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Electronic and optical properties of INnAs(110)

X. Lépez-Lozan®, C. Nogue2*, and L. Meza-Montes
%|nstituto de Rsica, Universidad Adnoma de Puebla,
Apartado Postal J-48, Puebla 72570&kco
bInstituto de Fsica, Universidad Nacional Abhoma de Néxico,
Apartado Postal 20-364, Distrito Federal 01000¢kico

Recibido el 21 de junio de 2004; aceptado el 10 de noviembre de 2004

The electronic and optical properties of the cleavage InAs(110) surface are studied using a semi-empirical tight-binding method which
employs an extended, atomic-like, basis set. The surface electronic states are discussed in terms of their electronic character, and compare
with other theoretical approaches, and experimental observations. The surface electronic band structure and the Reflectance Anisotropy
Spectrum (RAS) are calculated and discussed in terms of the surface electronic states and the atomic structure of the surface.

Keywords: Surface reconstruction; surface states; reflectance anisotropy; differential reflectance; semiconductor surface; indium arsenide;
111-V surface.

Las propiedade§pticas y electinicas de la superficie InAs(110) se estudiaron usando el modelo de enlace fuerte y una base extendida tipo
atbmica. Se discute el cacter de los estados elgmicos asociados a la superficie y se comparan los resultados con otras aproximaciones
tedricas y medidas experimentales. Se calculan las propiedatieas de la superficie y se analizan @mtinos del espectro de Reflectancia
Anisoptiopica y de los estados elefticos de superficie y de la estructuraraica.

Descriptores: Reconstrucgn superficial; estados de superficie; reflectancia adigiot; reflectancia diferencial; superficie semiconductora;
arsenuro de indio; superficie IlI-V.

PACS: 78.68.+m; 73.20.At; 78.55.Cr; 78.66.Fd

1. Introduction Theoretically, the electronic structure and atomic posi-
tions of INAs(110) were calculated using a total-energy mini-
mization scheme [9] based on a semi-empirical, tight-binding

The (110) surface is the natural cleavage of zincblende crygTB) approach. Almost a decade latter,aminitio quantum-

tals, and it is a non-polar surface which contains equal nummolecular dynamics [8] was performed. The reported atomic

ber of cations and anions in its unit cell, showing a partlystructure and electronic surface states differ between TB and
ionic bonding. The mechanism of reconstruction and theab initio calculations, and also differ with the available exper-
electronic properties of the (110) surface of 1ll-V semicon-imental measurements. This is because the semi-empirical
ductors seems to be understood in general terms, [1-7] baalculations were performed using an atomic reconstruction
this is not in detail. A lot of theoretical work has been donethat was not fully relaxed. Thab initio calculation was per-

to determine the electronic properties of Gallium compoundg$ormed using DFT-LDA with a plane-wave basis set whose

and their surfaces. On the other hand, only a few attemptaccuracy was compromised with the choice of several ap-

have been made to characterize the InAs surfaces, whepoximations such as energy cut-off, obsolete pseudopoten-
there is no agreement between theoretical results and expdials, etc. Therefore, thab initio calculation [8] presented
imental measurements reported in the literature. Thereforeystematic errors in determining the surface electronic energy
more theoretical and experimental studies are necessary. levels. Althoughab initio methods are better than empirical

] ) ones, it is well-known that such methods are far from easy
Most of the theoretical studies [8-12] about INAS(110), implement. For example, it is known that for small band

do not provide a way to directly compare them yvith experi-gap semiconductor crystals, such as Ge, InAs, atz.ini-
ments [13-23]. Furthermore, the available experlmental Medio methods predict a negative gap or metallic behavior. It
surements are not enqugh to co.mpletely elucidate the atomjg 5150 known thaab-initio methods need to use a large cut-
structure and electronic properties of INAs(110). For examy¢t energy to achieve convergence in surface electronic states,
ple, Andersson and collaborators [13, 14] found the enerynq incorporate many-body electron interactions to obtain the
gies of occupied-surface states at high-symmetry points Ussorrect energy from them. Therefore, semi-empirical meth-
ing photoemission techniques. Independently, Swanéon q4s expected to be more suitable than ab initio calculations

al. [15] also measured the energies of occupied-surface stalgsy the |nAs(110) surface. We believe that it is for this reason
at high-symmetry points, and they found differences of Upit only oneab initio calculation is found in the literature.
to 0.5 eV with those reported by Andersson and collabo-

rators [14]. In general, the interpretation of photoemission  The optical properties of InAs(110) have also been inves-
spectra has been difficult to do because of the small bulktigated, both, theoretically and experimentally. Shkrebtii and
band gap of InAs. collaborators [12] calculated and measured the Reflectance
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Anisotropy Spectrum (RAS) of InAs(110). Although the au-
thors claimed to elucidate the optical properties of this sur-TasLE |. Structural parameters as defined in Fig. 1. Parameters
face, the calculated RAS is far from resembling their mea-obtained from DFT calculations using an energy cutoff of 8 Ry (*),
surements. In summary, with the available theoretical andnd 18 Ry (**), both from Ref. 8, and parameters from Low-Energy
experimental evidence, it is no possible to clearly elucidateElectron Diffraction (LEED) measurements from Ref. 22.

th_e main electronic and optical_properties of InAs(_llO). In aw@® AL A AR Al (B) dias (B

th|§ work, we study the elegtronlc stru.cture .a.nd optical prop- Ideal 6.04 0.0 3/4a0 0.0 do
erties of INAs(110), employing a semi-empirical TB formal-

ism [24, 25], and using the atomic coordinates obtained from DFT* 5844 0.70 4.656 0.122 1.463
ab initio quantum-molecular dynamics [8]. The use of the DFT**  5.861 0.75 4.663  0.128 1.445
fully relaxed atomic coordinates guarantees that the calcu-LEED  6.036 0.78 4.985 0.140 1.497
lated electronic properties will include all the subtle effects di2.(A)  w(deg) (%hrar (%) coar  (%)eras
of surface-induced strain and appropriate geometry. The TB |

: , _ deal  ao/2 0.0 0.0 0.0 0.0
approach allows us to analyze in detail the electronic struc- DET*  3.361 307 180 0.99 500
ture and optical properties, and compare our calculations with : : T e e
available experimental data. DFT**  3.395 320 -118 018  —1.82
LEED 3.597 36.5 —4.22 +2.03 —
2. Theoretical method (a)
Gy  Top View

The 111-V(110) semiconductor surfaces relax in such a way
that the surface cation atom moves inwards the surface intc
an approximately planar configuration, with a threefold coor-
dination with its first-neighbor anion atoms. The topmost an-
ion atom moves outward to the surface, showing a pyramidal
configuration with its three first-neighbor cation atoms [2, 3].
The geometric parameters that describe the relaxation of the
surface atoms of 111-VV(110) semiconductor surfaces, scale
linearly with the bulk lattice constant [3]. In partlcular,_AIves (b) q 1.x il Wi
et al. found [8] that for the InAs(110) surface tipgramidal o HH2x

angle at the anion, labeled, is ~ 90°, thein-planeangle A IL ca.

0 has values close to the tetrahedral bond arglE)9.47°, : /

and theplanar angle at the cation, labeled by is ~ 120°.
For the ideal surface the values foy 5 and~y correspond to
those angles of tetrahedral bon#l89.47°.

The relaxed InAs(110) surface is shown in Fig. 1. In
Fig. 1(a) we show the top view of a surface unit cell that
contains one In atom (cation), and one As atom (anion) per X M
atomic layer. The open circles correspond to As atoms, while (C)
black circles show In atoms. The paramaeigris the bulk
lattice constant and, = a¢/2v/2. The larger side of the
unit cell is along the [001] crystallographic direction, while
the shorter side is along the¢10]. In Fig. 1(b), we show a
side view with only the three outermost atomic layers of the T XY
Sl_Jrface. Here, we defln_e the structural parame_ters_asso<:|atE(IjGURE 1. Model of the atomic geometry of InAS(L10). (a) Top
with the surface relaxation whose values are given in Table I,

In Fia. 1 h h dina Two-Di . Iview of a surface unit cell. (b) Side view of the first three atomic
n Fg. . (©), V,Ve S, ow the corresponding Two-Dimensiona layers of the surface. (c) Two-Dimensional Irreducible Brillouin
Irreducible Brillouin Zone (2DIBZ).

Zone.
In our calculations, the non-polar InAs (110) surface was

modeled using a slab of 50 atoms, yielding a free reconin Table |. We have performed calculations with all the struc-
structed surface on each face of the slab. The thickness dfiral parameters in Table I, however, those corresponding to
the slab is large enough to decouple the surface states at thee Density Functional Theory [8] (DFT) with an energy cut-
top and bottom surfaces of the slab. Periodic boundary comsff of 18 Ry are the ones that best resemble some experimen-
ditions were employed parallel to the surface of the slab to eftal data [13-23]. We calculate the electronic level structure of
fectively model an infinite, two-dimensional crystal system.the slab using a well-known parameterized TB approach with
The atomic coordinates were taken from Ref. 8, and are givea sp's* orbital-like basis, within a first-neighbor interaction

o -Anion
k -Cation

1

—

2DIBZ
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approach [25]. This wave function basis provides a good deare indicated in large black dots. We denote the surface
scription of the valence and conduction bands of cubic semielectronic states using the labels and C; associated with
conductors, except along the X — W direction in the Brillouin the surface anions and cations, respectively, as introduced by
zone where the conduction bands are underestimated. T8helikowsky and Cohen [28]. The calculated average of the
calculations for bulk IlI-V semiconductors have shown thatFermi energy level for the surfacgs,, is at 1.1 eV above the

d orbitals are of crucial importance for the lowest two con-Valence-Band-Maximum (VBM). For InAs(110), there is no
duction bands at X [26]. The $g° TB approximation has agreement between the measuremenis;gfhowever, all of
been applied to calculate the electronic and optical propetthese experiments show that the valueggfincreases with
ties of a variety of semiconductor surfaces, including otherespect to the bulk Fermi level that is found at 0.55 eV. For
l1I-V compounds [6]. The TB parameters are taken to be thebulk InAs, we found thaE® is about 0.6 eV, in good agree-
same as those of Vogl [25] for the bulk but they are scalednent with experimental observations [14].

by a factor of(D/d)?, whered is the bond length of any two Below the VBM, we found four well-defined occupied
first-neighbor atoms, anB = v/3ao/4. [27] These changes g, tace electronic states denotedAy, A;, A> andC,. The

to the original bulk parameters provide an excellent descrip;45 surface states correspond to the dangling bonds of the As
tion of the electronic structure as compared to experimental;y s ocated in the first atomic layer. THe states form a
measurements. To distinguish between surface and bulk elegznq from the high-symmetry point X to the polt, going
tronic states, we have projected the total wave function Ont?nrough the high-symmetry point M in the 2DIBZ. This band
the atomic orbitals belonging to the outermost atoms of thg,5¢ 4 minimum at X with an energy of -1.20 eV and disperses
slab. , upwards towards thié point. From X, the band also disperses
Once the electronic-level structure of the slab has beeﬂpwards towards the M point, where thi, surface states
obtained, we calculate the average slab polarizability in termg 46 an energy of about -0.8 eV. From M to X, this band dis-
of the transition probabilities between eigenstates induceBerses into the projected bulk band. TAe band shows a
by an external radiation field. We take an average Ovegmq| gispersion around M, giving rise to a large contribution

4096 points distributed homogeneously in the irreducibley the | gcal Density of States (LDOS) in the first layer at an
two-dimensional Brillouin zone (2DBZ). The real part of the energy of about -1 eV, as shown in Fig. 3.

average polarizability is calculated using the Kramers-Kronig .
relations. Finally, the RAS is calculated as the difference in  1he 43 surface electronic states are at a lower energy

Differential Reflectance between two orthogonal directiondh@n4s. The A; states are due to the backbonds between
in the surface plane, such as the anions situated in the first atomic layer and the cations

in the second layer. Thds; band has a minimum in the X
RAS — (AR) B <AR) (1)  high-symmetry point, with an energy of -2.8 eV from the
Ro / 110 Ro / 0011 ’ VBM. The band reaches its maximum Xt with an energy
of -1.6 eV from the VBM. The band shows a dispersion of
1.2 eV; however, around X and M the band is almost flat, con-
tributing to a large density of states in the first and the second
layers at energies of about -2.8 eV and -2.5 eV, respectively.

where Ry is the bulk reflectivity calculated with the well-
known Fresnel formula, and R = R — Ry is the difference
betweenRR, and the actual reflection coefficient. The details
are fully explained in Ref. 24.

The atomic structure of the surface region is intimately
related to its electronic structure. Experimentally, the elec-
tronic structure can be determined by means of electron
spectroscopies such as photoemission (PE), inverse photoe
mission (IPE), and Scanning Tunneling Spectroscopy (STS).
These techniques are sensitive to the surface’s features an__
electronic properties due to relaxation, reconstruction or ad->
sorption events. In Section Il we present and discuss the sur-Z
face electronic band structure and the local density of elec- &5 _
tronic states of InAs(110), and in Section IV, we discuss the
results of the optical properties.

Energ

3. Surface Electronic Structure

3.1. Results

r X M X r M

We show the surface electronic band structure along high-
symmetry points of the 2DIBZ of the relaxed InAs(110) sur- Figure 2.  Electronic band structure of the reconstructed

face in Fig. 2. The projected bulk electronic states are indiinAs(110) surface. Tiny dots represent the projected bulk states,
cated in tiny black dots, while the surface electronic statesvhile black dots represent surface electronic states.
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—T——T——T T 1 band has a dispersion of about 1 eV, showing a minimum
i aroundX'.

We have also found several states situated hetweer”
and M with an energy from -2 eV to -1 eV. These states are

10 L inside the projected bulk band, and are therefore resonance-

] like states. These resonance states, denotedl,bgisperse
2 9 — T T upwards fromX towards bothl’ and M. Most of the A4
E - . states have p-character, and are localized at the anion in the
= 20 2nd. - first atomic layer. Thel, states with lower energy, between -
E} i i 1.9eVand-2.0 eV, show also archaracter and are localized
< 10__ 7] at the third layer.
e 0 Above the VBM, we found two unoccupied surface states
—E 30 ‘ . : . . : bands, namel\(’; andC,. TheCj5 surface states are situated
< L ! | ' ! ' ] atthe cations in the first and third atomic layers. They show
~ 20+ 3rd. - a strongp character due to the dangling bonds at the cations.
9! - - At X, we found thatCs has a maximum with an energy of
Q 10k - about 2 eV, and has its minimum value between M &d
- " with an energy of about 1.4 eV. Finally, at 2.7 eV from VBM

308 we found empty surface states that form a band all along the

high symmetry points in the 2DIBZ. This band is denoted
by C,, and shows a very small dispersion along the 2DIBZ.

3.2. Discussion

0 3 6 n D 0 > 4 In this section we discuss our results, and compare them with
i i ) ) theoretical calculations [8-12] and experimental measure-
Energy (eV) ments [13-23]. The electronic properties of INnAs(110) have

been investigated previously using experimental techniques
FIGURE 3. Total and projected local density of states in the first, such as photoemission (PE) [13—18] and inverse photoemis-
second and third atomic layers of reconstructed InAs(110). sion (IPE) [18—21] spectroscopies. We found no agreement
between experimental measurements because they presen

This can be observed on the LDOS in Fig. 3, where two peakgifficulties in identifying the position of the VBM oEy,
are found at these energies in the panels showing the LDOgnd the samples employed are quite different. Furthermore,
in the first and second layers. photoemission measurements are difficult to interpret, since

We found surface states with an energy of abe6iid eV emissions from surface states are usually hidden by emissions
at the high-symmetry point X that form a band denotedfrom bulk states in InAs surfaces, due to the small bulk-band
by C,. This band shows a large dispersion of about 2.5 eVgap.
where the minimum of the band is at M with an energy of  On the other hand, theoretical calculations have been per-
-6.3 eV, and its maximum is arourid’ with an energy of formed usingab initio [8] and semi-empirical TB [9-12]
-3.8 eV. These surface states are located at the cation (Imethods. We summarize our results and some of the exper-
atoms and are due to the bonding between the In and Agnental and theoretical data in Table I, where we show the
atoms at the top layer. From X to M, the band shows a smaknergy values at high-symmetry points in 2DIBZ of the sur-
dispersion which is reflected in the LDOS, where a large conface electronic states denoted Hy, As, A, andC,. The
tribution is found at about -6.2 eV in the panel showing thefirst column shows our results, the next three columns show
projected LDOS in the first layer in Fig. 3. From M X/,  experimental measurements obtained by PE [13-15], and the
the C; band disperses upwards of about 2.5 eV, giving rise tdast two columns show theoretical results [8, 9]. The values
a small contribution to the LDOS, as shown in Fig. 3. in Table Il are those reported in the corresponding reference,

At lower energies we found another occupied surfaceor they have been estimated from the figures in each refer-
electronic band, denoted by,, which extends completely ence, and so errors of about 0.1 eV in the estimated values
almost along the high-symmetry points in the 2DIBZ. Theseare expected.
surface states are located in the anion (As) atoms, and have Alves et al. [8] performed arab initio calculation based
ans character due to the backbonds between the atoms at tlom the Density Functional Theory (DFT) within the Lo-
first and second layers, and some contribution is also foundal Density Approximation (LDA), where many-body effects
from the backbonds between the atoms in the second anslere not taken into account. They considered slabs of only
third layers. Fronl" to M along X, the band does not show eight atomic layers (16 atoms), and the plane-wave basis set
dispersion and is at10.2 eV. From M toT" alongX’, the  employed was expanded up to an energy cutoff of 8 and

Rev. Mex. .51 (2) (2005) 168-175
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sured by using inverse photoemission [18-21], but only at
TaBLE II. Experimental and theoretical values of the surface statestN€ X high-symmetry point. Experimental measurements as-
at high-symmetry points of the 2DIBZ. The energy values are in eV, Signed an energy of between 1.7 eV and 1.9 eV at X, and
where the zero energy corresponds to the VBRIEstimated value  evidence of an upwards dispersion from this point have been
from Fig. 7(a) in Ref. 8. (*) Estimated values from Fig. 9(b) in observed [18], in agreement with our calculations. However,
Ref. 9. a more detailed experimental analysis is necessary in order to
reach further conclusions about empty states.
The occupied surface states denoteddgy A3, andCs,

State  This work PE [13] PE [14] PE [15] DFT [8] TH9]

As(T') —0.30 -0.45 -0.53 —0.3 were also calculated in Refs. 8 and 9. Both calculations iden-
As(X) -121 -1.00 —1.15 —-0.83 —-0.85 —0.9 tified the A5 surface states with the dangling bond states in
As(X'/Y) —0.70 —0.85 —1.00 —0.73 0.7 the anion atoms, in agreement with our results. Bhesur-
As(M)  —0.81 110 —0.70 —08 face state found using a first-principles method [8] is shifted
AT ) 01 0.3 eV on the average, above both the experimental value [14]
3(1) —2.60 e and our calculation. Experimentally [14], thg surface state
Az(X)  —281  -31 =325 -272 -321 -31 has a dispersion of about 0.15 eV from XXé through M,
As(X')Y) —1.57 —1.50 —14 while we calculate a dispersion of 0.5 eV, similar to the one
As(M)  —2.51 —3.40 97 obtained using DFT [8]. The surface states denotediby
Ca () _335 350 _3.9 have been a}lsp observed expenmentally [13,14], and calcu-
Ou(X 6.04 190 5 5 lated by Mailhiotet al. [9]. As in the case of thel; states,
2(X) =6 o e we are unable to identifyl, states at th& point. PE mea-
Co(X/Y) 38 =37 —385 -3.35 —34f -36 surements showed that these states have a dispersion of about
Co(M) —6.28 —6.10 —5.46 —6.1 0.55 eV from X to toX’ through M, which is in agreement
Ay() —0.45 —0.6 with our calculated value of 0.5 eV, while Mailhiet al. [9]
AX)  —153 —16 —1.75 19 fOlfnd| a}[ s(;nal!er dést_lf:rZiorILof Q.2 eV, ar}d thi.s.va:ue Wﬁs ngot
AXJY) 136 —1.05 —1.20 0.9 calculated using [8]. Previous semiempirical results [9]

also found the occupied states labeledy however, these
As(M)  —1.03 —1.10 —10 surface states were not well identified since in their calcu-
lations theA, states show a dispersion very similar to the
18 Ry. They reported results for the equilibrium atomic struc-A5 states. In general, thd, are resonant states and they
ture and the electronic band structure. It is known that theare difficult to calculate, especially if a plane-wave basis is
equilibrium atomic geometries can be found with good accuused as in the DFT calculations discussed here [8]. Below
racy, but an underestimate and/or overestimate of electronid,, other resonant states have been observed denotdg, by
states is always present in DFT-LDA calculations due to theusing PE [14]. The data reported fdr are quite different
approximations employed; for example, DFT usually ne-from our calculations and previous TB calculations [9], per-
glects many-body effects [29]. Furthermore, plane-wave bahaps because the identification of these states is not clear ex-
sis expansions always present convergence problems in fingerimentally [13, 14]. On the other hand, the states can
ing localized states. Therefore, the comparison of the surfadee experimentally identified since they are in a gap, except at
states fronab initio calculations [8] with semi-empirical re- the X point where they disperse into the projected bulk states.
sults and PE measurements always presents deviations up to
+1 eV. We also compare our results with semi-empirical TB s
calculations done by Mailhiatt al. [9]. These TB calcula- | —— TB
tions employed a theoretical method similar to the one used
here but with different atomic positions, that were not fully
relaxed.

Both theoretical calculations [8, 9] found an empty sur-
face stateCs, and this was identified with dangling bond £
states at the cations. While the DFT calculation [8] found that & 0.5
Cs has a minimum at X, we obtained a maximum at the same
symmetry point in agreement with other semi-empirical cal-
culations [9-12]. DFT calculations reported an upwards dis-
persion from X of about 1.4 eV, while we found a downwards 0.0
dispersion from X of about 0.6 eV. This discrepancy between
DFT and semiempirical calculations is to be expected, since
DFT uses a plane-wave basis set that can not reproduce cor.-
duction states, while semiempirical calculations with an ex-Ficure 4. Reflectance Anisotropy Spectrum calculated by us (dot-
tended basis set can. Tl surface states have been mea-ted line), and measured (solid line) in Ref. 12.
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FIGURE 5. Total calculated RAS and its components.
FIGURE 6. AR along the main directions on the surface plane.

results with measurements from Ref. 12. The experimental
RAS was measured from 1.5 to 4.5 eV, and it is always pos-
We calculate the Reflectance Anisotropy Spectrum (RAS) acitive. In Fig. 5, we show the calculated RAS indicated as by
cording to Eq. (1) for InAs(110) as a function of the energy oftotal and its decomposition due to the different contributions
the incident light. RAS has contributions of electronic tran-ss sh, bb, andbs In general, our calculated RAS resembles
sitions from occupied to empty states which are labeled athe main features of the measured RAS more closely than a
surface to surfaces§), surface to bulkgb), bulk to bulk @b), previous calculated spectrum [12].

and bulk to surfaceb) electron transitions. The bulk-band In Ref. 12, the peak around 2.5 eV is assignesktoansi-

gap is less than 0.5 eV, so thal transitions due to modi- tions, while we found that this peak has contributions from all
fied bulk states are important over the entire the spectrum. lkinds of electron transitions involving surface states as well
Fig. 4, we show the calculated RAS, and we compared ouas modified bulk states. The calculated structure at 2.75 eV

4. Optical Properties: Results and Discussion
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is also observed experimentally [12] at 3.1 eV. Again, we ob-due to transitions from;, and A, surface states to empty
served that this peak is related to all kind of electron tran-bulk states around 2.2 eV, where the density of states is large
sitions, while Shkrebtiet al. [12] associated it with modi- (see Fig. 3). The second peak at 4.9 eV is due to electron tran-
fications of bulk states al/;, the critical point. They also sitions from A3 occupied surface states to the same empty
found [12] that the main features of RAS at higher energybulk states around 2.2 eV. We also found thatransitions

are due tdob transitions only. However, we found theb  play an important role in RAS. These transitions have a small
transitions are important around 3.2 eV, and not at higher enintensity, but they are also very anisotropic. The main con-
ergies. Experimentally, a peak was found at 3.8 eV, whileribution ofbsto RAS is from 3 to 6 eV, where the occupied
we found it at 3.5 eV. We believe that these discrepancies diulk states are those from -1 eV to -2.8 eV, as shown in the
the energy location are due to our tight-binding approximatotal DOS. The electron transitions occur from these states to
tion which underestimates the electron energies around the ¥mpty surface states; located around 2.2 eV.

high-symmetry point. However, we have found a good agree-

ment between our calculations and experimental results. B S
low, we explain in detail the main features of the calculate?' ummary

RAS. We performed a tight-binding calculation using a fully re-

We found that below 2 eV the spectrum is dominatedl@xed atomic geometry to study the electronic structure
by transitions between modified bulk staté)( and they —and optical properties of the clean InAs(110) surface. A
have a small intensity. However, the electron transitions/€"y detailed analysis was done, and a good agreement be-
among modified bulk states become important at around 3 eyWveen our calculations and experimental data was found.
Also, somesbtransitions are present at around 1.5 eV, whichWe found that fully relaxed atomic positions froab ini-
slightly modify the lineshape of the spectrum. From 2 eV, thelio methods, in combination with our semi-empirical, tight-
contributions from all kinds of electron transitions involving Pinding calculation, better resemble photoemission and Re-
surface states become important. In Fig. 6, we show the diffléctance Anisotropy Spectrum measurements of the cleavage
ferential reflectancé\ R as defined in Eq. 1 along the main NAS(110) samples. We explain the main features of the opti-
crystallographic directions on the surface plane. We observé@l spectrum and relate these to surface atomic relaxation and
thatsstransitions have a smaller intensity than the other tran&lectronic structure. - Although the agreement between our
sitions; howeverss transitions are very anisotropic and so results and other theoretical and experimental data is good,
they have an important contribution to the spectrum from 2We conclude that more experimental studies are necessary to
to 6 eV, as seen in Fig. 5. Thestransitions occur mainly ~clearly elucidate the atomic relaxation and electronic proper-
at about 2.5, 3.4 and from 4 to 6 eV. The first two peaks afi€S Of INAs(110).
lower energies are transitions fray, and A, surface states
to C surface states, due to dangling bonds located at the sUncknowledgments
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