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Screened-exchange LDA methods for films and superlattices with applications
to the Si„100…2Ã1 surface and InAsÕInSb superlattices
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We have developed efficient screened-exchange local-density approximation~sX-LDA! methods for films
and superlattices~FLM/SL! with which to calculate self-consistent electronic structures for both occupied and
unoccupied states. Considering nonuniform charge densities and local-field effects in thez direction for FLM/
SL, we have employednonlocal Thomas-Fermi wave vectors to define the screened-exchange interaction.
Three methods, forbulk, superlattice, andfilm, have been implemented in the full-potential linearized aug-
mented plane wave method. The film sX-LDA method was then applied to the Si~100!231 surface. The
calculated occupied surface states show very good agreement with experiment. On the other hand, an under-
estimation of the correction to the unoccupied surface states, by about 0.2 eV, was estimated in comparison
with availableGW calculations. The ionization energy of Si was evaluated with the film geometry to be 5.35
eV by virtue of the quasiparticle corrections, showing good agreement with the experimental value of 5.15
60.08 eV. We also present an application of the superlattice sX-LDA method to@001# ordered InAs/InSb
heterojunctions and superlattices. Band gaps and band offsets under strained conditions were directly calcu-
lated by sX-LDA without any experimental data as input. Slightly larger valence-band offsets than the LDA
results, by about 0.08 eV, agree with the consequence of theGW calculations, indicating an increase of the
potential negativity in the InAs region. This potential change along with the charge redistribution at the
interface is found to be crucial to evaluate accurate band gaps of the superlattices.
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I. INTRODUCTION

Recent major advances in the quantitative computatio
ground-state properties in solids are essentially related to
development of density-functional theory in the local-dens
approximation ~LDA ! and the local-spin-density
approximation.1,2 Despite its great success with ground-st
properties, as expected this theory does not yield agreem
with experimental excitation properties, typically represen
by band-gap problems in semiconductors~with usual under-
estimates by 40–50 %!, which originate in the discontinuity
of the exchange-correlation potential at integer parti
numbers.3–5

While theGW approximation6 is a standard approach t
obtain more precise quasiparticle states, its heavy comp
tional demands have hampered its application to more c
plicated and/or larger systems. In addition, determining s
consistent properties within theGW approximation is still
questionable; recently presented results of fully se
consistentGW calculations7 show a large discrepancy from
the observed band gap of Si and the bandwidth of K.

The screened-exchange LDA method~sX-LDA! was first
proposed8 by Bylander and Kleinman in order to obtain
better band gap. Seidlet al. showed9 that the method is ac
tually described in the framework of the generalized Koh
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Sham ~GKS! scheme, and that the discontinuity of th
exchange-correlation potential is introduced through the n
local screened potential. Encouraging results for the b
gaps, structural properties, and optical properties were d
onstrated for several bulk semiconductor materials.8–11 The
advantages of the sX-LDA over theGW calculations are tha
it is much less computationally demanding, and that it p
mits the self-consistent determination of ground-state pr
erties.

Excitation properties in films and superlattices~FLM/SL!
of semiconductors are related to several important appl
tions: band-gap and band-offset engineering in semicond
tor heterostructures, catalytic adsorption processes at s
conductor surfaces, and metal-semiconductor conta
While simplified basis functions like localized Gaussian b
sis sets are sometimes employed to reduce the comput
time for theGW calculations,12 the greatly reduced compu
tational demands of sX-LDA motivate us to consider t
self-consistent determination of the FLM/SL properties.13

There is, however, a substantial difference betwe
FLM/SL and the bulk in the treatment by sX-LDA; sinc
spatial nonuniformity in charge densities is essential, at le
in the direction perpendicular to the film or superlattice~re-
ferred to as thez direction!, the linear response function is n
longer approximated asx(r2r 8) which is usually taken for
2552 ©2000 The American Physical Society
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the bulk sX-LDA. This means that, in contrast to the bu
case, we cannot employ a constant Thomas-Fermi wave
tor for FLM/SL.

In this paper, we extend the sX-LDA method for the cas
of FLM/SL using anonlocal response function which doe
not have spatial invariance in thez direction, and employ the
screened interaction introducingnonlocal Thomas-Fermi
wave vectors. It is implemented with our full-potential lin
earized augmented plane wave~FLAPW! method,14 which
has highly accurate representations for both bulk and
geometry. We then present two particular applications
Sec. III, namely, the Si~100!231 surface and the InAs/InS
superlattice. The results, including surface states, ioniza
energy, valence- and conduction-band offsets, and band
are compared with available LDA,GW, and experimenta
results to evaluate the accuracy of the methods.

II. THEORETICAL FRAMEWORK

First, we review the sX-LDA method and its applicatio
to bulk materials,8,9 and then present the theoretical fram
work and its implementation for FLM/SL.

In the sX-LDA, a GKS equation is written invoking pe
turbation theory as

~ ĥLDA1Dŷsx!u i &5e i
sxu i &, ~1!

where

Dŷsx5 ŷsx
NL2 ŷsx

L . ~2!

Here ĥLDA is the LDA Hamiltonian, ŷsx
NL the nonlocal

screened Fock exchange operator,ŷsx
L the corresponding lo-

cal one, andu i & are the eigenkets of the sX-LDA. Th
screened Fock exchange operator is given as

ysx
NL~r ,r 8!52(

j

occ

W~r ,r 8!^r u j &^ j ur 8&. ~3!

Employing the simple Thomas-Fermi screening forDŷsx ,
we have the screened interaction in the form

W~r !5
e2kTFr

r
, ~4!

and the corresponding local potentials,

ysx
L @r~r !#522S 3

p
r~r ! D 1/3

F~g!, ~5!

F~g!512
4

3
g arctan

2

g
2

g2

6 F12S g2

4
13D lnS 11

4

g2D G .

~6!

Here g5kTF /qF , wherekTF is a Thomas-Fermi screenin
wave vector, andqF is a Fermi wave vector corresponding
the average densityr̄. It needs to be emphasized that,
discussed in Ref. 8, it is assumed that thelocal screened-
exchange density functional has the same dependence o
local density as the LDA exchange functional, so thatg has
no dependence onr(r ) andqF depends only onr̄.
c-

s

n

n
ps

-

the

Now we consider the case of FLM/SL. The essential d
ference between FLM/SL and the bulk is that the linear
sponse for the FLM/SL,x(r ,r 8), is spatially nonuniform,
necessitating a translationally noninvariant response func
in the z direction, whereas we used the response function
the form x(r2r 8) for the bulk; in other words, we need t
include local-field effects in thez direction. In theGW cal-
culations, the response function and the correspond
screened interaction are directly calculated by the rand
phase approximation~RPA!. Instead of its heavy evaluation
we employ a rather simple but reasonable nonlocal respo
function:

x~r1 ,r2!5x~r 12;r12!, ~7!

where

r125
r~z1!1r~z2!

2
, ~8!

i.e., the response function depends on an intermediate
sity between the planar-averaged densitiesr(z1) and r(z2)
and the distance between the two positionsr 125ur12r2u.
Clearly, in a homogeneous system, Eq.~7! is reduced to a
response function that depends only on a constant ave
density over the solid, i.e., the approximation used in s
LDA for the bulk. Applications of Eq.~7! have been under
taken in calculations for the H2 molecule15 and for a surface
energy,16 and give reasonable improvement over the res
using the homogeneous form.

Considering the Thomas-Fermi screening function, E
~7! yields a screened interaction for FLM/SL as

WFS~r 12;z1 ,z2!5
e2kFS(z1 ,z2) r 12

r 12
, ~9!

where thenonlocal Thomas-Fermi wave vectorkFS is de-
fined by

@kFS~z1 ,z2!#25
4

p
~3p2r12!

1/3. ~10!

For a local screened potential, we use Eq.~5! but assume tha
g depends onr(z), and keep it independent ofr(r ). With
this particular choice of screening function, a Fourier co
ponent of Eq.~9! is given analytically as

W̃FS~qxy;z1 ,z2!5
1

AE dr xy WFS~r 12;z1 ,z2!e2 iqxy•rxy

5
2p

A E
d12

`

dr J0~qxyAr 22d12
2 !e2kFS(z1 ,z2) r ,

~11!

whereqxy is a two-dimensional wave vector,d125uz12z2u,
A is the area of the unit cell, andJ0 is the zeroth order Besse
function.

We evaluate matrix elementsI 125^1,kuysx
NLu2,k& of the

nonlocal screened Fock potential, Eq.~3!, for a Bloch statek
for three cases:bulk, superlattice, andfilm. For the bulk, we
follow the implementation and notation given by Massid
et al.17 Each matrix element is given as follows:
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~1! Bulk. The screened function depends only
ur12r2u,

I 1252(
m,q

occ

(
G

rmq1k* ~G!rmq2k~G!W̃~k2q1G!. ~12!

~2! Superlattice. The screened function is Eq.~9!, but
there is a periodicity in thez direction that defines a finite
size of the unit cell,

I 1252(
m,q

occ

(
Gxy

(
Gz ,Gz8

rmq1k* ~Gxy ,Gz!rmq2k~Gxy ,Gz8!

3F̃FS~k2q1Gxy ;Gz ,Gz8!. ~13!

~3! Film. The screened function is Eq.~9!, and there is no
periodicity in thez direction:

I 1252(
m,q

occ

(
Gxy

E
2`

`

dzE
2`

`

dz8rmq1k* ~Gxy ,z!

3rmq2k~Gxy ,z8!W̃FS~k2q1Gxy ;z,z8!. ~14!

Here the Fourier transforms of the overlap charge den
matrices and the screened interactions are defined as

rmqnk~G!5E dr cmq* ~r !cnk~r !e2 i (k2q1G)•r, ~15!

rmqnk~Gxy ,z!5E dr xy cmq* ~r !cnk~r !e2 i (k2q1Gxy)•rxy,

~16!

W̃~q!5
4p

V~q21kTF
2 !

, ~17!

F̃FS~k2q1Gxy!5(
N

1

LE2L/2

L/2

dz
1

LE2L/2

L/2

dz8

3e2 i (kz2qz)(z2z82LN)W̃FS

3~kxy2qxy1Gxy ;z,z81LN!,

~18!

andG is the reciprocal lattice vector,V is the volume of the
unit cell, L is the thickness of the unit cell for a superce
geometry, andN are unit cell indices.

We solve the secular equation Eq.~1! self-consistently in
a second variational way; the sX-LDA Bloch statesc i(r )
5^r u i & are expanded in terms of the FLAPW basis setcn

0(r )
as

c i~r !5(
n

cn
0~r !^nu i &. ~19!

The representation of our FLAPW method is actually su
able for the film method; the basis function in the vacuu
region is given by
ty

-

fk1G~r !5@Av~k1G!ukxy1Gxy
~Ev ,z!

1Bv~k1G!u̇kxy1Gxy
~Ev ,z!#exp@ i ~k1G!•r xy#,

~20!

whereu and u̇ are solutions of the two-dimensional Schr¨-
dinger equation given an energyEv and a position along the
z axis, and the coefficientsAv andBv are determined by the
continuity condition at the boundary of the vacuum and
slab surface.18 Since we do not use periodicity in thez direc-
tion, the integral in Eq.~14! is naturally evaluated on rea
space meshes. Including an extrapolation technique beyo
finite vacuum region, typically 25 a.u., we accurately co
sider the solution atz→`, giving a definite potential without
ambiguity due to the constant gauge and, therefore, the w
function.

Note that the integral in Eq.~11! is usually converged
quickly with a finite range ofr. A problem would be found
whenqxy andkFS are very small; in practice, however, th
case does not contribute to the matrix elements of Eq.~14!
since the amplitudes of the corresponding wave functions
negligible.

Starting from the LDA results calculated by the usu
FLAPW procedure, we calculate the overlap charge den
matrices and construct the matrix elements for the sX-LD
After diagonalization, the new eigenfunctions obtained
used to update the screened Fock exchange operator an
charge density in the following iteration until the charge de
sities and eigenfunctions satisfy self-consistency.

III. APPLICATIONS

A. Si„100…2Ã1 surface

In this section, we report calculations of the Si~100!2
31 surface as an application of the film sX-LDA metho
Among extensive experimental and theoretical studies on
231 reconstruction surface of Si~100!, there has been a con
troversial issue: whether the dimers of the surface are as
metric ~buckled! or symmetric ~parallel to the surface!.
Scannning tunneling microscopy images indicated coex
ence of the asymmetric and symmetric dimers.19,20Low tem-
perature observations, however, showed that the numbe
asymmetric dimers increases, suggesting that the asymm
dimer is energetically stable.20 Several density-functiona
calculations have also been performed for this system. S
of the results showed that the asymmetric dimers are lowe
energy than the symmetric ones by about 0.1 eV/dimer.21–23

In addition, calculations for the symmetric dimers yield
metallic surface, which is contrary to experiment
results.24–26However, due to the LDA problem for excitatio
energies, whether the surface states of the asymmetric dim
lead to a semiconducting or metallic character has rema
a question; metallic surfaces were obtained by Kru¨ger and
Pollman using the Green-function scattering formalism27

and by Zhu, Shima, and Tsukada using the norm-conser
nonlocal pseudopotential,28 while surface band gaps of 0.
eV were obtained by the pseudopotential calculations of Ih
Cohen, and Chadi,29 and by Dabrowski and Scheffler.22 Re-
cent GW calculations30,31 have demonstrated quasipartic
corrections to the LDA surface states, giving well establish
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surface band gaps for the asymmetric dimers, while keep
the symmetric dimer surface metallic.31 Efficient GW calcu-
lations using model dielectric functions were also perform
showing a difference of about 0.1–0.3 eV in the surfa
states from the results using the RPA dielectric functions31

As stated in the previous section, the slab geometry of
film method can provide absolute energy levels as we t
the potential level far outside the surface to be zero. W
functions of the metal surfaces are thus successfully obta
within the LDA calculations.18 On the other hand, a diffi-
culty may be found in the case of semiconducting surf
states since there is no Fermi surface and the energy le
should include more or less the LDA error. Perdewet al.
showed32 that, while the band gap is not correctly evaluat
from the Kohn-Sham eigenvalues, the center of the gap r
tive to the vacuum level is still correct. It is therefore qu
interesting to see how accurately we can evaluate the a
lute energy levels with self-energy corrections by sX-LDA

We used a slab containing eight layers of Si, i.e., sixte
Si atoms involved in the unit cell, with hydrogen atoms th
saturate the Si dangling bonds at the bottom surface of
slab in order to prevent an interaction between the t
surfaces.31 The atomic positions of the top four layers we
allowed to be relaxed and optimized for the 231 asymmet-
ric dimer structure using atomic force33 calculations. The
potential level at the vacuum far from the top surface of
slab is chosen to be zero; the vacuum level of the bot
side can be different from zero due to the polarizat
through the slab. We have also calculated bulk Si usin
tetragonal supercell structure whose~001! plane has the sam
area as the two-dimensional unit cell of Si~100!231 to see
the folded bulk bands on the surface Brillouin zone~SBZ!.
The relation between the bulk and surface Brillouin zone
illustrated in Fig. 1.

For the FLAPW-LDA calculations, the exchang
correlation energies were treated using t
Hedin-Lundqvist34 parametrization of the exchange
correlation potential. Cutoffs of the plane wave basis, 9.0
and of the potential representation, 49 Ry, and an expan
in terms of spherical harmonics withl<8 inside the muffin-
tin spheres were used. The core states were calculated

FIG. 1. Surface Brillouin zone of the Si~100!231 with the cor-
responding bulk Brillouin zone. Shaded area shows the first 231
surface Brillouin zone.
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relativistically and updated at each iteration, whereas the
lence states were treated semirelativistically. The spin-o
interaction was not included since its effect is very small
Si. Optimized positions were determined within the LD
calculations. For the sX-LDA calculations, we employed c
off parameters 6.25 Ry for the plane-wave basis,l<4 for the
spherical harmonics, and all occupied and three empty st
per atom to achieve convergence of the eigenvalues to wi
0.02 eV. Summations over the Brillouin zone for both LD
and sX-LDA self-consistent calculations were done us
four specialk points35 in the irreducible wedge. We assume
self-consistency of the charge densities and eigenfunct
when the average root-mean-square difference between
input and output charge densities was less than
31024 e/(a.u.)3.

The bulk Si band structure was calculated by the b
sX-LDA with a tetragonal unit cell. We obtained a fund
mental band gap of 1.10~1.17! eV, an indirect band gap atX
of 1.26 ~1.25! eV, and a valence-band width of 12.78 (12
60.6) eV, showing very good agreement wi
experiment36,37 ~values in parentheses!. In order to put the
bulk band structure together with the film band structure,
used the Si 1s core level in the sixth layer from the surface
a reference, which showed good convergence within 0.05
between the fifth and the sixth layers. In this way, we ha
evaluated both the surface band energies and the vale
band maximum~VBM ! measured from the vacuum leve
within the above uncertainty. For convenience, we pres
all calculated and experimental energies measured from
VBM of bulk Si.

In Fig. 2, we present the band structures of the Si~100!2
31 surface and bulk Si along the@010# direction on the SBZ
calculated by the sX-LDA methods, compared with ang
resolved photoemission data.38 The results for the surface
states at symmetry points are summarized in Table I. T
occupied surface states (Dup) calculated by the film sX-LDA
show good agreement with the experimental data in Tab

FIG. 2. Self-consistent band structures in the@010# direction for
the Si~100!231 surface calculated by the film sX-LDA metho
~dashed lines!, and for the bulk Si band structure projected into t
231 surface Brillouin zone calculated by the bulk sX-LD
method. Filled circles~labeledF, S, and B) represent the experi
mental data taken from Ref. 38. The valence-band maximum
bulk Si is set to be zero.
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TABLE I. Calculated surface states~measured from the valence-band maximum in eV! of Si~100!231. The results of theGW
calculations taken from Ref. 31 using the RPA dielectric function~GW-RPA! and the model dielectric functions~Ref. 44! proposed by
Hybertsen and Louie~GW-HL!, and available experimental data~Expt.! are shown for comparison.

Dup Ddown

G J K J8 G J K J8

LDA 20.35 20.32 20.80 20.92 0.47 0.60 0.09 20.16
sX-LDA 20.32 20.24 20.77 20.83 0.78 0.90 0.42 0.23
GW-RPA 20.15 20.20 20.80 20.85 0.95 1.00 1.10 0.85
GW-HL 20.30 20.35 21.05 21.05 0.80 0.85 0.95 0.70
Expt. 20.4,a20.1b 20.4,a20.1b 21.0a 21.0,a20.1b 1.1,c1.2d 1.3d 0.44,c0.55d

aReference 39.
bReference 38.
cReference 25.
dReference 42.
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as well as the experimental dispersionS1 in Fig. 2. A small
correction to the LDADup states, 0.03–0.08 eV, was ob
tained, as shown in Table I; the LDA calculations alrea
yield good agreement with experiment for theDup states
relative to the VBM as seen in other LDA calculations.28,21

Good agreement between experimentally observed occu
structuresB1 and B2 and the present folded bulk bands,
shown in Fig. 2, indicates that both structures come from
bulk resonance states: The structureB2 is coincident with the
upper valence bands for bulk Si along theG-X direction, and
identified as the transition from the bulk valence bands to
free-electron-like final bands.40 On the other hand, the bul
band along withB1 comes from the band along theG2-J8
direction folded onto the 231 domain ~see Fig. 1!. This
directly supports an interpretation whereB1 is explained by
the surface Umklapp transition originating from the bu
transition atJ8.38 The rest of the occupied structureS2 is
understood28,30 to be the surface states associated with
p(232) or c(432) reconstructed surfaces, which are n
considered in the present unit cell.

While the FLAPW calculations give a metallic surface
seen in the negativeDdown state atJ8, the sX-LDA calcula-
tions give a semiconducting surface, which is observed
experiment. We obtained an unoccupied surface b
(Ddown) with the value of 0.78 eV atG and the minimum
value of 0.23 eV atJ28 . Optical absorption studies25 showed
that indirect and direct transitions take place with thresho
of 0.44 eV atJ28 and 1.1 eV atG. In addition, the experimen
tal structureF1 located around 0.55 eV atJ28 was suggested
to be the minimum of the unoccupied dangling-bo
bands;41 with the results of angle-resolved inverse pho
emission~IPE!, an energy difference of about 0.65 eV b
tweenG andJ28 , the Ddown state atG is estimated to be 1.2
eV. The Ddown states calculated by sX-LDA are thus co
cluded to be lower than the experimental values by 0.2–
eV.

In order to analyze the source of this discrepancy w
experiment, we compare with theGW calculations31 using
the Gaussian orbital LDA~GO-LDA! basis set in Table I. It
should be noted that very different results from ours for
Ddown states atK andJ8 are mainly due to the discrepancy
the LDA eigenvalues rather than the accuracy of the cor
tions: measuring from theDdown state atG, we obtained
y

ed

e

e

e
t

in
d

s

-

.4

h

e

c-

20.38 (20.36) eV atK and 20.63 (20.55) eV atJ8 by
LDA ~sX-LDA!, while the GO-LDA calculations~with the
GW corrections! yield 0.05 ~0.15! eV at K and 20.25
(20.10) eV atJ8; our results are, however, closer to th
other LDA results,22,43 20.37 eV at K, 20.47 eV and
20.57 eV atJ8, and to the experimental values,20.67 eV at
J8 from the IPE results,41 and20.66 atJ8 from the optical
absorption studies.25 On the other hand, focusing on the co
rections atG where both LDA results agree with each othe
we found that theDdown states of sX-LDA are lower in en
ergy than those of theGW method using the RPA dielectri
matrix by about 0.2 eV, but are quantitatively compara
with those of theGW method using the model dielectri
function ~with e`510.0) proposed by Hybertsen an
Louie.44 Note that the sX-LDA method has an obvious a
vantage over the above model dielectric function; the la
needs to calculate or assume the dielectric constante`(r )
which significantly changes in space at the surface.30

The rest of the discrepancy with experiment, which exi
in the GW calculations as well, probably comes from th
insufficient size of the unit cell we considered. Thus an a
ditional correction can be expected by considering a lar
unit cell such asc(432), where the two branches for th
surface bands, which are observed in experiment, are
described.28,30An overestimation of the dimer-dimer interac
tions in the calculations with a (231) unit cell results in a
larger dispersion of the surface states and a smaller band
between two surface states. Zhuet al. showed28 from calcu-
lations on the (231), p(232), andc(432) unit cells that
the band gap between the occupied and unoccupied su
bands is increased by 0.1–0.2 eV with increase of the
cell from (231) to c(432).

The absolute value of the VBM measured from t
vacuum level, i.e., the ionization energy, was evaluated
sX-LDA ~with a combination of the bulk and film sX-LDA
calculations mentioned above! to be 5.35 eV, in good agree
ment with the experimental value of 5.1560.08 eV.45 We
also obtained the VBM 4.84 eV from slab and bulk calcu
tions purely within the LDA. Assuming that the center of th
band gap atG is fixed with respect to the vacuum level, w
got a corrected VBM of 5.21 eV after adding one half of t
band-gap correction atG obtained by the bulk sX-LDA
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calculations—confirming numerically the theoretical co
sequence32 of Perdewet al. for the Kohn-Sham eigenvalues

In summary, results for the Si~100!231 surface calcu-
lated by the film sX-LDA method follow.~1! While the oc-
cupied surface bands showed good agreement with ex
ment, there is an underestimation of the quasipart
correction to the unoccupied surface bands by about
eV—as estimated in comparison with theGW calculations.
~2! The sX-LDA method, with a combination of the slab an
bulk geometries, yields not only surface states measu
from the vacuum level but also accurate ionization energ
of the bulk semiconducting materials.

B. InAsÕInSb superlattices

Studies on the energy-band alignment in semiconduc
heterojunctions and superlattices have received conside
attention particularly for designing optoelectronic devic
Applications of InAs12xSbx /InAs12ySby alloys and super-
lattices to infrared detectors and emitters, for example,
quire a precise band-gap tuning in the order of 10–1
meV.46–48Many theoretical approaches to this problem ha
been undertaken.49–55 Most of the studies have focused o
valence-band offsets~VBO’s! based on LDA calculations
utilizing the alignment of the average potential49,50 or the
core levels51–55at the interface between two different bina
semiconductors. To obtain band gaps and conduction-b
offsets ~CBO’s!, however, one needs to know th
conduction-band levels by fitting parameters with expe
ment and/or by estimating empirically from the results
each binary constituent.52,53In addition, it is usually assume
that the correction to the LDA band gap is independent
stress conditions and/or superlattice periods; its accurac
not always guaranteed until it is confirmed by experiment
by certain quasiparticle calculations. Quasiparticle calcu
tions based on theGW approximation have also been r
ported for heterojunctions and superlattices.56–59 In particu-
lar, Zhang et al. emphasize the importance of th
quasiparticle correction to the LDA VBO; they conclude
that theGW quasiparticle correction to the VBO is 0.12 e
~as much as 30% of the LDA VBO! for GaAs-AlAs hetero-
junctions, in excellent agreement with experiment.56 Also,
the GW method with model dielectric functions has be
applied to InAs/GaAs superlattices59 and AlN/GaN superlat-
tices and ordered alloys.58

In this section, we apply our superlattice sX-LDA meth
to strained (InAs)3 /(InSb)3 @001# superlattices, where we
can compare with available LDA calculations52–54 to see the
detailed effects of the methods. We evaluate band off
using core-level binding energies as references to the a
ment at the interface.52,53 The VBO (DEv) and CBO (DEc)
for a heterojunction consist of two contributions:

DEv,c5Db1DEb
v,c , ~21!

whereDb is an interface term that is the difference in ener
between two core levels at both sides of the heterojunct
and DEb

v,c is a bulk term that is the difference in energ
between two binding energies of the core levels relative
the valence-band maximum or the conduction-band m
mum ~CBM! in the isolated bulk constituents. As show
previously,55 the 333 superlattice is sufficient to define th
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interface termDb since the@001# direction is not much af-
fected by a macroscopic electric field. We evaluateDb and
band gaps for the superlattice by the superlattice sX-L
method, and examine how the method changes the L
electronic structure. Since we calculate self-consistent w
functions and charge densities, it is also interesting to
charge transfer induced by sX-LDA; this can be significan
the interface in narrow band-gap materials like InAs a
InSb where the FLAPW calculations underestimate the b
gaps by 250% and 400%,60 respectively. The bulk term
DEb

v,c depends on ordering directions and strain conditio
at the interface considered. Here we are capable of calcu
ing not onlyDEb

v but alsoDEb
c directly by the bulk sX-LDA

method using a biaxially strained tetragonal unit cell with
lattice parameteras that represents the substrate on which
superlattice grows.

We considered three different lattice parameters,aInAs
~6.06 Å!, aInSb ~6.46 Å!, and their average valueaav ~6.26
Å!. Structural optimizations for the bulk and the superlattic
were undertaken within the LDA. The In 4d states were
treated as valence states. Cutoffs of the plane wave b
13.0 Ry, and of the potential representation, 64 Ry, w
used. The optimized positions were decided by minimiz
the total energy and the atomic force on each atom. For
sX-LDA calculations we put In 4d states in the core. In both
LDA and sX-LDA calculations, summations over the Bri
louin zone for bulks and superlattices were done using,
spectively, eight and three specialk points in the irreducible
wedge. As will be discussed later, for an analysis of
charge density, we used the same muffin-tin radius, 2.4 a
for In, Sb, and As. The spin-orbit interaction was included
a perturbative approach using self-consistent sX-LDA wa
functions and eigenvalues to treat rather large spin-orbit
fects in the present systems. Other parameters for the L
and sX-LDA are the same as in the previous section.

In Table II we show the band gaps of strained bulk In
and InSb calculated by the bulk sX-LDA. The band gaps
InAs and InSb with their own lattice parameters, 0.46 eV a
0.26 eV,62 are in excellent agreement with the experimen
values of 0.42 eV and 0.24 eV,61 respectively. The band ga
of InAs decreases linearly as the lattice parameter incre
from aInAs to aInSb, while that of InSb changes nonlinearl
and shows almost the same value foraav and aInSb. This
tendency has already been predicted within the LDA, ass
ing that the quasiparticle correction to the LDA band gap
independent of strain.52 We show the corrections to our LDA
band gaps obtained by the sX-LDA calculations in Table
The correction of the InSb band gap is almost constant, w
that of the InAs band gap is changed by20.06 eV as the
lattice parameter increases—it is small, but about 10% of

TABLE II. Band gaps~in eV! of strained bulk InAs and InSb a
well as (InAs)3 /(InSb)3 superlattices calculated by sX-LDA. Cor
rections to the LDA band gaps~in eV! are also presented in paren
theses.

as5aInAs as5aav as5aInSb

InAs 0.46~1.10! 0.14~1.07! 20.19~1.04!
InSb 0.12~0.98! 0.27~0.99! 0.26~0.98!
(InAs)3 /(InSb)3 20.02~0.92! 0.09~0.92! 0.04~1.00!
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change in the band gap itself,20.65 eV. These results sug
gest that the assumption of independence of the band
correction to pressure for the bulk binaries is good overal
long as we are concerned about a small change in the b
gap induced by stress. We note that the band gap of I
with the InAs lattice parameter was calculated to be 0.12
which shows the largest difference from the result of 0.19
given in Ref. 52. This is not from a difference in the qua
particle corrections to LDA but from the difference in th
LDA band gaps themselves, possibly because of the slig
different unit cell optimized by the total energy. The ba
gap of InSb with the InAs lattice parameter is quite sensit
to the size of the unit cell; in fact, we observed that a d
crease ofc/a by 0.6% from the optimized value increases t
band gap by 0.06 eV with a very small increase~by 2 meV!
of the total energy.

The calculated band offsets are shown in Table III. Wh
two previous LDA results52,54 for the VBO agree with each
other to within 0.03 eV, a systematic increase of the VBO
0.05–0.12 eV is obtained by the sX-LDA calculations. Th
correction agrees with the quasiparticle correction to
VBO for the unstrained InAs/InSb heterojunction, 0.08 e
obtained byGW calculations,57 indicating that our method

TABLE III. Calculated valence-~VBO! and conduction-~CBO!
band offsets~in eV! of strained InAs/InSb heterojunctions. In add
tion to the present results~sX-LDA!, previous LDA results taken
from Ref. 52~WZ! and Ref. 54~PCF! are also shown for compari
son. The CBO’s in Ref. 52 are estimated by using experime
band gaps and stress-independent corrections to the LDA.

as5aInAs as5aav as5aInSb

VBO
sX-LDA 0.98 0.62 0.34

PCF 0.88 0.54 0.22
WZ 0.91 0.57 0.25

CBO
sX-LDA 0.64 0.75 0.79

WZ 0.68 0.68 0.68
ap
s
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b
,
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-
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e
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describes reasonable quasiparticle states and VBO’s.
CBO’s of the sX-LDA are also larger than the LDA resul
obtained by Wei and Zunger52 corresponding to the differ-
ence in the VBO, except for the InAs substrate, where th
smaller VBO cancels the larger band gap, as mentio
above.

We present in Table II the calculated band gaps atG of
@001# ordered (InAs)3 /(InSb)3 superlattices. Small band
gaps, within60.1 eV, for all three substrates were obtaine
although we might expect larger negative ones due to
large VBO. Similar small band gaps were also reported
131 superlattices.53 The period of these superlattices is a
tually too short to establish bulklike valence and conduct
bands, due to their strong hybridization at the interface
contrast with the localized core levels that are quickly co
verged with respect to the period of the superlattices. T
corrections to the LDA band gaps in Table II, however, su
gest that it is not easy to estimate accurate band gaps o
superlattices from the LDA results and the corrections for
bulk binaries. For example, while the correction to the sup
lattice band gap with the InSb substrate may be estimate
the average of the corrections for the two binary constitue
as used in Ref. 53, this is not the case for the InAs a
average substrates. The different corrections are consid
to result mainly from a change of the wave-function char
ter and localization at the VBM, and from neglecting man
body effects on the potential at the interface—as will
discussed below.

In Table IV, we show crystal-field splittings at the VBM
which are defined by the difference in energy between
doubly degenerate stateG5v and the stateG4v , calculated by
sX-LDA and LDA. The values for the 131 superlattice are
taken from Ref. 53. The results show a decrease of
crystal-field splitting as the substrate lattice parameter
creases, and a significant interchange of the wave-func
character at the VBM fromG5v to G4v for the InSb substrate
The G5v and G4v states are found to be highly localized
the interface; the former is on the Sb site and the latter is
the As site. Thus, the above trend suggests that the en
bands of the InAs side shift upward relative to those of

al
TABLE IV. Calculated crystal-field splittings at the valence-band maximum (DCF in eV! and localiza-
tions of the VBM (Rv) and the CBM (Rc) densities, calculated by sX-LDA and LDA~in parentheses!. A
positive crystal-field splitting means the doubly degenerateG5v state is located above theG4v state. Local-
ization is defined by the ratio of the angular decomposition~the p state forRv and thes state forRc) of the
muffin-tin charge density on the As site to that on the Sb site at the interface of (InAs)3 /(InSb)3 superlattices.

as5aInAs as5aav as5aInSb

DCF

(InAs)1 /(InSb)1 ~0.46a! ~0.06a! (20.25a!

(InAs)3 /(InSb)3 0.74~0.57! 0.24~0.11! 20.08(20.15!
InAs 0.00~0.00! 20.35(20.33! 20.62(20.57!
InSb 0.97~0.90! 0.41~0.38! 0.00~0.00!

Rv

(InAs)3 /(InSb)3 0.35~0.45! 0.42~0.53! 1.33~1.54!
Rc

(InAs)3 /(InSb)3 1.32~1.19! 1.16~1.04! 1.00~0.88!

aReference 53.
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InSb side as the lattice parameter increases. From a com
son between two periods of the superlattices in Table IV,
found that the longer period gives a greater shift of the
ergy bands of the InAs side downward relative to those
the InSb side—recovering the VBO in the heterojunction.
show the localization of the VBM and CBM states in mo
detail, we present in Table IV the ratio of the angular deco
position of the muffin-tin charge density on the As site
that on the Sb site at the interface. We took the domin
components, thep-like ands-like states for the VBM and the
CBM, respectively. Note that thes-like component is also
large on the In sites and gives a qualitatively similar trend
listed in Table IV; however, in this case more localization
the CBM in the InSb region is observed for the InSb su
strate. The localization at the VBM is changed significan
from the Sb side to the As side when the interchange of
wave-function character at the VBM occurs, as mention
above. On the other hand, the localization of the CBM
changed from the InAs side to the InSb side as the lat
parameter increases.

From these results, we depict the band alignments of
short-period superlattice as shown in Fig. 3. Note that Fig
is not a rigorous way to express the real situation since
VBM and CBM in superlattices cannot be resolved in re
space, but rather an intuitive way, where the trend of
atomic-scale localization in Table IV is consistently d
scribed. Also, we put the band alignments of the heteroju
tions in Fig. 3, although we cannot determine the relat
energy positions of the superlattice and the heterojunct
The trend of the band alignment for the superlattices w
respect to the lattice parameter is similar to that of the V
for the heterojunctions. Both trends result mainly from t
change in the crystal-field splitting of the VBM. From Fig.
we expect a spatially indirect gap for all three substra
however, there is also the possibility of obtaining a spatia
direct gap in the InSb region with a lattice parameter
tweenaav andaInSb.

Comparing with the LDA results in Table IV, we foun
that the sX-LDA results give an increase of the crystal-fi
splitting, and, correspondingly, more charge on the InSb s
for the VBM and on the InAs side for the CBM. Thes
changes are considered to come from a many-body cor
tion to the LDA potential,56 which enhances an ionic bond
ing structure and leads to a more negative potential in In
We can see this effect more clearly using Fig. 3: a shift of
InAs bands downward relative to the InSb bands leads
more weight coming from InSb for the VBM and to mo
weight coming from InAs for the CBM. Furthermore, th
reason why the band-gap correction for the InSb substra
Table II is larger than that for the other substrates can
understood as follows: in the case of a spatially indir
minimum gap with the VBM localized in the InSb~InAs!
region, the above relative shift of the potential by the s
LDA reduces~increases! the band-gap correction estimate
from the corrections for the binary constituents, while t
gap of the superlattice with a spatially direct minimum g
does not depend so much on the potential shift. Thus
band-gap correction for the InAs and averaged substrate
smaller than that of each binary constituent.

In summary, the sX-LDA scheme, with a combination
the bulk and superlattice methods, yields accurate vale
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and conduction-band offsets in heterojunctions witho
knowing any experimental values, as confirmed by comp
ing with previous LDA calculations and theGW quasiparti-
cle corrections. Also, the superlattice sX-LDA method pr
vides direct calculations of the band gaps in superlattic
The many-body corrections by the sX-LDA modify the LD
potential so that the ionic feature at the interface is m
conspicuous, causing a larger VBO and crystal-field sp
ting. These effects are sometimes crucial to evaluate e
tronic structures of narrow band-gap superlattices.

FIG. 3. Schematic band alignment of strained (InAs)3 /(InSb)3
superlattices and InAs/InSb heterostructures. Thick solid and do
lines show valence-band maxima and conduction-band minima
spectively. For the superlattice, the left half represents the (InA3

region and the right half represents the (InSb)3 region; each band is
indicated only in a more localized region. Calculated band g
(Eg), valence-band offsets~VBO’s!, conduction-band offsets
~CBO’s!, and crystal-field splittings (DCF) are presented in paren
theses~in eV!.
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IV. CONCLUSION

We have developed sX-LDA methods to apply
FLM/SL by introducing the film and superlattice methods
addition to the traditional bulk approach. The main idea u
to extend sX-LDA to FLM/SL is to consider local-field e
fects in thez direction. These methods have been succe
fully implemented with the FLAPW method, which is ca
pable of treating both two-dimensional slab and bu
geometries. Two applications presented here, the Si~100! 2
31 surface and InAs/InSb superlattices, have demonstr
that the methods yield good quasiparticle corrections in co
parison withGW calculations. The beneficial features of th
present method—no parameters required, less computa
ally demanding, and self-consistent evaluation of
properties—provide a wide range of applicability. In partic
B

oc

ys
.

ys

D

d

s-

ed
-

n-
e
-

lar, we saw significant corrections to the electronic struct
by the sX-LDA even when LDA calculations gave an err
neous metallic band structure in semiconducting materi
On the other hand, a certain limitation exists in the pres
approach. This was seen in the slight underestimation of
correction to the Si surface states. To improve the accur
more rigorous correlation or screening effects, e.g., full c
sideration of the local-field effects or going beyond t
Thomas-Fermi description, may be required.
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