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In-plane anisotropy of the optical properties of (Iny sGa, sAs) ./ (INP), superlattices
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In this paper we study the electronic and optical properties @fsGa, 5AS),/(InP),, superlattices, where the
Gay 5ng sAs alloy is described both through the virtual crystal approximafi@@A) 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 Bg, 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 instead, with ideal and abrupt interfaces between the two
C,-A; andC,-A, host materials, the interfaces can be con-
“No-common atom” (NCA) superlattices(superlattices sidered constituted by aouple of planes. The interface
in which the host materials do not share common ajoms bondsC;-A, andC,-A,; are different from the bonds in the
constitute an interesting system for exploring the interfacéwo bulk constituents. Moreover, at@-A;/Cy-A; inter-
related features in the electronic and optical properties oface, if A; is the interface plane, th@;-A; bonds lie in the
superlatticegSLs) and multiquantum well§MQWs). Thisis ~ {—1,1,G plane, while theC,-A; bonds lie in the{1,1,G
because inideal NCA systems, such a8nGaAs-InP or plane. In the CA superlattices t_his situation is just_compen—
InAs-AlSb, there can be two inequivalent interfaces, while inSated at the other interface with ti@&,-A, bonds in the
ideal “common atom” (CA) superlatices, such as {110 plane and theC,-A; bonds in the{1,1,G plane.
(AIGa)As-GaAs, there is always only one kind of interface. TNis compensat'lon does_ not occur in NCA superlattices be-
This different behavior is shown mainly in the optical prop- €aUse the chemical species forming the bonds thgmselves are
erties. The optical transmission spectra of InGaAs-InP MQV\P'ﬁerent there ar&;-A; andC,-A, bonds at one interface

o : dC,-A,/C;-A, bonds at the other interface. This situa-
structures grown along tH®,0,1] direction display a strong 219 ~27A2/%1/2 DO .
anisotropy of the optical absorptiom with respect to the tion is displayed in Fig. 1. Consequently, the crystal potential

- is not anymore symmetric with respect to the midpoint of the
angle 6 between the photon polarization and the sample y y P b

. . : T QW layer for all the rotoinversion operations of t
axis. In particular it has been shown that the absorption '§oint g>rloup changing into — 2 P B2

stronger when the photon polarization is along fhel,0]
direction than when it is along the-1,1,0 direction for
light propagating along the superlattice growth direction. CA
MQWs, instead, do not show any polarization anisotropy of InP (InGa)As InP
the optical absorptiofi:®

The existence of two subsequent inequivalent interfaces i j
in NCA superlattices leads to a reduction of the crystal field v v
symmetry. While CA MQWSs have 8,4 point group with

eight symmetry operations, in the NCA MQWs that have

inequivalent interfaces the symmetry is reduced t€a /

point group which has only four symmetry operations. The

C,, point group misses the symmetry operations related to As \
InGa

the z-axis inversion that change— — z. In a CA superlattice, InGa
for example with a common anion, the host materials can be
indicated withC,A andC,A whereA is the common anion FIG. 1. Scheme of the chemical bond configurations at the in-

andC, a_nd C2. _the tv_vo Cat!ons. In this case the |nterfgce IS terfaces in théGalnAs/InP NCA superlattices. Vertical planes in-
properly identified with a singlé plane, and in case of ideal jicate(110) planes while horizontal planes indicate 110 planes.

and abrupt geometries, all the interfaces have the samfe figure stresses the orientation of the nearest neighbor bonds at
atomic configurations: a plane with aC; plane on one he (001) interfaces with respect to the growfl8o1] direction

side and aC, plane on the other side. At two subsequentwhich is indicated by the two-ended arrow. Indeed changitg
interfaces the role of th€, andC, planes is just reversed. -z does not change the physical description of the infinite system.
As a consequence the structure has a symmetry plane witbnly care has to be used into attributing the results for[ o]
respect to the— —z operations. In the NCA superlattices, direction to thel —110] direction and vice versa.
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The inequivalence of thé001) interfaces and the related
symmetry reduction give rise to the observed polarizarion a(w)=
anisotropy of the optical absorption of the NCA superlat-
tices. This point has been investigated through semiempiricat the first order perturbation theory, in the dipole approxi-
tight binding and envelope function approaches. The polarmation:
ization anisotropy cannot be predicted by the standaim 82e?
theor.y, in which potential quc_tu_atlo.ns on the scale of atomic @)= > > |6 B, (k)|
spacing are not taken explicitly into account. Krebs and oMVt X
Voisin' and Ivchenkoet al* have introduced phenomeno-
logical approaches to include a coupling potential at the in- X O Ec(k)—E, (k) — o], ©)

#erfat(.:es into the fra{pew%rktﬁf thepth(re]orytlnthe etntvetl)ope bwhere Isvvc(k)=<v,k|I3|c,k) is the matrix element of the
unction approximation. Soth approacnes turn out 1o b€ SUbg e transition between the valence statek) and the

stantially equivalent and lead to a mixing of the heavy an onduction statéc,k). V is the unit cell volume over which

light hole states at the zone center and ultimately to a polaréz(w) is normalized. The optical absorption of an infinite

ization dependence qf the optical e}b§orption coefficient. IrEystem does not depend on the chosen dimension of the unit
both cases the magnitude of the mixing depends on param:

eters whose value is obtained by fitting the experimenta

2(w). 2

n(a))C‘E

To describe the optical anisotropy it is better to work with

data® : .
- . - . - . he dielectric tensor
Similarly, a semiempirical tight-binding calculatidn, the dielectric tenso
which includes strain effects at the interfaces but does not 8 m2e?

take into account a possible superlattice valence band offset € j(w)= WZ > [P, c(KIFP, (k)]
asymmetny finds a partial admixture of the light and heavy @ ek
characters in the _hple wave f_unctions. This calculation finds X S[Ec(K)—E,(K)—h o], (4)
that, due to the mixing of the light and heavy hole characters,
the optical transitions from the upmost valence states to thwherei,j=x,y,z and[P, (k)],=(v,k|P,|c,k). For a wave
first conduction state at the zone center are in-plane polafraveling along thez axis, the general direction of the polar-
ized. This leads to a polarization angle dependence of thization vector in the(001) plane can be indicated with
oscillator strengths and, ultimately, to a polarization depen<= (cosé,sin6,0), whered is the angle between the polariza-
dence of the absorption spectrum. tion direction and th¢100] axis. This gives

These theoretical results based on semiempirical ap-
proaches agree qualitatively with the experiment but the pre- €2(®,0) = €,,(®)COS 0+ €,(@)SiN 26+ €, )Sir’ 6.
dicted polarization rates ®

Denoting €,y () = exx(®) + €y yy(w), We obtain

P(hy)= @110~ @110 (1) e(w,0)= e (w)+ 5exx’yy(w)sin20+ €xy(w)sin 26. (6)

+ aq; . : .
Q1107 @110 From this expression we see thgt the absorption, depends

on 6, the in-plane polarization direction, {fl) the diagonal

are consistently smaller than the experimental ones and delementse,, and €, of the dielectric tensor are different
pend critically on the value assigned to adjustable paramide,,(w)#0 and/or 3 the off-diagonal element,, is dif-
eters. ferent from zero. Without a direct calculation of the dielec-

Our ab initio calculation$ have clarified the relation be- tric tensor elements we can nevertheless derive the relations
tween the global symmetry of the system, the dielectric tenamong the dielectric tensor elements simply by looking at
sor elements, and the conditions leading to the observed inthe symmetry of the system. Now the dipole oscillator matrix
plane polarization anisotropy. Now the aim of this paper iselements transform under the operation of the crystal sym-
(1) to assess separately the different effects contributing tenetry group &%
the polarization anisotropy of the optical absorption in _ R L
(Gay 5ing sAs)/(InP) without having to put into the calcula- PUYC(Rflk):e' "RP, (k), 7
tion ad hoc parameters an@) to shed light into the link

between the microscopical configuration of the atomic bondd/ hereR |nd|catgs a symmetry operation of the crystgl point
both at the superlattice interfaces and in the & sAs al- group. By applylng Eq(?). we reduce the summation In Eq.
loy bulk and the dielectric tensor > (4) to thek points in the irreducible wedge of the Brillouin

zone(IBZ) and determine the elements of the dielectric ten-
sor for the CA D,4) and NCA (C,,) crystal structures. We
report the results in Table I. We see that for NCA SLs and
MQWs grown along thg001] direction, having theC,,
symmetry,de,y () is always zero but,,(w) is expected
We start our study by considering the imaginary part ofto be differentfrom zero. Thus, the observed anisotropy of
the dielectric function which is directly related to the optical the NCA (001 grown SLs is due to the off-diagonaly
absorption: element of the dielectric tensor which is different from zero.

Il. SUPERLATTICE SYMMETRY AND THE DIELECTRIC
TENSOR
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TABLE I. Dielectric tensor elements for CA and NCA multiquantum wells. Hére82e%/ w?m?V. &
stays simply foré[ E.(k) —E,(k) —#®]. The summation ovek is intended only over the IBZ.

Dielectric tensor elements CADq) NCA (C,,)
(@) =€,y () K=, 24 (PX P+ PyP)) &S K=, 2 2(PxPx+PyPy) &
€, w) K=, =8P P,5 K=, 2 4P5P,6
€xy(w) = €yx(w) 0 KX, 2 2(Py P+ PYPy) &
ex{(0) = €, ) 0 0
€y (0) = €,(0) 0 0

In fact A e(w) which is the difference between the absorption  For the VCA approximation we consider superlattices
for e=[110] (6= m/4) and that fore=[110], (6= —m/4), [MAs],-[InP], with n=12 and n=6 (corresponding to
is given by[using Eq.(6)] quantum wells 18 and 36 A wide, respectivelyhich are
shorter than the MQWs grown by metal organic chemical
T - deposition reported in the experimental literature, which all
Af(w)ZGz(w,Z)—Ez(w,—Z):Z[exy(w)]- (8)  have thicknesses ranging between 45 and 145 A, but are
long enough to separate to an acceptable degree the contri-
butions coming from the two different interfaces. For the
Ill. MODELS FOR THE Ga (gngsAs RANDOM ALLOY SQS-4 approximation we consider a superlattice with period
n=6. For each layer material we consider an even number of

We have used two approximations to model the pseUdor"nonolayers. Thus the superlattices have two inequivalent in-

binary alloy (InsGa g As. The first model is the commonly o f5 o onéGalnP and one InAs interface per unit cell.
used simple virtual crystal approximatidvCA) where a In our study we consider superlattices whose periad

viriual cationM hgs been simulated by ayeraging fche I.n andvery small compared ta the characteristic wavelength of
Ga pseudopotential! =(Gaglng.g). In this approximation the optical radiation. Thus, the radiation does not resolve the

the random (Ig.ﬁag\_E,)As (;alloy IS delscr_ib((ajd thrpugh hi'f h single superlattice layers and the possible change of the po-
nary compound, MAS, and more realistic descriptions of they, iz 1o across the interfaces is not an important issue in
compositional disorder in the alloy constituent, which couIdthiS case

lead to a further reduction of the superlattice symmetry, are
not taken into account. We analyze first the electronic and
optical properties of the (MAg)Y(InP), superlattices be-
cause we want to study separately the effects due to strain at
the interfaces from the additional effects due to the compo- To quantify the group theory predictions we have calcu-
sitional disorder inside the bulk of the random{i®a )As  lated the electronic and optical properties of a
constituent. (Ing sG&y 5)As-InP superlattice within a first-principles ap-
The second model is the ordered true ternary “speciaproach. The calculation has been performed in the self-
quasirandom structure” SQSAhis ordered structure is the consistent density functional theoFT) with the local
structure withonly 4 atoms per unit cell that better mimic the density approximation (LDA), using nonlocal norm-
first few radial correlation functions of a perfectly random conserving pseudopotentidfsThe pseudopotentials are not
structure. To our knowledge the random nature of theseparable and include scalar relativistic effects and nonlinear
GalnAs alloy has never been fully addressed. The only othegore correctiond? The Ceperley Alder ford? for the ex-
ternary structure used to approximate the alloy wag@4)  change and correlation energy has been used. The superlat-
(GaAs) (InAs); superlatticé® which has alternating Ga and tice wave functions have been expanded in plane waves with
In planes along th€001] direction and an higher symmetry. an energy cutoff 12 Ry. For the results we are interested in
The SQS-4 structure has instead both Ga and In atoms dfere this cutoff is fully adequate as we have checked per-
each 001 cationic plane. The superlattice with the SQS-4orming calculations with higher cutoffs on smaller period
layer has a lower symmetry than ti@y, symmetry of the structures.
superlattice formed by the two binary zinc blende constitu- This cutoff( and a smaller one 9 Ryhas been use@vith
ents[i.e., (MAs),/(InP),]. The resulting symmetry is now similar pseudopotentiglsn the literature to study the elec-
Cin. TheCyy point group is a subgroup of the origin@b, tronic propertiegin particular the valence band offseif the
group and we obtain the same coupling betweeandY  (GaysngsAs)/(InP) superlattice®®'*1%The agreement with
symmetry states leading tg,(w)#0 as for theC,, sym-  these previous calculations is good. Thus, we feel that the
metry. There are also additional couplings between thelectronic properties of the superlattices, which are the start-
(X,Y) states and th& state but they are much smaller than ing point of the analysis of the optical transitions, are well
the couplings between th¢ andY states, and, since we are described.

IV. METHOD OF CALCULATION

here studying the in-plané.e., thexy plane polarization In the VCA scheme, we obtain for the binary MAs system
anisotropy of light propagating along taelirection, they are an equilibrium lattice parameter=11.0235 a.u. and a bulk
of none effect on the object of our investigations. modulus B=79 GPa, while for InPa=11.0256 a.u[a
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=5.83 A, to be compared with the experimental value 5.86 InP CBM
A (Ref. 16] and B=77 GPa [experimental value 72 GPa 4
(Ref. 16]. Thus, the two binaries can be considered lattice
matched(as they are experimentallythe calculated mis-
match being less than 0.02%. As a consequence, when InP is
grown on (Ggsglng sAs) (or vice versathe two bulk systems
are not strained. The interface bonds instead are different:
In-As bonds at one interface and M-P bonds at the other
interface. For the calculations on the corresponding binary MAs CBM
systems we finh=11.395 a.u[6.03 A, experimental value 7y
6.05 A (Ref. 16] and B=61 GPa[experimental value 58
GPa(Ref. 18] for InAs, while for the hypothetical binary E
MP we find a=10.688 a.u.(5.66 A). These results on the
binary systems suggest that the In-As bonds, while con-
strained to the common InP and MAs lateral dimension, will
elongate along the direction to reach a bond distance closer
to their bulk value. The M-P bonds at the other interfésme ¥ MAs VBM
Fig. D will shorten accordingly. SRR V2
To study the effects of the interfacial strain on the optical
anisotropy of MAs/InP superlattices we consider separately
two cases. We study first the simplest possible situation in ---]----- \Z
which we neglect spin-orbit interaction effects and the elastic ---y----- V5
strain effects at the interfaces. Under these assumptions only [P VBM
the chemical difference of the constituent atoms at the inter-
faces is taken into account. This situation is obviously unre- FIG. 2. Diagram scheme of energy levels, band alignment, and
alistic since the strain at the interface contributes considerinterband transitions in (MAg)(InP);,.
ably to the crystal potential antisymmetry along thexis.

Then, the atoms are allowed to relax to their equilibriumfrom this study have to be considered as relative to two ex-
positions, keeplng_ fixed the cell Q|men§|on along the z axi§reme conditions for a real (Gdno sAS),(INP), super-
to z=na, wheren is the superlattice period aralthe com- |ice: a zero bulk strain in the (MAS)InP), system and a

mon equilibrium lattice constant of InP and MAs. The result- | bulk strain in the (SOS-AInP t Th
ing geometry is very similar to that proposed in Ref. 14. Thevery arge bulk strain in the (SQS-d)nP), system. The

bond lengths at the two interfaces are closer to their bulkreal situation will be somewhat in between these two limits.
valuesd,,.,s anddy.p. The relaxation does not relieve com-
pletely the strain at the interfaces that are considerably
strained while the strain in the bulk is very small. This V. RESULTS
atomic configuration corresponds to a bond length parametei Ejectronic properties: Confined states and wave functions
at the interfacese=0.06. Thus, dj,.as=do(1+¢) and ) i
dowy-p=do(1— &), whered, is the calculated common bond _ In I_:lg. 2 the scheme of the energy levels Whlc_h are con-
length of the two lattice-matched constituents. The resultingined in the hole and electron wellgoth located into the
total energy is reduced by 64 meV and an inspection of th&as/NosAS segmentis given for the (MAs)5(InP)y, super-
atomic forces shows that the system is indeed relatively clos@ttice. We have calculated a 225 meV valence band offset
to an energy minimum. (VBO) between MAs and InRwithout taking into account
Also for the SQS-4 we have studied separatély:the  quasiparticle and spin-orbit effegtdJsing this value we find
“ideal” configuration where the atoms are kept fixed at their that five hole levels are confined inside the hole well while in
ideal zinc blende sites an(@) a relaxed configuration where the conduction band only the first electron stgte is con-
the atoms are at their minimum energy sites. In this seconfined inside the well. The (SQS-4)nP); and
case the resulting configuration is very distorted and th€ MAs)g(InP)e superlattices display the same level scheme
strain is transmitted through the entire InP layer where soméut only three hole states are confined in the well.
monolayer distances alormare consequently modified. The  As we will see below, only the first three hole states at
largest distortions are located at the interfaces with an avethe top of the valence band have a high transition probability
age bond length paramet@veraged over the In-P and Ga-P to theE1 state. Of these hole states only the first two, which
bond lengths at the Galny s P interfacg £=0.073 at both we nameV1 andV2, contribute to the in-plane PA. This
interfaces. The plane distances alangre slightly increased situation is common to all the superlattices considered here.
in the InP segment and slightly smaller in the SQS-4Our attention is devoted to thél andV2 states at the top
Ga slng sAs segment. This is because the superlattice SQSaf the valence band and to tBl electron state at the bottom
4/InP is a relatively short superlatti¢periodn=6) and the of the conduction band at thE point. We have plotted
ordered ternary SQS structure is less efficient in relieving itthe squared amplitudes of the planar-averaged wave func-
bulk strain than a true random alloy. The results we obtairtions of the (MAs),(InP),, superlattice(Fig. 3) and of the

s
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Unrelaxed Interface Bonds Relaxed Interface Bonds

[ mP] [In-As] [ m-P |

FIG. 3. Wave function squared amplitudes of

the holeV1 (dashed ling and V2 (solid line)
AAAJ, states and electrokl state for unrelaxed and
relaxed (MASs)4(InP),, superlattice.
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Wavefunction Squared Amplitude (arb. units)

(SQS-4)(InP)s superlattice(Fig. 4) along the superlattice ~ B- Optical properties: Dielectric tensor and in-plane
growth direction. The wave functions of th&l andV2 hole polarization anisotropy

states are localized inside the MAs well. The localization is  The anisotropy effects are observed over a 70 meV
higher for the superlattice with period= 12 (Fig. 3 than for  range® which corresponds to the optical transitions between
the superlattice with period=6 (Fig. 4). In both cases the the upper hole states, localized into {theGa)As layers, and
atomic relaxations lead to an increase of the localization ofhe first conduction staté1, which is also localized into the
the hole states into the well. In the case of the VCA for the(InGa)As well. The calculated dielectric tensor elements cor-
GalnAs alloy(Fig. 3) the relaxation leads to a wave function responding to the optical transitions between these states at
amplitude of theV1l and V2 states at the In-As interface the I point are given in Table II, together with the corre-
larger than at the M-P interface. A similar behavior is notsponding transition energies and dipole oscillator strengths.
displayed, instead, by the analogous wave functions whefable Il gives theab initio calculated dielectric tensor ele-
the alloy is described by the SQS-4 modeig. 4). Looking  ments for both the unrelaxed and relaxed (MAENP),,
more carefully at the plots we can see that the sum oWthe and (SQS-44(InP)s superlattices. Under the entry “dipole
and V2 amplitudes are always larger at the In-As interfaceoscillator strength” we indicate in the table the quantity
than at the M-P interface. Atomic relaxations increase thigP,.|? which is a measure of the probability of the transition
trend. The asymmetric behavior of thd andV2 envelopes (without considering the direction of the polarization vegtor
alongzat!I is a direct consequence of the no-common atomie see that only the transitions from the highdr, V2, and
nature of the superlattices. The electieh state is less lo- V3 hole states to the first electron st&#&, have a substan-
calized of the hole states and its localization increases withial probability in the considered energy range. However,
the superlattice period. only the crystal splitted/1 andV2 states contribute to the

Unrelaxed Configuration Relaxed Configuration

[GaosinosP| [ In-As] Gao.5ino.5P| | In-As |

FIG. 4. Wave function squared amplitudes of
the holeV1 (dashed ling and V2 (solid) states
and electrorEl state for unrelaxed and relaxed
(SQS-4)(InP)g superlattice.

Gay,In, As Ga,zlny ;As

ity ) W
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TABLE II. Calculated dielectric tensor elements for the unstrained and strained NCA superlattices.

Dipole oscillator
Transition EnergyeV) strength €xx €y €7 Exy €xz €y;
(MAS) 15(InP),5 unrelaxed

V1-E1l 0.6273 0.22047 4.0741 4.0741 0.00 —4.0741 0.00 0.00
V2-E1 0.6288 0.22217 4.0859 4.0859 0.00 +4.0859 0.00 0.00
V3-E1l 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 —0.1102 0.00 0.00
V5-E1 0.7001 0.00674 0.0999 0.0999 0.00 +0.0999 0.00 0.00

(MAS)15(InP),, relaxed

V1-El 0.5917 0.19746 41016 4.1016 0.00 —4.1016 0.00 0.00
V2-E1 0.6056 0.20724 41090 4.1090 0.00 +4.1090 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 —0.1254 0.00 0.00
V5-E1 0.7138 0.00085 0.0121 0.0121 0.00 +0.0121 0.00 0.00

(SQS-4)(InP)g unrelaxed

V1-El 0.6225 0.22413 4.2057 4.2057 0.00 —4.2057 0.00 0.00
V2-E1l 0.6351 0.23701 4.2684 4.2684 0.0072-4.2684 0.1749 0.1749
V3-E1 0.6543 0.23531 0.0039 0.0039 7.9842 0.00390.1763 —0.1763
V4-E1 0.9043 0.00206 0.0183 0.0183 0.00 —0.0183 0.00 0.00
V5-E1 0.9137 0.00067 0.0058 0.0058 0.00 +0.0058 0.00 0.00

(SQS-4)(InP)g relaxed

V1-E1 0.5739 0.19395 4,2813 4.2813 0.00 —4.2813 0.00 0.00
V2-E1 0.6249 0.21296 3.9571 3.9571 0.01543.9571 0.2464 0.2464
V3-E1l 0.7037 0.23469 0.0065 0.0065 6.8791 0.00650.2113 —0.2113
V4-E1 0.8492 0.00059 0.0059 0.0059 0.00 —0.0059 0.00 0.00
V5-E1 0.9273 0.00516 0.0435 0.0435 0.000%0.0435 0.0025 0.0025
in-plane absorption since thé3-E1 transition has oscillator Aex(w1) =26y, (w1) (9)

strength components only along thexis. This behavior of
the interband transitions is shared by all the structures CONz 4 an analogous expression e, at w,. Since ex,(wy)

sidered here. _ _ ~ — ey (w,) and|e,| equals the diagonal elements of the
From the calculated dielectric tensor components we Segiqa|aciric tensor. we see from E6F) that

the following. (1) The in-plane elements are fully decoupled

from the elements along thegrowth direction.(2) The xy

elements of the dielectric tensor relative to the in-plane tran- T\ . AN
sitions are different from zero in the case of the NCA super- 62( wl’Z) =2¢ex(w) while 62( w2 Z) =0
lattices as predicted by theory group symmetry consider- (10
ations. (3) Very importantly, the elements of the dielectric

tensor relative to the two crystal field splitted sta%s and  or vice versa. An opposite behavior is found for the transi-
V2 have almost the same magnitudé) The xy elements  tion at energyw,. Thus, the polarization direction enhances
have the same magnitude of tke andyy elements(5) The  or quenches selectively the optical transitions associated to
xy elements of the dielectric tensor relative to the transitionshe C,, crystal field splitted states. In the case of the unre-
from V1 andV2 to E1 have opposite sign. laxed superlattice with the alloy treated with the VCA, the

These results allow us to study the origin of the depen<rystal field splittingAE between the transitiong1-E1 and
dence of the optical absorption on the polarization vectoNV2-E1 differ less than 2 meV. Since the PA is practically
direction. By considering only the two splitted states at theonly due to the small splittind1.5 me\} w;— w, between
top of the valence band at thepoint and indicating withw;  the two CF splitted states, the two transitions fall very close
and w, the transition energies to tHel state, we have for in energy and the anisotropy effects tend to cancel in the
the absorption anisotropy at these energies. (8)] absorption spectrum.
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The splitting betweei1 andV2 is related to the part of
the crystal potentiaV, which has aC,, symmetry. Using
perturbation theory at the zeroth order approximation

|A E| = | w1~ w2| =[(Vaxx— Va,yy)z_ 4(Va,xy)2]1/2-
(11)

In the case of th€001) grown superlatticed/, yx=Vayy,
thus |[AE[=2|V, 4. The splitingAE is a measure of the
intensity of theC,v coupling between the degeneréir the
D,4 symmetry X andY states at the top of the valence band.
At zeroth ordefV1)=|X+Y) and|V2)=|X—Y). The sym-
metry of the valenc&'1 andV2 states allows us to interpret
the results obtained in Table Il easily for the dielectric tensor
elements’’

The dielectric tensor elements for the relaxed
(MAs)1(InP),, superlattice are given in the second part of
the Table II. Strain has reduced the fundamental optical gap
and opened further the energy gap between the first two in-
plane hole states. The splitting is now 13.9 meV. The dielec-
tric tensor elements are almost unchanged because the di-
minished transition energies are compensated by reduced
dipole oscillator strengths. Thus, tbely difference between
the dielectric tensor of the unrelaxed and the relaxed super- s
lattice is the increased energy splitting between the first two 0.5 0.55 0.6 0.65 0.7 0.75
interband transitions ab; and atw,. Photon Energy

The dielectric tensor elements of the (SQS{(4)P)g su- . o
perlattice are given in the last section of Table Il. There are FIG. 5. Calculated absorption spectra for a .phOton polarization

few important differences with the VCA casé) The sec- along[._ll(.)] (dashed Curv)eand. annnglO] (continous curvefor
a p . . . . . unstrained interface®) and strainedb) interfaces, compared to the
ond and third tranS|t!ons are not exclggwe!y polqn;ed IN-experimental results taken from RefcB
plane or along, even if the second transition is agairainly
polarized in the plane and the third transitionnisinly po-
larized along thez direction. (2) The splitting between the sition, while absorption corresponding to a polarization vec-
first two transitions polarized in they plane is larger than tor along—110 “sees” only the other transition. The corre-
for the VCA case: 12.6 meV instead of 1.5 meV for the sponding polarization rate is now larger, about 15%. It is
unrelaxed superlattices and 51.0 meV instead of 13.9 meYhcreased by an order of magnitude. Thus, in our model
for the relaxed superlattice$3) The relaxation pushes the which still neglects spin-orbit interaction, the mechanism of
first transition to a lower energy4) The difference between the anisotropy is due entirely to the further crystal field split-
the intensity of the two transitions increases with respect taing of theV1 andV2 hole states. We compare the spectrum
the VCA case. These results show that @ part of the  of Fig. 5b) with the experimental absorption spectrum given
superlattice potential is larger when the @ag sAs alloy is  in Fig. 5(c). The experimental result has been rigidly shifted
described using the SQS approach. by 325 meV towards lower energies to account for the the-

Then, we have calculated the absorption coefficient oretical LDA underestimation of the fundamental gap. There
[Eq. (2)] for the (MASs),5(InP);, superlattice. We have used is an interesting similarity between the two spectra, both in
for the calculation thirteerk points in the IBZ. The calcu- shape and intensity for polarizations alddg.0] and[ —110].
lated () has been dressed by a Gaussian broadening of 3bhe shift between the two absorption features displayed by
meV. The spectrum for the unrelaxed (MAg)nP),, super-  our calculated spectra are still underestimat¢d.9 meV
lattice in the energy range of the two transitions is given inagainst the experimental value 40 me\t is interesting to
Fig. @), where we see the substantial superposition of thaote that the polarization rate is here directly linked to the
two curves(corresponding to the two polarization directions energy gap between thél andV2 states: a gap of 1.5 meV
along [—110] and [110], respectively. The corresponding gives ap(w) maximum of ~2%, whereas a gap of 13.9
polarization rateP(w), Eq. (1), is small, about 2%. The be- meV increases this value to 15%.
havior of P(w) in the energy range between the first and Finally in Fig. 6 we plote,(w) calculated at thd” point
second transitions agrees with the experimental result but ifor all the structures. Again a Gaussian broadening 0.3 eV
value is significantly underestimated. In Fighbwe show has been used to dress the transitions. We can see the fol-
the absorption coefficient relative to the relaxed system. Théowing trends.(i) Shorter the perioch of the superlattice
absorption peaks corresponding to the two transitions arhigher are the energies of the transitions and larger the split-
now fully resolved. Again, absorption corresponding to ating between the first and the second transiti@n.The split-
polarization vector along the 110 direction selects one tranting betweenV1l andV2 becomes larger when the system

Absorption Coefficient (arb. units)
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1600 1600 should be contrasted with the results of Figd)6for the

1400 1 (Ao znPrz | 1400 | (B)  / (Mhs)12tnPiry relaxed (MAs)(InP)s where these effects are much smaller.

1200 - 1200 -

1006 | 1000 | These results s_how that_ the ternary nature of the

800 | 800 | QaO.SInOIEAs constituent has important effects on the absorp-

600 | 500 | tion spectrum of nanostructures and efforts should be made

400 | 400 | to fully include it in the theoretical description.

200 | Obviously we have still neglected other important effects
in our calculations such as the spin-orbit coupling, and, pos-

200 |
01 01

1600 1600 sibly, a quasiparticle correction to the LDA hole eigenener-
1400 1| (Mas)anp), © |1400 | ;Mf\s)s((:np)s L (d gies. On the experimental side it is well known that the
1200 {[ Urretaxed 1200 {L 2 H1-L1 spliting is also strongly affected by biaxal tensile

1000 strains which we did not include in our calculation.
800 A
600 A
400

200

1000 +
800 -
600 1
400 -
200 -

VI. CONCLUSIONS

&(w) (arb. units)

In conclusion we have shown how symmetry reduction in
NCA superlattices from thB ,4 to theC,,, point group leads
1800 e 1228 ® e to a polarization dependent anisotropy of the optical absorp-
123’8 © N unretaxed | 1400 | A nl reme tion. Through direct first-principles calculations of the di-
1200 1200 electric tensor elements we have found that the polarization
1000 - 1000 direction selectgthat is, enhances or quenchelse optical
800 - 800 1 transitions from the crystal field valence statés andV2 to

the firstE1 electron state. This mechanisms gives rise to the

600 - / 600 -

;gg / :gg observed anisotropy with photon polarization and is likely to
01 / 04 be present also in many other systems with broken degenera-
- : ‘ : : - - : cies. We have contrasted two different approximations for
0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8

the alloy GaglngsAs compound and shown that both the
Energy (eV) Energy (eV) chemical difference and the bulk atomic relaxations due to
the true ternary nature of the alloy lead to important effects
in the absorption spectrum and in the in-plane PA. Our re-
sults suggest also that through manipulation of the interface
structure or chemistry or subjecting the system to biaxial
in-plane straingthat is, modifyingV,) it is possible to en-
relax. (i) When the true Ga and In cations are taken intohance or reduce the polarization dependence of the optical
account instead of a common M catifffigs. Gc) and @e)]  absorption in noncommon atom superlattices.

we obtain an increase of the splitting. Notice that in this case

FIG. 6. Imaginary part of the dielectric functiai(w) for the
two polarization direction§110] (solid curve and[—110] (dashed
curve in the energy range from 0.45 to 0.85 meV. Only the inter-
band transitions at thE point have been considered.

the systems are both unrelaxeo_l, thaF is the atoms are on the ACKNOWLEDGMENTS
same sites. Thus also the chemical difference between the Ga
and In potentials increases tls, component of the super- This work has been carried out within the MURST

lattice potential.(iv) The relaxation of the (SQS-4(InP)s;  Project No. COFIN99, the european Project No. INTAS99
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"The cartesian components of the dipole oscillator matrix elements
which enter in the definition of the dielectric tensor, E4), are
in this approximation, P,(V1—E1)=P,(X—E1), P,(V1
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—E1)=P/(Y—EL), P,(V2—E1)=P(X—E1), P,(V2—E1)
=—-P,(Y—EL). Applying the results of Table | we obtain that
€x,(V2—E1)=—¢,(V1—E1) and |e|=|e,/ as found in
our calculationgTable ).



