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In-plane anisotropy of the optical properties of „In0.5Ga0.5As…n Õ„InP…n superlattices

Rita Magri and Stefano Ossicini
Istituto Nazionale per la Fisica della Materia and Dipartimento di Fisica, Universita` di Modena e Reggio Emilia, Via Campi 213/a,

I-41100 Modena, Italy
~Received 7 March 2000; published 2 April 2001!

In this paper we study the electronic and optical properties of (In0.5Ga0.5As)n /(InP)n superlattices, where the
Ga0.5In0.5As alloy is described both through the virtual crystal approximation~VCA! and through an appropri-
ate ordered ternary structure. By first-principles calculations of the dielectric tensor elements we address the
issue of the giant polarization anisotropy of the optical absorption experimentally observed in these superlat-
tices. The magnitude of the anisotropy depends on the splitting between the hole states at the valence band top
which is due to the lowering of the overall symmetry to theC2v point group and it is greatly influenced by
strain not only at the interfaces but also in the bulk alloy.
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I. INTRODUCTION

‘‘No-common atom’’ ~NCA! superlattices~superlattices
in which the host materials do not share common atom!,
constitute an interesting system for exploring the interfa
related features in the electronic and optical properties
superlattices~SLs! and multiquantum wells~MQWs!. This is
because inideal NCA systems, such as~InGa!As-InP or
InAs-AlSb, there can be two inequivalent interfaces, while
ideal ‘‘common atom’’ ~CA! superlattices, such a
~AlGa!As-GaAs, there is always only one kind of interfac
This different behavior is shown mainly in the optical pro
erties. The optical transmission spectra of InGaAs-InP MQ
structures grown along the@0,0,1# direction display a strong
anisotropy of the optical absorptiona with respect to the
angle u between the photon polarization and the samplx
axis. In particular it has been shown that the absorption
stronger when the photon polarization is along the@1,1,0#
direction than when it is along the@21,1,0# direction for
light propagating along the superlattice growth direction. C
MQWs, instead, do not show any polarization anisotropy
the optical absorption.1–3

The existence of two subsequent inequivalent interfa
in NCA superlattices leads to a reduction of the crystal fi
symmetry. While CA MQWs have aD2d point group with
eight symmetry operations, in the NCA MQWs that ha
inequivalent interfaces the symmetry is reduced to aC2v
point group which has only four symmetry operations. T
C2v point group misses the symmetry operations related
thez-axis inversion that changez→2z. In a CA superlattice,
for example with a common anion, the host materials can
indicated withC1A andC2A whereA is the common anion
andC1 andC2 the two cations. In this case the interface
properly identified with a singleA plane, and in case of idea
and abrupt geometries, all the interfaces have the s
atomic configurations: anA plane with aC1 plane on one
side and aC2 plane on the other side. At two subseque
interfaces the role of theC1 andC2 planes is just reversed
As a consequence the structure has a symmetry plane
respect to thez→2z operations. In the NCA superlattice
0163-1829/2001/63~16!/165303~9!/$20.00 63 1653
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instead, with ideal and abrupt interfaces between the
C1-A1 andC2-A2 host materials, the interfaces can be co
sidered constituted by acouple of planes. The interface
bondsC1-A2 andC2-A1 are different from the bonds in th
two bulk constituents. Moreover, at aC1-A1 /C2-A2 inter-
face, if A1 is the interface plane, theC1-A1 bonds lie in the
$21,1,0% plane, while theC2-A1 bonds lie in the$1,1,0%
plane. In the CA superlattices this situation is just comp
sated at the other interface with theC2-A1 bonds in the
$21,1,0% plane and theC1-A1 bonds in the$1,1,0% plane.
This compensation does not occur in NCA superlattices
cause the chemical species forming the bonds themselve
different: there areC1-A1 andC2-A1 bonds at one interface
and C2-A2 /C1-A2 bonds at the other interface. This situ
tion is displayed in Fig. 1. Consequently, the crystal poten
is not anymore symmetric with respect to the midpoint of t
QW layer for all the rotoinversion operations of theD2d
point group changingz into 2z.

FIG. 1. Scheme of the chemical bond configurations at the
terfaces in the~GaIn!As/InP NCA superlattices. Vertical planes in
dicate~110! planes while horizontal planes indicate~2110! planes.
The figure stresses the orientation of the nearest neighbor bon
the ~001! interfaces with respect to the growth@001# direction
which is indicated by the two-ended arrow. Indeed changingz to
2z does not change the physical description of the infinite syst
Only care has to be used into attributing the results for the@110#
direction to the@2110# direction and vice versa.
©2001 The American Physical Society03-1
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The inequivalence of the~001! interfaces and the relate
symmetry reduction give rise to the observed polarizar
anisotropy of the optical absorption of the NCA superl
tices. This point has been investigated through semiempir
tight binding and envelope function approaches. The po
ization anisotropy cannot be predicted by the standardk•p
theory, in which potential fluctuations on the scale of atom
spacing are not taken explicitly into account. Krebs a
Voisin1 and Ivchenkoet al.4 have introduced phenomeno
logical approaches to include a coupling potential at the
terfaces into the framework of thek•p theory in the envelope
function approximation. Both approaches turn out to be s
stantially equivalent and lead to a mixing of the heavy a
light hole states at the zone center and ultimately to a po
ization dependence of the optical absorption coefficient
both cases the magnitude of the mixing depends on par
eters whose value is obtained by fitting the experimen
data.5

Similarly, a semiempirical tight-binding calculation3

which includes strain effects at the interfaces but does
take into account a possible superlattice valence band o
asymmetry,6 finds a partial admixture of the light and heav
characters in the hole wave functions. This calculation fin
that, due to the mixing of the light and heavy hole charact
the optical transitions from the upmost valence states to
first conduction state at the zone center are in-plane po
ized. This leads to a polarization angle dependence of
oscillator strengths and, ultimately, to a polarization dep
dence of the absorption spectrum.

These theoretical results based on semiempirical
proaches agree qualitatively with the experiment but the p
dicted polarization rates

P~hn!5
a1102a 1̄10

a1101a 1̄10
~1!

are consistently smaller than the experimental ones and
pend critically on the value assigned to adjustable par
eters.

Our ab initio calculations7 have clarified the relation be
tween the global symmetry of the system, the dielectric t
sor elements, and the conditions leading to the observed
plane polarization anisotropy. Now the aim of this paper
~1! to assess separately the different effects contributing
the polarization anisotropy of the optical absorption
(Ga0.5In0.5As)/(InP) without having to put into the calcula
tion ad hoc parameters and~2! to shed light into the link
between the microscopical configuration of the atomic bo
both at the superlattice interfaces and in the Ga0.5In0.5As al-
loy bulk and the dielectric tensor.

II. SUPERLATTICE SYMMETRY AND THE DIELECTRIC
TENSOR

We start our study by considering the imaginary part
the dielectric function which is directly related to the optic
absorption:
16530
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a~v!5
v

n~v!c
e2~v!. ~2!

At the first order perturbation theory, in the dipole appro
mation:

e2~v!5
8p2e2

v2m2V(
v,c

(
k

ueW•PW v,c~k!u2

3d@Ec~k!2Ev~k!2\v#, ~3!

where PW v,c(k)5^v,kuPW uc,k& is the matrix element of the
optical transition between the valence stateuv,k& and the
conduction stateuc,k&. V is the unit cell volume over which
e2(v) is normalized. The optical absorption of an infini
system does not depend on the chosen dimension of the
cell.

To describe the optical anisotropy it is better to work w
the dielectric tensor

e i , j~v!5
8p2e2

v2m2V(
v,c

(
k

@Pv,c~k!# i* @Pv,c~k!# j

3d@Ec~k!2Ev~k!2\v#, ~4!

wherei , j 5x,y,z and@Pv,c(k)#x5^v,kuPxuc,k&. For a wave
traveling along thez axis, the general direction of the pola
ization vector in the~001! plane can be indicated witheW
5(cosu,sinu,0), whereu is the angle between the polariza
tion direction and the@100# axis. This gives

e2~v,u!5exx~v!cos2u1exy~v!sin 2u1eyy~v!sin2u.
~5!

Denotingeyy(v)5exx(v)1dexx,yy(v), we obtain

e2~v,u!5exx~v!1dexx,yy~v!sin2u1exy~v!sin 2u. ~6!

From this expression we see thate2, the absorption, depend
on u, the in-plane polarization direction, if~1! the diagonal
elementsexx and eyy of the dielectric tensor are differen
@dexx,yy(v)Þ0 and/or 2# the off-diagonal elementexy is dif-
ferent from zero. Without a direct calculation of the diele
tric tensor elements we can nevertheless derive the relat
among the dielectric tensor elements simply by looking
the symmetry of the system. Now the dipole oscillator mat
elements transform under the operation of the crystal s
metry group as8

PW v,c~R21kW !5eigRPW v,c~kW !, ~7!

whereR indicates a symmetry operation of the crystal po
group. By applying Eq.~7! we reduce the summation in Eq
~4! to thek points in the irreducible wedge of the Brilloui
zone~IBZ! and determine the elements of the dielectric te
sor for the CA (D2d) and NCA (C2v) crystal structures. We
report the results in Table I. We see that for NCA SLs a
MQWs grown along the@001# direction, having theC2v
symmetry,dexx,yy(v) is always zero butexy(v) is expected
to be different from zero. Thus, the observed anisotropy
the NCA ~001! grown SLs is due to the off-diagonalxy
element of the dielectric tensor which is different from ze
3-2
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TABLE I. Dielectric tensor elements for CA and NCA multiquantum wells. HereK58p2e2/v2m2V. d
stays simply ford@Ec(k)2Ev(k)2\v#. The summation overk is intended only over the IBZ.

Dielectric tensor elements CA (D2d) NCA (C2v)

exx(v)5eyy(v) K(v,c(k4(Px* Px1Py* Py)d K(v,c(k2(Px* Px1Py* Py)d
ezz(v) K(v,c(k8Pz* Pzd K(v,c(k4Pz* Pzd

exy(v)5eyx(v) 0 K(v,c(k2(Py* Px1Px* Py)d
exz(v)5ezx(v) 0 0
eyz(v)5ezy(v) 0 0
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In factDe(v) which is the difference between the absorpti
for eW5@110# (u5p/4) and that foreW5@ 1̄10#, (u52p/4),
is given by@using Eq.~6!#

De~v!5e2S v,
p

4 D2e2S v,2
p

4 D52@exy~v!#. ~8!

III. MODELS FOR THE Ga 0.5In0.5As RANDOM ALLOY

We have used two approximations to model the pseu
binary alloy (In0.5Ga0.5)As. The first model is the commonl
used simple virtual crystal approximation~VCA! where a
virtual cationM has been simulated by averaging the In a
Ga pseudopotentialsM5(Ga0.5In0.5). In this approximation
the random (In0.5Ga0.5)As alloy is described through abi-
nary compound, MAs, and more realistic descriptions of t
compositional disorder in the alloy constituent, which cou
lead to a further reduction of the superlattice symmetry,
not taken into account. We analyze first the electronic a
optical properties of the (MAs)n /(InP)n superlattices be-
cause we want to study separately the effects due to stra
the interfaces from the additional effects due to the com
sitional disorder inside the bulk of the random (In0.5Ga0.5)As
constituent.

The second model is the ordered true ternary ‘‘spe
quasirandom structure’’ SQS-4.9 This ordered structure is th
structure withonly 4 atoms per unit cell that better mimic th
first few radial correlation functions of a perfectly rando
structure. To our knowledge the random nature of
GaInAs alloy has never been fully addressed. The only o
ternary structure used to approximate the alloy was the~001!
(GaAs)1(InAs)1 superlattice10 which has alternating Ga an
In planes along the@001# direction and an higher symmetry
The SQS-4 structure has instead both Ga and In atom
each 001 cationic plane. The superlattice with the SQ
layer has a lower symmetry than theC2v symmetry of the
superlattice formed by the two binary zinc blende const
ents @i.e., (MAs)n /(InP)n]. The resulting symmetry is now
C1h . TheC1h point group is a subgroup of the originalC2v
group and we obtain the same coupling betweenX and Y
symmetry states leading toexy(v)Þ0 as for theC2v sym-
metry. There are also additional couplings between
(X,Y) states and theZ state but they are much smaller tha
the couplings between theX andY states, and, since we ar
here studying the in-plane~i.e., thexy plane! polarization
anisotropy of light propagating along thez direction, they are
of none effect on the object of our investigations.
16530
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For the VCA approximation we consider superlattic
@MAs#n-@ InP#n with n512 and n56 ~corresponding to
quantum wells 18 and 36 Å wide, respectively! which are
shorter than the MQWs grown by metal organic chemi
deposition reported in the experimental literature, which
have thicknesses ranging between 45 and 145 Å, but
long enough to separate to an acceptable degree the co
butions coming from the two different interfaces. For t
SQS-4 approximation we consider a superlattice with per
n56. For each layer material we consider an even numbe
monolayers. Thus the superlattices have two inequivalen
terfaces: one~GaIn!P and one InAs interface per unit cell.

In our study we consider superlattices whose periodn is
very small compared tol the characteristic wavelength o
the optical radiation. Thus, the radiation does not resolve
single superlattice layers and the possible change of the
larization across the interfaces is not an important issue
this case.

IV. METHOD OF CALCULATION

To quantify the group theory predictions we have calc
lated the electronic and optical properties of
(In0.5Ga0.5)As-InP superlattice within a first-principles ap
proach. The calculation has been performed in the s
consistent density functional theory~DFT! with the local
density approximation ~LDA !, using nonlocal norm-
conserving pseudopotentials.11 The pseudopotentials are no
separable and include scalar relativistic effects and nonlin
core corrections.12 The Ceperley Alder form13 for the ex-
change and correlation energy has been used. The sup
tice wave functions have been expanded in plane waves
an energy cutoff 12 Ry. For the results we are interested
here this cutoff is fully adequate as we have checked p
forming calculations with higher cutoffs on smaller perio
structures.

This cutoff~ and a smaller one 9 Ry.! has been used~with
similar pseudopotentials! in the literature to study the elec
tronic properties~in particular the valence band offset! of the
(Ga0.5In0.5As)/(InP) superlattices.10,14,15The agreement with
these previous calculations is good. Thus, we feel that
electronic properties of the superlattices, which are the st
ing point of the analysis of the optical transitions, are w
described.

In the VCA scheme, we obtain for the binary MAs syste
an equilibrium lattice parametera511.0235 a.u. and a bulk
modulus B579 GPa, while for InPa511.0256 a.u.@a
3-3
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55.83 Å, to be compared with the experimental value 5
Å ~Ref. 16!# and B577 GPa @experimental value 72 GP
~Ref. 16!#. Thus, the two binaries can be considered latt
matched~as they are experimentally!, the calculated mis-
match being less than 0.02%. As a consequence, when In
grown on (Ga0.5In0.5As) ~or vice versa! the two bulk systems
are not strained. The interface bonds instead are differ
In-As bonds at one interface and M-P bonds at the ot
interface. For the calculations on the corresponding bin
systems we finda511.395 a.u.@6.03 Å, experimental value
6.05 Å ~Ref. 16!# and B561 GPa@experimental value 58
GPa ~Ref. 16!# for InAs, while for the hypothetical binary
MP we find a510.688 a.u.~5.66 Å!. These results on the
binary systems suggest that the In-As bonds, while c
strained to the common InP and MAs lateral dimension, w
elongate along thez direction to reach a bond distance clos
to their bulk value. The M-P bonds at the other interface~see
Fig. 1! will shorten accordingly.

To study the effects of the interfacial strain on the opti
anisotropy of MAs/InP superlattices we consider separa
two cases. We study first the simplest possible situation
which we neglect spin-orbit interaction effects and the ela
strain effects at the interfaces. Under these assumptions
the chemical difference of the constituent atoms at the in
faces is taken into account. This situation is obviously un
alistic since the strain at the interface contributes consid
ably to the crystal potential antisymmetry along thez axis.
Then, the atoms are allowed to relax to their equilibriu
positions, keeping fixed the cell dimension along the z a
to z5na, wheren is the superlattice period anda the com-
mon equilibrium lattice constant of InP and MAs. The resu
ing geometry is very similar to that proposed in Ref. 14. T
bond lengths at the two interfaces are closer to their b
valuesdIn-As anddM-P . The relaxation does not relieve com
pletely the strain at the interfaces that are considera
strained while the strain in the bulk is very small. Th
atomic configuration corresponds to a bond length param
at the interfaces«50.06. Thus, dIn-As5d0(11«) and
d(M)-P5d0(12«), whered0 is the calculated common bon
length of the two lattice-matched constituents. The result
total energy is reduced by 64 meV and an inspection of
atomic forces shows that the system is indeed relatively c
to an energy minimum.

Also for the SQS-4 we have studied separately:~1! the
‘‘ideal’’ configuration where the atoms are kept fixed at th
ideal zinc blende sites and~2! a relaxed configuration wher
the atoms are at their minimum energy sites. In this sec
case the resulting configuration is very distorted and
strain is transmitted through the entire InP layer where so
monolayer distances alongz are consequently modified. Th
largest distortions are located at the interfaces with an a
age bond length parameter~averaged over the In-P and Ga
bond lengths at the Ga0.5In0.5-P interface! «50.073 at both
interfaces. The plane distances alongz are slightly increased
in the InP segment and slightly smaller in the SQS
Ga0.5In0.5As segment. This is because the superlattice S
4/InP is a relatively short superlattice~periodn56) and the
ordered ternary SQS structure is less efficient in relieving
bulk strain than a true random alloy. The results we obt
16530
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from this study have to be considered as relative to two
treme conditions for a real (Ga0.5In0.5As)n(InP)n super-
lattice: a zero bulk strain in the (MAs)n(InP)n system and a
very large bulk strain in the (SQS-4)n(InP)n system. The
real situation will be somewhat in between these two lim

V. RESULTS

A. Electronic properties: Confined states and wave functions

In Fig. 2 the scheme of the energy levels which are c
fined in the hole and electron wells~both located into the
Ga0.5In0.5As segment! is given for the (MAs)12(InP)12 super-
lattice. We have calculated a 225 meV valence band of
~VBO! between MAs and InP~without taking into account
quasiparticle and spin-orbit effects!. Using this value we find
that five hole levels are confined inside the hole well while
the conduction band only the first electron stateE1 is con-
fined inside the well. The (SQS-4)6(InP)6 and
(MAs)6(InP)6 superlattices display the same level sche
but only three hole states are confined in the well.

As we will see below, only the first three hole states
the top of the valence band have a high transition probab
to theE1 state. Of these hole states only the first two, wh
we nameV1 and V2, contribute to the in-plane PA. Thi
situation is common to all the superlattices considered h
Our attention is devoted to theV1 andV2 states at the top
of the valence band and to theE1 electron state at the bottom
of the conduction band at theG point. We have plotted
the squared amplitudes of the planar-averaged wave fu
tions of the (MAs)12(InP)12 superlattice~Fig. 3! and of the

FIG. 2. Diagram scheme of energy levels, band alignment,
interband transitions in (MAs)12(InP)12.
3-4
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FIG. 3. Wave function squared amplitudes
the hole V1 ~dashed line! and V2 ~solid line!
states and electronE1 state for unrelaxed and
relaxed (MAs)12(InP)12 superlattice.
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(SQS-4)6(InP)6 superlattice~Fig. 4! along the superlattice
growth direction. The wave functions of theV1 andV2 hole
states are localized inside the MAs well. The localization
higher for the superlattice with periodn512 ~Fig. 3! than for
the superlattice with periodn56 ~Fig. 4!. In both cases the
atomic relaxations lead to an increase of the localization
the hole states into the well. In the case of the VCA for t
GaInAs alloy~Fig. 3! the relaxation leads to a wave functio
amplitude of theV1 and V2 states at the In-As interfac
larger than at the M-P interface. A similar behavior is n
displayed, instead, by the analogous wave functions w
the alloy is described by the SQS-4 model~Fig. 4!. Looking
more carefully at the plots we can see that the sum of theV1
and V2 amplitudes are always larger at the In-As interfa
than at the M-P interface. Atomic relaxations increase t
trend. The asymmetric behavior of theV1 andV2 envelopes
alongz at G is a direct consequence of the no-common at
nature of the superlattices. The electronE1 state is less lo-
calized of the hole states and its localization increases w
the superlattice periodn.
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B. Optical properties: Dielectric tensor and in-plane
polarization anisotropy

The anisotropy effects are observed over a 70 m
range,3 which corresponds to the optical transitions betwe
the upper hole states, localized into the~InGa!As layers, and
the first conduction stateE1, which is also localized into the
~InGa!As well. The calculated dielectric tensor elements c
responding to the optical transitions between these state
the G point are given in Table II, together with the corre
sponding transition energies and dipole oscillator streng
Table II gives theab initio calculated dielectric tensor ele
ments for both the unrelaxed and relaxed (MAs)12(InP)12
and (SQS-4)6(InP)6 superlattices. Under the entry ‘‘dipol
oscillator strength’’ we indicate in the table the quant
uPvcu2 which is a measure of the probability of the transitio
~without considering the direction of the polarization vecto!.
We see that only the transitions from the higherV1, V2, and
V3 hole states to the first electron stateE1, have a substan
tial probability in the considered energy range. Howev
only the crystal splittedV1 andV2 states contribute to the
of

d

FIG. 4. Wave function squared amplitudes
the holeV1 ~dashed line! and V2 ~solid! states
and electronE1 state for unrelaxed and relaxe
(SQS-4)6(InP)6 superlattice.
3-5
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TABLE II. Calculated dielectric tensor elements for the unstrained and strained NCA superlattice

Transition Energy~eV!
Dipole oscillator

strength exx eyy ezz exy exz eyz

(MAs)12(InP)12 unrelaxed

V1-E1 0.6273 0.22047 4.0741 4.0741 0.00 24.0741 0.00 0.00
V2-E1 0.6288 0.22217 4.0859 4.0859 0.00 14.0859 0.00 0.00
V3-E1 0.6637 0.21537 0.00 0.00 7.1095 0.00 0.00 0.00
V4-E1 0.6994 0.00741 0.1102 0.1102 0.00 20.1102 0.00 0.00
V5-E1 0.7001 0.00674 0.0999 0.0999 0.00 10.0999 0.00 0.00

(MAs)12(InP)12 relaxed

V1-E1 0.5917 0.19746 4.1016 4.1016 0.00 24.1016 0.00 0.00
V2-E1 0.6056 0.20724 4.1090 4.1090 0.00 14.1090 0.00 0.00
V3-E1 0.6781 0.22033 0.00 0.00 6.9672 0.00 0.00 0.00
V4-E1 0.6943 0.00832 0.1254 0.1254 0.00 20.1254 0.00 0.00
V5-E1 0.7138 0.00085 0.0121 0.0121 0.00 10.0121 0.00 0.00

(SQS-4)6(InP)6 unrelaxed

V1-E1 0.6225 0.22413 4.2057 4.2057 0.00 24.2057 0.00 0.00
V2-E1 0.6351 0.23701 4.2684 4.2684 0.007214.2684 0.1749 0.1749
V3-E1 0.6543 0.23531 0.0039 0.0039 7.9842 0.003920.1763 20.1763
V4-E1 0.9043 0.00206 0.0183 0.0183 0.00 20.0183 0.00 0.00
V5-E1 0.9137 0.00067 0.0058 0.0058 0.00 10.0058 0.00 0.00

(SQS-4)6(InP)6 relaxed

V1-E1 0.5739 0.19395 4.2813 4.2813 0.00 24.2813 0.00 0.00
V2-E1 0.6249 0.21296 3.9571 3.9571 0.015413.9571 0.2464 0.2464
V3-E1 0.7037 0.23469 0.0065 0.0065 6.8791 0.006520.2113 20.2113
V4-E1 0.8492 0.00059 0.0059 0.0059 0.00 20.0059 0.00 0.00
V5-E1 0.9273 0.00516 0.0435 0.0435 0.000110.0435 0.0025 0.0025
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in-plane absorption since theV3-E1 transition has oscillato
strength components only along thez axis. This behavior of
the interband transitions is shared by all the structures c
sidered here.

From the calculated dielectric tensor components we
the following. ~1! The in-plane elements are fully decouple
from the elements along thez growth direction.~2! The xy
elements of the dielectric tensor relative to the in-plane tr
sitions are different from zero in the case of the NCA sup
lattices as predicted by theory group symmetry consid
ations. ~3! Very importantly, the elements of the dielectr
tensor relative to the two crystal field splitted statesV1 and
V2 have almost the same magnitude.~4! The xy elements
have the same magnitude of thexx andyy elements.~5! The
xy elements of the dielectric tensor relative to the transitio
from V1 andV2 to E1 have opposite sign.

These results allow us to study the origin of the dep
dence of the optical absorption on the polarization vec
direction. By considering only the two splitted states at
top of the valence band at theG point and indicating withv1
and v2 the transition energies to theE1 state, we have for
the absorption anisotropy at these energies@Eq. ~8!#
16530
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e

De2~v1!52exy~v1! ~9!

and an analogous expression forDe2 at v2. Sinceexy(v1)
;2exy(v2) and uexyu equals the diagonal elements of th
dielectric tensor, we see from Eq.~5! that

e2S v1 ,
p

4 D52exx~v1! while e2S v2 ,2
p

4 D50

~10!

or vice versa. An opposite behavior is found for the tran
tion at energyv2. Thus, the polarization direction enhanc
or quenches selectively the optical transitions associate
the C2v crystal field splitted states. In the case of the un
laxed superlattice with the alloy treated with the VCA, th
crystal field splittingDE between the transitionsV1-E1 and
V2-E1 differ less than 2 meV. Since the PA is practica
only due to the small splitting~1.5 meV! v12v2 between
the two CF splitted states, the two transitions fall very clo
in energy and the anisotropy effects tend to cancel in
absorption spectrum.
3-6
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The splitting betweenV1 andV2 is related to the part o
the crystal potentialVa which has aC2v symmetry. Using
perturbation theory at the zeroth order approximation

uDEu5uv12v2u5@~Va,xx2Va,yy!
224~Va,xy!

2#1/2.
~11!

In the case of the~001! grown superlatticesVa,xx5Va,yy ,
thus uDEu52uVa,xyu. The splittingDE is a measure of the
intensity of theC2v coupling between the degenerate~in the
D2d symmetry! X andY states at the top of the valence ban
At zeroth orderuV1&5uX1Y& anduV2&5uX2Y&. The sym-
metry of the valenceV1 andV2 states allows us to interpre
the results obtained in Table II easily for the dielectric ten
elements.17

The dielectric tensor elements for the relax
(MAs)12(InP)12 superlattice are given in the second part
the Table II. Strain has reduced the fundamental optical
and opened further the energy gap between the first two
plane hole states. The splitting is now 13.9 meV. The diel
tric tensor elements are almost unchanged because th
minished transition energies are compensated by redu
dipole oscillator strengths. Thus, theonly difference between
the dielectric tensor of the unrelaxed and the relaxed su
lattice is the increased energy splitting between the first
interband transitions atv1 and atv2.

The dielectric tensor elements of the (SQS-4)6(InP)6 su-
perlattice are given in the last section of Table II. There
a few important differences with the VCA case.~1! The sec-
ond and third transitions are not exclusively polarized
plane or alongz, even if the second transition is againmainly
polarized in the plane and the third transition ismainly po-
larized along thez direction. ~2! The splitting between the
first two transitions polarized in thexy plane is larger than
for the VCA case: 12.6 meV instead of 1.5 meV for t
unrelaxed superlattices and 51.0 meV instead of 13.9 m
for the relaxed superlattices.~3! The relaxation pushes th
first transition to a lower energy.~4! The difference between
the intensity of the two transitions increases with respec
the VCA case. These results show that theC2v part of the
superlattice potential is larger when the Ga0.5In0.5As alloy is
described using the SQS approach.

Then, we have calculated the absorption coefficiena
@Eq. ~2!# for the (MAs)12(InP)12 superlattice. We have use
for the calculation thirteenk points in the IBZ. The calcu-
lateda(v) has been dressed by a Gaussian broadening o
meV. The spectrum for the unrelaxed (MAs)12(InP)12 super-
lattice in the energy range of the two transitions is given
Fig. 5~a!, where we see the substantial superposition of
two curves~corresponding to the two polarization directio
along @2110# and @110#, respectively!. The corresponding
polarization rateP(v), Eq. ~1!, is small, about 2%. The be
havior of P(v) in the energy range between the first a
second transitions agrees with the experimental result bu
value is significantly underestimated. In Fig. 5~b! we show
the absorption coefficient relative to the relaxed system.
absorption peaks corresponding to the two transitions
now fully resolved. Again, absorption corresponding to
polarization vector along the 110 direction selects one tr
16530
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sition, while absorption corresponding to a polarization ve
tor along2110 ‘‘sees’’ only the other transition. The corre
sponding polarization rate is now larger, about 15%. It
increased by an order of magnitude. Thus, in our mo
which still neglects spin-orbit interaction, the mechanism
the anisotropy is due entirely to the further crystal field sp
ting of theV1 andV2 hole states. We compare the spectru
of Fig. 5~b! with the experimental absorption spectrum giv
in Fig. 5~c!. The experimental result has been rigidly shift
by 325 meV towards lower energies to account for the t
oretical LDA underestimation of the fundamental gap. The
is an interesting similarity between the two spectra, both
shape and intensity for polarizations along@110# and@2110#.
The shift between the two absorption features displayed
our calculated spectra are still underestimated~13.9 meV
against the experimental value 40 meV!. It is interesting to
note that the polarization rate is here directly linked to t
energy gap between theV1 andV2 states: a gap of 1.5 meV
gives a p(v) maximum of '2%, whereas a gap of 13.
meV increases this value to 15%.

Finally in Fig. 6 we plote2(v) calculated at theG point
for all the structures. Again a Gaussian broadening 0.3
has been used to dress the transitions. We can see the
lowing trends.~i! Shorter the periodn of the superlattice
higher are the energies of the transitions and larger the s
ting between the first and the second transition.~ii ! The split-
ting betweenV1 andV2 becomes larger when the syste

FIG. 5. Calculated absorption spectra for a photon polariza
along@2110# ~dashed curve! and along@110# ~continous curve! for
unstrained interfaces~a! and strained~b! interfaces, compared to th
experimental results taken from Ref. 3~c!.
3-7
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relax. ~iii ! When the true Ga and In cations are taken in
account instead of a common M cation@Figs. 6~c! and 6~e!#
we obtain an increase of the splitting. Notice that in this c
the systems are both unrelaxed, that is the atoms are on
same sites. Thus also the chemical difference between th
and In potentials increases theC2v component of the super
lattice potential.~iv! The relaxation of the (SQS-4)6(InP)6
system leads to an huge splitting of the two transitions, to
enhanced difference in their intensity and to a big shift
lower energies of the transitions@see Fig. 6~f!#. These effects

FIG. 6. Imaginary part of the dielectric functione2(v) for the
two polarization directions@110# ~solid curve! and@2110# ~dashed
curve! in the energy range from 0.45 to 0.85 meV. Only the int
band transitions at theG point have been considered.
-

.

in

in

16530
e
the
Ga

n

should be contrasted with the results of Fig. 6~d! for the
relaxed (MAs)6(InP)6 where these effects are much smalle
These results show that the ternary nature of
Ga0.5In0.5As constituent has important effects on the abso
tion spectrum of nanostructures and efforts should be m
to fully include it in the theoretical description.

Obviously we have still neglected other important effe
in our calculations such as the spin-orbit coupling, and, p
sibly, a quasiparticle correction to the LDA hole eigenen
gies. On the experimental side it is well known that t
H1-L1 splitting is also strongly affected by biaxal tensi
strains which we did not include in our calculation.

VI. CONCLUSIONS

In conclusion we have shown how symmetry reduction
NCA superlattices from theD2d to theC2v point group leads
to a polarization dependent anisotropy of the optical abso
tion. Through direct first-principles calculations of the d
electric tensor elements we have found that the polariza
direction selects~that is, enhances or quenches! the optical
transitions from the crystal field valence statesV1 andV2 to
the firstE1 electron state. This mechanisms gives rise to
observed anisotropy with photon polarization and is likely
be present also in many other systems with broken degen
cies. We have contrasted two different approximations
the alloy Ga0.5In0.5As compound and shown that both th
chemical difference and the bulk atomic relaxations due
the true ternary nature of the alloy lead to important effe
in the absorption spectrum and in the in-plane PA. Our
sults suggest also that through manipulation of the interf
structure or chemistry or subjecting the system to biax
in-plane strains~that is, modifyingVa) it is possible to en-
hance or reduce the polarization dependence of the op
absorption in noncommon atom superlattices.
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