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We report on reflectance-difference spectrandf/pe GaA$001) under a[110] uniaxial stress. Measure-
ments where carried out in the energy range from 2.5-5.5 eV. This energy range comprises trdBgitions
Ei+Ay, Ep, Eg+tAg, Eg+Ag+A and Ey. RD spectra shows sharp structures around 3.QEVand E;+A;
transitiong. Optical structure is also observed in the energy interval corresponding t&gthéplet (4.4
-5.0 eV). Despite the fact that thE, transition dominates the GaAs reflectance spectrum around 5.0 eV, its
contribution to the reflectance-differen¢BD) 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 of A andI” 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 GaAdq001) crystals under §110] uniaxial stress, in the en-

Reflectance-difference spectroscof®DS) has emerged ©€rgy range from 2.5-5.5 eV. We further report on the devel-
in the last two decades as a tool to study surface and intePment of a theoretical RD line shape that accurately de-
face anisotropies in zinc-blende semiconductdrsin  scribes the observed experimental spectrum. The
(00D)-oriented crystals RDS measures the difference in reinvestigated energy range comprises critical points\pf’,

flectivity between[110] and [110] light polarizations. For A X, andX symmetries.”'® The applied stress, however,
crystals of zinc-blende structure a polarization-independerfi©€S Not rended and X transitions anisotropic and thus they
reflectance spectrum may be expected from crystal symmet§© Not contribute to the RD line shape. Furthermore, it is
considerationd.Therefore, any observed anisotropy must befound that. transitions are largely isotropic under the ap-
associated to the region near the surfemeinterface in the Plied stress. The experimental line shapes in the energy range
case of heterostructureshere the cubic symmetry has been investigated in this paper are therefore found to comprise
broken. only contributions from critical points o\ andI" symme-
One of the most important application of RDS regards thdries. Results reported here should prove to be useful in the
in situ monitoring of the epitaxial growth of zinc-blende identification of stress-related features in RD line shapes.
semiconductord? For these applications RDS offers advan-  The rest of the paper is organized as follows: In Sec. Il we
tages over other techniques due to its high sensitivity andiscuss experimental details, in Sec. lll we present experi-
experimental simplicity. Nevertheless, because the cubignental RD spectra, and in Sec. IV we develop the RDS
symmetry may be broken for a number of physical mechatheory for A and T critical points. Using this theory we fit
nisms(surface reconstructiotr; dislocations'®*2local field  the experimental results in Sec. V. Finally, conclusions are
effects;® surface electric field¥] etc), RD line shapes are gjven in Sec. VI.
prone to comprise more than one component, thus making
their interpretation difficult. The lack of an adequate theoret-

ical understanding of RD I'ine shapes has limited the vyide— Il. EXPERIMENTAL DETAILS
spread use of RDS as @msitu, real time probe for epitaxial
growth processes. RDS measurements were carried out in air and at room

A reflectance anisotropy may also be induced by applyingemperature on-type GaA$001) crystals with a carrier con-

an external uniaxial stress along eithi@0] or [110]. Such  centration ofn=5.6x 10'® cm™® that was cut from a com-

stress changes the zinc-blende symmetry from cubic ténercial wafer with no further treatment. RD spectra were
orthorhombic inducing a RDS signal that increases with apobtained in the energy range from 2.5-5.2 eV by using a
plied stress strength. RDS measurements of GaAs, InP, artup described elsewhefeA 75-W Xe lamp was employed
ZnSe under an uniaxal stress have demonstrated the hig$ the light source and a silicon diode as the photodetector.
sensitivity of this spectroscopy for the determination of Ihe samples were cut out from commercial wafers in pieces
piezo-optical properties of cubic semiconducttrs 3.0x3.00.5mm in size. Crystal direction were deter-
In this paper we report on the results of a research undeflined by etching ifKOH).?* RDS measurements were car-

taken to determine the experimental RD line shape ofied out by applying a stress along eith&d0] or [110] by
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E,+a, E,+a,+A(T) symmetries do not contribute to reflectance anisotropy. This
Eo’+AO’(F)i can be understood by considering that the projection of the
8 o stress perturbation is the same for all six vectors of( i)
E,§ %LEZ(Z) family. Using similar arguments it is not difficult to see that
igf j A only one-third of theX critical points could contribute to
° e, reflectance anisotropy. Fok and I' symmetry points, the
X o X170 o perturbation along110] splits the four-fold degenerate va-
%" ° lence band and, in general, these points contribute to reflec-
| (©)  of tance anisotropy.
o GaAs (001) The anisotropic transitions in the energy range investi-
¢ T=300K gated areE;, E;+A; (A-symmetry, Ej, Ej+A] andEg+Aj

+Aq (T-symmetry, andE, (2-symmetry®). The energies for
these transitions at room temperature are shown by arrows in
Fig. 1. We note thaE], Ej+A| transitions are actually dou-
N blets involvingl” and A critical points. However, as pointed
]2)(10_3 ' out above, only thd'-symmetry components contribute to

AR/R

2 reflectance anisotropy.
We can see that the RD spectra of Fig. 1 display structures
around transition&;, E;+A; andEj-triplet that reverse sign
‘; when rotating the applied stress direction frdihlQ] to

Soa® % [110] 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-
FIG. 1. RD room temperature spectra f@ [110] uniaxial ~ trum of Fig. Xb).
stress with magnitude —1:210° dyn/cn?, (b) with no applied We note that the residual RD spectrum shows ardbnd
stress, and(c) [110] uniaxial stress with magnitude -1.6 andE;+A; features similar to those of the stressed samples.
% 109 dyn/cn’? Arrows indicate the energy positions for the inter- This fact indicates the existence of internal orthorhombic
band GaAs bulk transitions. strains associated to either a surface electric fiéfdor to
60° dislocationsg? Furthermore, the residual spectrum com-
grises a second broader component that is probably not as-
sociated to surface-modified bulk states but to the presence
f either anisotropic surface overlaggror to surface
oughnesg?
Optical structure is also observed around gtriplet

Of&
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using a calibrated spring. The experimental setup allowed u
to apply stresses up to -5Q10° dyn/cn?. To get rid of any

parasitic signal, two RD spectra were measured at each a|
plied stress, at two azimuth angles 90° apart. The artifact-

free signal was obtained by subtracting the two measureoL S . ; ) .
spectral? that originates in a linear-strain effect. Furthermore, since the

In order to model RD spectra, we measured the sampIEZ_ band is close in energy to tig-triplet, from Fig. 1 alone

dielectric function by spectroscopic ellipsometSE) by us- it is difficult to make a conclusion about whether it does or
ing a rotating analyzer ellipsomefér. The measured does not contribute to the RD line shape. However, as dis-

pseudodielectric functiote) was corrected for the presence cussed below, additional polarized photoreflectance measure-

of a GaAs oxide layer. The oxide thickness was determinetlfjnentls .ShOW t_haththel op:jt!cal responsl_e 'tc)’lf e b"?lt;‘d. IS

by applying a three-phagulk-oxide-ambientmodel?? as- argely isotropic, thus leading to a negligible contribution to

suming sharp interfaces and using literature data for the dit-he RD line shape. . .

electric responses for Ga&and GaAs oxidé*We found a . From the above discussion we may conclude that RD
lines shapes around tlg-triplet are simpler than the corre-

thickness of 40 A for the oxide layer. sponding photoreflectand@R) or spectroscopic ellipsom-
etry (SE) spectra that comprise transitions from all, isotropic
1. EXPERIMENTAL RESULTS and anisotropic, critical points. In particular we note that

Figure 1 shows experimental room temperature RD specNile E, band dominates both SE and PR lines shapes, it

tra for GaA%001): (a) under strees alongl10] with magni- does not appreciably contribute to RD spectra.

- ; ; To remove the intrinsic component of the RD spectra of
tude X=-1.2x 10° dyn/cnf¥, (b) with no applied stress and Figs. Xa) and 1c), given by the spectrum of Fig (1), we

(0) under stress alond110] with magnitude X=-1.6  gypiracted spectrurfc) from spectrum(a) and divided the
X 10° dyn/cnt. Spectra are shown in the range from 2.5 toresyt by 2. The RD spectrum obtained in this way is shown
5.2 eV. As pointed out above, this photon energy range comyjith open circles in Fig. 2. This spectrum, as already men-
prises transitions of\, T', A, X, and % symmetries. For a oned, is dominated by transitions Afand” symmetry. We

stress alond110] or [1?0] the critical points ofA and X  note the vertical offset in the difference spectrum that makes
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AR .
E 3 — =Rd(a-ip)As], 2)
v R
§ where @ and B are Seraphin coefficients. To obtain an ex-
g pression forAe we must calculate the energy shifts and the
oL s s 55 interband square matrix elements as a function of te(isor
"Photon erergy (V) for each electronic transition.
NG We will consider in this section the contribution of the
& points of A andI" symmetry to the RD spectrum.
iy
mné Ll A. Points of A symmetry
o
- Under a stress alor{d 10], transitionsE; andE; +A; split
_J apart into two sets of four equivalent points in the Brillouin
| zone: a first set containing ellipsoids alohgy11], [111],
GaAs (001) [111] and[111], and a second set containing points along
4 730K [111], [111], [111], and[111].2” Using the energy shifts and
°  EXPERIMENT the matrix elements for a stress alohl0] as reported
LT 'V,'OD.EL L elsewheré/ the change in dielectric function for transitions
25 30 35 40 45 50 55 of A symmetry is given by
Photon energy (eV)
. 19E%'(E,E;+ 0Ego+ OE)) _, 4ry |
FIG. 2. RD spectrum obtained by subtracting specttanirom Ag'= E JE OEg + A g'(E,Ey
spectrum(a) of Fig. 1. The solid lines correspond to the calculated !
spectrum obtained using Eg8), (5)«(7), and(2). Inset shows the + 8Ego+ OE)), (3)

first energy derivatives of the RD experimental spectrum and its

fitted line shape. Arrows indicate the energy positions for the interWhereA, is the spin orbit splitting energy for valence band,

band GaAs bulk transitions. r=+1(-1) refers tokE; (E;+4A,), and

. . . _ 1
it negative, except arounl;. This offset probably results 5Eso_(1_r)?y
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 SE! = DES_MX
dielectric function due to the applied uniaxial strain for the o3
electronic transitions oA andI” symmetry. Continuous lines
in Fig. 2 are fits to the experimental RD spectrum obtained Di(su*' 2S.,)
from the developed theoretical line-shape model. OB = —5)(
v
IV. THEORY o D5§f4x, @)
In what follows we will consider g001)-oriented zinc- 2\6

blende semiconductor with an uniaxial stress applied alon 5 1 i i _
[110] direction. This stress induces a strain Wﬁﬁ nonzer gvhe_reDl andD4 are the mterband orth(_)rhomb|c and hydro
: Ostatic deformation potential for transitions &f symmetry,

tensor components given 8y respectively.Ds is the orthorhombic deformation potential
Su+S, for the valence band. To obtain E®) we have assumed that
Bx = By = l—ZX,eZZ: SioX, y> S6E., wherey is the broadening parameter for the inter-
2 band transitions.
e _Su .
€y = Eyx= TX' () B. Points of I' symmetry

i i Interband transitions corresponding to pointd’afymme-
whereX is the strength of the applied stress, 8id S and {1y are shown in Fig. 3. These transitions &g E,+A}, and

Su4 are the elastic compliance modulii. _ Ej+Aj+A,, corresponding to transitiony— IS, T'y—Tg,
The deformation tensofl) induces a changde in the andI—T¢, respectively.’-18

dielectric function. We define this change by the subtraction \jnqer the effect of the applied stress thg levels split

of the dielectric function fof110] polarization from the di- and consequently each transition splits into two components
electric function for{110] polarization. The RD spectrum is as shown in Fig. 3. Thin and thick arrows in this figure
related to this change according*to correspond to transitiong) and Eg+Aj+A,, respectively.
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s T transitions the components proportional to the first energy
derivative ofe have opposite signs. We also note that tran-
sition Ey+A{ has only a component proportional £6.

I %
T

1—:70
V. DISCUSSION

To calculate theA component of the RD spectrum we
have deconvoluted the contributions of critical poikisand
E,+A; 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 elsewf&véith
these fits and the first energy-derivative of the dielectric
function, Egs.(2) and (3) allowed us to calculate the solid
line spectrum in Fig. 2 around; and E;+A; energies.

-

|
|
|
|
|
|
|
|
|
i
|
Eg+ Ap+A,| Ep |
|
|
|
|
|
|
|
|
|
|
|
|
|

Iy -’ To calculate the RD line shape we have used the param-
) eters: $;,=0.117 562< 10 ** cn?/dyn, S;,=-0.036 5132
| D I X 101 c?/dyn, S,,=0.168 35< 1071 cn?/dyn for the
elastic compliance constarsA;=0.22 eV?® for the split-
X=0 X#0 off energy and D!=-8.4 eV3 Dy=-5.0 eV® and DS

FIG. 3. Energy levels for critical points &f symmetry with and =8.8 eV;*for the deformation potentials. The strength of the

without applied stress. Each bulk transition splits into a doblet due{feSS was taken as a fitting parameter obtaining the value

to cubic symmetry break down. For each transition the two splittedX=~1.9X 10° dyn/cnt, in good agreement with the value of
transitions are indicated big (thin lines, E;+A/, (dashed lines ~ X=—1.4X10° dyn/cnt determined from the used calibrated

and Ej+Aj+A (thick lines. spring. We note that to take account for the nonresonant con-
tributions to the reflectance anisotropy, we downward shifted

3 .
Note that while the valence band splits for transitigf it is the calculate spectra by 2910™. The same downward shift

the conduction band that splits for transitiBfr+Aj+A. We was applied to thé-triplet fit discussed below.

show also in Fig. 3 with dashed arrows the two components Carrying out a similar deconvolution for the contributions
of the Ej+ A transition. Note that for this last transition both of the Eq-triplet to the overall dielectric function poses some
bands split difficulties due to the fact that the; and E}+A; transitions

We calculated the change in dielectric function for eachOf I' symmetry are separated for only 50 meV from their

i, . : - : A-symmetry partner$. Furthermore, thdy+A,+A, transi-
critical point by using Eqs(A6)—A9) in the Appendix. As- " >7. 0" =0 ~0
suming thaty>AE", wherey is the broadening parameter tion is only 120 meV away from the dominatitiy band and

8 :
of the interband transitions, and by further neglecting th ppearshonly asa srgall s(;lolulgéir:. To ove_[)co_m: th,|"s proé)-
quadratic component of the energy shifts in Egs6) and ‘€M We have instead modeled the contributiefise™, an

(A8), we have forE}, Ej+Aj and Ej+Aj+A,, respectively, iﬁ_'”' of the E¢(I")-triplet with three, excitonic-type, Lorentzian _
ine shapes located at the reported critical point energies:
3 dE%” 36E;, ,

. 2 2 E\I)=4.45¢eV, Ej+AyI)=4.62 eV, and Ej+Aj+Aq
Ag"= 8E2 dE (6B, 1+ 35151,1)1/24'5 5, . (5 495 eV17We have further used the knowin2: 1 ratio for
the amplitudes of the components of tB§T')-triplet (i.e.,
= = the amplitude of theE)+A(+A, transition is four times
Ae” = { 2 \6{ %o, 5E°'2] e \6{ %11 weaker than that oE()).loﬁ34 ’
8 1 5 8 21 At this stage it is necessary to address the point relative to
the contribution of thée, band to the RD line shape. This is

(6) a crucial issue as the, band dominates the GaAs reflectance
%2 spectrum around 5.0 eV. We note that on the basis of sym-
metry arguments alone we may expect such a contribution to
3 dE%" 2 12, 3011, exist, since thé, band is believed to comprise transitions of
2 (0BG + 36ET )7 + ", - x |
8E- dE ’ ’ 2 8 3, symmetry that respond anisotropically to the applied
@) uniaxial strain. To settle this point we performed photoreflec-
tance (PR) measurements with both unpolarized light and
wheree”, £”, ande"” stand, respectively, for the contribution with light polarized alond110]. PR measurements were car-
of Eg, Ej+Aj andEj+Aj+A, to the overall dielectric func- ried out with the technique reported elsewh&@aking into
tion &. ParametersE; ; are proportional to the deformation account that the piezoelectric strain induced by the surface
potentials of the valence and conduction bands, &ndnd  electric field has the same symméfhas that of the tensor
&, are the spin orbit splitting energies for valence and congiven in Eq.(1), we may expect PR spectra to exhibit a
duction bands, respectively. All parameters in E¢B—(7) polarization anisotropy. Results are shown in Fig. 4 for a
are defined in Sec. VIII. Note that fdf, and Ej+A(+A, n-type GaA$001) sample with a doping level of 1.0

Ag" = —
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fact, the theoretical RD line shape for piezoelectric strains

4 7 EZ(Z) . . . .
?fg\osofo” Foraoty(® g reported previousff is a special casg&zero-trace strain ten-
- ﬁ son of the more general RD line shape presented in this
paper.
0.16 |- lf
ED
¢ { VI. CONCLUSIONS
&
58 ;f We have measured the RD spectrum for G@A4) under
0.08 - Y - . .
g 3 LEMAD(F) [110] and[110] uniaxial stresses. RDS measurements were
2 (/).',%\ ‘ / carried out in the energy range from 2.5-5.2 eV that in-
< Jiy \o‘{ ‘f&% A cludes transitions oA, I', A, X, andX symmetries. The RD
g 0.00 I— \2@ 969“’1 spectrum is four_1c_i to comprise or)l_y&-sym_metry an_d
£ (] ’\ ./ I'-symmetry transitions whereds, X critical points remain
> i . | isotropic under the applied stress and ¥h&ansition contri-
T \-,‘- 7' ‘\ ° bution results negligible. The measured RD.s_,pectrum shows
-0.08 |- ¥ s‘; lnelt sharp structure arounds; and E;+A; critical points
.{. (A-symmetry as well as in the energy interval correspond-
§4 \. ing to the E/-triplet (I'-symmetry, that are due to a linear-
o strain effect. We have further developed a strain related RD
15 L —°— UNPOLARIZED © . : e .
0.16 line-shape model that includes bothand I critical point
—e— POLARIZED L ) .
R S N - ) contributions. The theoretical model is in excellent agree-
36 4.0 4.4 48 52 ment with the measured RD spectrum. Results presented in

Photon energy (eV) this paper should probe to be useful in the identification of
FIG. 4. PR ¢ larized bstrain-related features in RD spectra. We further hope that
.. spectra at room temperature for unpolarized probey;q paper will contribute to the understanding of the differ-

I'ght (.Open C.'er.e$ and for probe light p°|6.‘r'zeo.| along @10 ent physical mechanisms leading to reflectance anisotropies
direction (solid circleg. Note that for energies higher than 4.9 eV .” . .
in zinc-blende semiconductors.

the PR line shape depends weakly on polarization. For energie
lower than 4.9 eV the PR line-shape dependence on polarization is
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clude that the contribution of th&, band to the RD line
shape is negligible. This conclusion is further supported by APPENDIX
the fact that, as discussed below, we obtain an excellent fit to The unperturbed wave functions B andT'; symmetries
the RD experimental line shape in the energy range fron}jlre given, respectively, BY !
3.8-5.2 eV, solely on the basis of the anisotropic response ' '
of the E/-triplet.

By using the line shapes fa”, ¢”, and " and Eqgs.
(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

X 10" cm3. Open circles correspond to unpolarized light

312,312 = = (% +V)[T),
2

broadening energies of the Lorenzian line shapes as fitting 13/2,-1/2 = i,[22|1’>+ X=iY)[T)1, (A1)
parameters. We have further used the following literature pa- V6

rameter valuesa’ =-2.5 e\?® for the hydrostatic deforma-

tion potential, b=-2.2 eV, d=-5.4 eV% for the valence 1 e e

band andb®=1.6 eV andd®=-5.5 e\#® for the conduction 11/2,-1/2 = E[Z|l> - (X=iV)[], (A2)

band. With filled circles in the inset of Fig. 2 we show, in the
energy range arounBj-triplet, the first energy-derivative of where
the RD experimental spectrum, along with the energy-
derivative of the corresponding ficontinuous ling 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 and
strains of piezoelectric origin; i.e., it shows a maximum
aroundE,; and a minimum arouné,; +A,.%% As a matter of

X=-2Y=(Y-X)/2,

Z=(Y+X)\2, (A3)

D= 12 +e™ | N2,
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T = _ iml8 5 4+ g8 ) Note that the energy shifts fd) and Ej+Aj+Aq have op-
b [TN2+e™ L)N2. (A4) posite signgthrough the factofj—i)], whenever the defor-
To calculate the effects on the energy levels and interbanghation potentialsl andd® have the same sign.
square matrix elements produced by the strain of(Egwe The square interband transition matrix elements are
have used the perturbative Pikus-Bir Hamilton#an:

_ _ _ 1 OEq+ 30E;
HO = — a(l)(sll+ 2S,,)X — 3b(')[<L§— _LZ)Sl%SlzX M; = 4_1[1 + _JT} Mo,
j
2 St S 2_=12
+<Ly 3 ) > X+('— L)Slzx} MV—{I—(SEO'A-F%EL]M
a~— 0
— 45]

= V(L + L LIS, (A5)

i, pl) 0) i u_ 3|, _ %0~y
wherea', b, andd" are the hydrostatic, tetragonal, and Mp=—|1- ' * Mo,
orthorhombic deformation potentials, respectively, and 4 24,
the band indexL,, Ly, andL, are the components of the
angular momentum. In the next two sections we calculate, by v

My =0, (A7)

using Eqs(A1)—(A5), the shifts of the energy levels and the
square matrix elements faéi-symmetry transitions. ) N )
whereM is the unperturbed square transition matrix element

Eg and Ej+A(+A, transitions andu andv indicate polarizations alonf110] and [110],

Thin and dashed arrows in Fig. 3 correspond to transmonrespecuv(_:‘Iy

Ep and Ej+Ag+A,, respectively. Both transitions connect

states ofl’; and ' symmetry*” Under the strain given by E{+Aj transition

Eqg. (1) the states split into two levels and consequently both L .

E, andEj+A/,+A, transitions split into doublets as shown in TheEy+A, transition connects two stateslof symmetry,

Fig. 3. as it |s_|llustrated by dashed arrows in Fig. 1. Under the
We define the parametersE, = ' (S +2S)X, OEg s strain given by Eq(1), bo_th conduction and_v_alence bands

=20(S;1-S1)X, OE;1=dS,X/\3, and &,=A, for valence splits into two levels leading to double transition bands. The

band andoEq = 2b%(Sy;- Spo)X, OE; 2—d°S44X/\3 and 5, energy shifts for this two bands are given by

=A| for conduction band, where andb°® are the tetragonal

deformation potentials for valence and conduction bands, re I +2SE2 VY24 (SE2 . + 3sE2 )V
spectively, andd and d® are the orthorhombic deformation = 9By (J I)[(éE 3%E1) (05, + 30y ’
potentials for valence and conduction bands, respectidgly.

)2 o 2
and Aj are the the spin orbit splitting energies for valence - i(J )((5E°' 301" _ 3(6EO” %) )
and for conduction bands, respectively. 2 2
The energy shifts for the doublet components of transi- (A8)
tions Ej and Eg+Aj+A, (that will be labeleda and b) are
given by wherei=1, j=2 stand for one band and2, j=1 for the
- 1 3 other.
AEY = 6, + Z(j —i)(8E]; + 367 )2 - g(j o)) The square matrix elements are given by:
2 2 2
X(}(éEo,i - 0Ey)* | OEY, +35E1,,->’ (A6) oo 3[1 10—y 1y, +35E1,1]M
4 8 35; 7213 4 4§ 12 5 o
AEY = 6E, - —( i)(SES; + 30E7) M2 - §(' -i)
n— (1 —1)(Ey; 1) -5 V_3F 1 5B, + 35Ey }Mo (49)
cT2[376 5

1 (8, +30E,)* OB, + 30E;
12 s + 35 , In Sec. IV we have used EqgA6)—(A9), to model the
! ! severall’ contributions to the RD spectrum as explained in
wherei=1,j=2 stand forEj andi=2,j=1 for Eg+A{+A,  the main text.
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