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Linear and second-order optical response of IlI-V monolayer superlattices
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We report the fully self-consistent calculations of the nonlinear optical properties of superlattices. The
materials investigated are monolayer superlattices with GaP grown on the the top of InP, AIP, and GhAs
substrates. We use the full-potential linearized augmented plane-wave method within the generalized gradient
approximation to obtain the frequency-dependent dielectric tensor and the second-harmonic-generation sus-
ceptibility. The effect of lattice relaxations on the linear optical properties is studied. Our calculations show that
the major anisotropy in the optical properties is the result of strain in GaP. This anisotropy is maximum for the
superlattice with the maximum lattice mismatch between the constituent materials. In order to differentiate the
superlattice features from the bulklike transitions, an improvement over the existing effective-medium model is
proposed. The superlattice features are found to be more pronounced for the second order than the linear
optical response, indicating the need for full supercell calculations in determining the correct second-order
response.
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. INTRODUCTION GaAs/AlAs by Yeeet al*® Confinement effects on optical
transitions for various superlattice periods in GaAs/AlAs has

Semiconducting strained superlattid&i’s) are potential been discussed by Schméd al*® The sp®s* tight-binding
materials for applications in optical communications involv- method has been used for the study of optical properties and
ing switching, amplification, and signal processing. In par-the indirect-to-direct band-gap transition of AIP/GéRefs.
ticular, 11l-V semiconductor heterostructures and SL's have47 and 48 and GaAs/AlAs SL's Botti and Andreari® have
attracted a great deal of interest mainly due to the possibilitemployed the linear combination of bulk bands method to
of tailoring band gaps and band structdrédy the variation  determine the optical properties of GaAs/AlAs SL's and elec-
of simple parameters such as superlattice period, growth dtroabsorption properties of these SL's have been studied by
rection, and substrate material. With the development of newKawashima and Fujiwarl Shibataet al>? used the pseudo-
techniques such as the strain induced lateral orderingotential method to determine the oscillator strength and
proces$ and existing methods such as molecular beanband structures of the AlP/GaP SL's.
epitaxy and low-pressure chemical-vapor deposifidh,is Due to the breaking of the inversion symmetry at surfaces
possible to grow and tailor these SL's. Thus a great deal o&nd interfaces, the nonlinear optical properties are more sen-
experimental work has been devoted to these materials. Thgitive than the linear optical properties and so the second-
unusual optical behavior of AIP/GaP SL's has been extenharmonic generatiofSHG) by some of these SL's has also
sively studied using photoluminescence, been calculated and determined experiment&ilhe major
magnetophotoluminescente;! optical absorptiot? x-ray  theoretical work in this direction was done by Ghahramani
diffraction'® and refractive index measuremettdnP/GaP, and Sipe*~>® They used the effective-medium model
being one of the material combinations which spontaneouslyEMM) to determine the linear and nonlinear optical
constructs the SL under specific conditions, has been subjeptoperties of (GaAs)/(GaP),, (Si),/(Ge),, and
to numerous experimental worRs'’including cathodolumi-  (GaAs),/(AlAs), SLs. They also employed the non-self-
nescence experimenfs?’ and studies on the influence of consistent linear-combination-of-Gaussian-orbitdl€GO)
pressure, SL period, and barrier thickrfés&®on the optical method within the LDA to calculate the band structures and
transitions. Likewise, GaAs/G&F?® and GaAs/AIAS®™32  optical properties of these compounds. In these works,
have also been extensively investigated in the past. Ghahramaniet al. conclude that away from the absorption

Much of the theoretical work done to explain these inter-edge, most of the features in the linear as well as nonlinear
esting physical properties of SL's has been largely concernedptical properties are due to the bulk transitions that are well
with the understanding of the electronic band structure. Fomodeled by the EMM.
example, the effect of strain on the band gap, the band offset There have been very few studies of the linear optical
problem and the possibilities of engineering it, as well as theroperties of SL's and even fewer calculations of the nonlin-
interface energy and band structure have been st{diétl. ear properties. Also, the existing theoretical work is neither
The linear optical properties of SL's have also been deterself-consistent nor takes into account the effect of lattice re-
mined theoretically. Franceschetti and Zunger have calcuaxations on the SL optical properties. Hence, there is a need
lated the pressure coefficients of optical transitions in InPfor a fully self-consistent calculation of the nonlinear and
GaP SL's® The pseudopotential method within the local- linear optical properties of superlattices in conjunction with a
density approximatiofLDA) has been used by Kobayashi study of the lattice relaxation effects. The aim of the present
etal* to calculate the optical transition strengths of work is to calculate the linear and the nonlinear optical prop-
(AIP),/(GaP),-type multi-quantum-well SLl's and for erties of lll-V monolayer SL’s using the state-of-the-art full-

0163-1829/2003/616)/1653329)/$20.00 67 165332-1 ©2003 The American Physical Society



S. SHARMA, J. K. DEWHURST, AND C. AMBROSCH-DRAXL PHYSICAL REVIEW B7, 165332 (2003

TABLE |. Superlattice lattice parameters are in angstrom units. A L N B 'CI R B B

aj=a,=a, anda, =a, which is the direction of crystal growth. 30-|2 EEE xx (InP) /(GaP),

- F |- SLUR xx SL4 L
Superlattice q a, — SLUR zz
(InP)1 /(GaP), 4.150 5.660
(AIP),/(GaP) 3.933 5.457
(GaAs), /(GaP) 3.998 5.553

potential linearized augmented plane-wave method
(FPLAPW). The materials investigated are (InPjGaP),,
(AIP),/(GaP), and (GaAs)/(GaP). The EMM is also
tested for all these materials. For InP/GaP and AlIP/GaP, this
model fails to reproduce even the features away from the
absorption edge. So the EMM is reanalyzed and a modifica-
tion is proposed.

The paper is arranged in the following manner. In Sec. Il,
we present the details of the calculations. Sections Il A and
[l B deal with the linear and second-order optical response
of monolayer SL’s, respectively. Section IV provides a sum-
mary of our work. Appendix A lists all the formulas used for
the calculation of the SHG susceptibility. Details of the
modifications to the EMM are presented in Appendix B.

Il. METHODOLOGY 0= 3 4 3 6 7 3

Total-energy calculations are performed using the Energy ho (eV)
FPLAPW method implemented in th&VIEN2k code>’ o _ _
Thereby the scalar relativistic Kohn-Sham equations are FIG. 1. Components of the imaginary part of the dle_lectrlc ten-
solved in a self-consistent scheme. For the exchanges’-Or florpth'/s glixediLR')Mz;)nd /u(r;relljaxedeLUR) é;ze”?ttge; for
correlation potential we use the generalized gradient approxf—rar)] (_n . E ?f)l't( ) ( . Z)Zl ( fa )th an I(C) (d SL,S)l ( ?b)l.I d
mation (GGA) derived by Perdew and Wang). Wme] l?ep ?f az i czseulreetfelrzz () for the relaxed SLs are labele

The detailed formalism for the determination of the linear PP '
dielectric tensok(w) = €;(w) +i €,(w) within the FPLAPW
formalism has been presented befét@he susceptibility for
the second-harmonic generatigff)(2w,»,) has been cal-
culated using the an extension to this progfimhe formu-
las for calculatingy® (2w, w,w) have also been presented Ill. RESULTS AND DISCUSSION
before®1-®4They are rewritten to improve the computational
efficiency, and we compare the computing time for both sets
of formulas in Appendix A. The SHG susceptibility obtained  First, we shall discuss the importance of lattice relax-
satisfies all the theoretical sum rules presented by ScandoRtions and their effect on the linear optical properties. Total
and Bassarfi® energy and force calculations performed for the unrelaxed

All the calculations are converged in terms of basis func-atomic positions of the monolayer InP/GaP and AlP/GaP
tions as well as in the size of tHepoint mesh representing SL's show considerable forces on the atoms, so the relaxation
the Brillouin zone. The linear optical properties are calcu-of the structure is needed. On complete relaxation, there is a
lated on a mesh of 50K points in the irreducible Brillouin gain in energy of 0.195 and 1.124 eV per formula unit for
zone(IBZ), and for the second-order susceptibility a mesh of(InP), /(GaP), and (AIP),/(GaP),, respectively. For the
1500k points in the IBZ is used. case of (GaAs)/(GaP), the atomic relaxations were not

In all the superlattices, GaP is grown on top of otherneeded.
group Il phosphate§inP and AIB or GaAs as the substrate ~ The imaginary part of the dielectric functian(w) for all
material. The superstructures are constructed in(1h6) di-  the SL's under investigation are presented in Fig. 1. All the
rection, which is equivalent tt100) direction in these mate- optical results presented in this paper are scissors corfécted
rials. All these structures are treated in tetragonal unit cellsusing the scissors operator calculated by taking the differ-
The details of this unit cell for such SL's have been discusse&nce between the theoretical and experimental band gaps of
before[Fig. 1(a) in Ref. 66. The lattice constants of the SL the SL. Among the SL's under investigation for the relaxed
are estimated using the macroscopic elasticity th&#§%”  structures, the anisotropy iney(w) is maximum for
and are presented in Table I. The experimental lattice con¢InP),/(GaP), [Fig. 1(@)], where the lattice mismatch be-

stants of the constituent materialaP, GaP, AIP, and GaAs
are taken from Ref. 68.

A. Linear optical response
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tween InP and GaP is 7.38%, while for (AlRYGaP), [Fig. B I L L B B B LN

1(b)] the anisotropy is minimum and so is the lattice mis- T S - (GaAs) /(GaP), 4

match (0.2%). (GaAs), /(GaP), [Fig. 1(c)] lies in between 301 |- GaP (strain) S N

the two with a lattice mismatch between GaAs and GaP of L Substrate ‘

3.66%. These trends indicate that most of the anisotropy is 201

due to the strain in the growth material rather than to the I ki X

lower symmetry of the superlattice. These results are in ac- 10 R

cordance with similar observations previously made for [

GaAs/AlAs and Si/Ge SL'$>°® On the other hand, the an- 0

isotropy in e,(w) of the unrelaxed SL's shows a maximum 301 (InP) /(GaP),

for the SL formed from the materials with minimum lattice — |

mismatch(AIP/GaP. Also e,(w) of the unrelaxed SL's is N§ 20r

lower in terms of peak heights compared to the relaxed SL's. " o |

Hence, the lattice relaxations are very important in determin- 101

ing the correct anisotropy and peak heights, and thus all the

further calculations are performed for the relaxed SL's. Our 0l

results fore,(w) of (GaAs), /(GaP), are qualitatively in r

reasonable agreement with previous calculations by Ghahra- 40

mani and Sip&° However, the magnitude of the response in 30'_

the present results is nearly two times that obtained previ- L

ously. This is expected, since in their work Ghahramani and 20 A,

Sipe pointed out that the LCGO method is not able to repro- i o

duce the correct magnitude of the optical response and their 10__ 2

results could be underestimated by a factor of 2. The other ol t oy o T R

differences in the two theoretical results are as follows: Pz 3 4 s 678
(1) The present calculations give one sharp peak around Energy ho (V)

4.75 eV (labeledE), while previous results show a broad FIG. 2. Frequency dependeel(w) obtained by the SL calcu-

multiple peak structure ine5(w) and e;(w) around the lations compared to the EMM results f@) (GaAs), /(GaP), (b)
same energy. _ _ (InP); /(GaP), and(c) (AIP),/(GaP). In addition, the data for

(2) In the energy region of 3.2—4.6 e¥;"(w) is greater  the bulk GaAs(a), InP(b), AIP(c), and the strained bulk GaRa),
in magnitude thare3(w) in the present work, whereas the (b), and(c)] are also presented.
previous results show the opposite. These differences can be
due to the difference in the method of calculation. Ghahrain Fig. 2. We find that if the major peak positions in the
mani and Sipe have used a non-self-consistent LCGQ@ielectric function of the constituent materials are well sepa-
method within the LDA, while, the present calculations arerated in energy, the EMM gives two separate peaks. As can
fully self-consistent using the FPLAPW method within the pe seen for the (InRY(GaP), the major peaks in the optical
GGA. spectra of InP and strained GaP are around 5.0 and 6.65 eV,

A macroscopic model for the dielectric function of SL's respectively. The EMM also gives two peaks of almost equal
has been suggested by Ghahramani and Siprethis model,  strength around 5.0 and 6.65 eV. The separation between the
the SL is considered to be constructed of slabs of an unmajor optical peaks of GaAs and strained GaP is 0.76 eV,
strained bulk substrate materidhP, GaAs or AP in the and between AIP and strained GaP it is 0.80 eV. The EMM in
present cageand a strained bulk materigBaP in the present these cases results in broadened and thus weakened peaks. It
casg grown on top of the substrate. This model is called thejs surprising that the SL response is seemingly dominated
effective medium mod¢EMM). We have used this model to by the substrate material with the growth material having
estimate the macroscopic averaged response and the resuii§e [(GaAs)/(GaP)] to nearly no contribution
are presented in Fig. 2. Like Ghahramani and Sipee find [(InP),/(GaP)] (Fig. 2).
that the EMM generates reasonably good intensities but poor The purpose of the model is to find the bulklike features
peak positions in (GaAs)(GaP), [Fig. 2a]. In the optical  in order to facilitate the detection of true SL features by
spectrum of (InP)/(GaP), [Fig. 2(b)] and (AIP),/(GaP)  comparing the model results with the full SL calculations.
[Fig. 20)], the peak positions are better but the intensitiesBut EMM takes into account the effect of junction formation
are less well described. Another point that should be noted ignly partially by using the strained lattice parameters for one
that for (AIP), /(GaP),, where the lattice relaxations are im- of the constituent materials. This is useful for reproducing
portant, the EMM calculated response is closer to that of théhe anisotropy. The effect of the junction formation on the
unrelaxed SL than to the relaxed SL response, but the samefigind gap, however, is ignored which is taken to be the ex-
not true for (InP)/(GaP), such that no consistent picture perimental gap of the unstrained bulk. As the number of SL
emerges. layers increases this effect diminishes, but in the case of

In order to find the reason for this behavief{w) for ~ monolayer SLs it is pronounced. So the failure of the model
bulk InP, GaAs, and AIP and strained GaP are also presentad certain cases is not a surprise. Nevertheless, in order to
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taken to determine the effective optical response of the SL.
We call this new model the strain-corrected effective me-
dium model(SCEMM). The details of the SCEMM are pre-
sented in Appendix B. The results of the SCEMM along with
the dielectric function of the substrate and strained growth
material, corrected by the scissors operator calculated as
stated above, are presented in Fig. 3. As can be seen, the
model reproduces most of the features in the SL spectra of alll
the compounds under investigation. The remaining discrep-
ancy in peak positions is due to the fact that the experimental
SL gap is lower than the average gap of the constituent ma-
terials. More importantly, the SCEMM shows that the SL
response is not just dominated by the substrate material, as
indicated by the EMM, but has features from both constitu-
ent materials. This fact is best seen in the case of
(AIP),/(GaP), where the SCEMM peak labeled within

Fig. 3(c) is dominated by the strained bulk GaP transitions
andc is bulk InP like. The anisotropy ie,(w) determined

by the SCEMM confirms our earlier observation that most of
the anisotropy is due to strain in the growth material rather
than due to the lower symmetry of the superlattice. The fea-
tures not reproduced by the model are referred to as the SL
features in the present work. The following features can be
identified as SL effects: SLX2.5 eV), SL2¢3.75 eV),
SL3(~4.25 eV), SL4¢-5.6 eV), SL5¢-6 eV), and SL6
(~7eV) in (InP)y/(GaP), SL1(~2.85eV), SL2

FIG. 3. €24 w) calculated using the full SL and the SCEMM and (~5.25eV), SL3(-5.8eV), and SL4{6.5eV) in

€5(w) calculated using the SCEMM fde) (GaAs), /(GaP), (b)
(InP), /(GaP), and(c) (AlP);/(GaP). In addition, the data for
the bulk GaAs(a), InP(b), AIP(c), and the strained bulk Gda),
(b), and(c)] are also presented. The important featuressftiw) for

(AIP),/(GaP), and SL1¢-1.88eV), SL2(-3.25¢eV),
SL3(~5.25 eV), and SL4{6.57 eV) in (GaAs)/(GaP),
Sls in Fig. 1

The real part of the dielectric function in the static limit is

the relaxed SL's obtained by the SCEMM are labeled with the low-2 directly measurable quantity. Our calculated results of

ercase letters.

€,(0) ande;(0) for the relaxed SL's are presented in Table
II. Two things should be noted. First, the anisotropy{i0)

provide a simple model for predicting the bulklike features infollows the trend of the lattice mismatch with a maximum of
the SL optical properties on the basis of its constituent ma2-96% for (InP)/(GaP) and a minimum of 2.60% for
terials, the shortcomings of the EMM can be fixed in the(AlP)1/(GaP), while (GaAs)/(GaP), lies in between the
following way: The calculations are performed first for the two with an anisotropy ire;(0) of 2.80%. Second, in case of

unstrained growth materigGaP in the present cagsand the

(AIP),/(GaP), and (GaAs)/(GaP), the lattice constant

scissors operator is determined by the comparison with théor the substrate materiaGaAs and AlR is larger than that

experimental data. Now assuming that GG¥ LDA) un-

of the growth materialGaP and soe}*(0) is greater than

derestimates the gap consistently in the unstrained ane;(0), while it is just the opposite for AIP/GaP SL. The
strained bulk materials, this same scissors operator is used tesults ofe;(0) using the SCEMM are closer to the full SL
correct the calculated lineg&and nonlinegroptical response calculations(worst by a maximum of 6.8%¢than the results

of the strained growth materigGaP in the present cgs&he

obtained using the EMMworst by a maximum of 12.3%A

average of this response with the response of the bulk sulvnore important test for any model, however, comes in the

strate materialAIP, InP, or GaAs in the present case then

determination of the nonlinear optical properties as they are

TABLE II. Static dielectric constants}*(0) ande;%0) and the components of the SHG susceptibility in the static lifit(0) and
XY¥0) in units of 10°8 esu for the relaxed SL's compared to the SCEMM and the EMM results.

Superlattice €,(0) €:40) X7Y(0) x1Y40)

SL SCEMM EMM SL SCEMM EMM SL SCEMM EMM SL SCEMM EMM
InP/GaP 9.27 9.60 8.51 9.00 9.30 8.17 13.89 15.57 9.47 10.42 15.55 9.29
AIP/GaP 8.65 8.25 8.27 8.86 8.28 8.30 6.34 6.08 6.14 7.51 6.10 6.16
GaAs/GaP 10.48 9.76 9.23 10.19 9.54 8.93 16.65 11.4 9.14 15.56 11.40 8.95
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12

— coming from resonances of the SL and bulklike peaks such
P20y B@ - as SL4(2)+SL1(w)+C(2w) and C(w)+SL1(2w) are
AR I underestimated by the SCEMM as featuresc¢2w) and
: c(w), while the peaks coming from the«2and/or w reso-
7 AR nances of the bulk peaks are well reproduced by the
1 / 5@1@@* N SCEMM. The peak labeled a(2w) is more pronounced
SL3(2w)

(20)

——
[ (InP) /GaP), R
9 __ b2@)+af@) — 3

B(2w) NS

................ SLI{@)+ ):\-*{.' than the corresponding SL peAk2w) in accordance witka
o e SO st [Fig. 3(b)] being larger tham [Fig. 1(a)] in the linear optical
j 12[ (AIP) (GaP),  Bi2o) o NN g spectra. In contrast, the peak labeledB{w) is smaller
o I o 0. than the corresponding SCEMM pebk2w) +a(w), since
2 9 af20) 4 ] the SCEMM peak is due to the resonance of pea& with
3 L BT the 2w resonance of the peak labeledan the linear di-
g : Sl e | electric function[Fig. 3(b)]. A similar feature assignment for
QQL 3t f[fx%n : the (AIP), /(GaP), and (GaAg)/(GaP)l monqlaygr Sl's is
R N et il st also performed and the details are marked in Figl) 4nd

4(c). The same trends are observed in all the materials under
investigation, with the SCEMM reproducing all the peaks
other than the pure SL features. This indicates that the
SCEMM can be used to identify the structure in the optical
spectra coming from the bulklike transitions and hence fa-
cilitating the determination of the SL effects like symmetry

Y s@rc(e)

i~ LSz
el

= Ewy+Bo) | 2O

[T ST

;__g__;};:- ..... ;,-(;1;)';‘,(20)) Hoyr2w) lowering. The EMM on the other hand is not able to repro-
ol 1 ' duce all the non-SL features, and is therefore not a good
0 1 2 3 4 ;
model for the monolayer SL's.
Energy hw (eV)

Our results for the magnitude 0§?(2w,w,w) of

FIG. 4. (a) The two inequivalent components of susceptibility (GaAs) /(GaP) [Fig. 4(c)] differ from previous calcula-
for the SHG| x{2(2w,w, )| (thick solid ling and|xZ)(2w,w,w)| ~ tiONS are given below’
(dashed lingobtained from the full SL calculations, along with the (1) X(z)xyz(zwvwrw) is generally in good agreement with
SCEMM (thick dash-dot lineand the EMM(dotted ling results of ~ the previous work in terms of peak heights as well as posi-
IX2f2w,0,0)| for (INP),/(GaP). (b) The same for tions. The only difference is the appearance of two extra
(AIP),/(GaP). (c) The same for (GaAsy(GaP). features in the present work, i.e., a hump -afl.25 eV

[A(2w)] and a peak at 1.75 e\SL1(w)].

much more sensitive to the small changes in the bandstruc- (2) In the present work the anisotropy in the nonlinear
ture than the linear optical spectra. optical response is found to be more pronounced compared
to the work of Ghahramani and Sipe. As it is well known, the
nonlinear optical properties are more sensitive to the small
changes in the bandstructure than the linear ones so any an-

The magnitude of the SHG susceptibilitf”)(2w,©,®)  isotropy in the linear optical response is expected to be en-
for the monolayer SL's along with the results of the SCEMM hanced in the nonlinear spectra. This is in accordance with
and the EMM are presented in Fig. 4. The peaks ingur findings, while the previous work shows the opposite.
X?(2w,0,0) can be identified to be coming fromw2 (3) Our results fory®,,(2w,0,0) differ substantially
and/or o resonances of the peaks in the linear dielectricirom the previous results, but since a detailed identification
function. Therefore, this identification of the peaks in theof the peaks is not presented previously, it is difficult to point
SHG susceptibility is done from the respective linear opticalout the discrepancies. As mentioned earlier, these differences
spectra. The identified peaks are marked in Fig. 4 and thegyld be due to the different methods used.
nomenclature adopted Ml (Xw)+N(yw), which indicates Finally, the SHG susceptibility in the static limit is pre-
that the peak comes from amw resonance of the pead  sented in Table Il. The maximum anisotropyff(0) is in
with theyw resonance of peaX in the linear optical spectra. (InP),/(GaP) (28.5% and the minimum is found for
For example, for (InP)/(GaP) [Fig. 4@)] the hump just (GaAs),/(GaP) (12.8%. (AIP),/(GaP) has an anisotropy
below 1 eV, labeled a&(2w) in the x{3(2w,», ) compo-  of 16.8%. Neither EMM nor SCEMM give results close to
nent for the SL comes from the«?2resonance of the peak the SL results. This is in contradiction with the previous
labeled asA in the linear optical spectfdig. 1(a)]. The peak  findings>® where Ghahramani and Sipe report the EMM to
at 1.15 eV is an SL peak, labeled as SL®)2 coming from  give (Table Ill) results within 5% of the SL data. The failure
the 2w resonance of the peak labeled as SL1 in ¢hew) of the SCEMM and the EMM in the present case is not
plot [Fig. 1(a)]. Similarly, all other features have been iden- surprising, since both the models fail to reproduce some of
tified and marked in Fig. @). As expected, the pure SL the main features in the optical spectra leading to a substan-
peaks SL1(2), SL2(2w), SL3(2w), and SL1@) tial difference in the static limit. But still the SCEMM results
+SL5(2w) are absent in the SCEMM results. The featuresare an improvement over the EMM.

B. Second-order optical response
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TABLE Ill. Number of k points in the IBZ, number of valence of the SL and bulklike transitions are underestimated. This

bands(VB), number of conduction band€B), CPU time(in min-
ute9 needed to calculate the SHG susceptibility using E4&)—
(A3) and Egs.(A9)—(Al11).

leads to a failure of the SCEMNas well as EMM in the
determination ofy(?)(0). But the SCEMM is still an im-
provement over the EMM.

(8) The SCEMM is good for determining the linear opti-

k points  Number of bands CPU Time cal properties of the SL's, but for the correct determination of
1BZ VB CB  Egs.(A1)—(A3) Egs.(A9)—=(All)  the nonlinear optical properties SL calculations are essential.
385 9 1 11.02 2.67 The eff_ects of strain due to junction format_ion _and the Ia_ttice
385 9 5 450 1.10 relaxations are expected to decrease with increase in the
' ' layer thickness. It would be interesting to compare two mod-
146 9 11 3.50 0.88 IS | h d to find the SL iod. f hich th
146 o4 33 88.01 10.47 els in such a case and to find the SL period, for which these
effects become insignificant.
(9) Although no experimental measurements of the SHG
susceptibilty for the compounds under investigation exist, a
IV. SUMMARY

detailed comparison of future experimental data with theo-

To summarize, we have performed calculations for the'etical results would help in the identification of various fea-
linear and nonlinear optical properties of some IV mono-tures in the optical spectra, in particular, to highlight the
layer SLs. We conclude the following. effect of the interface formatlon in thg SL's. This yvould I.ead'

(1) The lattice relaxations play an important role in the t0 @ better understanding of the physical properties, which is
determination of the correct anisotropy and peak heights opPne of the most_essentlal ingredient for tailorable materials
the linear optical spectra. of technological importance.

(2) The effective medium moddEMM) does not repro-
duce the correct bulk features mainly because it assumes that
the optical band gap of the material does not change with
strain, and is taken as the experimental direct gap of th
unstrained material.

(3) An improvement over this model is the strain-
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features in the optical spectra.

(4) The SCEMM results confirm that most of the anisot-
ropy in e(w), in the SL's under investigation, comes from
the strain in the growth material rather than the symmetry
lowering due to SL formation. The formulas for the total susceptibility for the second-

(5) The anisotropy ine;(w) and, in particular, ine,(0) harmonic generatiofSHG) for clean semiconductors have
follow the trend in the lattice mismatch being maximum for been presented befote®?We note that Eq(B3) of Ref. 61
(InP),/(GaP), and minimum for (AIP) /(GaP),. is incorrect, and the correct form of this equation can be

(6) The small SL features ia,(w) are greatly enhanced obtained from the sum of Eq&816b) and(B17) of Ref. 62.
in the nonlinear spectra and the same is true for the anisoffhe susceptibility for the SHG can be divided into three
ropy. major contributions: the interband transitions

(7) The SCEMM is able to correctly reproduce all the yiyed2w,w,w), the intraband transitiong (2w, ®,),
bulklike features in the SHG susceptibility, whereas pure Sland the modulation of interband terms by intraband terms
features are absent and features coming from the resonangg{2w,w,),

APPENDIX A: FORMALISM FOR THE SECOND-ORDER
RESPONSE

3’ a g.b .c
e dk rodrmr 2f f f
X(20,0,0)= 75 > | — ol '”}f - m - ] (A1)
A” Ami 473 (0= on) ((0np—20)  (og—0) (0~ o)
e [ dk| < f f L fanf 2 AAD rC
abc a b .c nl Im . nm' nml=mn’' m
(2o, w, =—j— ra dror - - —_—
X 200,02, h?) 4 %I el el In}[(‘)Izn(wln_")) wrznl(wml_w)] %‘:"' wﬁwn(wmn_zw)
: fnmrﬁm{rﬁwlrlcn}(wml_wln)
+2 ) A2
%| w0 ©mn—2w) (A2)
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e [ dk | f o fanl AP AC
abc _ nm ayg.b cq_ ag.b ¢ _; nm' nml" mnT'm
Xmod 20, @, ®) = Zﬁzf 477_3[ %I wann(wmn_w){wnlrlm{rmnrnl} @iml A iml it} I% wﬁm(wmn_ ®) (A3)
|
for all n#m=#1. The symbols are defined as p2 (k)
e ) (K (A7
Ann(K)=v,(K)—vmm(K) (A4) nm
with v2_ being thea component of the electron velocity for all wn(k)#wmn(k) andri (k)=0, otherwise with the
given as energy difference between the stateand m given by
Uam(K) = iWan(K)rim(K) (A5) fwnm="h(0n— o). (A8)
and

For the sake of clarity, thk dependence ab,m, Pam: Vam:
1 andA,, in Egs.(A1)—(A3) are suppressed. Equatioisl)—
{ra (krk (k)= E[rﬁm(k)rﬁﬂ(k)Jrrﬁm(k)rﬁﬂ(k)]. (A3) are computationally very demanding singel, andm
(A6) run over all the bands. But this requirement can be relaxed
by adjusting the equations slightly using the fact that the
The position matrix elements between statesand m,  equations are symmetric m |, andm, and hence the indices
ram(k), are calculated from the momentum matrix elementcan be interchanged. At the same time one can get rid of the

pa., using the relatior? Fermi functions. EquationA1)—(A3) then read
|
abc 2 ) 63 2, E W{ Zrﬁm{rﬁ’llrlcn} 1 rlcm{rﬁmrﬁl} rgl{rlcmr?nn} ] (A9)
; 0,0,0)= 7~ — — ,
Xintet Q) fm % g (o= om)(@nn=20)  (Ong— o) [(0n=on)  (Om—on)

! ’

2 [wlnrgl{rfmrﬁm}_wmlrfm{r%nrgl}]_SiE

2 2
aml @ @mp— ©) nm Wmn(©@mn

3
e
b
Xinid 20,0,0) = 7 2 W

_ 2(1)) rﬁm{rﬁ‘ﬂrﬁ]}

+22’ rﬁm{rgﬂrlcn}(wml_wln)] ,

A10
0 (onn—20) (A10)
3 a b c
e Fomtr mrd mnt
abc agf.b .c as.b .c : nmt™mn—m
20,0,0)= =55~ W, —— Mt o — rodrimf =i ——, (All
Xmoo( 0,0,0) 2420 ; k[ %I wfnn(wmn_ w)[wnl Im{ mn nl} Wim nl{ Im mn}] % wfnn(wmn_ ®) ( )

where(} is the unit cell volumeW, is the weight ofk point ff 1

andn denotes the valence states,denotes the conduction €1 (,8,A)= E[éﬁx(wﬁ)ﬁL eg(w,A)], (BY)
states, andl denotes all stated £ m,n). We have used Egs.

(A9)—(A11) to calculate the total susceptibility. We also con- which can be obtained from the continuity of the tangential
firm that the real and imaginary parts of this susceptibilityelectric field across the interfadg=E; and Er=E? and
satisfy all the sum rules presented by Scandolo andhe expression for the average-induced polarizatisii'
Bassanf® Some results of the benchmark are presented ire z(P*+PF®). The longitudinal electric field on the other
the following table. All the calculations are performed with a hand is given byeZ?E = eEf = efEr, and so the expres-
mesh of 1000 points in the energy interval 0.0—4.0 eV on arsion for e51' is given by

SGI R12000 processor. XX XX
eff( 5.A)= 2ep (w,0)eg (w,A)
€,,(w,0, - EXX w,5)+6)éx(w,A) .

(B2)

APPENDIX B: FORMALISM FOR THE STRAIN-

CORRECTED EFFECTIVE-MEDIUM MODEL Here it is assumed tha is the substrate material ariglis

the material grown on top oA, and hence has the strained
The expression for calculating thex component of the lattice parameterse)(w,d8) is the xx component of the
linear optical response using the effective medium mode@l is frequency-dependent dielectric tensor for materal(or
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strained materiaB) corrected with the scissors operatér 26X w,8p) € w, )
A). Wheres andA are calculated as e(w,8)= : (B6)
(or 4). 2z eXw,0p) + €N, 5g)
6=XDG—-TOG, (B3)  where the symbols have the usual meaning. One extra set of
calculations is needed for the unstrairi®dnaterial to deter-
A=XDG-TOGs, (B4  mine the optical band gap and hence the scissors operator.

where XDG is the experimental direct band gap and TOG i hen the calculations are performed for the strained material
the optical bang gap calculated theoretically. The subscript8 @nd the band gap is corrected with the “old” scissors op-
X andSindicate that the experimental lattice parameters an@ator. This effectivezz component of the dielectric tensor
the strained lattice parameters, respectively, are used for cgfn be used to calculate theyz component of the SHG
culating the theoretical optical band gap. The EMM assumegusceptibility as follows:

that even after straining, the materialhas the same gap as eff A
) s ) €,,(w,0) | Xxyv{20,0,0,6)
measured experimentally for the unstrained material. These Xg;fz(zw,w,w,a): y -
expressions are slightly altered for the SCEMM reading, 2 €24 ®,6p)
B
1 Xxyz(zwvwawaaB)
€F'(0,0)= S[ex(w. 00 T €5(@,55)],  (BS) & (w0.55) (B7)
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