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Ab initio calculation of the reflectance anisotropy of GaAs„110…
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We compute the optical properties of the~110! surface of gallium arsenide within the first-principles
density-functional theory local-density approximation scheme, using norm-conserving pseudopotentials. Start-
ing from the surface electronic structure calculation, we analyze the imaginary part of the theoretical dielectric
function, separating surface and bulk contributions. The effects of the nonlocality of the pseudopotential are
studied, by working both in the transverse gauge~neglecting them! and in the longitudinal gauge~where they
are automatically included!. The two calculations, although giving different dielectric functions, yield the same
reflectance anisotropy, which compares well with experimental data and with previous theoretical results.
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I. INTRODUCTION

In the last years, the atomic geometry and electronic pr
erties of the GaAs~110! surface have been successfully d
termined, both from the experimental and theoretical po
of view ~see Ref. 1 and references therein!. Its surface optical
spectra are more difficult to interpret, because optical tra
tions involving surface states overlap the energy range of
corresponding bulk transitions. There is then a strong n
for sufficiently accurate calculations of the spectra provid
by reflectance anisotropy spectroscopy~RAS! and surface
differential reflectivity.

The present state of the art of the calculations of surf
optical properties is the semiempirical tight-binding metho
whose results are usually in fair agreement w
experiments.2 However, it would be desirable to carry ou
calculations of surface optical properties based on a s
consistently determined electronic structure. Some step
this direction have already been taken. A self-consist
plane-wave calculation of GaAs and GaP~110! optical prop-
erties was carried out by Manghiet al., using local pseudo-
potentials and theXa scheme to account for the exchang
correlation potential.3 Very recently,ab initio calculations
using non-local norm-conserving pseudopotentials withi
strict density-functional theory~DFT! framework have ap-
peared for GaAs~100!,4 Si~100!,5,6 and C~100! surfaces.6

Their results for the reflectance anisotropy~RA! are not com-
pletely satisfactory, being sometimes at variance with exp
ments@in the case of GaAs~100!#, and sometimes at varianc
with physical expectation@in the case of Si(100)231#.

It is not yet clear whether DFT-LDA~local-density-
approximation! wave functions are precise enough to yie
good oscillator strengths and meaningful surface opt
spectra, which need, in principle, quasiparticle wave fu
tions and energies, e.g., calculated according to the so-c
GW approximation, and consideration of electron-hole int
action effects. In order to check this point, it is worthwhile
carry out well-converged DFT-LDA calculations for man
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surfaces, to be compared with experiments and withGW
calculations, when these will be available.

Here we present a first-principles calculation of the op
cal properties of GaAs~110!, using state-of-the-art DFT in
the LDA, and norm-conservingab initio pseudopotentials. It
is well known that the usual formulation of the interaction
light with matter, based on theA•p formulation within the
transverse gauge, cannot be applied in the presence of a
local pseudopotential,VNL . That is,pW should be replaced by
pW 1 i @VNL ,rW#, following, e.g., the procedure given in Appen
dix B of Ref. 7. Another possibility, which in this case turn
out to be numerically more convenient, is to work within th
so-called longitudinal gauge, in which the long-waveleng
radiation is described as a scalar field. In this scheme,
formulation remains the same for local and nonloc
potentials.8 In order to check the importance of this point
the case of surfaces, we carry out calculations of opt
properties, both neglecting and including the pseudopoten
nonlocality effects. Although the two calculations yie
slightly different results for bulk semiconductors, quite su
prisingly we find that the relative surface contribution to r
flectance comes out nearly identical in the two approach
up to 5 eV.

We compare our results with reflectance anisotro
data9,10 and with previous3,10,11calculations. We obtain a RA
line shape in fairly good agreement with experiments a
with previous theoretical results.10

II. THEORY

A. Surface optical properties

Accounting for the nonlocality, anisotropy, and inhom
geneity of the surface dielectric tensor, the correction
Fresnel’s formulas for the reflectivity for normally inciden
light is given by12

DRa~v!

R0~v!
5

4v

c
Im

Deaa~v!

eb21
, ~1!
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whereeb is the bulk dielectric function,R0 is the standard
Fresnel reflectivity, and the subscripta refers to the direction
of light polarization. The reflectance anisotropy spectru
defined as

DR

R
5

DRy~v!2DRx~v!

R0~v!
, ~2!

can then be computed in term of the quantityDeaa(v),
which is directly related to the macroscopic dielectric ten
eab of a semi-infinite solid,13 and is dimensionally a length

In a repeated-slab geometry, introduced in order to sim
late the real surface,De is given by3

Deaa~v!5d@114paaa
hs ~v!2eb~v!#, ~3!

where d is half of the slab thickness andaaa
hs (v) is the

polarizability of a half-slab. For this geometry, the change
reflectivity with respect to the Fresnel formulas then redu
to

DRa~v!

R0~v!
5

4vd

c
Im

4paaa
hs ~v!

eb21
. ~4!

In the single particle scheme, the imaginary part ofahs takes
the standard expression

aaa
hs~2!~v!5

pe2

m2v2Ad (
k,v,c

upvc
a ~k!u2d@Ec~k!2Ev~k!2\v#

~5!

involving the transition probability between slab valence a
conduction bands, of energyEv(k) andEc(k) respectively;
pvc

a (k) is the matrix element of the momentum operator, a
A is the area of the sample surface.

Using the momentum operatorpW 5(\/ i )¹W within the
transverse gauge to describe the coupling of electrons
the radiation is equivalent to ignoring the contributions fro
the nonlocal part of the pseudopotential,VNL . These contri-
butions can be included either replacingpW with pW

1 i @VNL ,rW#,7 or working within the longitudinal gauge
where the perturbing operator iseiq•r, with q vanishingly
small:8,14

aaa
hs~2!~v!5

pe2

Ad
lim
q→0

1

q2 (
v,c

(
k

z^v,k1qêaueiqr auc,k& z2

3d@Ec~k!2Ev~k!2\v#. ~6!

This leads, however, to calculating the wave functions
four grids ofkW points, namely, atkW andkW1qêa ~êa is the unit
vector directed along thea axis!, multiplying by 4 the al-
ready heavy computational work. We have used both
proaches in calculating the optical properties of bulk Ga
not including, however, the commutator@VNL ,rW# in the
transverse gauge. Hence, the difference between the two
proaches is an indication of the size of pseudopoten
nonlocality effects on the optical properties. Differences
about 10% are obtained in bulk GaAs.14 Since in the case o
the surface we look at effects of the order of 1%, it is im
portant to take the nonlocality of the pseudopotential i
account. In order to check this point, which had been ov
,
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looked in previousab initio calculations,4–6 we have calcu-
lated the surface optical properties of GaAs~110! using both
methods.

B. Electronic structure

Our calculation of the optical response of the GaAs~110!
surface starts with the computation of the single-parti
spectrum and the transition probability between occup
and unoccupied states, for both the bulk and slab geomet
We compute the band structure and the momentum ma
elements within the standard DFT-LDA scheme,15 using a
plane-waves basis set, and the Ceperley-Alder16 LDA
exchange-correlation potential as parametrized by Per
and Zunger.17 The use of norm-conserving, hard-core,18 fully
separable pseudopotentials of the Bachelet-Hamann-Sch¨ter
type19,20 ensures good transferability properties.

We describe the GaAs~110! surface using a repeated sla
made of 11 atomic layers plus seven empty layers, in or
to minimize the spurious interactions between different s
faces. A check, carried out with 1317 layers, has shown tha
good convergence has been achieved. The atomic posi
correspond to a fully relaxed configuration, obtained by
Car-Parrinello molecular-dynamics run.21 Once the ground-
state charge density has been determined, the true filled
empty Kohn-Sham~KS! eigenfunctions are determined by
full diagonalization of the KS Hamiltonian. This technic
point, that is unrelevant when only the total energy and
total charge density are of interest, becomes important w
individual state wave functions are needed.22 An energy cut-
off of 15 Ry was chosen, which ensures a convergence of
eigenvalues within 50 meV.

The convergence with respect to thekW -point sampling,
which represents one of the major bottlenecks in opti
properties calculations, has been carefully tested. For
bulk calculations, a well-converged 825 special points se
the irreducible wedge of the Brillouin zone~BZ! has been
used. In the case of the slab, we have checked converg
of the calculated RA using 16, 36, 64, and 100 tw
dimensionalkW points in the irreducible wedge of the surfac
BZ @see Fig. 1~a!#. The 64 special-point set appears to
sufficient to obtain qualitatively stable results, with low
energy structures~0–5 eV! converging faster than the highe
part of the spectra. From the differences appearing in F
1~a!, and from independent tight-binding calculations carri
out with 1024kW points,23 we estimate that the RA structure
at full convergence might be still reduced with respect to
present results.

The convergence with respect to the slab thickness
also been checked, by performing the RA calculation for 1
and 13-layer slabs, using the same set of 64kW points@see Fig.
1~b!#. The energy positions of the RA structures are u
changed, with small differences~about 10%! in the peak in-
tensities.

III. RESULTS

A. Bulk results

Our results for the GaAs bulk dielectric function are d
cussed in Ref. 14. A direct minimum gap of 1.37 eV h
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been obtained, quite a bit larger than the values quoted in
literature for well-converged LDA calculations at the expe
mental lattice constant. This is a consequence of using
calculated lattice constant, which is 1.5% smaller than
experimental one, and neglecting nonlinear co
corrections,24 as discussed in Ref. 14. The higher gaps
less sensitive to these details, so that they are in good ag
ment with the values usually quoted in the literature. B
cause of the gap problem of DFT-LDA, they are about
eV smaller than the experimental values determined fr
direct and inverse photoemission. Since optical transiti
are rather weak at the fundamental gap and stronger a
higher gaps, we believe that the large value of the direct
found in our calculation will not qualitatively affect the ca
culated spectra.25 As expected, a direct comparison with th
experimental data of Ref. 26 shows a satisfactory, altho
not perfect, agreement. In fact, the direct interpretation of
Kohn-Sham eigenvalues of the DFT-LDA as excitation e
ergies is in general not correct:27 in principle, one should
compute the true quasiparticle energies and also, in the
of absorption spectra, include excitonic effects. The co
puted main structures of our LDAeb are similar to the pre-
vious Xa results by Manghiet al.3 for the same system.

B. Surface calculations

Our results for the surface band structure are given in F
2. Surface states have been identified computing the lo
ization of the squared modulus of the wave functions in
surface region. We identify several surface bands~full dots
in Fig. 2!, corresponding to theC1-C4 andA1-A5 bands of
Ref. 3.

As in Ref. 3, the As bands lying at the top of the valen
band show little dispersion. By contrast, the first unoccup
surface band~Ga type! displays a rather large dispersion
(;1.3 eV), and along theXM direction it separates from th
projected bulk continuum by about 0.7 eV. As a conseque

FIG. 1. Convergence tests of the reflectance anisotropy:~a! with

respect to the number ofkW points used to sample the irreducible pa

of the Brillouin zone~the result obtained with 16kW points is not
shown, because it is very far from being converged!; and ~b! with
respect to the thickness of the slab: results for 11~dashed line! and
13 ~solid line! atomic layers.
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of the relatively large bulk gap found in our calculation, th
surface state atX is well within the forbidden gap, in con
tradiction with experimental data on Fermi-level pinning28

This shortcoming, which is common to calculations using
Kleinman-Bylander form of the present pseudopotential
the theoretical lattice constant, and neglecting nonlinear c
corrections,1 is due to the aforementioned inaccuracy in t
determination of the fundamental bulk gap, while o
surface-state band structure is in good agreement w
experiments,29,30 once a quasiparticle upward shift of abo
0.8 eV is applied to the empty bands.31 On the other hand,
the rather large separation of the lowest unoccupied sur
band from the continuum of~slab! conduction bands atX,
about 0.8 eV, is an artifact due to the size quantization
bulk states in the slab.32 Actually, the separation of this stat
from the projected bulk band structure atX is only .0.4 eV,
in agreement with other calculations.33

The diagonal components of the imaginary part of t
half-slab polarizabilityaaa

hs (v) ~multiplied by 4pd!, com-
puted in both the transverse (T) and longitudinal (L) gauges,
according to Eqs.~5! and~6!, respectively, are shown in Fig
3. Results for light polarization alongx ~the electric field in
the direction @001#, that is perpendicular to the atomi
chains! andy ~the electric field parallel to the chains, dire
tion @ 1̄10#! are reported in Figs. 3~a! and 3~b!, respectively.
As in the case of the bulk spectrum, theL-gauge result is
slightly larger than that of theT gauge, for both polariza-

FIG. 2. Computed surface band structure of GaAs~110!. Full
dots are used for states localized at the surface. These are defin
those states whose squared modulus integrated over the two o
most layers exceeds 0.275~this is about 50% more than for a sta
equally distributed over all layers, whose localization on the ou
most two layers is 2/1150.18!.
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tions. The difference of thex andy polarizabilities, shown in
Fig. 3~c!, is also slightly larger in absolute value for theL
gauge.

The main features ofxx andyy spectra are similar; how
ever, there are important differences due to the anisotrop
the surface. These differences come into evidence in the
flectance anisotropy spectrum@Fig. 4~a!#, which we have
computed according to Eq.~2!. Quite surprisingly, the RA
for the two gauges is nearly identical up to 6 eV. The sam
true for the surface contributions to reflectance, calcula
according to Eq.~1!, separately forx and y polarizations.
The reason is that the bulk dielectric function, which appe
in the denominator of Eq.~1! and~2!, is also affected by the
choice of the gauge~see Ref. 14!. Although the transverse
gauge formula~5! does not correctly account for the pseud
potential non-locality, the effects of the latter on the spec
is a slight scaling up, by the same factor for bulk, slabx and
slaby polarizations. When ratios between polarizabilities a
calculated, as in Eqs.~1! and ~2!, the common factor disap
pears, and the RA results are not affected by the pseud
tential nonlocality.

We are interested in the range of frequencies below 5
for which experimental RAS data are available, and the c
culated spectra are well converged with respect to the s
over empty states. In this range the theoretical RAS spect
@Fig. 4~a!# shows a positive peakS at .2.0 eV, becomes

FIG. 3. Diagonal components, in the surface plane, of the im
nary part of the half-slab polarizability calculated neglecting@T,
according to Eq.~5!# or taking into account@L, according to Eq.
~6!# the nonlocality of the pseudopotentials.~a! Light polarization
perpendicular to the chain direction.~b! Light polarization parallel
to the chains.~c! The difference between~b! and ~a!.
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negative around.2.7 eV, and displays positive structure
near 3.0, 3.7, and 4.4 eV. We show in Fig. 4~b! the room-
temperature experimental data of Esseret al.10 A previous
experiment was carried out in Ref. 9 at low temperature i
narrower frequency range. Here we show the spectrum ta
at room temperature, because of its more extended frequ
range. The two experimental spectra are consistent e
other, if we accept that a considerable broadening is pre
at room temperature.11 As a consequence, the two peaksS1
andS2 and the shoulder at 2.95 eV of the low-T spectrum of
Ref. 9 coalesce altogether in the broad structureS, centered
at 2.8 eV in the room-temperature spectrum. This struct
corresponds to the calculated one centered around 2
which is mostly due to transitions from the highest filled
the lowest empy surface state band shown in Fig. 2. The s
is of course due to the gap problem of DFT-LDA. Less a
curate results, which have been presented previously,34 are
used for the convergence tests shown in Figs. 1~a! and 1~b!;
here the 2-eV peak is about twice as weak as in Fig. 4~a!, and
the agreement with experiment is hence worse. Impro
ments in the convergence of the dynamical algorithm yie
ing the wave functions has lead to the results of Fig. 4~a!,
which better compare with experiment and previous calcu
tions. The higher intensity and narrow width of theS1 peak
in the experiment of Ref. 9 is probably a consequence of
occurrence of excitonic effects at low temperatures.

The other calculated structures are also in agreement
experiment. They are all due to transitions between surf

i-

FIG. 4. ~a! Reflectance anisotropy spectrum of GaAs~110! com-
puted according to Eqs.~5! and ~6! ~T andL, respectively! for an
11-layer slab. The two curves are almost indistinguishable up
eV. ~b! Measured reflectance anisotropy for GaAs~110!, from Ref.
10.
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perturbed bulk states, as it will be shown below. The RA
at 2.6 eV ~which, together with the subsequent peak
;3 eV, is due to the bulkE1 structure! corresponds to the
experimental dip near 3 eV; the calculated peak at 3 eV,
the structure at 3.7 eV related to theE08 bulk structure, cor-
respond well to the experimental structures at 3.4 and 4.5
respectively. The weak dip at about 3.1 eV in Fig. 4~b!, due
to the E11D1 transition, is not present in our calculatio
because we neglect spin-orbit interaction. The calcula
peak at 4.4 eV is due to theE2 structure, which occurs abov
5 eV in the bulk experimental spectrum. The overestimat
of the RAS structures different fromS is probably due, in
addition to electron-hole interaction effects, also to the afo
mentioned problem of thekW -point summation: in tight-
binding calculations, indeed, the intensities of these str
tures decrease by a factor of about 2 going from 64kW points
to full convergence~1024kW points!.23

In order to analyze the nature of the RAS structures,
have decomposed the spectrum, by separating the op
transition between bulk states~bb!, from bulk to surface
states~bs!, from surface to bulk states~sb!, and between
surface states~ss!. The results for the partial spectra are r
ported in Fig. 5. From this analysis, it appears that the fi
peak S~around 2 eV! has, as anticipated before, a substan
ss character, while most of the structures between 3 and
eV are due to bb transitions, with small bs and sb contri
tions. These results make the comparison of our RAS res
with previous pseudopotentialXa calculations by Manghi
et al.3 not straightforward. In fact, apart from the ener
shift, which could be expected since we use standard LD
our S peak is mainly due to surface-surface transitions alo
theX-M direction, while in theXa calculation the first peak
is due to bulk-bulk transitions, and located at about 2.6 e

In Ref. 3, the experimentalS1 andS2 peaks were recog
nized as their peaks labeledF1 andF2, and it was concluded
that the main contribution to reflectance anisotropy com
from bulk-bulk transitions. In the present LDA schem
surface-surface contributions are present at the lowest e
gies, while bb transitions become important above 2.5

FIG. 5. Decomposition of the RAS spectrum into surfac
surface~ss!, surface-bulk~sb!, bulk-surface~bs!, and bulk-bulk~bb!
contributions to the reflectance anisotropy spectrum~see text!.
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The ss contributions involve the first empty surface ba
which, at variance with Ref. 3, is well separated from t
bulk conduction band, entering deeply into the gap near
X point. This discrepancy in band positions is the reason
the different interpretations of the ss contributions in th
work and in Ref. 3.

A last point to be remarked is that the shifts between
calculated RA structures and the experimental ones is la
for the ss-related structure~about 0.8 eV! than for bb-related
structures~about 0.4 eV!. Such shifts are due to the quas
particle corrections to DFT-LDA, which tend to increase t
transition energies, partially reduced by the electron-hole
teraction, which decreases transition energies. The differe
mentioned above between surface-state-related and b
state-related shifts suggests that quasiparticle shifts are la
at this surface than in bulk GaAs, as it was previously argu
in Ref. 35.

IV. CONCLUSIONS AND FUTURE WORK

We have presented a DFT-LDA calculation of the surfa
optical anisotropy of the GaAs~110! surface. The agreemen
with RAS experiments is fairly good. The first RA peak o
the low-frequency side embodies a substantial contribu
of transitions between surface states, while the higher-ene
features are mostly due to transitions between surface
turbed bulk states.

We have found that a high numerical accuracy and c
vergence in all computational ingredients is necessary to
tain reproducible results, in particular when the low
frequency ss-related peak is concerned. We emphasize
need of manykW points to obtain well-converged spect
within the DFT-LDA pseudopotential approach. This res
leads us to question the reliability ofab initio calculations of
surface optical properties carried out using a small numbe
kW points. On the other hand, considering or not consider
the nonlocality of the pseudopotential does not affect
surface contribution to reflectance. This is an important po
for future calculations of surface optical properties, whi
can be carried out within the computationally less dema
ing transverse gauge.

It is well known that the use of the DFT-LDA eigenvalue
to interpret directly the absorption spectra is an oversim
fication. Nevertheless, it has been found that this approac
able to give quite satisfactory results for bu
semiconductors.14,36The present work suggests that the sa
is true in the case of GaAs~110!.
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