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We compute the optical properties of tli#10) 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 gaggeglecting themand in the longitudinal gaug@vhere they
are automatically includedThe two calculations, although giving different dielectric functions, yield the same
reflectance anisotropy, which compares well with experimental data and with previous theoretical results.
[S0163-18298)02228-7

[. INTRODUCTION surfaces, to be compared with experiments and V&N
calculations, when these will be available.

In the last years, the atomic geometry and electronic prop- Here we present a first-principles calculation of the opti-
erties of the GaAd.10 surface have been successfully de-cal properties of GaA410), using state-of-the-art DFT in
termined, both from the experimental and theoretical point$he LDA, and norm-conservingb initio pseudopotentials. It
of view (See Ref. 1 and references thebe"‘s surface Optica] is well known that the usual formulation of the interaction of
spectra are more difficult to interpret, because optical transiight with matter, based on tha-p formulation within the
tions involving surface states overlap the energy range of th#ansverse gauge, cannot be applied in the presence of a non-
corresponding bulk transitions. There is then a strong neefbcal pseudopotential/y, . That is,p should be replaced by

for sufficiently accurate calculations of the spectra provided§+i[VNL,F], following, e.g., the procedure given in Appen-
by reflectance anisotropy spectroscofiJAS) and surface dix B of Ref. 7. Another possibility, which in this case turns
differential reflectivity. out to be numerically more convenient, is to work within the

The present state of the art of the calculations of surfacgg-cajled longitudinal gauge, in which the long-wavelength
optical properties is the semiempirical tight-binding method radiation is described as a scalar field. In this scheme, the
whose results are usually in fair agreement withformulation remains the same for local and nonlocal
experiments. However, it would be desirable to carry out potentials® In order to check the importance of this point in
calculations of surface optical properties based on a selihe case of surfaces, we carry out calculations of optical
consistently determined electronic structure. Some steps igroperties, both neglecting and including the pseudopotential
this direction have_already been taken. A s_elf-conmstenﬁon|Oca|ity effects. Although the two calculations yield
plane-wave calculation of GaAs and G&R0) optical prop-  slightly different results for bulk semiconductors, quite sur-
erties was carried out by Manget al, using local pseudo- prisingly we find that the relative surface contribution to re-
potentials and the<, scheme to account for the exchange-flectance comes out nearly identical in the two approaches,
correlation potential. Very recently,ab initio calculations upto 5 eVv.
using non-local norm-conserving pseudopotentials within a e compare our results with reflectance anisotropy
strict density-functional theoryDFT) framework have ap-  datg°and with previou¥'®*calculations. We obtain a RA
peared for GaAd00," Si(100,>° and G100 surfaceS. jine shape in fairly good agreement with experiments and
Their results for the reflectance anisotrg®A) are not com-  wjith previous theoretical resufté.
pletely satisfactory, being sometimes at variance with experi-
ments[in the case of GaA400)], and sometimes at variance Il. THEORY
with physical expectatiofin the case of Si(100)2 1].

It is not yet clear whether DFT-LDA(local-density-
approximation wave functions are precise enough to yield  Accounting for the nonlocality, anisotropy, and inhomo-
good oscillator strengths and meaningful surface opticageneity of the surface dielectric tensor, the correction to
spectra, which need, in principle, quasiparticle wave funcfresnel’s formulas for the reflectivity for normally incident
tions and energies, e.g., calculated according to the so-calldght is given by?

GW approximation, and consideration of electron-hole inter-
action effects. In order to check this point, it is worthwhile to AR (w) 4w m A€yo(w) (1)
carry out well-converged DFT-LDA calculations for many Ro(w) ¢C ep—1

A. Surface optical properties
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where e, is the bulk dielectric functionR, is the standard looked in previousab initio calculations}® we have calcu-
Fresnel reflectivity, and the subscriptrefers to the direction lated the surface optical properties of GE&RED) using both
of light polarization. The reflectance anisotropy spectrummethods.

defined as

AR ARy(w)—ARy(w) B. Electronic structure

R Ro( ) ’ 2) Our calculation of the optical response of the GAAS)

. surface starts with the computation of the single-particle
can then be computed in term of the quani¢,.(®),  spectrum and the transition probability between occupied
which is directly related to the macroscopic dielectric tensornq unoccupied states, for both the bulk and slab geometries.
€4 Of a semi-infinite solid?® and is dimensionally a length. \ye compute the band structure and the momentum matrix

In a repeated-slab geometry, introduced in order to simUgjements within the standard DFT-LDA scheffiaysing a
late the real surfacele is given by plane-waves basis set, and the Ceperley-AfidrDA
exchange-correlation potential as parametrized by Perdew
A€qa(@)=d[1+4mags ()= ew)], @ and Zurgllgell.7 The use (?f norm-conseprving, hard-cé?e)f/ully
where d is half of the slab thickness andgs(w) is the Separable pseudopotentials of the Bachelet-Hamann48chlu

a

polarizability of a half-slab. For this geometry, the change oftyPe">*° ensures good transferability properties.
reflectivity with respect to the Fresnel formulas then reduces We describe the GaAs10 surface using a repeated slab

to made of 11 atomic layers plus seven empty layers, in order
to minimize the spurious interactions between different sur-
AR (0) 4wd 4ma"S(w) faces. A check, carried out with 337 layers, has shown that
Ro(@) = m -1 4 good convergence has been achieved. The atomic positions

correspond to a fully relaxed configuration, obtained by a
In the single particle scheme, the imaginary par&bttakes  Car-Parrinello molecular-dynamics réhOnce the ground-
the standard expression state charge density has been determined, the true filled and
empty Kohn-ShaniKS) eigenfunctions are determined by a
full diagonalization of the KS Hamiltonian. This technical
point, that is unrelevant when only the total energy and the
(5) total charge density are of interest, becomes important when

individual state wave functions are need@n energy cut-

involving the transition probability between slab valence andy¢ of 15 Ry was chosen, which ensures a convergence of the
conduction bands, of enerdy, (k) andE.(k) respectively; eigenvalues within 50 rT;eV.

p,.(k) is the matrix element of the momentum operator, and The convergence with respect to tﬁepoint sampling,

Als the area of the sample surfacie. A which represents one of the major bottlenecks in optical
Using the momentum operatqn=(#/i)V within the  properties calculations, has been carefully tested. For the

transverse gauge to describe the coupling of electrons wityk calculations, a well-converged 825 special points set in

the radiation is equivalent to ignoring the contributions fromthe jrreducible wedge of the Brillouin zor@®2z) has been

the nonlocal part of the pseudopotentidl, . These contri-  ysed. In the case of the slab, we have checked convergence

butions can be included either replacing with p of the calculated RA using 16, 36, 64, and 100 two-

+i[VN,_,F],7 or working within the longitudinal gauge, dimensionak points in the irreducible wedge of the surface
where the perturbing operator &%', with g vanishingly = BZ [see Fig. 1a)]. The 64 special-point set appears to be
small®14 sufficient to obtain qualitatively stable results, with low-
energy structure€—-5 e\) converging faster than the higher
part of the spectra. From the differences appearing in Fig.
1(a), and from independent tight-binding calculations carried

out with 1024k points?® we estimate that the RA structures
X I E(k)—E, (k) —fiw]. (6)  at full convergence might be still reduced with respect to the
esent results.
The convergence with respect to the slab thickness has
also been checked, by performing the RA calculation for 11-

vector directed along the axis), multiplying by 4 the al- . o .
. and 13-layer slabs, using the same set ok @bints[see Fig.
ready heavy computational work. We have used both a i(b)]. The energy positions of the RA structures are un-

proaf:hes |.n calculating the optical properties gf pulk GaAS’changed, with small differencaabout 10% in the peak in-
not including, however, the commutat¢v/y, ,r] in the

- tensities.
transverse gauge. Hence, the difference between the two ap-

proaches is an indication of the size of pseudopotential-

nonlocality effects on the optical properties. Differences of . RESULTS
about 10% are obtained in bulk GaAsSince in the case of
the surface we look at effects of the order of 1%, it is im-
portant to take the nonlocality of the pseudopotential into Our results for the GaAs bulk dielectric function are dis-
account. In order to check this point, which had been overcussed in Ref. 14. A direct minimum gap of 1.37 eV has

me?
e (0)= frozag & PR Ee(k) By (k) ~fo]

2
Te 1 PO
ah3P(0)= T m 25 5 S [(v.kc+ g8 e e
v,

This leads, however, to calculating the wave functions aP'
four grids ofk points, namely, ak andk+ qe, (e, is the unit

A. Bulk results
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been obtained, quite a bit larger than the values quoted in thi
literature for well-converged LDA calculations at the experi- Wave vector

mental lattice constant. This is a consequence of using the g5 o Computed surface band structure of GAAS). Full
calculated lattice constant, which is 1.5% smaller than theos are used for states localized at the surface. These are defined as
experimental one, and neglecting nonlinear corengse states whose squared modulus integrated over the two outer-
corrections;* as discussed in Ref. 14. The higher gaps arenost layers exceeds 0.27fhis is about 50% more than for a state
less sensitive to these details, so that they are in good agregqually distributed over all layers, whose localization on the outer-
ment with the values usually quoted in the literature. Be-most two layers is 2/120.18.

cause of the gap problem of DFT-LDA, they are about 0.8

e_\/ smaller_than the eXpe”meU‘a' va_llues de_termlned _f_rO”bf the relatively large bulk gap found in our calculation, this

direct and inverse photoemission. Since optical transmongurface state aX is well within the forbidden gap, in con-

2rehrather weak t?tl.the ftuhnciatrr?elntal gapl andfsttr:ondger ?t trﬁt‘eadiction with experimental data on Fermi-level pinnffig.
'gNer gaps, we beleve that the farge value of the CIrect gagy,; shortcoming, which is common to calculations using the

fomlmtd c|jn our tc%ISCKIaU())(n Wl[” got %lij;aht?tlv?:]y arfifecrt1 t\?/ﬁhc?ri_ Kleinman-Bylander form of the present pseudopotential at
culated spectrd. AS expected, a direct compariso € the theoretical lattice constant, and neglecting nonlinear core

experimental data of Ref. 26 shows a satisfactory, althoug orrections, is due to the aforementioned inaccuracy in the

not perfect, agreement. In fact, the direct interpretation Ofth%etermination of the fundamental bulk gap, while our
Kohn-Sham eigenvalues of the DFT-LDA as excitation ®MNsurface-state band structure is in good agreement with

ergies is in general not cqrre"r?t:in principle, one should experiment$22° once a quasiparticle upward shift of about
compute the true quasiparticle energies and also, in the cagle oV is ap'plied to the empty bandlsOn the other hand
of absorppon spectra, include excitonic effects. The COMine rather large separation of the lowest unoccupied surface
p_uted main structures of our LI;S)Ab are similar to the pre- band from the continuum ofslab conduction bands aX
vious X, results by Manghit al." for the same system. about 0.8 eV, is an artifact due to the size quantization of
bulk states in the slaff Actually, the separation of this state
B. Surface calculations from the projected bulk band structureXats only =0.4 eV,

Our results for the surface band structure are given in Fig'.n agreement with other calculatiots. . .
The diagonal components of the imaginary part of the

2. Surface states have been identified computing the local- M e
ization of the squared modulus of the wave functions in the"alf-slab polarizabilitya (@) (multiplied by 4wd), com-
surface region. We identify several surface batfd#i dots ~ Puted in both the transversgY and longitudinal L) gauges,
in Fig. 2, corresponding to th€,-C, andA,-As bands of ~according to Eqst5) and(6), respectively, are shown in Fig.
Ref. 3. 3. Results for light polarization alorg (the electric field in
As in Ref. 3, the As bands lying at the top of the valencethe direction[001], that is perpendicular to the atomic
band show little dispersion. By contrast, the first unoccupiedhaing andy (the electric field parallel to the chains, direc-
surface bandGa type displays a rather large dispersion tion[110]) are reported in Figs.(8) and 3b), respectively.
(~1.3 eV), and along th¥ M direction it separates from the As in the case of the bulk spectrum, thegauge result is
projected bulk continuum by about 0.7 eV. As a consequencslightly larger than that of th& gauge, for both polariza-
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FIG. 3. Diagonal components, in the surface plane, of the imagiPuted according to Eq$5) and (6) (T andL, respectively for an
nary part of the half-slab polarizability calculated neglectjiig 11-layer slab. The two curves are almost indistinguishable up to 6
according to Eq(5)] or taking into accounfL, according to Eq. eV. (b) Measured reflectance anisotropy for G&AD), from Ref.
(6)] the nonlocality of the pseudopotentiaig) Light polarization 10
perpendicular to the chain directiofi) Light polarization parallel
to the chains(c) The difference betweetb) and(a).

negative around=2.7 eV, and displays positive structures
near 3.0, 3.7, and 4.4 eV. We show in Figb¥the room-

tions. The difference of the andy polarizabilities, shown in  temperature experimental data of Esserl!® A previous
Fig. 3(c), is also slightly larger in absolute value for the experiment was carried out in Ref. 9 at low temperature in a
gauge. narrower frequency range. Here we show the spectrum taken

The main features afx andyy spectra are similar; how- at room temperature, because of its more extended frequency
ever, there are important differences due to the anisotropy ainge. The two experimental spectra are consistent each
the surface. These differences come into evidence in the rether, if we accept that a considerable broadening is present
flectance anisotropy spectrufiFig. 4@], which we have at room temperaturt. As a consequence, the two peaks
computed according to Eq2). Quite surprisingly, the RA  andS, and the shoulder at 2.95 eV of the Iowspectrum of
for the two gauges is nearly identical up to 6 eV. The same iRRef. 9 coalesce altogether in the broad strucfreentered
true for the surface contributions to reflectance, calculatect 2.8 eV in the room-temperature spectrum. This structure
according to Eq(1), separately forx andy polarizations. corresponds to the calculated one centered around 2 eV,
The reason is that the bulk dielectric function, which appearsvhich is mostly due to transitions from the highest filled to
in the denominator of Eql) and(2), is also affected by the the lowest empy surface state band shown in Fig. 2. The shift
choice of the gaugésee Ref. 14 Although the transverse- is of course due to the gap problem of DFT-LDA. Less ac-
gauge formulg5) does not correctly account for the pseudo-curate results, which have been presented previcisiye
potential non-locality, the effects of the latter on the spectraised for the convergence tests shown in Figa) and 1b);
is a slight scaling up, by the same factor for bulk, stadnd  here the 2-eV peak is about twice as weak as in Hig, 4nd
slaby polarizations. When ratios between polarizabilities arethe agreement with experiment is hence worse. Improve-
calculated, as in Eq$l) and(2), the common factor disap- ments in the convergence of the dynamical algorithm yield-
pears, and the RA results are not affected by the pseudopaig the wave functions has lead to the results of Fig),4
tential nonlocality. which better compare with experiment and previous calcula-

We are interested in the range of frequencies below 5 eMjons. The higher intensity and narrow width of tBg peak
for which experimental RAS data are available, and the calin the experiment of Ref. 9 is probably a consequence of the
culated spectra are well converged with respect to the sumsccurrence of excitonic effects at low temperatures.
over empty states. In this range the theoretical RAS spectrum The other calculated structures are also in agreement with
[Fig. 4@)] shows a positive peal at =2.0 eV, becomes experiment. They are all due to transitions between surface
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The ss contributions involve the first empty surface band,
which, at variance with Ref. 3, is well separated from the
bulk conduction band, entering deeply into the gap near the
X point. This discrepancy in band positions is the reason of
the different interpretations of the ss contributions in this
work and in Ref. 3.

A last point to be remarked is that the shifts between the
calculated RA structures and the experimental ones is larger
for the ss-related structufabout 0.8 eV than for bb-related
structures(about 0.4 eV. Such shifts are due to the quasi-
particle corrections to DFT-LDA, which tend to increase the
transition energies, partially reduced by the electron-hole in-
- teraction, which decreases transition energies. The difference
1 » 3 4 5 E mentioned above between surface-state-related and bulk-

eV state-related shifts suggests that quasiparticle shifts are larger

at this surface than in bulk GaAs, as it was previously argued
FIG. 5. Decomposition of the RAS spectrum into surface-ijn Ref. 35.

surface(ss, surface-bulk(sb), bulk-surfacegbs), and bulk-bulk(bb)
contributions to the reflectance anisotropy spect(age text

IV. CONCLUSIONS AND FUTURE WORK

We have presented a DFT-LDA calculation of the surface

L ._optical anisotropy of the GaA$10 surface. The agreement
perturbed bulk_states, as it Wlll_be shown below. The RA dip i RaS experiments is fairly good. The first RA peak on
at 2.6 e.V (which, together with the subsequent peak alihe low-frequency side embodies a substantial contribution
~3 eV, is due to the bullE; structurg corresponds to the

X . f transitions between surface states, while the higher-ener
experimental dip near 3 eV; the calculated peak at 3 eV, an g 9y

atures are mostly due to transitions between surface per-
the structure at 3.7 eV related to tBg bulk structure, cor- ¢ rbed bulk states.

respond well to the experimental structures at 3.4 and 4.5 eV, \we nave found that a high numerical accuracy and con-
respectively. The weak dip at about 3.1 eV in Figddue  yergence in all computational ingredients is necessary to ob-
to the E;+A, transition, is not present in our calculation (gip reproducible results, in particular when the low-
because we neglect spin-orbit interaction. The calculate@requency ss-related peak is concerned. We emphasize the

peak at 4.4 eV is due to tHe, structure, which occurs above need of manyIZ points to obtain well-converged spectra

5 eV in the bulk experimental spectrum. The overestimation ... - ) . ;
of the RAS structures different fror is probably due, in within the DFT-LDA pseudopotential approach. This result

addition to electron-hole interaction effects, also to the afore!eads us to question the reliability ab initio calculations of
} L e o surface optical properties carried out using a small number of
mentioned problem of the&k-point summation: in tight-

binding calculations, indeed, the intensities of these struc'—< points. On the other hand, considering or not considering
' ' _ S the nonlocality of the pseudopotential does not affect the
tures decrease by a factor of about 2 going fromk@bints  syrface contribution to reflectance. This is an important point
to full convergencg1024k pointg.? for future calculations of surface optical properties, which
In order to analyze the nature of the RAS structures, wecan be carried out within the computationally less demand-
have decomposed the spectrum, by separating the opticalg transverse gauge.
transition between bulk statdgbb), from bulk to surface It is well known that the use of the DFT-LDA eigenvalues
states(bs), from surface to bulk state&sh), and between to interpret directly the absorption spectra is an oversimpli-
surface state$ss. The results for the partial spectra are re-fication. Nevertheless, it has been found that this approach is
ported in Fig. 5. From this analysis, it appears that the firsable to give quite satisfactory results for bulk
peak S(around 2 eV has, as anticipated before, a substantialsemiconductor$*3® The present work suggests that the same
ss character, while most of the structures between 3 and 4i5§ true in the case of GaAkl10).
eV are due to bb transitions, with small bs and sb contribu-
tions. These results make the comparison of our RAS results
with previous pseudopotentia{, calculations by Manghi
et al® not straightforward. In fact, apart from the energy ~We acknowledge useful discussions with Friedhelm
shift, which could be expected since we use standard LDABechstedt, Clemens Kress, and Rita Magri. We are grateful
our S peak is mainly due to surface-surface transitions alongo Matthias Scheffler for providing us with theAr-
the X-M direction, while in theX,, calculation the first peak PARRINELLO computer code, which has been used in part of
is due to bulk-bulk transitions, and located at about 2.6 eVithe present work. This work was supported in part by the
In Ref. 3, the experiment&1 andS2 peaks were recog- European Community program “Human Capital and Mobil-
nized as their peaks labeléd andF2, and it was concluded ity” through Contract No. ERB CHRX CT930337. Com-
that the main contribution to reflectance anisotropy comeguter resources on the Cray C92 and parallel Cray T3D were
from bulk-bulk transitions. In the present LDA scheme, granted by CINECA(Interuniversity Consortium of North-
surface-surface contributions are present at the lowest enegastern Italy for Automatic ComputingGrant Nos. 96/94-5
gies, while bb transitions become important above 2.5 eVand 96/101-5, and INFM account cmprmpiO
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