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The electronic structure of the InfkL0) surface is investigated using several theoretical tools: semiempir-
ical tightbinding, density functional theory, and perturbative many-body theory within the GW approximation.
Comparison is made with available photoemission data. Moreover, we calculate the optical properties of this
surface and perform reflectance anisotropy experiments. The tight-binding and especially the GW approxima-
tions provide a very good description of the optical spectra and allow for a more detailed analysis of the origin
of the spectral features.
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[. INTRODUCTION lation presents systematic underestimations of the electronic
gaps when compared with experiment. In particular, a metal-
There is continuing interest in the electronic properties oflic behavior is predicted for bulk InAs, since a crossing of
[l-V-surfaces because of the technological relevance othe conduction and valence bands appeais aithin DFT,
these materials. Thel10 surface as a cleavage face is thethus giving a negative gai.
most natural choice for basic studies of IlI-V compounds, The available experimental measuremé&fts®® focus
since it is easily prepared in a well defined manner with amainly on the geometry and the electronic band structure of
well defined stoichiometry, a feature nearly all other 1lI-V InAs(110). Andersson and collaboratéf€> measured the
surfaces do not have. On non-cleavage surfaces, experimergergies of occupied surface states at high-symmetry points
in general have to deal with the uncertainty of the exaciusing photoemission techniques. Independently, Swargson
surface status. The structure of &ll10)-Ill-V-surfaces has al.?® also performed a similar experiment, and found differ-
already been studied both theoretically and experimentallgnces of up to 0.5 eV with those values reported by Anders-
for a long time and is very well knowh The surface re- son and collaboratof$:25 Few inverse photoemission inves-
laxes in a(1x 1) pattern with the surface cation atom mov- tigations appear in the literatuf&;3! but are not angle re-
ing inwards and the anion atom moving outwards. Largesolved and suggest the existence of an empty surface state
bandgap I1l-V semiconductors of higher technological im-with energy ranging from 0.75 to 1.9 eV above the top of the
portance such as GaAs, GaN, InP, and GaP have been movalence band. The electronic gaps between surface states at
widely studiect= Less work has focused on the small band-the high symmetry points of the Brillouin zone have also
gap materials InAs and InSb which, however, are also obeen measured by Carstensanal?® by performing direct
technological interegffor infrared detection devices, for ex- and inverse photoemission spectroscopy on the same sample.
ample. However, the comparison between theory and the different
Theoretically, INA$110) has been studied mainly within photoemission measurements is in general still not satisfy-
the semiempirical tight-binding approath?® Only a few ing.
papers deal with thab initio theoretical investigation of the The optical properties of INA$10 have been also inves-
INAs(110) surfacet*'%and are limited to the use of density tigated by Shkrebtii and collaboratétsseveral years ago
functional theory’ (DFT) within the local density approxi- within a combined semiempirical TB and experimental
mation (LDA).X® The electronic structure and atomic posi- study, and recently by Vazquez-Nagtall® To our knowl-
tions of INA4110) were calculated several years ago using aedge, those have been so far the only attempts to calculate
total-energy minimization schertffebased on a semiempir- the reflectance anisotropy spectr@RAS) of InAs(110). The
ical tight-binding (TB) approach. The reported electronic TB calculations and measured RAS spectra showed discrep-
surface states, however, differ from available experimentahncies, however, and call for further investigation.
measurements. One may argue that the discrepancies in theln this work, we study in detail the electronic structure
semiempirical calculations are due to the fact that they werand optical properties of the InAkL0) surface, driven by the
performed using an atomic reconstruction that was not fullylack of ab initio calculations and the unsatisfactory agree-
relaxed. Almost a decade later, ab initio calculatio* was ~ ment with experiment. Moreover, this system is simple
performed using the DFT-LDA approach, fully relaxing the enough to be used as a test case for several computational
geometry with a Car-Parrinello schedfeDFT is known to  techniques, ranging from TB to DFT and a many-body ap-
be a powerful tool in dealing with ground-state properties,proach, in order to assess the validity of the various schemes,
but suffers from the well known gap problem in the determi-with the perspective of studying more complex systems
nation of the electronic band®?! Consequently, DFT calcu- which are not accessiblget) by many-body theory. We em-
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ploy density functional theory for the ground state properties (a) a, Top View
and many-body perturbation theory in the GW
approximatioR®?! for the excited state properties, namely : ;
optical properties and electronic structure. Comparison with ‘ sAnion
new semiempirical TB results and new experimental optical & -Cation
data in an extended spectral range is performed. : ;

II. EXPERIMENTAL DETAILS

INAs(110 samples(8X5X5 mm) were prepared from
bulk InAs (n doping: 10 cm™3) by cleavage in ultrahigh
vacuum(UHV) at a base pressure 06810 1! mbar. Reflec-
tance anisotropy spectruiRAS) measurements were per-
formed through a low strain window in the UHV chamber by
using the technique as proposed by AspiicEhe RAS ap-
paratus is equipped with MgFRochon polarizers, a CaF
photoelastic modulator, and two detector systems: a photo- ()
multiplier and accordingly a silicon/InGaAs double diode de- 2DIBZ
tector. As compared to standard set-ups the accessible spec-
tral range is therefore enlarged from 0.8 up to 9eV.

However, absorption by the air in the open optical path and
in the low strain optical view portgquartd of the UHV = — —
chamber, limits the range from 0.8 to 6.5 eV. r XY

_In order to compare not only the spectrgl shapes of calcu- F1g 1. Model of the atomic geometry of In&kLO). (a) Top
lations and measurements but also, quantitatively, the refleGiew of a surface unit cellib) Side view of the first three atomic
tance amplitudes, we calibrated our setup with the knownayers of the surface(c) Two-dimensional irreducible Brillouin
optical anisotropy of quartz. We thereby utilized the frontzone (2DIBZ). The calculated geometrical parameters asg:
reflection from a quartz wedge at the later position of the=5.861 A,A; , =0.75 A,A;,=4.663 A, andw=32.0°.

InAs(110) sample. This procedure assured an accuracy of a
few percent for the experimental data.

ol
<l

cur for the higher conduction bands, and for the lowest two
conduction bands along théW direction®
Ill. COMPUTATIONAL DETAILS Within many-body perturbation theory, the quasiparticle
I (QP) energies have been calculated using the perturbative
The equilibrium geometry has been found by fully relax- Gyy schemé? which involves computing the excited states

ing the atomic position within a DFT-LDA Car-Parrinello gnergies as a first order perturbation correction to the DFT
scheme using a plane wave pseudopotential ¥odih an bands

energy cutoff of 15 Ry. Test calculations using a GGA ex-
change and correlation potential did not show significant dif- g =gPFT 4+ (3 - VOFT (1)
ferences. The surface has been modeled by a slab consistin . _

of 11 InAs layers plus seven layers of vacuum. The equilib—v\’(i]th 2=iGW. We have used 800 empty bands, Koints in

rium geometry was used to perform electronic and optica”;e |rredu0|blef patr; of th?‘ BnlloumdzoneBIZ)t,. and 1?7 th
calculations within semiempirical tight binding and many-pane waves for the exchange and correiation part of the

body perturbation theory in the GW approximation. self-energy2.. For the screening, a plasmon-pole model has
For TB calculations the InA&10) surface was modeled been used! Optical properties have been calculated within

using several thicknesses up to a slab of 50 atoms. The ele%:he single qqa3|part|cle spheme using 1q&nnt§ In the lBZ
tronic structure of the slab was calculated using a well- corresp_ondmg t0 1284 in the full BZ)' !nthe tight binding
known parametrized TB approach withsg’s" orbital-like calculation we used up to 7080points in the IBZ.

basis, within a first-neighbor interactién3® The TB ap-

proximation has been successfully applied for many years to

calculate the electronic and optical properties of a variety of As in the other I1I-V semiconductors, the In<4.0) sur-
semiconductor surfaces, including other 1lI-V compoufds. face relaxes in such a way that the surface cation atom
The TB parameters are taken to be the same as those gfoves inwards to an approximately planar configuration,
Vog*® for the bulk but they are scaled by a factor(d§/d)?,  with its first-neighbor anion atoms in a threefold coordina-
whered is the bond length of any two first-neighbor atoms, tion [Figs. &) and 1b)]. The topmost anion atom moves
and dy=13ay/4 (Ref. 37. Our DFT theoretical lattice con- outward to the surface, showing a pyramidal configuration
stant, ag, equal to 11.38 a.u., is to be compared with thewith its three first-neighbors cation atorh$The calculated
experimental value of 11.41. These parameters provide geometrical parameters that describe the relaxation of the
good description of the electronic structure of the valencesurface atoms are in good agreement with experifiemd
bands and lowest conduction bands. Discrepancies only ogvith previous DFT-LDA calculation?

IV. RESULTS
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TABLE I. Bulk electronic gaps at high symmetry points of the
IBZ. Experimental values are taken from Ref. 39 except where
noted.

r X L Ep
DFT -0.1 3.7 1.9 4.0 >
GW 0.4 4.3 2.5 4.6 5
B 0.4 4.7 25 45 g
=

Exp.(Ref.39 ~0.4 4.3(Ref.43-4.7 2526 4.4-46

A. Electronic band structure

As mentioned in the Introduction, DFT suffers from the
well known problem of gap underestimation. This is even
more critical in InAs, where DFT predicts metallic behavior
for the bulk. Our calculations, in particular and in agreement FIG. 2. GW electronic band structure of the reconstructed
with previous calculation& show also a negative bulk gap InAs(110 surface. Shaded regions represent the projected bulk
atI". For other gaps of InA¢Table |, DFT also gives values states, while continuous lines represent surface electronic states.
considerably lower than the experimental ones. Hence, InAs , .
is a system where it is of crucial importance to overcome th&ecaused 80rb|tals are not included in thesp’s' T8
shortcomings of DFT. TB values and GW corrections to the calculation?

The GW electronic band structure along high-symmetry
DFT bulk InAs gaps are also listed in Table I. The agreement : 2 S
of TB and G(‘:\]Np with the range of gap valuegs from points of the 2D-IBZ of InA$110) is shown in Fig. 2. The

. : . : projected bulk electronic states are shown as gray shaded
eﬁﬁg”gﬁ;&ﬁ;g g;]('te.l_ﬁgog'r;heonggzt eépfg;mé%% ?nail:% areregions, while the surface electronic states are shown as
g roach com ared to DF'?—LDA is especially noteworth black lines. We denote the surface electronic states using the

PP P . IS especialy WOMY: |abelsAg andC; associated to the surface anions and cations,
The surface electronic band structure is intimately relate espectively, as introduced by Chelikowsky and Coffen.
to the relaxation of the surfacg. Experimentally, the EIeC'TheA5 surface states correspond to the dangling bonds of the

tronic structure can be determm_ed by means of eIectrorAS atoms located at the first atomic layer. Thgstates form
spectroscopies such as photoemisgiB&), inverse photo-

emission(IPE), and scanning tunneling spectroscd®ry. @ band from the high-symmetry poin to the point X',
These techniques are sensitive to the surface features ag@ing through the high-symmetry poiM in the 2D IBZ.
electronic properties due to reconstructions or adsorptiorhis band has a minimum & with an energy of —0.9 eV

events. The GW results for the electronic gaps at the hlg|’(lsee Table 1l and disperses upwards towards ihepomt

symmetry pointsX, M, andX' [see Fig. 1c)] are shown in From X, the band also disperses upwards towards Nhe
Table 1l and compared with the experimental data obtaine oint, where theAs surface states have an energy of about

by direct and inverse photoemission measurements on the
y P —0 7 eV. TheAg band shows a small dispersion betweén
same samplé& At T our calculations only found weak reso-
dx’, giving rise to a large contribution to the density of

nances, thus a comparison with the experimental results b
Carstenseret al. (who found a 1.7 eV gap between surface tates. ExpenmentalFﬁtheAg, surface state has a dispersion

states afl’) was not possible. At the other high symmetry of about 0.15 eV fronX to X’ (throughM) which compares
VIRV well with the calculated GW) value of about 0.2 eV. The

points(X, M, X’), the agreement with experiment is excellent . ) . .
and within 0.2 eV. TB and DFT electronic gaps are alsoexperlmental energies of thAg band are also listed in Table

listed in Table Il. The DFT values are on the average too lo .
‘erage 10 Above the valence band maximu@@BM) we found the

by.0.5 eV, while .the B 9aps ﬁt better.at the and.X’ unoccupied surface state bafg localized at the cations in
points but show discrepancies with experimenXapossibly  the first few layers. It shows a stromgcharacter due to the

cation dangling bonds. AX C3 has a minimum with an en-
ergy of about 1.5 eV, and has a maximum value betwden

T X M X T

TABLE II. Surface electronic gaps at high symmetry points of

the 2D IBZ.
and X’ at an energy of about 2.7 eV. Because of the large
X i X dispersion ofCs, the joint density of surface states is not
large. We find that these states do not contribute to the sur-
DFT 1.8 2.1 2.0 face peaks in the calculated optical propertisee Sec.
GW 2.4 2.6 2.6 IVB). . . .
B 31 26 23 Differences are seen in the dispersion when compared to
Exp. (Ref. 23 o5 26 24 TB. While our and previod$ DFT calculation, as well as our

GW calculation, finds that; has a minimum aX, TB gives
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TABLE lll. Experimental and theoretical values of the surface states at high-symmetry points of the 2D
IBZ. The energy values are in eV and the zero energy corresponds to the top of the valence band. The first
two columns show our GW and TB results.

State GW B PERef. 24 PE(Ref. 25 PE(Ref.26 DFT (Ref.14 TB (Ref. 10
AS(F) -0.3 -0.30 -0.45 -0.53 -0.3
As(X) -0.9 -1.21 -1.00 -1.15 -0.83 -0.85 -0.9
As(X") -0.7 -0.70 -0.85 -1.00 -0.73 -0.7
As(M) -0.7 -0.81 -1.10 -0.70 -0.8
State GW B Exp.

r 2.0 2.0 1.9(Ref. 29

Cs(X) 15 1.9

Ca(X") 1.9 1.3

Cs(M) 1.9 1.3

Surf state 0.75Ref. 30, 1.2 (Ref. 31

a maximum at the same symmetry point in agreement with AR R[m] Riooy)
other semiempirical calculation8:*2 GW calculations give

an upward dispersion aroutxd while in TB we find a down- RO Ro

ward dispersion. However, notice that the discrepancy begjith R, being the average isotropic reflectarfié@he details
tween TB and other results is only ¥t possibly becausd  of the calculation are fully explained in Ref. 42.
orbitals are not included in the present calculafin. The reflectance anisotropy spectrd®AS) has contribu-
Comparison with available experimental measurements ifions from electronic transitions between occupied and
not straightforward. The electronic properties of IGRBK)  empty states involving both surface and modified bulk states.
have been investigated previously using inverseln Fig. 3(b) we compare the measured RAS spectrum of
photoemissiof?2%-31 (IPE) spectroscopy. The few experi- InAs(110) with the TB (a) and GW(c) calculation. As it is
ments on empty surface states, when not performed witexpected, TB shows good correlation with the experimental
angular resolution, are difficult to interpret. Measurementslata but fails to describe the high energy end of RaBove
assigned an energy of 1.9 éRef. 29 to a state af empty 5 €V), which might be related to the lack dforbitals in the
surface states at 0.75 Ref. 30 and 1.2 eV(Ref. 3]) have  basis set, as discussed before. On the other hand, GW shows
also been measured, but without assignment to a spécific & remarkable agreement for all energies.
point of the BZ. Our GW and TB calculations find a surface RAS shows a rich spectral structure since contributions
resonance a at 2.0 eV(in TB it hasCs character. This is from all kinds of electron transitions involving surface states

in good agreement with the observed 1.9 eV surface state & well as electron transitions involving modified bulk states
Ref. 29. On the other hand, neither GW nor TB finds surface
states around 1.2 eV at akypoint of the BZ.

(2)

0.010

In order to conclude more about the energy position and
the dispersion of the empty states, further angle resolved
inverse photoemission experiments are necessary. Concern-

ing the different dispersion at found within GW and TB
calculations, comparison with (P10 and GaA$110),
where angle resolved photoemission experiments and GW
calculations do exist, suggests tiathas indeed a minimum

and not a maximum at th¥ point.

B. Optical properties

The difference of the reflectance for light polarized in two
different directions gives, for cubic crystals, a measure of
dielectric anisotropy of the surface which has been shown to

0.005 |

0.000

-0.005

-0.005
0.015

(R[-no]_R[oou)/ Ro

0.005

-0.005
1

0.015 |

0.005 |

’\,\/\/\M

Energy (eV)

be very sensitive to the surface band structure and thus can FIG. 3. Reflectance anisotropy spectra of I(): (a) TB
serve as a test for the different calculations. The reflectancealculation, (b) experiment,(c) GW calculation. A broadening of

anisotropy is defined here as

125337-4

0.05(0.2) eV has been used in the GWB) spectra.



ELECTRONIC STRUCTURE AND REFLECTANCE. PHYSICAL REVIEW B 71, 125337(2005

are present. Only the small shoulder at 2.5 eV is found to bspectral structure but also the absolute values of the GW
due to pure surface to surface transitions. In the energy rangesult compares well with experiment is especially notewor-
between 2.5 eV and 4.2 eV, electron transitions from occuthy.

pied surface states to empty bulk states and from bulk to

surface states dominate the spectra, mainly arising from tran-

sitions along theM-X'-T direction in the IBZ. These theo- V. SUMMARY

retical findings are in agreement with very recent experi- \\e have performed an extensive theoretical and experi-

Hiques of increasing accurad¢gnd effor} have been used,
the surface-related nature of those peaks. ranging from tight binding to DFT and GW. An overall good

The intense peak at about 4.5 eV is described d'ﬁerentl%greement to experiment was found for TB, especially at

in TB and GW. According to TB this peak is due to surface. t diat ‘es. Thab initio GW h ai
to surface and surface to bulk transitions between the occd”termediale energies. Initio approach gives re-

pied A, surface states and the empBy surface states and markably good va_lues for the electronic energies._ It gxplains,
bulk states. According to GW, however, transitions amongMOre€over, the main features of the spectrum qualitatively and
modified bulk states are responsible for the 4.5 eV experiduantitatively, and relates them to the surface and bulk
mental peak and just a few contributions from surface relate@tomic and electronic structure.

transitions play a role. Following Cs coverd(ehis struc-

ture has been shown _to_su_rvive, although_its intensity de- ACKNOWLEDGMENTS
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