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Role of symmetry reduction in the polarization dependence of the optical absorption
in non-common-atom superlattices
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Ab initio calculations of the dielectric tensor elements show that the mechanism underlying the experimen-
tally observed giant polarization anisotropy of the optical absorption in non-common-atom superlattices is a
“selection rule” by which the radiation polarization along the 110 0610 directionschoosesonly one
transition of the doublet degenerate in common-atom superlattices. The magnitude of the anisotropy depends
only on the energy splitting between the two hole states. Our results suggest ways to enhance the anisotropy
through manipulation of interface structure or chemistry or strain condit®e163-182008)51828-(

It has been found recentiy’ that a considerable differ- Coy, IC,,}, andIC,,. The symmetry reduction plays a role
ence exists between the optical properties of the “non-in the PA of the optical absorption of the NCA SL’s. This
common-atom” (NCA) superlattices (SL's), such as point has been investigated through envelope funttiond
(INGa)As-InP or InAs-AlSb, in which the host materials do semiempirical tight-binding approaches. In particular the
not share common atoms and the “common-atofCA) PA is a forbidden result in the usulal- p theory, in which
SL’s, such as(AlGa)As-GaAs. The optical transmission potential fluctuations on the scale of atomic spacing are not
spectra of InGaAs-InP SL’s grown along th@,0,1] direc- taken explicitly into account. However, Krebs and Votsin
tion display a strong anisotropy of the optical absorptionhave shown that thad hocinclusion of the local symmetry
with respect to the anglé between the photon polarization Properties in the theoretical description leads to the mixing
and the sample axis. These effects are studied mainly over©f the heavy- and light-hole states at the zone center and
a 70 meV broad spectral range just above the absorptioHIt'mately to a polarization dependence of the optical absorp-

edge where it has been shown that the sample absorption 97 Coefficient. Similarly, a semiempirical tight-binding
stronger when the photon polarization is along faeL,d] calculation? which includes strain effects at the interfaces

direction than when it is along the-1,1,0 direction for but does not takef_méo accoulntl a dpqssmle ?thall_erf:ce—bgnd
light propagating along the SL growth direction. Conversely offset asymmetr)?,'m S a partial admixture of the light and

, o o 'heavy characters in the hole wave functions. This calculation
CA SL’s do not show any polarization anisotrogyA) of

: A finds that, due to the mixing of the light- and heavy-hole
the optical absorption. The main feature distinguishing NCA nas Ma g 9 vy

i . characters, the optical transitions between the three upper
SL’s, let us say,(InGa)As_-InP, frpm the corresponding CA | 51ance states and the first conduction state at the zone center
ones [for example, an ideal virtual crystallnGa)(AsP)-

) ° _ are in-plane polarized. This leads to a polarization angle de-
In(AsP)] is the reduction of the crystal fiellCF) symmetry,  pendence of the oscillator strengths and, ultimately, to a po-
which in the NCA SL'’s has only 4-point group operations |arization dependence of the absorption spectrum. The theo-

(C, group instead of the 8-symmetry operations of g retical results based on semiempirical approaches find the
point group of the CA SL’s. Th€,, point group misses all polarization rate:

the symmetry operations related to thaxis inversion. The

symmetry reduction in the NCA SL’'s stems from the in-

equivalence of the interfaces between the two C1-Al and P(@)= (a0~ a110)/(@110F @110 1)
C2-A2 host material§C and A indicate cation and anion

respectively. At a C1-A1/C2-A2 interface, if Al is the in- in qualitative agreement with the experiment but consistently
terface plane, the C1-Al bonds lie in the 1,1,0 plane, smaller.

while the C2-Al bondgwhich do not belong to either the In this paper we study how the symmetry properties of the
host compounddie in the{1,1,3 plane. In the CA SL's this dielectric tensofDT) determine the conditions leading to the
situation is compensated at the other interface with thebserved in-plane PA and subsequently calculate these ef-
C2-Al bonds in thg—1,1,0 plane and the C1-Al bonds in fects by using first-principles self-consistent approaches. The
the{1,1,3 plane. This compensation does not occur in NCAaim of our ab initio calculation is to assess separately the
SL’s because the chemical species forming the bonds thendlifferent effects contributing to the PA of the optical absorp-
selves are different: there are C1-Al and C2-Al bonds at ongon without having to pud hocparameters into the calcu-
interface and C2-A2/C1-A2 bonds at the other interfacelation. In fact, the properties of the crystal potential and the
Consequently, the crystal potential is no longer symmetrigossible band offset noncommutativity are natural outputs of
with respect to the midpoint of thgnGa)As layer for all the  the calculation and therefore the link between the micro-
roto-inversion operations of thB,4 point group changing  scopical configuration of the SL interfaces and the properties
into —z, which, in Schaflies notation, are indicated &, , of the DT is better clarified.
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TABLE |. Dielectric tensor elements for CA and NCA SL’s. Hefe= 872e%/ w?’m?V. & remains the
same ford(E.(k) —E,(k) -7 w). The summation ovek is intended only over the IBZe,,=¢,, and e,
=€,y are zero.

Dielectric tensor elements CADGy) NCA (C,,)
Exx(w)=eyy(w) KEU'CEK4(P;‘ P,+ P;‘ Py)5 KEU,CEKZ(P;‘ Pyt P;‘ Py)5
€, w) KEUVCEKSP’; P,6 KZUYCEK4P§ P,6
€xy(®) = €y () 0 KEUYCEKZ(P; P+ PXP))é

From our direct calculations of the DT elements we have T T
found that the main mechanism underlying the PA is a sort Af(w)=62<w,z> —62< w,— Z) =2(&y(w@)). (6)
of “selection rule” where only the-110 (for example po-
larization directions contribute to the first optical transition
while the photons polarized along the 110 direction do notAe(w) is clearly zero by symmetry in the CA SL’sef,
contribute at all. The opposite is true for the second transi=0, see Table)lbut not necessarily in the NCA SL's. We
tion. This leads to two different absorption onsets for lightstress here that this fact does not apply only to the particular
polarized along thg(110 and (—110 directions, respec- case of the NCA SL’s, but, given the generality of our con-
tively. This is a surprising result, leading potentially to a siderations, it applies to all cases where the point group sym-
strong anisotropy effect, in agreement with the experimentametry reduction leads te,,#0. A second important conse-
data. We have then analyzed the interplay of two factors iruence of the reduction of the point group symmetry is the
determining the PA: the strength of the DT elements on onéF energy splitting of all the two-degenerate states belong-
side and the crystal field splitting of the first two optical ing to the bidimensionaE representation of th®,4 group
transitions, on the other, which are not easily related to eactnto the two unidimensional representations of t@g,
other, as inferred instead in a previous theoretical mbdel. group: E—B;+B,. A consequence of the CF splitting is
We start our study by considering the DT which, at thethat there are now two distinct optical transitions instead of
first-order perturbation theory in the dipole approximation isone.

given by: To quantify these group theory predictions we have cal-
culated the electronic and optical properties of a
8m2e? (Ing.<Ga, 5 As-InP SL within a first-principles approach. The
€ j(w)= wzszUEC Zk (Pu,c(k))i*(Pu,c(k))j calculation has been performed in the self-consistent density
' functional theory, with the local density approximation
X S(Eo(k)—E,(k)—fw), (2)  (LDA), using nonlocal norm-conserving pseudopotenfials.

. . The Ceperley Alder forfor the exchange and correlation
wherei,j=x,y,z. P, ((k)=(v,k|P|c,k) is the matrix ele- energy has been used. The SRL wave functions are expanded
ment of the optical transition between the valence state) in a plane-wave basis with a 12 Ry energy cutoff. The ran-
and the conduction state,k). The optical absorption for a dom alloy (In, sGa, 2) As has been modeled within the simple
wave travelling along the axis, polarized along a general virtual crystal approximation. We consider[4InGaAs],,
direction in thexy plane is proportional to —[InP],, SL with n=12 (corresponding to a quantum well of

35 A thicknes} which is long enough to separate, to an
acceptable degree, the contributions coming from the two
3 different interfaces. We study first the simplest possible situ-
We see from this expression that to have in-plane isotropy o#tion in which we neglect spin-orbit interaction effects and
the optical absorption the following conditions have to bethe elastic strain effects at the interfaces. Under these as-
verified: sumptions only the chemical difference of the constituent
atoms at the interfaces is taken into account. The calculated
exx(@) = €yy(w) and &, (w)=0. (4) DT elements corresponding to the optical transitions between

We observe that the dipole oscillator matrix elements trans'Ehe upper valence states and the first con_duct|on state at the
conduction band minimurtCBM) at thel” point are given in

f der th ti f th tal ) .
orm under the operation of the crystal symmetry group as the first part of Table Il. We see that only the CF-spiit

|30 C(R—lg):eiyR |5U C(E)’ (5) andV2 states ggntribute to -the in-plane absorption since the
' ’ V3-CBM transition has oscillator strength components only

whereR indicates a symmetry operation of the crystal pointalong thez axis. From the calculated DT components we see
group. By applying this property we reduce the summatiorthe following: (i) the in-plane elements are fully decoupled
in Eq. (2) over the onlyk points in the irreducible wedge of from the elements along thegrowth direction;(ii) the xy
the Brillouin zone(IBZ) and determine the elements of the elements of the DT relative to the in-plane transitions are
DT for the CA (D,q) and NCA (C,,) crystal structures. We different from zero in the case of the NCA SL's as predicted
report the results in Table I. To observe an anisotropy of thdy theory group symmetry consideratiortsi) very impor-
optical absorption for a photon polarization alofig1,0]  tantly, thexy elements of the DT relative to the CF-split
(6= w/4) and alond —1,1,0| (¢=— w/4), Ae(w) has to be states have opposite signs. From these results we can study
different from zero, where the origin of the optical absorption anisotropy with the po-

€2( @, 0) = €xy( @) COF O+ €, ) SIN20+ €, ( ) SINPH.
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TABLE II. Calculated dielectric tensor elements for the un-
strainede =0 and strained =0.06 NCA superlattice.
Transition V1 V2 V3
e=0
Energy(eV) 0.6273 0.6288 0.6637
Exx 4.0741 4.0859 0.00 z
€y 4.0741 4.0859 0.00 g
€5y 0.00 0.00 7.1095 >
€y ~40741  +4.0859  0.00 g
£=0.06 5
Energy(eV) 0.5917 0.6056 0.6781 *é
€xx 4.1016 4.1090 0.00 5
Eyy 4.1016 4.1090 0.00 %
€57 0.00 0.00 6.9672 O
€xy —4.1016 +4.1090 0.00 g
=
g
larization direction. By considering only the twél andV2 é
split states at the top of the valence baMBM) at thel’
point and indicating withw,; and w, the transition energies
to the CBM state, we see, from the calculated values of the

e,(w) components and from E¢3), that 05 0.55 0.6 0.65 0.7 0.75
Photon Energy

== 26xy(w1)1 (7) FIG. 1. Calculated absorption spectra for a photon polarization
along[—110] (dashed curveand along[110] (continuous curve
for unstrained interface@®) and strained interfacdb), compared to
0o — Z) -0, (8 the experimental results taken from Ref(&, In (c) the x axis has
24 ' been rigidly shifted by 325 meV towards lower energies to have the
experimental curves over the same energy range of the calculated
where| e, | = e,,= €, . That is, the polarization direction se- ones. Of the 1% points included in the calculatiofsee Ref. 1D
lectively enhances or quenches the optical transitions assoainly the I' point has transitions falling in the considered energy
ated to theC,, CF-split states, i.e., for these transitions takenrange. To reproduce the tails of the experimental features it would
individually this selection rule gives polarization rate of have been necessary to include many mogeoints neal in the
100%8 calculation.
When €,,(w1) ~ — €,,(w,) the anisotropy effects tend to
subtract in the absorption spectrum, thus the PA is practi
cally only due to the small splitting1.5 me\}) w,— w; be-

v . v
62<a)1,z)20, while 62<w1,—z

4

w
62( wz,—)ZZGXy(wz), Wh|le €y

compensated by reduced dipole oscillator strengths. Again,

. i absorption corresponding to a polarization vector along the
tween the two CF-split statésThe calculated absorption rLllO] direction selects one transition, while absorption cor-

spectrum in the energy range of the two transitions is give . o u "
or . o responding to a polarization vector alofg110] “sees

In Fig. I(a) where we see the substantial superposition of th%nl the other. The mechanism of the anisotropy is therefore
two curves(corresponding to the two polarization directions y ; Py

along[—110] and[110], respectively.° The corresponding disclosed entirely b_y the further splitting. of the two hole
maximum polarization rate(w), Eq. (1), is small, about ngtes. The absorption peaks correspondlng_to t_he two tran-
2%. The trend ofp(w) is decreasing in the energy range sitions are now fully resqlved. Th_e spectrum is given in Fig.
between the first and the second transitions, according to thEb). Inclusion of the strain at the interfaces has increased the
experimental results. maximum polarization rat@(w), now 15%, by an order of
We expect the polarization-dependent anisotropy of thénagnitude. Comparing the spectrum of Figb)lwith the
optical absorption to increase by including strain at the inter€xperimental absorption spectra in Figc)l we find a strik-
faces, by increasing the splitting between the ®g-split  ing resemblance. The similarity, both in experiment and
states at the VBM, by increasing the off-diagonal elementgheory, in the shape and intensity of the two absorption spec-
of the DT relative to the two states, or by both the latter two.tra for polarizations along110] and [—110], respectively,
We have included strain at the interfaces following the ex+eflects the similarity of the two optical transitions oscillator
ample of Ref. 11. The resulting DT elements are given in thestrengths; moreover, we find that the peak associated with
second part of Table II. Strain has reduced the fundamentdhe second transitiothigher in energyis slightly more pro-
optical gap and opened further the gap between the two imounced than the first one, in agreement with the experiment.
planeV1 andV2 hole states at VBM. The splitting is now 14 The shift between the two absorption features displayed by
meV. We see, however, that the DT elements are almosiur calculated spectra turns out to be still underestiméttéd
unchanged because the diminished transition energies ameV against the experimental value, about 40 mekus



RAPID COMMUNICATIONS

PRB 58 ROLE OF SYMMETRY REDUCTION IN THE . .. R1745

p(w) is still underestimated. It is interesting to note that,are experimentally resolved at the onset of the absorption.
unlike the model of Ref. 1, the polarization rate here is di- In conclusion we have shown how symmetry reduction in
rectly linked to the energy gap between the splitted states: ICA SL’s leads to a polarization-dependent anisotropy of
gap of 1.5 meV gives @(w) maximum of~2%, whereas a the optical absorption. We have found that the polarization
gap of 14 meV increases this value-td5%. Obviously we  direction selectsthat is, enhances or quenchese optical
have still neglected other important effects which could con+ransitions to the CBM from the valence eigenstates which
tribute to split further the two hole states at VBM, such asgre degenerate in CA SL’s. This mechanisms gives rise to
spin-orbit coupling, a more complete atomic relaxation of theihe gpserved anisotropy with photon polarization and is
entire superlatti.ce, and, ppssibly, a qugsiparticle _co_rrection tﬁke|y to be present also in other systems with broken degen-
the LDA hole eigenenergies. The physical description of PAgracies. Our results suggest ways to enhance the anisotropy

in our work is different from that of Refs. 1 and 3, as the full, {hrough manipulation of the interface structure or chemistry
nonperturbative, treatment of the SRL potential leads to &y strain condition.

different relation between the strength of the DT elements

and the splitting between the two upper hole states at VBM, We acknowledge G. Goldoni for useful discussions, and
and leads also to the giant effect related to the “selectiorP. Voisin and L. Vervoort for kindly providing their results
rule” between the components of the doublet. These effectbefore publication.
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