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We compare results @b initio electronic structure calculations using density-functional theory with mea-
sured scanning tunneling microscof§TM) images for the cleafl10) surface of 1lI-V semiconductors. A
detailed analysis is made of the nature of the wave functions contributing to STM images. The atomic structure
has been determined by total-energy minimization combined with the plane-wave pseudopotential technique.
The nature of the wave functiorgsurface localization, surface resonance, or bulkltas been determined for
energies in the range of 3 eV on both sides of the fundamental gap. In particular, the decay of the density
profiles into the vacuum as well as into the bulk has been analyzed. A consistent understanding of the
voltage-dependent STM images has been obtained. For tunneling out of the occupied states the dangling bond
at the anion gives the main contribution for all voltages measured. On the other hand, for tunneling into the
empty states the dangling bond at the cation is important only for small voltages. For higher voltages reso-
nances(backbond but also some bridgebond contributicheminate the STM image, yielding the observed
rotation of the apparent row directiof50163-18208)08735-9

I. INTRODUCTION respectively’>~?’ These observations were corroborated by
numerous calculatio”% 3’ improving over the years with the
The functioning of modern electronic devices is to a largeincreasing availability of more detailed experimental data.
extent based on the electronic properties of interfaces. Therélowever, rarely has a comparison between theory and ex-
fore, much research has been devoted to developing the betriment been attempted that goes beyond the buckling re-
possible methods for controlling the fabrication and under/axation and the associated dangling bond states.
standing the properties of interfaces. It turned out that the However, a detailed comparison of the currently available
properties are strongly influenced by the cleanliness, gec;_heorencal description of grge surface with STM experiments
metrical structure, and electronic details of the bare surfacdravels unclear featuré&™In fact, when the surface mor-

of the semiconductor substrate. Understanding the electron ollog]?/t?egsurtla_d ianT(;Vl irr}[ages is OS'{ glxplaineq on the
structure of surfaces and relating specific features to th Vel of the gangiing bond states many detalls remain vague.

atomic structure is thus of major interest. The GdA®) . his lack .Of knowledge hampers the Interpretation .Of ongo-
. : : ing experimental developments such as the intensive inves-
surface gained particular importance as a model surface, b

Gan be cleaved in ultrahiah X figations of point defects and impuriti$s®! as well as of
cause S can be cleaved In ultrahigh vacuum 1o expose & q ostrycturdd 57 by cross-sectional STM on thel10)

clean surface with a very low defect concentratiohl0)  cjeayage surfaces. These STM measurements demonstrated
cleavage surfaces of Ill-V compound semiconductors anghe need for further improvements of the theoretical under-
their metallic overlayers are among the best understood SUEtanding. In particular, the analysis of ternary compounds,
faces: In the early years the research focused on the determginpyrities, point defects, and the contrast close to interfaces
nation of the geometric structure, mostly by low-energyin STM images has not yet reached a sufficient or acceptable
electron diffraction(LEED),**® electron energy-loss spec- |evel. Many technologically relevant questions must remain
troscopy (EELS,™ and  photoemission  spectro- unanswered, unless a reliable theoretical background can be
scopy**~?! These experiments resulted in the proposal of theprovided. Currently many theoretical calculations provide
bond-rotation modet? The surface energy is minimized by data, the accuracy of which is never verified experimentally.
an outward relaxation of the group-V atonfenions, e.g., Developing “rules” for testing or comparing the theoretical
phosphorus atomgelative to the group-lll atomsgcations,  results with STM experiments could decisively advance this
e.g., indium atoms while the dimension of the unit cell field.

remains unchanged compared to the bulk. The relaxation In this paper we demonstrate that current state of the art
corresponds to a buckling of the surface bond between thelectronic structure calculations based on the density-
anion and cation by about 30°. The relaxation is closely confunctional theory in the local-density approximatiGDFT-
nected with the absence of surface states in the fundamentaDA) can help to clarify the role of the electronic structure
band gap?* Two dangling bond states exist, one in the topof surfaces in STM imaging with atomic-scale resolution.
part of the valence band and the other in the bottom part oThe improvements are illustrated for tli#10) surfaces of

the conduction band. After the invention of scanning tunneldll-V compound semiconductors, where we find an excellent
ing microscopy(STM) it was even possible to show that the agreement with experiments. Tk initio computed elec-
occupied and empty states are spatially shifted, because thépnic structure is compared with complementary scanning
are localized at the surface anion and cationtunneling microscope(STM) experiments achieving the
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highest lateral resolution possible. The comparison with TABLE I. Parameters used for the construction of the pseudo-
high-resolution STM images improves considerably, if thepotentials according to the Vanderbilt schetRef. 64. rs, ry,
supercell used in the calculation accounts reasonably for thendr 4 are the cutoff radii fos, p,dpseudoatom wave functions. The
decay of surface resonances into the bk 7 layers crys- sandp pseudopotentials are generated with the ground states of the
tal) and allows an accurate description of the decay of théesp_ective_ atoms, and thiepseudopotentials with the excited ionic
states into the vacuuiseven layers of vacuumwWe provide  configurations shown.

rules for the simulation of STM images in the Tersoff-
Hamann scheme using the DFT-LDA by presenting a com

Element rg(a.u) rp(au) rqg(au) Excited configuration

plete energy dependent analysis of the states, their decay intgy 1.15 1.25 1.25 [Ne] 3s+23p®63d°2
the vacuum, and their spatial distribution. Our combined the- |, 1.15 1.25 1.25 [Kr4d] 551%5p065402
oretical and experimental study allows us to identify the con- p 1.15 1.95 1.25 [Ne] 3s-83pl83d04
tributions of surface resonances in STM images as a function 5 1.15 1.95 1.25 [Ar3d1%] 4sl8pl8d04

of applied voltage: In contrast to the general belief the empty
state images are dominated by surface resonances and not by

the dangling bond state. The occupied surface resonancgg siates and the spatial distribution of the wave functions in
also contribute significantly, particularly at higher magni- o vacuum region using 36 equidistantpoints in the irre-

tudes of negative voltages. However, the resonances do ngfciple part of the two dimension&l10 surface Brillouin
change much the morphology of the STM images, becausg

one (Kyp=m/agX(0.2XmXx[1,0]+0.2XnX[0,1]); m,n
they overlap spatially with the dangling bond state. :Ol(g” Aqutde( of H'crmaEndillgeret 216 [and])in more

detail by Heinze and Blyef’ shows the sensitivity of the

Il. COMPUTATIONAL PROCEDURE corrugation of the local density of statdsDOS) on thek
point distribution. It is important to usk points up to the
boundary of the Brillouin zone. Table | shows the parameters

The electronic structure calculations are based on thesed for the construction of the pseudopotentials. The
density-functional theory in the local-density approxi- pseudopotentials for all elements were constructed according
mation®® They are combined with the plane-wave pseudopoto the Vanderbilt schem®.Further details of the algorithms
tential techniqué®®® The Kosugi-Davidson iteration and calculational procedures employed can be found in Ref.
proceduré' was used to solve the electronic eigenvalue69.
problem; self-consistency was achieved with a Broyden
quasi-Newton method in the generalized Anderson féfrm.
The structural relaxation of the surface atoms was obtained
from a total-energy minimization guided by Hellman-  The tunnel current can be calculated using Bardeen’s
Feynman forces acting on the atoms. A modified BroydeniranSfer Hamiltonian metho®"2In the limit of kgT—0 the
Fletcher-Goldfarb-Shano quasi-Newton sch&meas used tunneling currentl as a function of the bias voltage is
for the determination of the minimum-energy configuration.given by
The semi-infinite surface was modeled with a repeated slab.

A. Electronic structure calculations

B. Computation of theoretical STM images

The relaxed surface structure was determined for a supercell dme (ev

consisting of a nine-layer slab separated by a vacuum region ~ (V)=—— [ de p'(Ef—eV+e)

equivalent to a distance of seven layers. The positions of the 0

atoms in the central layer were bulklike and fixed. Since X pS(Ef+e€) [M(EZ+e,Ef—eV+e)|?, (1)

typical surface resonances extend deep into the bulk, the

conventional supercells consisting of up to nia&0) planes  \yherepS andpT are the density of states of surface and tip,

were found to be too small to yield accurate results. Thus Wgespectively. The energiesare measured with respect to the
used in the electronic structure calculations a supercell of 1fermi energieES andEX of the tip and the surface, respec-
(110 planes and a vacuum region equivalent to seven layers; £ F ’

X : , Tively. The transfer matrix elemeiM can be expressed as an
'I_'he larger _supercell was constructed by inserting eight add'l'ntegral over a separating surfatebetween crystal surfac®
tional bulklike layers into the relaxed superc@f nine lay-

. - and tipT:
ers. This turned out to be sufficient to guarantee the decou-

pling of the two surfaces of the slab as indicated by the

degeneracy of the eigenvalues for the symmetric and anti- \, — M(e, e,)=— ﬁ J ds(q,T*Vq,s_q,qu,T*)
symmetric combination of most of the surface states, which prv 2m Js g peoooem o

was better than 1 and 200 meV for the bridgebond and back- 2
bond resonances, respectivdsee Chap. @)]. The elec-

tronic structure calculations were carried out with norm-wherem is the electron mass.\IffL and ¥ are the wave
conserving separable pseudopotentials and a set of planfnctions of the surface and tip with eigenvalugsande,,,
wave basis functions up to a kinetic energy of 12.25 Ry. Forespectively. The surface and the tip system is assumed to be
the determination of the self-consistent electron density a 4vell separated and interaction free. For further calculations
X 4x 2 Monkhorst-Pack point set has been us&4®with  one needs information about the wave functions of the tip
the C,, symmetry of the surface supercell this set reduces téhat contribute to the tunnel current. The simplest approxi-
four k points in the irreducible wedge of the Brillouin zone. mation was introduced by Tersoff and HamdRnyho as-

To simulate the STM images we determined the local densitgumeds character for the tip wave functions:
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C age potential. As can be seen from E@8.and(6), all states
V()= P “, r=|r—R| (3)  contribute to the current whose energy is in the energy win-
dow [Eg ,Ex+eV]. The weight of their contribution is the
with the decay constant and a normalization constad.  probability density|\Iff;(R)|2 at the position of the tigR.
The explicit expression for the square of the matrix element From Eqs.(5) and(6) it becomes obvious that the typical
then involves the occupation probability of the surface waveconstant-current STM images show surfaces of constant
functions\Pi(R) at the positiorR of the tip: energy-integrated LDOSif the work function does not
change laterally Below, we compute the lateral variation of
the energy integrated LDOS affiaed distance from the sur-
face Thesetheoretical“‘constant distance” STM images are
thus images of the variation of the LDOS in the vacuum.
If, in addition, one assumes a smodttearly energy in- Since the distance dependence of the tunnel current is expo-
dependentDOS of the tip in the important energy interval nential and the lateral variation is small compared to the
around the Fermi enerdyp'(€)=consi the tunnel current average value, the theoretical “constant distance images”
can be expressed by the LDCpﬁ,k(R,e) of the crystal sur- are to first order equivalent with “constant current images,”

27Ch?
KM

IM[2=

2
WS (R)|2. (4)

face evaluated at the positidh of the tip: which are measured experimentally.
16m3C%h%e _ (ev
I(R,V)= 2 pr de pﬁk(R,E§+ €), (5 Ill. EXPERIMENTS
0

The electronic structure d¢fl10 cleavage surfaces of InP
S S ) and GaP was probed with the scanning tunneling micro-
pi(R&)=2 [T3(R)[?5(e—e¢,,), (6)  scope. The doping levels of the investigated crystals were
K Zn:(1.3—-2.1)x 10'® and Sn:(0.9-1.8510'® cm™3 for InP
where ¥ are the calculated self-consistent wave functionsand Zn:(1.7-5.8x 10 and S:(5.6-6X 10" cm™* for
of the surface supercell. This is the basis of our calculation o5aP. Single crystals were cleaved in ultrahigh-vacuum
the tunnel current. (UHV) [(0.5-1)x10 8 P4 using a double-wedge tech-
We have calculated eigenfunctions with eigenvalues irhique and immediately transferred without breaking of the
the valence and conduction bands at 36 equididtamints ~ vacuum to the scanning tunneling microscope in a separate
in the irreducible part of the surface Brillouin zone and per-UHV chamber. In order to obtain the highest possible reso-
formed the summation over and e explicitly. For very lution we used two separate very stable modified Besocke-
small voltagesV the tunnel current is proportional to the type STM's at room temperatufé.The tips were etched
applied voltage as derived by Tersoff and Ham&hbut the  €lectrochemically with NaOH from polycrystalline tungsten
integral formulation of Eq.(1) should hold for voltages Wire. They usually have a radius of curvature of about 5 nm
smaller than the work functiond{=®,,.,..i— EF). We use as determined by transmission electron microscopy. Each tip
the unperturbed slab wave functions to calculate the surfac&as conditioned by eitheex situ or in situfield emission
LDOS for voltages up to about half the work function. For prior to any use. The samples were contacted using special
the p-doped InP110) surface(Fermi level at the valence- gold contacts: gold was sputtered on two opposite faces of
band maximum the work function is 5.8 eV The major the samples and a capacitance was discharged several times
perturbation due to the applied voltage is the change of thever the two gold contacts prior to the evaporation of a sec-
functional form of the vacuum barrier. The modified vacuumond and final gold layer. These contacts have perfect Ohmic
barrier affects the decay of the wave functions into thecharacteristics. For the analysis of the electronic structure of
vacuum quantitatively, but not qualitatively Therefore itis ~ the surface, we measured high-resolution constant-current
difficult to calculate the distance dependence of the tunnemages of the empty and occupied states at tunneling volt-
current and to correlate this to the experimental distance deages ranging from-4.5 to+3.5 V. Particular care was taken
pendences. However, we are mostly interested in the later# avoid double-tip images or any other disturbing imaging
variation of the tunnel current when we simulate the STMartifacts.
images. An additional difficulty arises from the use of the
de_nsity-functional theory in the local-density approximation. IV. COMPUTATION OF THE RELAXATION
Inis known_ that the LDA cannot reproduce Fhe cgrrect elec- OF THE SURFACE ATOMS
tron potential far away from the surface since it does not
contain the image potential. This means that the wave func- The first step toward a calculation of the electronic prop-
tions far away from the surface do not have the cormect erties of the surface is the determination of the atomic con-
dependencéz is the coordinate perpendicular to the surface figuration of the uppermost surface layers. Experimentally it
at large distances. Experience with the calculation of théhas been shown that the relaxation of the positions of atoms
LEED fine structure shows that the potential is quite wellis relatively simple on(110) surfaces of cubic IlI-V com-
reproduced by the LDA up to distances of 10 &un our  pound semiconductors. The aniofgroup-V atoms relax
case we simulate the STM images at a distance of about @ut of the surfac¢éupward movementrelative to the surface
a.u. Furthermore, Jennings and co-workengve shown that cations without a significant change of the bond length3.
the lateral variation of the wave functions, which determinesThis results in a buckled surface with a buckling angle close
the regular LEED spots and in our case the topology of théo 30°. It has been suggested that the preferred planar three-
STM images, is even less affected by the neglect of the imfold coordination with occupied p?-like and emptyp,-like
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minimum total-energy configuration was tested using the
AlAs(110 surface. We analyzed the effects of the size of the
supercell, the number d points used, and the number of
layers allowed to relax. The size of the vacuum was equiva-
lent to seven layers for all calculations. It was sufficiently
large in order to avoid any overlap of the wave functions
from the two surfaces of the slab in the vacuum region. The
wave functions were found to decay below the numerical
detection limit within less than 10 a.u., i.e., 2.5-layer dis-
tances. The tests were performed with plane-wave basis
functions up to a kinetic energy of 12.25 Ry. For AlAs we
tested the sensitivity of the atomic relaxation on the number
of k points used. The differences in the relaxations of the
upper two atomic layers for 44X 2, 4X4X4, and 6x6

X 2 Monkhorst-Pack point sets are less than 1Da.u., (1
a.u=0.052917 7 nm To ensure the samle point density

for the surface and bulk calculations, we have optimized the
lattice constant of the bulk in the same unit cell but with a
full slab (no vacuunm. The optimization was achieved by
minimizing the cell energy for isotropic deformation, i.e., for
constant ratios of the lattice constants of the tetragonal cell.
We found that the main features of the system are already
reproduced well with the smallest setlopoints (4<4X 2 k
points in the Brillouin zone of the supercéf® equivalent

to four k points in the irreducible wedge of the two-
dimensional Brillouin zong We only use this set & points

] in the following calculations. The absolute positions of the
A » > surface atoms depend on the number of layers allowed to
(b) 2% As o relax. We tested five layerffour layers relaxed on both

sideg, seven layergsix layers relaxed and nine layers

FIG. 1. Parameters used to characterize the structure of theeight layers relaxed The surface atoms respond to the re-
buckled(110 surfaces of IlI-V semiconductors. The circles denote laxation of the lower subsurface layers. However, the relative
the sites of anion# (empty circles, e.g., Pand cationsC (filled positions of the atoms in the upper two layédsstances and
circles, e.g., I projected to the plane shown. Because of symme-buckling anglée are already well described in the five layer
try, displacements occur only in the plane showa. shows the  slab with relative differences of less than f0compared to
definitions of the displacements of surface and subsurface atomgjicker slabs. For the final determination of the relaxation we
with respect to the extrapolated unrelaxed bulk positioas. ysed the largest supercell consisting of a nine-layer slab in
=cubic lattice constanb=a,/v2, the nearest-neighbor distance of grder to assure the highest quality of the structural input data
equal atoms in the bulkb) shows the definitions of the relative foy the electronic structure calculations. The goal of this pa-
distances of the relaxed atoms. per is to determine all surface states and resonances as accu-

rately as reasonably possible. Since their energies and spatial

orbitals at the cationggroup-lll atom$ and the three- distribution may vary with the relaxation we had to make
dimensional (incomplete tetrahedral coordination with sure that the supercell size is large enough. This will be
sp’-like orbitals at the anions are the driving forces of thediscussed in detail later.
relaxation?>’""8Figure 1 shows a schematic side view of  Our results for the structural parameters for the InP, AlAs,
the relaxed surface including the conventional notation of thend InAg110 surfaces can be found in Table (displace-
atomic displacementstructural parametersThe upper and mentg and in Table Il (atomic distances The results are
lower parts of Fig. 1 show the absolute and relative displaceeompared with previous calculations and experiments in
ments, respectively. There are two reasons for the use of twbable IV (atomic distancesand in Table V(bond angles and
sets of structural parameters. First, the relative displacemenltsngthsg. Although in general the agreement is good we want
converge faster than the absolute displacements with thi® emphasize some features.
thickness of the slab and the number of layers allowed to (a) The well-known first-layer relaxation, consisting of
relax. For a slab of five layers the buckling and the distancethe upward movement of the anion relative to the cation, is
in the first two layers are converged already, whereas thwell reproduced in our calculation. In fact, the smallest su-
absolute coordinates are influenced by the small displacgeercell and the smalledt point set yield this relaxation al-
ments of further subsurface layers in thicker slabs. Secondeady correctly. Our calculated relative vertical displacement
the data given in the literature are in many cases incompletd, , of the surface anion and cation corresponds within less
sets of relative displacements, which do not allow us to calthan 5% to the LEED data. This is close to the experimental
culate the absolute values of the atomic displacement. Theariation between different LEED results and between dif-
absolute values, however, include the full information andferent calculations in the literature. The first-layer displace-
thus should be taken as reference. ments are also the most accurately determined Geg®eri-

The convergence of the structural relaxations yielding thenentally within =5 pm) and affect the electronic structure
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TABLE 1. 1lI-V (110 structural relaxation: Converged results for a supercell of nine atom layers where
eight layers are relaxed and the central one is kept fixed. A plane-wave cutoff of 12.25 Ry has been used. The
displacements of the atoms perpendicular and parallel to the surface are expressed in units of the natural bulk
distances given in the first line. The atom type is indicated in the second comanion (As or P, C
=cation (Al or In). The definitions of the displacements are shown in F{g), the labels for the displace-
ments are found in the first two columns of the table.

layer 0 o, 0 o, 0 o,
[ Atom (ao) (ao/v2) (ao) (ao/v2) (ao) (ao/v2)
AlAs (a,=5.6290 A) InAs 6,=6.0335 A) InP 6,=5.8549 A)

1 A —0.029 025 0.067 205 —0.032 207 0.063 082 —0.029 991 0.058 064
C —0.073909 -0.109636 —0.072149 -0.113863 —0.069787 —0.108 993

2 C 0.006 546 0.032 666 0.006 169 0.024 550 0.004 659 0.022 792
A 0.004 644 0.003574 0.004 896 —0.006 376 0.004 111 —0.006 081

3 A —0.002 259 0.013 493 —0.001515 0.008 814 —0.001 638 0.008 014
C 0.001 270 0.000 160 0.000 603 —0.006 254 0.000 192 —0.006 742

4 C 0.002 252 0.005 999 0.002 204 0.004 148 0.002 075 0.003 695
A 0.001 025 0.000 207 0.002 010—-0.002 752 0.001 991 —0.002 700

calculations the most among all relaxations. ling angle in the usual range around 38 Our calcula-

(b) Our calculated bulk lattice constants are in all casegions favor a buckling angle of about 30° also for InAs.
smaller than the experimentally determined ones. This is due (d) Our calculated bond lengths change by less than 1.3%.
to the use of the LDA, which is known to lead to overbind- This is not always in agreement with the existing LEED data.
ing. Differences among theoretical results of different groupdithough the changes have usually the same magnitude as
should be due to various degrees of convergeferergy MOst previous experimental resuliwith the exception of
cutoffs, k points, slabsof the pseudopotential calculation. AIAS), they are sometimes in the opposite directieee the

(c) As stated earlier, the most prominent structural param¢€221 bond in Table V. It should be noted that theoretical
eter of the surface is the buckling angle which has been results of dlﬁerent groups all yield similar values and the
determined by several experimental techniques. Our resul@Me trends of disagreement compared to the LEED data. In
agree well within about 1° with the experimental results. act, the theoretical results favor the pure bond rotation

' . : model even more than the experiments. The degree of bond
gglaglz:r:gﬁsr(]glglle@otp;bg%\]:\Ifh(;feLOEtEEr %ﬁs?éggetrgsayﬁgsfj relaxation is found to be very small in theory and small but

measurable in experiments. This might be a temperature ef-
fect neglected in the calculation.

TABLE IIl. 11I-V (110 structural relaxation: Converged results (e) The relaxation is known to result in a planar threefold
for a supercell of nine atom layers. A plane-wave cutoff of 12.25¢ configuration of the surface cation and a pyramidal
Ry has been used. The distances of atoms inside one layer argy.|ike configuration of the anion. This has been suggested
between successive layer are expressed in units of the natural bulfg the driving force of the relaxation. Our calculation repro-
distances given in the first line. The definitions of the distances argj,ces the respective configurations, as can be seen in Table
shown in Fig. 1b), the layer index is found in the first column of || The anglesa, B, and y are close to those of the ideal

the table. planar and pyramidal configurations.
(f) The second-layer anions and cations relax in the oppo-
Layer Ai L Ajx dijir1, dijir1x site direction compared to the surface anions and cations,
i (ap/V2) (3lday)  (2a,/v2)  (1/2ap) respectively. The anion in the second layer relaxes down-

ward relative to the second-layer cation. The values obtained

AlA: =5.6290 A ) . ; :
S (20=5.6290 A) from our calculations agree well with this trend obtained

1 0.176 843  1.059 845 0.715 392 1.160 910 from LEED data.

2 0029093  0.997 464 0.980 162 1.010551 (g) The lateral displacements agree, within the experimen-

3 0.013333 0995294  0.988321  1.001963 {5 yncertainty, with LEED measurements.

4 0005792 0998364  1.000414  1.004504  |n summary, our calculations reproduce the experimental
InAs (a,=6.0335 A) measurements of the atomic relaxation, in general, quite

1 0.176 945  1.053 256 0.723 173 1.156 636 well. Most deviations are within the variations of the re-

2 0.030926  0.998 302 0.969 619 1.011 132 ported experimental values. Thus, the structural parameters

3 0.015069 0.997 176 0.979 196 1.003 202 obtained with the supercell consisting of nine layers should

4 0.006 900 0.999 741 0.994 497 1.004 409 be sufficiently accurate for further detailed analyses of the
InP (a,=5.8549 A) electronic structure.

1 0.167 057 1.053 060 0.736 431 1.148 891

2 0028873 0999270 0971811 1008934, g FcTRONIC STRUCTURE OF THE SURFACE

3 0.014 756  0.997 559 0.979 126 1.003 765

4 0.006 395  0.999 889 0.994 600 1.004 149 Close to a surface at least three types of electron states

exist: bulk states distributed over the entire crystal our
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TABLE IV. Comparison of distances of surface atoms in different IlI-V compounds according to the definitions in(l5igThe
distances are expressed in units of the respective bulk distances given in the first line. The upper sections of the entries for each material are

experimental results from LEED measurements, the lower sections are theoretical results, including this work.

Al; A1,>< d12,J_ d12,x AZJ_ A2,x
-V a, (ay/V2) (3/4a,) (1/2a, /1v2) (1/2a,) (ap/V2) (3/4a,)
Bulk Ref. (A) 0.0000 1.0000 1.0000 1.0000 0.0000 1.0000
InAs 67 6.0585 0.182 1.097 0.706 1.188 0.033
13 6.0585 0.184 1.055 0.622 1.116
this work, 12.25 Ry 6.0335 0.176 1.052 0.727 1.153 0.029 0.998
this work, 20.25 Ry 6.0126 0.174 1.051 0.739 1.161 0.022 0.996
35, 18 Ry 5.861 0.181 1.061 0.697 1.159 0.031
InP 67 5.8695 0.166 1.041 0.663 1.177 0.034
22 5.8695 0.157 1.041 0.740 1.136 0.027
13 5.8695 0.195 1.034 0.624 1.119
this work, 12.25 Ry 5.8549 0.166 1.053 0.740 1.149 0.027 0.999
35, 18 Ry 5.662 0.167 1.064 0.717 1.136 0.029
AlAs 67 5.66 0.162 1.038 0.665 1.173 0.030
this work, 12.25 Ry 5.6290 0.176 1.059 0.718 1.161 0.028 0.997

calculations: slal localized surface states with an energywill analyze localized surface states and resonances in detail
outside of the projected bulk bands having a high probabilityto obtain a complete picture of the electronic properties of
density at the surface, and surface resonances having a hitfe surface.
probability density at the surface, but an energy within pro-
jected bulk bands. The surface resonances are slowly decay- . -

A. Band structure: overview over the existing surface states

ing Bloch waves inside of the bulk and have an exponential
and resonances

decay into the vacuum, while the localized surface states
decay exponentially into the bulk and the vacuum. The elec- The calculated band structure for the 17-layer slab is

tronic properties of the surfaces are to a large degree inflishown superimposed on the projected bulk band structure in
enced by the surface statéscalized and resonanand thus  Fig. 2 for InP for which we have made the most detailed
we will focus on them. Most previous investigations only analysis. For InAs and AlAs the projected bulk density of
report the localized surface states. However, the importancgtates is calculated in the same way as for InP, but the elec-
of resonances for the understanding of surface sensitive met&onic structure has only been calculated for the nine-layer
surements has been demonstrated recéhtlythis paper we  slab, which we have used for the calculation of the atomic

TABLE V. Comparison of relaxation angles and bond length changes. The organization of the table is the
same as in Table IV. éc;a; are the changes of the bond lengths between the cation offthayer and the

anion of thejth layer relative to the cation anion bulk bond length.

® a B y 6cqay 8Cray ocqa,
n-v (deg (deg (deg (deg (%) (%) (%)
Bulk Ref. 0.0 109.5 109.5 109.5 0.00 0.00 0.00
InAs 67 31.0 87.5 1164 1218 —-3.9 21 1.4
13 32.0 91.0 110.3 1248 -05 —-2.8

This work, 12.25 Ry 30.6 89.1 110.7 124.3 -0.74 0.63 -0.95
This work, 20.25 Ry 30.2 89.0 110.5 124.3 -0.65 092 -091

35, 18 Ry 32.0 88.9 1114 1239 -118 -0.18 -1.82
InP 67 28.1 90.3 109.7 124.8 —-0.2 —-7.4 -1.7

22 26.5 91.7 110.4 123.8 -0.6 -1.0 -21

13 31.8 89.7 106.6 126.6 18 -33

This work, 12.25 Ry 29.2 90.2 111.4 123.7 —1.18 0.58 -1.02

35, 18 Ry 30.1 90.4 112.5 1232 -1.78 —-0.23 —-1.89
AlAs 67 27.3 90.8 109.5 1249 -0.04 -—-7.84 -2.29

This work, 12.25 Ry 31.2 89.0 111.6 123.9 —1.29 0.38 -1.30
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rience of other autho?$%2shows that this “scissors” proce-
dure works with an accuracy of about 0.2 eV.

(c) Only surface resonances, but no localized surface
states, exist at thé' point of the surface Brillouin zone.
Localized surface states can, e.g., be found at the boundary
of the Brillouin zone M, X, andX’ points.

(d) The dispersion of the localized states and resonances
agree well with the dispersion measured by photoemission.
We can correlate all experimentally observed surface fea-
tures with those obtained theoretically. In particular, the dis-
persion of the occupied dangling bond statppermost oc-
cupied stateagrees well with the dispersion found in angle-
resolved photoemission experimetfts®8384The dispersion
of the lowest empty surface state agrees also with inverse

[eV]

projected band structure InP (110)

photoemission resulf§—#
-10.0¢ (e) Our results are in qualitative and partly quantitative
agreement with other theoretical findings. However, most of
-12.5& = the earlier calculations used semiempirical
T X v X! [ pseudopotentia®; ' experimentally determined relaxation

FIG. 2. Band structure of the buckled IfiR0 surface along da_ta‘?’l and/or thex,, approximatiqn for the exchange corre-
high-symmetry lines of the surface Brillouin zone, calculated with alatlon t.er.m. Our Calculathns arein fa_ct OQ% gé)mparable toa
slab consisting of 17 atom layers and a vacuum equivalent to seveff"y limited set of earlier calculgtloﬁé. = Of those,
atom layers. Energies are measured relative to the valence-bafd’ang and Cohefi and Qian, Martin, and Challfi used a
maximum. The shaded area shows the band structure of bulk InBery narrow vacuum region of four and three layers, respec-
projected to the110) surface. The open dots are the eigenvaluestively, to describe the vacuum barrier. Our analysis shows
calculated for the surface supercell. Eigenvalues in the conductiothat surface electron states decay over about 2.5 layers into
band have been rigidly shifted by 0.573 eV to reproduce the experithe vacuumsee below. Thus, in these early calculations the
mental bulk band gap of InPE( ,=0.847 eV; Ey o,=1.42eV).  wave functions overlap and surface interactions perturb the
The identified localized and resonant states are shown as solid amgsults. The resulting wave functions cannot be used for the
dashed lines, respectivel\, is the localized state at the P anion; simulation of STM images. Alves, Hebenstreit, and
C, is the localized state at the In cation; bb is the resonant state§cheffler® performed calculations very similar to ours. The
with anion backbond charactefs is the localized anion dangling main difference is the missing analysis of the surface reso-
bond(db); br is the localizedat X") and resonant bridgebond state; nances. In addition, their supercell of eight lay@msmpared
C; is the localized dangling bond state at the cation vaifrchar-  to 17 in our electronic structure calculations too small for
acter. the determination of the exact contributions of surface reso-

nances. Their analysis of the distribution of localized states/

) ) resonances is incomplete for the understanding of voltage-
relaxation of the(110) surface(see above This allows a dependent STM image@nd partly for photoemission data,
qualitative comparison but no quantitative analysis. Theoo), since only the dangling bond states above the anion and
states, whose eigenvalues are in the band gaps or in thgtion with energies close to the band gap were taken into
pocket gap are localized surface states. As can be seen &tcount. The early calculation of Zung®includes surface
Fig. 2, close to the center of the Brillouin zone these bandsesonances. However, the detailed analysis of the spatial dis-
dip into the bulk bands and thus the corresponding statesibution of the states, particularly the extension into the
become surface resonances. Some surface induced featuseEuum, is missing.
have eigenvalues inside the projected bulk bands fokall In conclusion, a comparison with the experiments and
vectors; they are pure resonances. Following the notation dheoretical calculations reported in the literature demon-
Ref. 29, the surface states are labef¢@ndC; according to  strates that our calculations yield the electronic structure of
their localization close to anions and cations, respectivelythe surface accurately. This gives a solid basis for the analy-
The states are numbered from the lowest one upward. Thas of the character and properties of each surface @tate
following characteristics can be deduced. calized or resonajptand for the determination of the contri-

(a) The surface band structures of the different materialdution of these states to STM images.
are qualitatively similar. The same type of states exist for all
compounds calculatéd. o

(b) As usual the band gaps obtained by the local-density B. Localization and decay of the surface states
approximation are too small. They need to be corrected for into the vacuum
guasiparticle effect®?® We corrected this by rigidly shifting Figure 3 shows a comparison of the DOS of bulk InP
all empty (conduction-bandstates upward until the correct (dotted ling and of the InP110) surface supercelldashed
experimentally measured bulk band gap is obtained af'the line) as a function of energy. Figuregd@ is the overview,
point. The necessary shifts are 0.41, 0.573, and 0.996 eV favhile Figs. 3b), 3(c), and 3d) are expansions of the energy
InAs, InP, and AlAs, respectively. This applies to the bulk scale of Fig. 8). The solid line shows the LDOS integrated
and the surface slab calculations in the same way. The expever a (110 plane at a distance of 4.378 a.u. above the
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FIG. 3. Comparison of the DOS for InfPa) Total DOS of bulk InP(dotted, DOS of InP in the surface supercéllasheg, and local
DOS, integrated over the planedit 4.378 a.u. above the surface anigolid line). The surface DOS and LDOS are meaningful up to 3 eV
above the minimum of the conduction band ofdge text The bulk DOS is normalized to eight electrons, contained in the occupied states.
For the surface DOS and LDOS arbitrary units are ugge-(d) show expansions of the energy scale of the sections indicated in (@nel
The pronounced contributions of the localized surface states are indichitedb, p,).

outermost surface anion in the vacuufthis “surface  stood by the fact that wave functions of electrons bound to
LDOS” is shown on a different scaleWe have calculated the crystali.e., with energy eigenvaluesbelow the vacuum
only a limited number of unoccupied eigenstates and eigerzerg have an exponential decay into the vacuum»Q):
values for the surface supercell. Thus the DOS and LDOS of(z) ~e~*?, where the decay constamt~(2m|e|/%2)?
the surface are complete only up to 3 eV above theandeis measured from the vacuum zero.
conduction-band minimum. The energy distribution of the The surface LDOS in Fig. 3 has been calculated for a
surface LDOS deviates strongly from the bulk DOS; onlyfixed distance of 4.378 a.u. above the outermost aféen
those states contribute that decay particularly slowly into theeraging over a layer 0.43 a.u. wideThe distance depen-
vacuum. The surface-specific contributions are from localdence of the surface LDOS is demonstrated in Fig. 4. Figure
ized surface states and resonances. They can especially #ashows that with increasing distandehe absolute magni-
found for energies close to the band edges. However, ntude of the LDOS decreases exponentially. However, due to
states are found within the fundamental band gap. The moshe fact that the decay constartdepends on energy, the
important features are labeled dhccupied dangling bond  LDOS of the empty states gains relative weight with increas-
bb (occupied backbondandp, (empty dangling bond with ing separation from the surface. Obviously the empty surface
p, character. These features correspond to the states labelestates decay slower into the vacuum. All occupied states can
As, A4, andCjs, respectively, according to the conventional be identified well for all three distances shown. The empty
notation.C, corresponds to a group of resonances above thdangling bond §p,) disappears with increasing distances in
C; state. In the following we will, however, keep the char- the noise of the empty resonances. It is necessary to investi-
acter of the state as the name. The occupied dangling borghte the decay characteristics of each surface feature in more
appears as a very sharp peak and indeed it is a localizedktail.
surface state for modt points, whereas the backbond ap-
pearing as a broad feature is a surface resonance. The empty
dangling bond also is a well-localized surface state. Its con-
tribution to the surface LDOS is, however, very small and We have found three distinct types of occupied surface
nearly disappears in the large number of empty resonancé&$ates: dangling bond states at the anion, backbond states
with a large LDOS. These empty resonances consist of &b) establishing the bonds of the surface anion with the
large variety of different states. We have analyzed the spatidlation in the second layer, and bridgebond states establishing
distribution (vertical to the surface as well as lateraf all the bonds between the surface anion and cation. The distinc-
states with energies close to the fundamental gap. The ideiion between db, bb, and br states can be demonstrated most
tification of the characters of each surface feature will followclearly for the states at th¢' point. Typical examples of the
below. charge-density distribution are shown in Figs. 5-7, respec-
Comparing the surface LDOS with the DOS of the super4ively. The following characteristics can be deduced.
cell or the bulk one finds an exponential damping of the (1) The dangling bonds and backbonds show two lobes,
LDOS contributions with decreasing energy. This is under-one directed toward the vacuum side and one toward the

1. Occupied states
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00025k 2 Voo i 1 s e ‘ .
70.0020} bb ‘ 4 [T10]
0.0015 ¢ 1 FIG. 5. The localized occupied dangling bond stateat X',
0.00100- ] Shown are cuts of¥(r)|? in different planesi(a) (110 plane at
00005k | d=4.378 a.u. above the surface anidy,(c) (110) planes through
’ the anion and cation, respectivelid),(e) (001) planes displaced
o 1 ] 1
-5.0 2.5

5 0 50 along[001] from the surface anion by-0.094, and +0.114,,
Energy [ eV ] respectively. The circles denote the sites of ani¢ampty and
. . . . , cations(full) projected to the respective plane shown. The numbers
oooosl > e i at the contour lines are fractions of the maximal probability density
(<) for the state in that particular plane.

plev]

Energy [ eV ]

1
[001]
O.\

plev

3 db
< bb bridgebond decay very fast into the bulk at tiepoint[Fig.
0.0001 { 7 8(a)]. Therefore, the overlap of the wave functions localized
at the two surfaces of the slab is small and consequently the
x ' symmetric and antisymmetric combination of the states

—450 -2.5 0 2,5 5.0 . . . .
Energy [ eV ] (which are eigenfunctions for the mirror symmetry of our

FIG. 4. The LDOS of InR110) integrated over planes at differ- Slab) exhibit only a very small splitting0.7 and 0.3 meY.
ent distances! above the surface anion as indicated in the panelsThe backbond state decays much slower into the bulk and
The occupied localize(tb) and resonantbb) states are easily rec- the overlap is not negligible; even for the largest slab of 17
ognized while the unoccupied localizep,] state is barely visible. layers the splitting is 130 meV. This demonstrates that we
At the largest distance the energy dependence of the decay lengihdeed need such a large supercell to obtain reliable energy
can be seen most pronouncedly: The relative magnitude of thealues. The decay at the secdndpoint has similar charac-
LDOS increases exponentially with increasing energy. teristics but the decay into the bulk is slower. Again the
dangling bond decays faster into the bulk than the reso-
subsurface layers. The lobes on the vacuum side are shifté@nces. The splitting observed here was 6.9 and 176 meV for
(relative to the anion positiorin [001] and[001] directions  the dangling and backbond, respectively. The splitting is
for the backbond and dangling bond, respectively. The dbarger than that for th& point.
state is localized. The bb state is a resonance. The bulk side All states decay much faster into the vacuum than into the
lobe of the backbond is directed toward the cation in thebulk. However, distinct differences of the decay lengths and
second surface layer. The dangling bond lobe oriented intthe amplitudes can be observed between different states. The
the bulk lies inside a tetraeder consisting of two surface catdecay of the dangling bonds and backbonds is nearly equal
ions, one surface anion, and one second-layer cati(®).
The bridge bond is localized along the bonds between thi
surface anion and cation. It is a localized state at XHe
point. There are two maxima of the bridgebond state per uni
cell. (3) For a generak; point a clear distinction between
the db, bb, and br states cannot be made, because a numt
of “mixed states” occur. In fact, the typical resonance is
usually a mixed state, even if one type of character may
dominate. (4) The dangling bond state is a localized sur-
face state fok; points in a large part of the Brillouin zone.
We find the bridgebond to be a true localized state only very
close to theX’ point. All other features are surface reso-

$e e
dadd

[001]

nances. l o1 ‘ I %$%$
The decay into the vacuum and into the bulk of all three iT10] [001] (T10]
types of states is shown in Fig. 8 for tvkg points (X’ point FIG. 6. The resonant occupied backbond state (bb)X'at

and k=0.%19+0.4oy)). The dangling bond and the Shown are cuts df¥(r)|? in the same planes as Fig. 5.
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FIG. 7. The localized occupied bridgebond stéte) at X'.
Shown are cuts of¥(r)|? in different planesf(a),(d),(e) same as
Fig. 5; (b),(c) (110) planes on either side of the anion exactly be-
tween the anion and cation.

v (2)12

W @)?

-8{ | ] L
-30 -20 -10
z[a.u.]

ol
2 S

FIG. 8. Decay of occupied states into the butk<(0) and
vacuum g>0). Shown is|¥(z)|? (log scal®, i.e., the probability
distribution integrated over planes parallel to {h&0 surface, as a
function of the distance from the surfacdat z=0). (a) shows db
(solid lineg, bb (dashed lings and br(dotted lineg states aX'. (bl
show§ db(solig lineg, bb (dashed and bulk(dotted states ak

=0.X[10/+0.4ko1) . The straight line indicates the exponential de-

cay of the db states with decay length-0.7 a.u. The br states in
(a ha\ie a small contribution in the vacuum, because they have
largerk; and thus a smaller decay length, and the bulk statés)in
have a smaller amplitude at the surface.
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FIG. 9. The LDOS for InPL10) integrated over a plane at

=6.531 a.u. above the surface anion for the occupied surface states

(energies in the valence banda) The LDOS sorted according to

the bond character: total, all states; DB, dangling bonds; BB, back

bonds; DB+BB, sum of both; other, other charactés) The LDOS

of db and bb states sorted according to the posifiof the maxi-

mum of the probability density of the state in the plane considered.

ox is the distance alonf001] measured from the position of the

surface anion. The energy of the state and the db character increase

when the maximum moves in th@801] direction, i.e., with decreas-

ing 6X.

(in decay length and amplitugend it is the slowest of all
occupied states. Their density is, at large distances, about
one (to two) orders of magnitude larger than that of all other
states. The bridgebond state decays faster than typical bulk
stateg see Fig. 8)]. The very short decay length is due to
the higher spatial frequendhalf the unit cell of the bridge-
bond state. Depending on the distance range their density
may be even smaller than that of bulk states. Bulk states
have about the same decay length as the dangling bonds and
backbonds, but a smaller amplitupsee Fig. 8)].

The decay into the vacuum indicates already that typical
STM images can only image dangling bond and backbond
states, but not bulk or bridgebond states as proposed
previously?®° Only under special conditions, such as very
small separations like those occurring during the spectros-
copy in and close to the band gag?or during scanning at
very low magnitudes of voltag€s,a small contribution of
bulk and other states may be possible. In any STM image
acquired under standard conditions, however, dangling
bonds and backbonds dominate the contrast.

a Figure 8 demonstrates the necessity for a large vacuum
layer in the slab. We have followed the decay of the states
down to the level of numerical noise. We have reached the
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FIG. 10. The localized unoccupidth state , characterat X.
Shown are cuts of¥(r)|? in different planesia),(b),(c) same as
Fig. 5; (d),(e) (001) planes displaced alori@01] from the surface
cation by —0.058&, and +0.10%,, respectively. The numbers at

the contour lines are fractions of the maximal probability density
for the state in that particular plane.

FIG. 11. A resonant unoccupied “hybrid” state t O.Zz[lo]
+0.5;q) With contributions at the anion and cation. Shown are
cuts of| ¥ (r)|? in different planes(a),(b),(c) same as Fig. 5d),(e)
(001 planes displaced alon§001] from the surface anion by
+0.073, and from the cation by+0.06%,, respectively. The
state shows pronouncej character at the surface cation.

asy_mptotic behavior relevant for comparison with STM ex-show four states of those: @,-like state or dangling bond
periments. . . _ localized at the cation, a mixed state, another state having a
The dispersion of the different states includes importanfsticeable density above the surface anion and cation, and a
information for the detailed interpretation of spectroscopicsiate with two maxima per unit cell, respectively. Each of the
measurements, such as scanning tunneling spectroscop&(ammes stands for a group of states. Phdike state is a

Figure_z 9a) shows an analysis of the relative cor!tributions ofSharp surface state at teandM points. It appears as a row
dangling bond and backbond states as a function of ENer9%ong the[001] direction(Fig. 10. Its minimum is about 1.7
This analysis has been performed at a distance of 6.531 a.th/ above the VBM(see Fig. 2Cs). The mixed state is a
from the surface. The occupied dangling bond appears as lﬂ/brid state mostly localized alSove the cati®ig. 11). Itis
sharp and well-localized surface band. It has its maximum 3534 eV above the VBM. There are many other states with
k:0|'66 tehv anoll rangek:)s frO?m approxmé?\';lehi)#] tob_o.l?bevd similar features. All of them appear as a row along[th#]
elow the valence-band maximuvBM). The backbon direction. The state in Fig. 12 has a higher density of states

iplpggrsvai e|1 br?ﬁd rei'sonange V(\j”th two max;{‘na htanc:c above the anion compared to the cation. We observed a va-
-22 €V below the valence-band maximum. [t ranges rorT}iety of such states. In fact a partial localization of empty

about—0.9 o —1.6 eV. states at anions was also found by Tersoff and Ham&nn.

Depending on the bond character, different surface state\ﬁle also observed a group of states with two maxima in the
have different lateral probability distributio® (r)[%. The ¢ 0o it cell

backbonds and dangling bonds have both lobes pointing into Figure 14 shows the decay of these states into the

the vacuum, but into different directions. This suggests tha\t/acuum. The straight line is the decay of the occupied dan-

the lateral positiom o(¢) of the maximum of the density of gling bond. All empty states decay slower than the occupied

H 2
states in the vacuuhW (r,o)|* depends on the character of o5 This'is a direct consequence of the energy dependence
the surface stat@b or bh and thus varies with the energy

Figure 9b) shows the LDOS accumulated for states that
have their maximum of the lateral distribution probability at

r.0=(6x,0) (positive 5x correspond to a shift if001] direc-

tion in the (x,y) plane of the surface unit cgliThe results

show that the maximum of the density of states is shifted in

[001] direction relative to the surface anion, when the energy RN o o

of the occupied states rises from2 to —0.5 eV. With the

knowledge of Fig. €a) we can conclude that the dangling < ¥ ©

bond and backbond contributions to the density of states in SOT6 SOT6

the vacuum are shifted laterally [p01] and[001] directions ) )

relative to the anion, respectively. oo e =
g 3 8 =)
L

L r’,\f Tf\\ [ %_.
1101 [001] [T10]

The empty stqtes cannot be sgparated into different types FiG. 12. A resonant unoccupied hybrid statekat 0.2k .
of states as easily as the occupied ones. We found a lar@hown are cuts of¥(r)|2 in different planesia),(b),(c) same as
variety of different states, which all have a similar extensionrig. 5; (d),(e) (001) planes displaced alor§01] from the surface
or decay into the vacuum. There are states localized at thenion by—0.01a, and from the cation by+ 0.10%,, respectively.
cation, anion, and above both types of atoms. Figures 10—1Bne state shows some db character at the surface anion.

2. Empty states
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FIG. 15. The LDOS of InPL10) integrated over a plane at
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FIG. 13 A ied hvbrid Kat 0.k =6.531 a.u. above the surface anion for the unoccupied surface
e resonantzqnogcuple ybrid state “[10] - states(energies in the conduction bagnsorted according to bond
Shown are cuts of¥ ()| in different planesia),(b),(c) same as character: total, all states; m& maximum at cation; mas, maxi-

Fig_ 5; (d),(e) (001) planes displace_d alon@01] from the su_rface mum at anion; other, other character. The states with a maximum at
anion by+0.031a, and from the cation by 0.234,, respectively. o ioo have higher energies
The state has several maxima in {140 plane. '

. tions of different states. Finally we compare these results
of the decay constani(e) discussed above. Furthermore, thewith the experimental data.

empty resonances decay slower thanphdike state. Figure

15 shows the energy distribution of the empty states at a

distance of 6.531 a.u. above the surface. The states have been A. States contributing to STM images

diStingUiShed according to theil’ |Oca|i2ati0n abOVe the anion The STM images are acquired W|th tip_samp|e Separations

and cation. The figure demonstrates that the unoccupiegf typically 0.5 nm or moré* Only in a few cases could this

states localized above the cation are lower in energy than th?eparation be reduced furtf&r,but tip effects became

states with their maxima above the surface anion. dominant®® We do not want to focus on such tunneling con-

ditions, but rather focus on the conventional separations,

VI. COMPARISON WITH SCANNING TUNNELING where Fhe assumption of_ no tip e_ffect is valid. The rather
MICROSCOPY IMAGES large t|p-s§1mple separation requires that we analyze the

LDOS far in the vacuum. Only states decaying slowly can

In this section we compare the theoretical results with thecontribute to the STM images. As shown above, these states
STM images measured on thE10) cleavage surfaces of the are the occupied dangling bond&s) and backbondsAy),
different 11I-V compound semiconductors. We first charac-as well as the empty dangling bon@4{: p,-like statg and
terize the theoretical STM images and discuss the contribuseveral empty resonance€f). At low negative voltages
only the occupied dangling bond state can contribute to the
STM images. Increasing the magnitude of the voltage to
such an extent that electrons from states with energi@®
eV can tunnel, the backbond state contributes to the
occupied-state STM images, too. According to our analysis,
the bridgebond decays too fast to affect the STM images.
Thus, two types of occupied states contribute to the STM
images.

For the empty states the situation is somewhat more com-
plicated. The empty dangling bond contributes, but it domi-
nates the STM images only at small voltages, since it has a
1 . ] A\ rather small weight in the vacuum. The major contributions
-20 -10 0 10 at higher voltages are from surface resonances which are

z(au] anion-cation-hybrid states and thus have contributions above
the anion and the cation. However, the component of the
vacuum ¢>0). Shown is|¥(2)|? (log scalg, i.e., the probability LDPOS localized above the anion decays faster than that
distribution integrated over planes parallel to ié0) surface, asa above the cation. Thus, asymptotically only the cation con-

function of the distance from the surfacéatz=0). The states are tribution can be measured.

characterized by having a maximum at the catigny ¢langling

bond, solid line; hybrid state, dash-dotted Jiner at the anion g pjstance dependence of the lateral distribution of the local
(hybrid states, dashed and dotted lin€khe straight line indicates density of states

the exponential decay of the occupied db states with decay length

A=0.7 a.u. All states have a large contribution in the vacuum but Figures 16, 17, and 18 show the simulated lateral distri-
the energy of the “anion maximum” states is deeper in the conducbution of the energy-integrated LDOS for different energy
tion band(see Fig. 1% intervals at three different distances from the surface, i.e.,

I (@2)12

|
G
Qo

FIG. 14. Decay of unoccupied states into the butk:Q) and
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FIG. 16. Simulated STM images of the I{iR0 surface at a . FIG. 11‘ Simulated STM images of th? R0 su_rface at a

. T . distanced=4.38 a.u. above the surface anion. The different panels
distance d=2.23 a.u. above the surface anion. The energy- - L
. ) . . have the same meaning as in Fig. 16. The appearance of the occu-
integrated LDOS is shown for different energy intervaéls, VBM ) )
pied states has not changed much compared to shorter distances.

to VBM—-0.9eV (range of the occupied db statesA,, . L . .
VBM —0.9 eV to VBM—1.5 eV (range of the occupied bb states The zigzag characteristic _of the unoccgpled hybrid states has de
creased because the maxima at the anions are less pronounced.

As+A,, VBM to VBM —1.5 eV (range of the occupied db plus bb
state; Cs, VBM to VBM +2.2 eV (range of the “f”‘:]c‘:”p'e”z tion of the apparent row direction by 90° compared to the
s;a;e$, Ca, VEt’Mth'.ith 0 Vgl\fcz.B ?/\g(&antge\c/nB:\Ai;ngcc\:/u- orientation of the dangling bond. Since the LDOS of the
pied resonant hybrid statesC, +Cy, 0 ©€ resonances is larger than that of the dangling bond, the im-

(range of the unoccupieg, plus hybrid states At small distances . . .
the occupied states show a very pronounced maximum at the suzri-ges at higher voltageenergie are dominated by the

face anion at all voltages. The unoccupied hybrid states show ‘[jlesonances.
zigzag characteristic with maxima at the cation d@sihaller ones C. Theoretical corrugation
at the anions.

We also computed from the lateral LDOS distribution the

2.23, 4.38, and 6.53 a.u., respectively. The frames denotefjeoretical corrugations. Figure 19 shows the ratio of the
As in each figure show the occupied dangling bdedergy ~ corrugation along th¢110] and[001] directions for the oc-
interval VBM to VBM—0.9 e\). A, is the backbond cupied in the upper frame and empty states in the lower
(VBM—0.9 eV to VBM—1.5 V) andA,+As is the sum of frame. At an energy of about0.7 eV below the VBM there

both stategVBM to VBM —1.5 eV). Similarly, the right col- is a sharp inqrease of the corrugation rat'io of the occupied
umn shows the empty states. PaBalrepresents the empty states at all dlstanqes due to t_he co_ntrlbut_lon of the localized
dangling bondVBM to VBM +2.2 eV), paneC, part of the ~ 21ion db state, Wh_lch shows little dispersion at the edges of
empty resonances (VBM2.2 eV to VBM+2.8 eV), and the surface Brl_llou!n zoné_Flg. 2). The step becomes more
Cs+ C, the sum of both empty states. It is clearly visible thatpronqunged with Increasing distance becagse the relative
the lateral distribution of the occupied states does not chan ntnbyUon of the db state increases W'.th q'SIa.(EEE the
much as a function of distance from the surface. The backd€Cca in Fig. 8 and the peak to valley ratios in Figs. 16--18

- . For the empty states the corrugation ratio decreases
bond (A,) is localized nearly at the same place as the dan- ) _ )
gling bcfnd @s). No large shifts occur if both states are steadily with energy above the CBM at all distances. Ac-

added. In contrast, the morphology of the empty Stategordihg to our analysis many states with a broad dispersion
changes drastically with distance and energy. The empt ontribute. Only for the larger distances a change of the pre-

dangling bond C;) appears as a row along the01] direc- ominant_row orientation frorf001] rows (corrugation ratio

tion. The larger the distance the less corrugation it shows™ 1) to [110] oriented rows(corrugation ratio<1) can be

along that direction. The resonance€,] have a large expected at an energy of VBW2.3 eV.
LDOS above the cation and anion. At small separations they
appear as zigzag chains connecting cations and anions. With
increasing distance the LDOS above the anion decays faster Figure 20 shows the experimentally measured constant
and rows in thg110] become apparent. This means a rota-current STM images for different voltages for GaP and

D. Experimental STM images
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[—/j’\ ?v’\ 6.4

e . ) in the [001] direction as a function of the energy relative to the
_ FIG. 18. Simulated STM images of the 20 surface at a  ygm for three distances! from the surface anion. For negative
distanced=6.53 a.u. a_lbove the s_urface anion. The different pane'%nergies(occupied states images, upper parglstep is seen at
have the same meaning as in Fig. 16. The appearance of the 0Cajg\ —0.66 eV due to the contribution from the localized occupied
pied states is still the same as at shorter distances, only the COMYangling bond. This becomes more pronounced with increasing dis-
gation has decreased. The zigzag characteristic of the unoccupigghce. For positive energiésnoccupied states images, lower panel
hybrid states is gone. Instead, the high-voltage (VBMB V)  ihe energy dependence is smooth for all distances. A turnover from
STM image shows cation rows along tfiel 0] direction, whereas at  [001] rows (corrugation ratio>1) to [110] rows (corrugation ratio

lower voltage (VBMt2.2 eV) the rows appear in tH@01] direc- 1) occurs at about VBM-2.3 eV for larger distances only.
tion.

INP(110) surfaces. Similar images for the GaA&0) surface ration from the surfacéFig. 18. In particular, the rotation of
: the rows is well reproduced. Also the calculated corrugation

can be found in Ref. 37. All three materials exhibit essen-__ .
tially the same properties. These dig the rotation of the ratios have the same trends as the measured ones. Despite
apparent rows formed by the empty states by 90° with in-g:)'.sng\éira#hag.fzm:?é E[Ei ;(O!t'?]geCirédbzr:]zrg}énsgﬁlez f?gctnsOt
creasing magnitude of the positive voltage) the occupied inciae. This Is du p-indu Ing :

For highly conductive surfaces and metallic tips the voltage

states change rather little. Only the apparent resolution i 4 )
creases with increasing magnitude of voltage. Figure znj\_/ applied to the sample corresponds directly to the energy

shows the ratio of the corrugation along {Hd0] and[001] eV used in the calculation. For semiconductors this is, how-
directions. This ratio reflects the changes in resolution. Th ver, not always the case. The conductivity is too low and

corrugation ratio for the occupied states shows two plateau hus the tip mdgces a band bending at the surface due to the
a higher one at voltages smaller thar8.5 V and another gffective charging of the surface layer. The band bending

lower one at voltages larger thar2 V. This change can be dhepends (?n thg appl;]ed \I/oltage_, the carrier cforrl]centrggon n
understood as the contributions from the localized danglin e crystal, and on the electronic structure of the surface.
bond state A5 statg and from surface resonances,(state$ or tge lll-V com dpounds ||.1vest|gated".her.e the dband ben_dlln_g
 the anon e and roacened by e afct f the (527 SSMAL, 2557 8 Mgl 1 008 ot
induced band bendingsee below. For the empty states the lassical ima g force term gThis calgulation has begn done
decreasing ratio with increasing voltage reflects the rotatio g€ . .
of the rows[001] oriented rows appear for corrugation ratios or GaAs for a t|_p-surface separation of 0.9 nm. The result
>1, i.e., at voltages below 1.7 VV for G4R.2 V for InP). It and further details can b_e found in Ref..94. It shows that_ a
can be seen that the rotation is a continuous effect. In addlgon&derable band bending occurs. A S|m|l_ar band. pendlng
ccurs on InPL10) surfaces. The band bending modifies the

tion, the corrugation itself decreases strongly with increasin . .
voltage. The energies are again shifted and broaden by tha €9y scalt_a. For example_the corrugation ratio of Fhe occu-
effect of the tip-induced band bending. pied _stf_;ltes is expected to increase—&L7 eV. Expenmen_—
tally it is observed at—3 V on p-doped surfaces. At this
_ _ voltage a band bending of about2 V is expected. Thus,
E. Discussion effectively only states up to 1 eV below the VBM can con-
The experimental data agree very well with the theoretitribute to the tunnel current at an applied voltage-& V.

cally computed STM images, but only for the largest sepaThis value agrees rather well with the energy range of the
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FIG. 21. Experimental corrugation ratios [ih10] direction and
in [001] direction as a function of the applied voltage for InP and
GaP. For negative voltagésccupied states images, upper paael
increase can be seen at abet V. For positive voltagegunoccu-
pied states images, lower pangie turnover fron{001] rows (cor-
rugation ratio>1) to [110] rows (corrugation ratio<1l) occurs at
about 2.2 Vin InP and 1.7 V in GaP.

VIl. SUMMARY

—» [001]

We compared results @b initio electronic structure cal-
culations using density functional theory with measured
STM images for the cleafl10 surface of IlI-V semicon-
ductors. The nature of the wave functions contributing to
STM images are analyzed in detail. The atomic structure has

small voltageg1) to rows in[110] direction (3)—can be seen. For been determined by total-energy minimization and the elec-

negative voltagefoccupied states image&} and 5] a small shift tronic structure has been calculated self-consistently for a
of the position of thg110] rows is found. slab containing 17(110 planes separated by a vacuum

equivalent to seve(l10 planes. Thus the nature of the wave
) ) ) functions (surface localization, surface resonance, or bulk-

dangling bond state which shows a maximum DOS at aboufe) for energies in the range of 3 eV on both sides of the
—0.7 eV (see Figs. 3 and)9 Thus, at low magnitudes of ,ngamental gap has been determined. In particular, the de-
voltage only the occupied dangling bond dominates the imgay of the density profiles into the vacuum as well as into the
ages. For larger magnitudes of voltage the contribution of thgyylk has been analyzed. A consistent understanding of the
db state is fully taken into account and the additional smalloltage-dependent STM images has been obtained: For tun-
change of the corrugation ratio is due to lower-lying surfaceneling out of the occupied states the dangling bond at the
resonances. The transition is not as sharp as in the theoreticahion gives the main contribution for all voltages measured.
calculation(Fig. 19, because the tip-induced band bendingOn the other hand, for tunneling into the empty states the
and the limited energy resolution of the STM smears out thelangling bond at the cation is important only for small volt-
transition. ages. For higher voltages resonances dominate the STM im-

For the empty states the corrugation ratio starts to changage, yielding the observed rotation of the apparent row di-
at 1.5-2 V. At this voltage a band bending of 1-1.3 V oc-rection.
curs. Thus the effective energy is about 0.5-0.7 eV above
the conduction band minimum. If the band gap of 1.4 eV is
taken into account the Change occurs 1.9-2.1 eV above the This work was supported in part by the “Verbundfor-
VBM. This agrees with the computed corrugation ratios inschung zur Erforschung der Materie mit Synchrotronstrah-
Fig. 19. Thus, only at low voltages the empty dangling bondung” of the BMBF. Computations were performed under
is imaged. At all other voltages an increasing contribution ofthe grant “Semiconductor surfaces and interfaces: calcula-
empty surface resonances occurs, and at large voltages ttiens of the atomic and electronic structure” on CRAY com-
resonances dominate the images completely. puters of Forschungszentrumligh.

FIG. 20. Experimental STM images of tlig10 surface for(a)
GaP andb) InP. Shown are the STM images at different voltages.
For positive voltagegunoccupied states imaged,—3)] the pro-
nounced change of the corrugation—from row$0d01] direction at
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