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Quantum-well anisotropic forbidden transitions induced by a common-atom interface potential
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A prominent effect of the interface potential~IP! @E. L. Ivchenko and A. Yu. Kaminski, Phys. Rev. B54,
5852~1996!; O. Krebs and P. Voisin, Phys. Rev. Lett.77, 1829~1996!#, the optical anisotropy of the forbidden
transitions in quantum wells has been observed by reflectance-difference spectroscopy. Predictions by the
heavy-light-hole coupling IP models are qualitatively consistent with all the observed features of the forbidden
and the allowed transitions. The fact that the predicted value of the relative transition strength, which depends
on neither the IP strength nor the electric field, disagrees with the observed one indicates that coupling
involving X and/orL bands may also be important.@S0163-1829~99!04227-7#
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Due to the difference of chemical bonds along the@110#
and the@11̄0# directions,~100! oriented semiconductor in
terfaces are expected to be anisotropic.1–5 Indeed, strong op-
tical anisotropy was observed recently and was attribute
this intrinsic anisotropy of the interfaces with no comm
atoms.3–5 Based on the tight-binding theory, perturbatio
Hamiltonian arising from the anisotropy of interface h
been derived. Such interface potential~IP! can then be in-
cluded in theK* P theory for the optical properties of quan
tum wells~QW’s! and superlattices~SL’s!.1,2,6 However, for
common-atom interfaces, so far there are few experime
data that would allow detailed quantitative analysis of the
Krebs et al. recently reported the electric field-induced i
plane anisotropic absorption spectra of InxGa12xAs/InP
QW’s. They showed that the observed anisotropy of the
lowed transitions were largely due to the IP, and that the
strength depends on the degree interface perfection.8 In this
paper, we show that a prominent effect of the IP is to indu
optical anisotropy of the forbidden transitions in QW’s, a
report our quantitative analysis of the in-plane optical anis
ropy of an ~100!-oriented InxGa12xAs/GaAs QW in a
built-in small electric field ~;4.6 KV/cm! measured by
reflectance-difference spectroscopy~RDS!. In the RD spectra
of this sample, five anisotropic structures related to the
ferent transitions of the QW, including two forbidden tran
tions and three allowed ones, are observed. The strong
isotropy and the line shape of the forbidden transitio
which cannot be explained by the conventional QW Pock
effect, can be qualitatively explained by the IP models1,2

More quantitative analysis, however, shows that the pre
IP models, which include only the coupling between t
heavy-hole and the light-hole bands at theG point, are insuf-
ficient to explained the experimental data, and the comp
IP may also include coupling involving higher bands at oth
critical points.

The IP derived by Ivchenko and Kamiski,1 and by Krebs
and Voisin2 for ~100! interfaces have the same form

Vint52P0~ L̂xL̂y1L̂yL̂x!@d~z1a/2!2d~z2a/2!#, ~1!
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for a QW in 2a/2<z<a/2. HereL̂x and L̂y are the angular
momentum operators, and6a/2 represents the locations o
the two interfaces of the QW. For Ivchenkov’s modelP0
5\2t lh /m0a0 , wherem0 is the mass of free electron,a0 is
the lattice constant, andt lh is the heavy-light-hole mixing
coefficient, which is estimated to be in the range of 0.3–
for a GaAs/AlAs interface. For Krebs model,P0
50.14a0eDV, whereDV is valance band offset~VBO! at
the interface.

The interface anisotropy potential given by Eq.~1! can be
treated as a perturbation to the QW subband states, bec
the energy shift it causes is less than 1 meV for a typical Q
of 70 Å wide. Therefore it has little effects on the norm
optical properties, such as the subband energies and
strength of the allowed transitions. The IP does introdu
optical anisotropy within the plane of the QW, but only if th
QW is asymmetric, since the contribution of the IP of o
QW boundary cancels out the other exactly when the QW
symmetric. The asymmetry can be introduced by a sm
external electric field perpendicular to the QW plane. T
electric field, treated as a perturbation here,7 couples the
heavy hole~HH! and the light hole~LH! subbands of the
same parity through the Pockels effect, because the unif
field itself is an even function. Such coupling causes in-pla
anisotropy of the allowed transitions,DM[M @110#
2M @11̄0# , whereM @110# andM @11̄0# denote the optical tran
sition intensity for light polarized along the@110# and the

@11̄0# directions, respectively, regardless of the presence
the IP, and is known as the QW Pockels effect.7 The strength
of the in-plane anisotropy of the forbidden transitions
duced by the field, without the IP effects, is much small
being;F3 as compared to;F for the allowed transitions.
This is because the forbidden transitions involve subband
different parities. To induce the transition, the wave fun
tions must be distorted first, which gives rise to the;F2

dependence. The anisotropy is proportional toF so the final
transition anisotropy is proportional toF3.

The IP, being an odd function of space, couples the
and LH subbands with different parities. For example, the
1783 ©1999 The American Physical Society
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couples the 1L and the 2H~second heavy hole! subbands so
that the perturbed 2H subband wave function now contain
small portion of the unperturbedu1L& one. The 2H to 1C
forbidden transition now becomes slightly allowed, beca
of the nonzero overlapping integral between the unpertur
u1C& and theu1L& states. However, its intensity is so low th
it is very difficult to distinguish it from others induced b
residual field or interface defects/roughness. The transi
anisotropyis proportional to^1Cu1L&^1LuVintu2H&^1Cu2H&.
Since^1Cu2H&50 at F50, no optical anisotropy exists fo
symmetric QW’s. When a small electric field is applied, t
overlapping integral between theu2H& and the u1C& states
becomes non-zero. In the transition anisotropy te
^1Cu1L&^1LuVintu2H&^1Cu2H&, the first integral is nearly a
constant, the second is proportional to the IP strength,
the last integral is proportional toF. In the presence of the
IP, therefore, the anisotropy strength,DM , is proportional to
F, and can be much larger than the normal QW Pock
effect for the forbidden transitions. Similarly, the origin
DM of the allowed transitions due to QW Pockels Effect w
also be modified by the IP. As will be shown below, t
value ofDM is of the order of 1024 for both the allowed and
the forbidden transitions, while the value ofM of the forbid-
den transitions are much smaller than the allowed ones.
IP effects could therefore be much better manifested in
larization sensitive optical experiments such as RDS~Refs. 3
and 9! where the anisotropy strength of both the allowed a
the forbidden transitions are comparable.

An In0.2Ga0.8As/GaAs single QW, grown by molecular
beam epitaxy on~001! semi-insulating GaAs substrate, wa
studied by RDS. The structure of the sample is as follo
first a 2000-Å GaAs buffer layer, then ten periods of 50
GaAs/50-Å Al0.3Ga0.7As SL, then 5000-Å GaAs, then a 70-
In0.2Ga0.8As QW, and finally an 1000-Å GaAs cap. All th
epilayers were intentionally undoped, but residual dop
gives rise to a small field in the surface depletion region. T
sample was placed in a variable-temperature cryostat
RDS measurements from 300 to 80 K. The reflectance
ference between the@110# and the @11̄0# directions was
measured by the Fourier-transform RDS setup.3 Fourier-
transform photoreflectance~PR!, where the probe beam wa
from the Fourier-transform spectrometer and the excita
was from an Ar-ion laser chopped at 16 KHz, was also c
ried out at room temperature to identify the allowed tran
tions.

Given the width of this In0.2Ga0.8As QW, there are three
allowed transitions and three forbidden transitions from
five subbands: one LH subband~1L!, two HH subbands
~1H,2H!, and two electron subbands~1E,2E!. The three al-
lowed transitions are easily observed by PR at room te
perature@the bottom curve in Fig.~1!#. Three peaks~peakA
at 1.260 eV,B at 1.334 eV, andC at 1.386 eV! below the
sharp structure at 1.421 eV of the GaAs band edge
clearly seen. The three peaks are assigned to the 1H1E~the
transition from 1H to 1E!, the 1L1E, and the 2H2E trans
tions, respectively. Our calculations of the subband ener
confirm this assignment. In addition, we note that there a
few Franz-Keldysh oscillation~FKO! peaks above the GaA
band edge, indicating that there is a residual electric field
the sample. From the FKO the residual electric field is fou
to be 4.6 kV/cm. In such a small field, the parities of t
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subband wave functions are well maintained and the forb
den transitions are very weak. That is why no forbidden tr
sition was observed by PR.

The three top curves in Fig. 1 show the imaginary R
spectra measured at room temperature, 120 and 78 K, res
tively. The imaginary RD spectra, Im(Dr/r), is proportional
to the anisotropy of the transition probability,DM
@;Im(D«)#, because the cap layer introduces a phase fac3

very close to2 i . Besides the three structures correspond
to the three allowed transitions~A,B,C! in PR, two new struc-
tures,D andE, appear, together with the structure ‘‘SL’’ a
1.515 eV. The latter is related to the 1H1E and the 1L
transitions of the GaAs/AlxGa12xAs SL, and we will not
discuss it in detail here. The structureD, which is absent in
the PR spectrum, is believed to arise from the 2H1E tran
tion according to its energy position confirmed by calcu
tions. The structureE located near 1.421 eV is due to th
1L2E transition. There are two reasons:~1! the energy dif-
ference betweenE andC ~about 35 meV! is nearly the same
as that betweenD andB ~37 meV!; ~2! its anisotropy ampli-
tude is approximately equal to that ofC ~2H2E! except with
a negative sign. This feature is verified by calculatio
shown later. The five resonances have distinct signs,
structuresA andC are of the same sign, and that ofB, D, and
E are all opposite of that ofA andC.

The observed RDS structures cannot be due to the no
Pockels effect of the residual field.8 As has been discusse
above, this is because the electric field only couples the
and the LH subbands with the same parity, i.e., 1H to 1L
the QW. This can only explain the anisotropy of the 1H1
and the 1L1E transitions. The strong anisotropy of the 2H
transition implies that there is strong coupling between
2H and the 1L subbands, which is made possible by the

FIG. 1. The photoreflectance spectrum~bottom curve, right
axis! and the reflectance-difference~RD! spectra~top three curves,
left axis! of an In0.2Ga0.8As quantum well. The RD spectrum at 12
K has been shifted horizontally by262 meV, and that at 80 K has
been shifted by276.5 meV. The RD spectra at 300, 120, and 78
have also been vertically shifted by 0.0002, 0.0004, and 0.00
respectively.
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TABLE I. Optical transition anisotropy of the In0.2Ga0.8As quantum well observed by reflectanc
difference spectroscopy and calculated byK* P theory with and without the interface potential. The data
the last two rows are for the GaAs/Al0.3Ga0.7As superlattice. TheDr /r of the superlattice has been correct
for the absorption of the top GaAs and InxGa12xAs layers.

Transitions Experiments Theory

Energy
~eV! Dr /r (1025) Energy~eV!

Dr /r (1025)
~Pockels only!

Dr /r (1025)
~Ivchenko’s!

Dr /r (1025)
~reduced IP!

1H1F ~A! 1.260 5.4 1.263 0.88 12.3 4.75
1L1E ~B! 1.334 22.7 1.330 20.83 23.1 22.37
2H2E ~C! 1.386 5.0 1.383 0.01 23.9 9.96
2H1E ~D! 1.297 24.7 1.296 0.00 28.8 23.9
1L2E ~E! 1.420 25.9 1.417 0.02 223.4 29.43
1H2E 0 1.350 0.00 0.04 0.016
1H1E ~SL! 1.510 3.4 1.509 2.35 16.4
1L1E ~SL! 1.520 23.6 1.522 22.33 220.4
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The RDS amplitudes of all the transitions of this InxGa12xAs
QW are calculated in the framework of theK* P theory,
treating the IP given by Eq.~1! and the electric field as a
perturbation. Table I shows the RDS strength measure
room temperature and the calculated results. The absorp
due to the cap layer has been corrected. For Krebs m
VBO558 meV was taken for the In0.2Ga0.8As/GaAs inter-
face. The value ofP0 for Ivchenko’s model for InAs/GaAs is
about the same as Krebs based on a simple tight-bin
estimation. The results are for zero in-plane wave vec
From the table, we see that the RDS signs of all the obse
transitions~including 1L2E! are reproduced exactly if the IP
is taken into account. The anisotropy intensity of the 2H
and the 1L2E forbidden transitions are comparable to tha
the 1H1E and the 1L1E allowed transitions. The 2H2E tr
sition anisotropy is about the same as that of the 1L2E tr
sition except with an opposite sign, while that of the 1H
transition is very small. The reason for the latter to be sm
is because there is no 2LH subband in the QW to couple w
the 1HH through the interface anisotropy potential. If w
change the sign of the IP strength, the signs of all the tr
sitions will be reversed. The amplitudes of the forbidd
transitions will remain the same while that of the allow
transitions, due to the Pockels effect, will be changed. T
amplitudes and the signs of the anisotropy of all the allow
and forbidden transitions predicted by theory are qual
tively consistent with the experimental results, if the IP
included. If the IP is ignored, then only two anisotrop
structures associated with the 1H1E and the 1L1E transit
should be present. This is clearly in contradiction with t
experimental results.

We now discuss briefly the line shape of the RDS str
tures. It is noted that only the 1H1E transition shows a cl
step-function line shape, which reflects the two-dimensio
nature of the joint density of states of the transition. The l
shapes of other transitions are more peaklike~positive or
negative!. This is very clear for the 2H1E~structureD! tran-
sition. To consider the lineshape involves nonzero in-pla
wave vector (qÞ0), which couples theu3

2,1
3
2& and the

u 3
2,1

1
2& states~or u3

2,1
3
2& andu3

2,2
1
2&! through]/]z . Its average

value can be of the order of 1/a ~a is the width of QW! when
the envelope functions of the coupled HH and LH subba
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have different parities, and is close to zero for subbands w
the same parity. This coupling does not contribute to
transition anisotropy because theu3

2,1
3
2& and theu3

2,1
1
2& states

have different spins. Instead, it reduces the existing coup
between theu3

2,1
3
2& and theu3

2,2
1
2& states by transferring os

cillation strength from it, therefore reducing the transitio
anisotropy. The coupling between theu3

2,1
3
2& state of the 2H

subband and theu3
2,2

1
2& state of the 1L subband caused by t

1P, which produces the transition anisotropy, is decrease
the coupling between theu3

2,1
3
2& state of the 2H subband an

the u 3
2,1

1
2& state of the 1L subband due toqÞ0. As a result,

the RDS amplitudes decrease according to@12(E
2E0)/DE# for the transitions that involve the couplin
caused byqÞ0. HereE0 is the transition energy atq50, E
is the photon energy,DE is proportional to the square of th
QW width and the square of the energy difference betw
the coupled hole subbands. For the 2H1E transitionDE
530 meV, which is comparable to the actual line width
D. The line shape confirms again that the anisotropy of
2H1E transition indeed comes from the coupling between
2H and the 1L subbands caused by the IP.

The two IP models can explain qualitatively the expe
mental results. To quantitatively compare the models w
the RD structures, we first need to address the issue of j
density of states of the electronic transitions between the
subbands used in the calculations.

First, we adopt the experimental values of the in-pla
effective mass of the first 1E and the 1H subbands,10,11

m1H(50.14) andm1E(50.071), in the unit of free-electron
mass. Next, we take the estimated value of 0.065~5bulk
value for GaAs! for the 2E subband mass, because the va
of m1E is already quite close to the bulk value. In the abso
tion spectra12 of InxGa12xAs QW’s, the absorption strengt
of the 1H1E transition is twice of the 1L1E one. Since t
theoretical transition probability ratio of the two is 3 to 1, th
joint density of 1L1E is then 1.5 times the 1H1E transitio
or 0.07. In other words, the 1L mass is much larger than
1E one, which is expected. Furthermore, the experime
absorption strength12 of 2H2E is comparable to that of th
1H1E, and the theoretical transition probability of 2H2E
0.67 times that of the 1H1E. This leads to the joint density
0.07 for the 2H2E transition. Since this value is close to t
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of the 2E mass, the mass of the 2H subband is also q
high, which is again expected from theoretical calculatio
With the masses of all the subbands known, the joint den
of the 1L2E and the 2H1E can be easily calculated.

We now compare the intensity ratio of the observed tr
sitions with the calculated values using the IP models. N
that the intensity ratio is no longer dependent on the elec
field, as long as it is small. This eliminates the uncertai
due to possible nonuniformity of the field. The calculat
ratio of the 1H1E transition over the 1L1E on
R(1H1E/1L1E), is about twice of the experimental one. T
can be improved if we reduce the IP strength, since b
transitions include the Pockels and the IP effects. The
column of Table I shows the calculated results using an
strength 0.4 times of the original models. These results
much closer to the experimental ones than the ones using
full strength of IP.

Another quantitative discrepancy between theory and
periment is the relative strength of the two forbidden tran
tions. It is seen from Table I that the experimental value
the strength ratioR(1L2E/2H1E) is 1.26, while that o
the theory is 2.66. Large discrepancy also exists
R(2H1E/2H2E). Note that the ratio is independent of t
electric field strength and the IP strength, if the poten
takes the form given by Eq.~1!. This suggests that the exis
ing models, which describe the IP only in terms of t
heavy-light-hole coupling, cannot fully explain the observ
optical anisotropy. Coupling involving other bands, whi
have not been addressed by these models, may also pla
important role. By taking into account the coupling involvin
these bands, one may be able to change the relative stre
of these transitions, because the contributions of the n
coupling are different for different transitions.
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One immediate candidate of additional coupling is the o
involving the nearbyG7 band. There are two aspects of th
G7-band coupling. First, eachG8 subband contains a sma
component of theG7 band wave function. However, sinc
this component is much smaller than that of theG8 band, the
anisotropy it induces, if there is any, will also be mu
smaller than that of theG8 band, and change little the fina
results. The second is theG7-G8-band coupling in the IP. By
the symmetry argument, the coupling strength of heavy-li
hole of theG8 band is of the same order of magnitude as
G7-G8 one, but the energy separation of theG8 subbands
~;10 meV! is much smaller than the ones betweenG7-G8
one ~;300 meV!. The contribution of theG7 band to the
anisotropy through IP will again be much smaller than t
heavy-light-hole coupling. Therefore, coupling involving th
G7 will change little the calculated relative strength. Simil
argument can be applied to the coupling involving theG6
conduction band. Only the coupling involving other ban
such as theL and/or X bands with considerable streng
could change the relative strength of the transitions, but
exact formula is still not available at present.

In conclusion, clear experimental evidences for the ex
tence of the IP at common-atom semiconductor interfaces
presented. The observed RDS transitions in
In0.2Ga0.8As/GaAs QW can be qualitatively explained whe
the IP is included in theK* P model. The theoretical value o
the anisotropy strength ratio involving the two forbidde
transitions is two times larger than the observed one. T
suggests that the existing IP models are not sufficient to f
explain the observed optical anisotropy. Effects due to c
pling involving theX and/orL bands may also play an im
portant part. The observed strength of the IP is about
times the theoretical one. More studies are underway to
ther explore the properties of the interfaces.
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