in the Appendix. As-
suming thatg@DEi,j, whereg is the broadening parameter
of the interband transitions, and by further neglecting the
quadratic component of the energy shifts in Eqs.(A6) and
(A8), we have forE08, E08+D08 andE08+D08+D0, respectively,

D«9 =
3

8E2

dE2«9

dE
sdE0,1

2 + 3dE1,1
2 d1/2 +

3

2

dE1,2

d2
«9, s5d

D«- = H2 −Î6

8
FdE0,1

d1
+

dE0,2

d2
G − 3

2 +Î6

8
FdE1,1

d1

+
dE1,2

d2
GJ«-, s6d

D«99 = −
3

8E2

dE2«99

dE
sdE0,2

2 + 3dE1,2
2 d1/2 +

3

2

dE1,1

d1
«99,

s7d

where«9, «-, and«99 stand, respectively, for the contribution
of E08, E08+D08 andE08+D08+D0 to the overall dielectric func-
tion «. ParametersdEi,j are proportional to the deformation
potentials of the valence and conduction bands, andd1 and
d2 are the spin orbit splitting energies for valence and con-
duction bands, respectively. All parameters in Eqs.(5)–(7)
are defined in Sec. VIII. Note that forE08 and E08+D08+D0

transitions the components proportional to the first energy
derivative of« have opposite signs. We also note that tran-
sition E08+D08 has only a component proportional to«-.

V. DISCUSSION

To calculate theL component of the RD spectrum we
have deconvoluted the contributions of critical pointsE1 and
E1+D1 to the overall dielectric function. The deconvolution
was carried out by fitting Lorentzian line shapes to the real
and imaginary parts of the experimental dielectric function
spectra, following the procedure described elsewhere.26 With
these fits and the first energy-derivative of the dielectric
function, Eqs.(2) and (3) allowed us to calculate the solid
line spectrum in Fig. 2 aroundE1 and E1+D1 energies.
To calculate the RD line shape we have used the param-
eters: S11=0.117 562310−11 cm2/dyn, S12=−0.036 5132
310−11 cm2/dyn, S44=0.168 35310−11 cm2/dyn for the
elastic compliance constants,32 D1=0.22 eV,18 for the split-
off energy and D1

1=−8.4 eV,33 D5=−5.0 eV,33 and D1
5

=8.8 eV,30 for the deformation potentials. The strength of the
stress was taken as a fitting parameter obtaining the value
X=−1.53109 dyn/cm2, in good agreement with the value of
X=−1.43109 dyn/cm2 determined from the used calibrated
spring. We note that to take account for the nonresonant con-
tributions to the reflectance anisotropy, we downward shifted
the calculate spectra by 2.9310−3. The same downward shift
was applied to theE08-triplet fit discussed below.

Carrying out a similar deconvolution for the contributions
of theE08-triplet to the overall dielectric function poses some
difficulties due to the fact that theE08 andE08+D08 transitions
of G symmetry are separated for only 50 meV from their
D-symmetry partners.17 Furthermore, theE08+D08+D0 transi-
tion is only 120 meV away from the dominatingE2 band and
appears only as a small shoulder.17,18To overcome this prob-
lem we have instead modeled the contributions«9, «-, and
«99 of theE08sGd-triplet with three, excitonic-type, Lorentzian
line shapes located at the reported critical point energies:
E08sGd=4.45 eV, E08+D08sGd=4.62 eV, and E08+D08+D0

=4.95 eV.17 We have further used the known4:2:1 ratio for
the amplitudes of the components of theE08sGd-triplet (i.e.,
the amplitude of theE08+D08+D0 transition is four times
weaker than that ofE08).

17,34

At this stage it is necessary to address the point relative to
the contribution of theE2 band to the RD line shape. This is
a crucial issue as theE2 band dominates the GaAs reflectance
spectrum around 5.0 eV. We note that on the basis of sym-
metry arguments alone we may expect such a contribution to
exist, since theE2 band is believed to comprise transitions of
S symmetry that respond anisotropically to the applied
uniaxial strain. To settle this point we performed photoreflec-
tance (PR) measurements with both unpolarized light and
with light polarized alongf110g. PR measurements were car-
ried out with the technique reported elsewhere.26 Taking into
account that the piezoelectric strain induced by the surface
electric field has the same symmetry26 as that of the tensor
given in Eq. (1), we may expect PR spectra to exhibit a
polarization anisotropy. Results are shown in Fig. 4 for a
n-type GaAss001d sample with a doping level of 1.0

FIG. 3. Energy levels for critical points ofG symmetry with and
without applied stress. Each bulk transition splits into a doblet due
to cubic symmetry break down. For each transition the two splitted
transitions are indicated byE08 (thin lines), E08+D08 (dashed lines),
andE08+D08+D0 (thick lines).
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31018 cm−3. Open circles correspond to unpolarized light
and solid circles tof110g polarization. From Fig. 4 it is clear
that while the reflectance response of theE08-triplet is aniso-
tropic, the response of the dominatingE2 band is largely
isotropic, independent of the polarization. We may thus con-
clude that the contribution of theE2 band to the RD line
shape is negligible. This conclusion is further supported by
the fact that, as discussed below, we obtain an excellent fit to
the RD experimental line shape in the energy range from
3.8−5.2 eV, solely on the basis of the anisotropic response
of the E08-triplet.

By using the line shapes for«9, «-, and «99 and Eqs.
(5)–(7) we obtained the fitted RD line shape given by the
solid line around 4.5 eV in Fig. 2. We have used phases and
broadening energies of the Lorenzian line shapes as fitting
parameters. We have further used the following literature pa-
rameter values:a8=−2.5 eV35 for the hydrostatic deforma-
tion potential, b=−2.2 eV, d=−5.4 eV,32 for the valence
band andbc=1.6 eV anddc=−5.5 eV35 for the conduction
band. With filled circles in the inset of Fig. 2 we show, in the
energy range aroundE08-triplet, the first energy-derivative of
the RD experimental spectrum, along with the energy-
derivative of the corresponding fit(continuous line). As it
can be seen from Fig. 2, the experimental RD spectrum can
be adequately fitted by the model developed here.

We note that the spectral structure of the RD line shape of
Fig. 2 is qualitatively similar to that reported previously for
strains of piezoelectric origin; i.e., it shows a maximum
aroundE1 and a minimum aroundE1+D1.

26 As a matter of

fact, the theoretical RD line shape for piezoelectric strains
reported previously26 is a special case(zero-trace strain ten-
sor) of the more general RD line shape presented in this
paper.

VI. CONCLUSIONS

We have measured the RD spectrum for GaAs(001) under

f110g and f11̄0g uniaxial stresses. RDS measurements were
carried out in the energy range from 2.5−5.2 eV that in-
cludes transitions ofL, G, D, X, andS symmetries. The RD
spectrum is found to comprise onlyL-symmetry and
G-symmetry transitions whereasD, X critical points remain
isotropic under the applied stress and theS transition contri-
bution results negligible. The measured RD spectrum shows
sharp structure aroundE1 and E1+D1 critical points
(L-symmetry) as well as in the energy interval correspond-
ing to theE08-triplet (G-symmetry), that are due to a linear-
strain effect. We have further developed a strain related RD
line-shape model that includes bothL and G critical point
contributions. The theoretical model is in excellent agree-
ment with the measured RD spectrum. Results presented in
this paper should probe to be useful in the identification of
strain-related features in RD spectra. We further hope that
this paper will contribute to the understanding of the differ-
ent physical mechanisms leading to reflectance anisotropies
in zinc-blende semiconductors.
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APPENDIX

The unperturbed wave functions ofG8 andG7 symmetries
are given, respectively, by30

u3/2,3/2l =
1
Î2

sX̃ + iỸdu↑̃l,

u3/2,− 1/2l =
1
Î6

f2Z̃u↓̃l + sX̃ − iỸdu↑̃lg, sA1d

u1/2,− 1/2l =
1
Î3

fZ̃u↓̃l − sX̃ − iỸdu↑̃lg, sA2d

where

X̃ = − Z,Ỹ = sY − Xd/Î2,

Z̃ = sY + Xd/Î2, sA3d

and

u↑̃l = e−ip/8u ↑ l/Î2 + eip/8u ↓ l/Î2,

FIG. 4. PR spectra at room temperature for unpolarized probe
light (open circles) and for probe light polarized along thef110g
direction (solid circles). Note that for energies higher than 4.9 eV
the PR line shape depends weakly on polarization. For energies
lower than 4.9 eV the PR line-shape dependence on polarization is
evident.
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u↓̃l = − e−ip/8u ↑ l/Î2 + eip/8u ↓ l/Î2. sA4d

To calculate the effects on the energy levels and interband
square matrix elements produced by the strain of Eq.(1) we
have used the perturbative Pikus-Bir Hamiltonian:30

Hsid = − asidsS11 + 2S12dX − 3bsidFSLx
2 −

1

3
L2DS11 + S12

2
X

+ SLy
2 −

1

3
L2DS11 + S12

2
X + SLz

2 −
1

3
L2DS12XG

−
Î3

4
dsidsLxLy + LyLxdS44X, sA5d

whereasid, bsid, and dsid are the hydrostatic, tetragonal, and
orthorhombic deformation potentials, respectively, andi is
the band index.Lx, Ly, and Lz are the components of the
angular momentum. In the next two sections we calculate, by
using Eqs.(A1)–(A5), the shifts of the energy levels and the
square matrix elements forG-symmetry transitions.

E08 and E08+D08+D0 transitions

Thin and dashed arrows in Fig. 3 correspond to transitions
E08 and E08+D08+D0, respectively. Both transitions connect
states ofG7 and G8 symmetry.17 Under the strain given by
Eq. (1) the states split into two levels and consequently both
E08 andE08+D08+D0 transitions split into doublets as shown in
Fig. 3.

We define the parametersdEh=a8sS11+2S12dX, dE0,1

=2bsS11−S12dX, dE1,1=dS44X/Î3, and d1=D0 for valence
band anddE0,2=2bcsS11−S12dX, dE1,2=dcS44X/Î3, and d2

=D08 for conduction band, whereb andbc are the tetragonal
deformation potentials for valence and conduction bands, re-
spectively, andd and dc are the orthorhombic deformation
potentials for valence and conduction bands, respectively.D0
and D08 are the the spin orbit splitting energies for valence
and for conduction bands, respectively.

The energy shifts for the doublet components of transi-
tions E08 and E08+D08+D0 (that will be labeleda and b) are
given by

DEa
i,j = dEh +

1

4
s j − idsdE0,i

2 + 3dE1,i
2 d1/2 −

3

8
s j − id

3S1

4

sdE0,i − dE1,id2

di
+

dE0,j
2 + 3dE1,j

2

3d j
D , sA6d

DEb
i,j = dEh −

1

4
s j − idsdE0,i

2 + 3dE1,i
2 d1/2 −

3

8
s j − id

3S 1

12

sdE0,i + 3dE1,id2

di
+

dE0,j
2 + 3dE1,j

2

3d j
D ,

where i =1,j =2 stand forE08 and i =2,j =1 for E08+D08+D0.

Note that the energy shifts forE08 andE08+D08+D0 have op-
posite signs[through the factors j − id], whenever the defor-
mation potentialsd anddc have the same sign.

The square interband transition matrix elements are

Ma
u =

1

4
F1 +

dE0,j + 3dE1,j

2d j
GM0,

Ma
v = F1 −

dE0,j + 3dE1,j

4d j
GM0,

Mb
u =

3

4
F1 −

dE0,j − dE1,j

2d j
GM0,

Mb
v = 0, sA7d

whereM0 is the unperturbed square transition matrix element

and u and v indicate polarizations alongf110g and f11̄0g,
respectively.

E08+D08 transition

TheE08+D08 transition connects two states ofG8 symmetry,
as it is illustrated by dashed arrows in Fig. 1. Under the
strain given by Eq.(1), both conduction and valence bands
splits into two levels leading to double transition bands. The
energy shifts for this two bands are given by

DEc
i,j = dEh −

1

4
s j − idfsdE0,i

2 + 3dE1,i
2 d1/2 + sdE0,j

2 + 3dE1,j
2 d1/2g

−
1

32
s j − idS sdE0,i + 3dE1,id2

di
− 3

sdE0,j − dE1,jd2

d j
D ,

sA8d

where i =1, j =2 stand for one band andi =2, j =1 for the
other.

The square matrix elements are given by:

Mc
u =

3

2
F1

3
+

1

4

dE0,i − dE1,i

di
−

1

12

dE0,j + 3dE1,j

d j
GM0,

Mc
v =

3

2
F1

3
+

1

6

dE0,j + 3dE1,j

d j
GM0. sA9d

In Sec. IV we have used Eqs.(A6)–(A9), to model the
severalG contributions to the RD spectrum as explained in
the main text.
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