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Surface morphology and ionization potentials of polar semiconductors: The case of GaAs
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Using anab initio pseudopotential approach, we have studied the ionization potential of several surfaces of
GaAs, with different orientation, reconstruction, and stoichiometry. In particular, we have examined the As-rich
~100! c-(434), (234)2b, and (234)b surfaces, the Ga-rich~100! (432)2b and (432)z surfaces, as well
as the~110! surface. The calculated variations of the ionization potential with surface morphology are as large
as 0.7 eV. The largest ionization potential~5.70 eV! occurs for the As-rich (234)b surface, and the smallest
~5.00 eV! for the Ga-rich (432)2b one. The results are compared with available experimental data, and are
explained in terms of a model based on a superposition of neutral bulk charge-density units, carrying neither
dipole nor quadrupole, and charge transfers between the units dictated by the electron counting rule.
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I. INTRODUCTION

The ionization potential~IP! is a crucial parameter in a
wide range of phenomena including photoemission, th
moionic emission, adsorption, and catalysis.1–3 It is known
to depend on surface-specific structural and chemical
tures. Such a dependence is exploited, e.g., in the fabrica
of GaAs photocathodes using cesiated surfaces.4 It is also a
potentially sensitive tool for surface characterization, e.g.in
situ monitoring of surface growth processes duri
molecular-beam epitaxy MBE.5–7

For clean GaAs surfaces, experimental studies8–11 indi-
cate substantial variations@up to 0.8 eV~Ref. 9!# of the work
function ~WF! and IP with the surface atomic geometry.
particular, the GaAs~100! IP and WF show large~0.4–0.6
eV!, nonmonotonous changes when the As-richest~100!
c-(434) structure is heated—driving As out from th
surface—and undergoes a series of reconstructions pro
ing sequentially (234) As-rich phases, some partially o
dered (331), (136), and (236) structures, and finally a
Ga-rich (432) phase. The effects of surface reconstruct
and/or stoichiometry on the IP have not been extensiv
investigated. Surface stoichiometry, reconstruction, and c
tallographic orientation are not independent variables for
scribing clean III-V semiconductor surfaces. In fact, t
known surface reconstructions of most III-V semiconducto
and in particular those of GaAs, verify the electron count
rule,12 which stipulates that all anion dangling bonds sho
be full and all cation dangling bonds empty to make t
surface nonmetallic and stable. This interplay between
face stoichiometry, reconstruction, and crystallographic
entation makes the dependence of the IP on surface geom
a rather complex problem, which has remained largely un
0163-1829/2004/69~3!/035320~8!/$22.50 69 0353
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plored theoretically. To our knowledge,ab initio calculations
of the GaAs IP have been performed only for the~110!
surface13–15 and for the (234) reconstruction of the~100!
surface.16 Furthermore, surface-dipole models have be
proposed to explain the IP variation among~100! reconstruc-
tions having the same type of adatom-dimer surface st
tural units.8

In this work, we examine several different surfaces
GaAs~100!, as well as the GaAs~110! surface, by means o
ab initio calculations, and study the dependence of the IP
surface orientation, stoichiometry, and reconstruction.
find large variations of the IP with surface morphology, co
sistent with available experimental data. The calculated
observed IP trends are explained by a surface-dipole m
that takes into account the charge transfers between b
building units which are dictated by the electron counti
rule. This model generalizes previous results8 by allowing
comparison between surfaces having different orientati
and, for a given polar orientation, different reconstruction

II. METHOD

Our study is performed within density-functional theo
~DFT! using the local-density approximation~LDA ! with the
exchange-correlation potential of Ceperley and Alder.17 We
employ Troullier-Martins18 pseudopotentials in the fully non
local Kleinman-Bylander form19 and a plane-wave basis se
The surfaces are modeled using a slab geometry
supercells.20 For the~110! and the~100! c-(434) surfaces,
we use 15-monolayer-thick GaAs slabs that are termina
by two equivalent surfaces. For the~100! (234) and (4
32) surfaces, we employ GaAs slabs containing 12–
©2004 The American Physical Society20-1
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atomic layers, and we passivate the Ga layer at one term
tion with virtual hydrogen atoms with fractional chargeZ
51.25. We note that the passivated slabs correspond to
percells whose lateral section corresponds to the actual
cell of the reconstructed surface, while slabs with tw
equivalent surfaces would require much larger sections,
cause of the 90° rotoreflection that relates the two surfa
The vacuum regions separating contiguous slabs are;14 Å
thick in all cases.

As in previous work,21,22we evaluate the IP as the sum
two contributions:EI5DV2EVBM , whereEVBM is the po-
sition of the valence-band maximum measured with resp
to the average electrostatic potential in bulk GaAs andDV is
the electrostatic potential step at the surface. OnlyDV de-
pends on the structural and chemical details of the surfa
EVBM is obtained from standard bulk band-structure calcu
tions, whileDV is derived from the macroscopic average
the electrostatic potential obtained from the superc
calculations.22

We note that, in the case of~100! slabs with two inequiva-
lent surfaces, a constant electric field can be present in
slabs and/or in the vacuum regions separating the peri
cally repeated slabs. This can be seen in Fig. 1, where
display the calculated macroscopic average of the elec
static potential for the GaAs~100! (432)2b surface. The
electric field is strongly screened within the GaAs slabs~the
calculated value23 of the dielectric constant of GaAs i

FIG. 1. Macroscopic average of the electrostatic potential in
periodic slab geometry used to model the Ga-rich GaAs~100! (4
32)2b surface. The GaAs(432)2b surface is at the right-hand
side of each slab while, on the left-hand side, the slabs are te
nated by a bulk-truncated H-passivated surface. The positions o
atomic planes in the slabs are indicated at the bottom of the fig
Ga atoms are indicated by small empty circles, As atoms by la
filled circles, while the small crosses represent virtual hydrog
atoms. The straight line is a linear fit of the electrostatic potentia
the vacuum region~its replica is also shown in the bulk part!. The
dashed line is a linear fit to the potential in the bulk region. T
surface-potential stepDV is evaluated on the vertical dot-dashe
line, placed at one-half of a bulk interlayer distance (;0.7 Å) from
the outermost atomic layer of the slab.
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GaAs512.4). The presence of electric fields in the superc

complicates somewhat the determination of the surfa
potential step, as one needs to know the position of the
trinsic surface dipole to measure preciselyDV.24 From pre-
vious work,22,25 this position is known to be roughly at half
an-interlayer distance outside the outermost atomic lay
(;0.7 Å in our case!, and this is the position we systemat
cally use in the present work to calculateDV ~see Fig. 1!. We
note, however, that the electric fields that are present in
systems are rather small, so that changing this position
61.4 Å has a negligible influence~less than 30-meV
change! on the calculated IP values.

The bulk and supercell calculations are carried out usin
20-Ry kinetic energy cutoff for the plane-wave expansion
the electronic wave functions. The integrations in recipro
space are preformed using a Monkhorst-Pack26 grid of di-
mension~4,4,2! for the c-(434) reconstruction and~4,8,2!
in all other cases. For the structural optimization, we all
the four outermost atomic layers of the GaAs surfaces
fully relax. At the passivated surface, we let the virtual h
drogen and the outermost-Ga layer to fully relax. A steepe
descent approach is used for the atomic relaxation, and
process is stopped when the forces on the atoms are sm
than 0.005 Ry/a.u. With the above values of the compu
tional parameters, including slab and vacuum thicknes
we estimate that the calculated values of the IP are conve
to within 50 meV.

Our LDA values of the IP should be corrected to inclu
~i! spin-orbit, ~ii ! many-body, and~iii ! semicore-orbital ef-
fects. The spin-orbit splittingDSO of the GaAs valence-band
edge, neglected in our scalar-relativistic calculations,
creasesEVBM by DSO/3. Using the experimental value o
DSO ~0.34 eV!,27 the spin-orbit correction to the LDA IP
value is thus20.11 eV. For the many-body correction, w
use the result of the GW calculations by Needset al.,28 who
obtained a quasiparticle correction of20.36 eV to the LDA
GaAs valence-band-edge energy. This increases the IP
10.36 eV. Finally, the Ga-3d orbitals, which are treated a
frozen-core states in our pseudopotential calculations, p
duce a rigid10.1-eV shift of the GaAs bulk-valence-ban
edge when treated as valence orbitals in GaAs-based s
conductor heterojunctions and metal/semiconduc
junctions.29 Assuming that the same shift applies to Ga
surfaces, semicore-orbital effects yield an additional corr
tion of 20.1 eV to the IP. Summing up, the total correctio
due to spin-orbit, many-body, and semicore-orbital effects
the LDA IP value amounts toD510.15 eV.

The overall uncertainty on the LDA-corrected absolu
values of the IP is estimated as 0.1 eV. As usual, howe
using LDA/DFT calculations, the uncertainty on the relati
values of the IP between different GaAs surfaces is expe
to be smaller, i.e., of the order of our numerical accuracy
;50 meV.

III. Ab initio RESULTS

A. Formation energies

The atomic geometries of the reconstructed GaAs~100!
surfaces considered in this work are illustrated in Fig. 2.
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SURFACE MORPHOLOGY AND IONIZATION . . . PHYSICAL REVIEW B69, 035320 ~2004!
consider the As-richc-(434) three-dimer structure,30 the
As-terminated (234)b and (234)2b geometries,31,32 the
Ga-rich (432)z structure,33 and the Ga-terminated (4
32)2b configuration32 which is obtained by interchangin
Ga and As atoms in the As-terminated (234)2b structure.

The three-dimer structure, in Fig. 2~a!, is the commonly
accepted model of thec-(434) atomic geometry; this is als
the As-richest structure examined in our work. This struct
corresponds to an As-terminated surface with on top 3/4
dimerized monolayer of As; the top layer is organized
rows of three-dimer structures separated by half of a st
ture length with respect to each other. The accepted geom
of the (234) reconstruction, which is observed in MBE u
der As-rich condition, is the 2b configuration displayed in
Fig. 2~c!. An earlier competitive model for this reconstru
tion is theb configuration shown in Fig. 2~b!. The b con-
figuration corresponds to a dimerized As-terminated surf
from which one dimer out of four has been removed. Theb
structure can be obtained from theb structure by removing
two As and two Ga atoms from the outermost As and
layer in each (234) unit cell, and letting the As atoms wit
broken bonds from the layer underneath dimerize. Thz
configuration, in Fig. 2~d!, is a complex structure which ha
been recently proposed by Leeet al.33 as the stable geometr

FIG. 2. Top views of the GaAs~100! c-(434) ~a!, (234)b ~b!,
(234)2b ~c!, and (234)z ~d! reconstructed surfaces. The surfa
unit cell is indicated by the dashed lines. Large~small! filled circles
represent top-~third-! layer As atoms, while large~small! empty
circles correspond to second-~fourth-! layer Ga atoms.
03532
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of the (432) reconstruction observed under Ga-rich con
tions. An earlier model for this reconstruction is the G
terminated 2b structure.

The above structures are those with the lowest ene
among the structures that have been proposed for the re
structions considered here. In Fig. 3, we show their form
tion energies as a function of the Ga chemical potentialmGa.
The convergence on the relative values of the surface for
tion energies is estimated to be 10 meV per (131) surface
unit cell. The formation energies are calculated relative to
formation energy of the (234)2b structure and are dis
played over the thermodynamically allowed range ofmGa,
given by2DH f<mGa2mGa

bulk<0, whereDH f is the heat of
formation of GaAs andmGa

bulk is the chemical potential o
bulk orthorhombic Ga metal. We findDH f50.77 eV, in
good agreement with the experimental value of 0.85 eV~Ref.
34! and with the results of previous calculations.16,35,36

Our results indicate that, in the limit of As-rich cond
tions, thec-(434) structure is the most stable configuratio
at zero temperature. At larger values ofmGa, the (234)2b
structure becomes more favorable, and at still higher val
of mGa, the (432)z structure becomes the most stable g
ometry. These results are in general agreement with the
sults by Leeet al.33 and are also consistent with previou
calculations for the As-rich structures.16,32,35,36We find, how-
ever, that the (234)b structure has a formation energ
which is only;35 meV larger than that of the 2b structure.
This is somewhat smaller~by ;15 meV), but not inconsis-
tent with the results by Leeet al.,33 who quoted a numerica
uncertainty of 10 meV in their calculations.

The results in Fig. 3 are consistent with the experimen
reconstruction trends, but should be considered with so
caution when discussing the atomic structures of the exp
mentally observed reconstructions. Indeed, at experime

FIG. 3. Calculated formation energies@in units of eV per (1
31) surface unit cell# of the various GaAs~100! surfaces studied in
the present work. The zero of energy is set at the formation en
of the (234)2b structure. The vertical, dotted lines indicate th
allowed range for the Ga chemical potential (2DH f<mGa2mGa

bulk

<0, with 2DH f520.77 eV).
0-3
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TABLE I. Calculated and experimental values of the IP~in eV! for different GaAs~100! reconstructions
and for the GaAs~110! surface. LDA and LDA-corrected values are given, the correction being a rigid
of 10.15 eV, to account for many-body, spin-orbit, and semicore-orbital effects. The experimental valu
from Refs. 37~a!, 5~b!, 38~c!, 39~d!, and 40~e!.

~100! ~110!
c-(434) (234)b-type (432)Ga-rich
Trimer b 2b z 2b

LDA 5.09 5.55 5.11 5.04 4.85 5.10
LDA-corr. 5.24 5.70 5.26 5.19 5.00 5.25
Expt. 5.29a 5.5b 5.40c, 5.56d, 5.15e
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conditions, the calculatedT50 formation energies may no
be appropriate to discriminate between structures that
rather close in energy, since kinetic effects may come i
play. This concerns, for example, the (234)b and (4
32)2b structures, which should be considered as energ
cally competitive structures under As-rich and Ga-rich co
ditions, respectively.

B. Ionization potentials

The calculated IP values for the~110! surface and severa
~100! reconstructions are given in Table I. We report t
LDA values, as well as the results corrected for many-bo
spin-orbit, and semicore-orbital effects. The correct
amounts to a shift of10.15 eV, and should not affect IP
trends with surface morphology. The calculated IP valu
show a significant variation~0.7 eV! with surface atomic
geometry. The largest IP value~5.70 eV! is obtained for the
As-terminated (234)b structure, the lowest value~5.0 eV!
is found for the Ga-rich (432)2b structure, and the othe
structures have IP values of about 5.2 eV.

Our LDA value for the IP of the~110! surface is in good
agreement with the LDA value of 5.07 eV calculated
Adamowicz and Zbroszczyk,13 and also in fair agreemen
with the values of 5.02 eV and 4.94 eV obtained in ear
calculations.14,15 Schmidt and Bechstedt16 reported LDA IP
values of 5.5 eV and 5.43 eV for the As-rich (234)b and
2b structures, respectively. The value they found for theb
structure agrees well with ours, but that of the 2b structure is
;0.3 eV larger than ours. This difference is likely due to t
very thin slab~eight atomic layers! used by these authors
indeed we find that no less than 12 layers are neede
obtain converged IP values.

The LDA-corrected values in Table I compare well wi
available experimental data, both for the~100! and ~110!
surfaces. A value of 5.29 eV has been reported fr
photoemission-yield spectroscopy for the IP of the~100!
c-(434) surface,37 in very good agreement with our valu
of 5.24 eV. For the As-rich~100! (234)b-type phase ob-
tained by MBE, the measured value is 5.5 eV,5 which is
intermediate between our calculated values for the
34)2b and b structures. The close value of 5.35 eV h
been reported for the IP of~100! (234)c-(238) MBE-
grown surface.37 For the~110! surface, the experimental va
ues range from 5.15 to 5.56 eV,38–40to be compared with ou
calculated value of 5.25 eV.
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Work function changes induced by sequential annea
of GaAs ~100! As-rich c-(434) surfaces have been me
sured in Refs. 8 and 9, by contact potential difference, a
function of annealing temperature. These changes in WF
expected to follow closely the IP changes, as the Fermi
ergy has been measured to remain confined within a nar
energy window ~width ;0.1 eV) near midgap at suc
surfaces.8 The starting c-(434) surfaces were eitherin
situ-fabricated9 or As-decapped8,9 MBE-grown surfaces. Al-
though some of the measured variations are smaller for
decapped than foras-grownMBE surfaces, the trends with
annealing temperature are similar. As the annealing temp
ture increases and the As desorbs from the surface,8 the WF
shows first a large increase~0.2 eV for decapped and 0.4 e
for in situ fabricated surfaces! that occurs when the surfac
reconstructs from the As-richestc-(434) to an As-rich (2
34)c-(238) type of geometry, at about 400 °C. This
followed, from 450 °C to 550 °C, by a drastic decrease
the WF’s@a 0.2-eV WF lowering with respect to the startin
c-(434) geometry# when the surface changes from the
34)c-(238) to a Ga-rich (432)c-(832) structure. Fi-
nally, the WF value increases again towards the initial va
when the temperature is raised up to 700 °C, the surf
remaining in the (432)c-(832) configuration. An overall
variation of 0.6 eV~0.4 eV! is thus observed when annealin
the MBE-grown~decapped! c-(434) surfaces.

The smaller initial increase in the WF measured for t
As-decapped samples, responsible for the smaller overall
variation observed with such samples, was attributed9 to the
less well-ordered initialc-(434) and resulting (234)c-(2
38) structures obtained by decapping than by MBE grow
The authors of Ref. 9 in fact also directly fabricatedin situ
As-rich (234)c-(238) surfaces that showed even sharp
low-energy electron-diffraction patterns than the ones
tained by annealing MBE-grownc-(434) surfaces. They
obtained in this way overall WF variations with surface r
construction as large as;0.8 eV.

The above WF changes and trends are generally con
tent with the calculated IP variations with Ga covera
shown in Fig. 4. The calculations also suggest that the ato
structure of the As-rich (234) surfaces fabricated by MBE
~Ref. 9! is likely theb structure, and not the 2b structure, in
spite of its lowerT50 formation energy. Similarly, theb
structure is likely the one which is responsible for the lar
WF increase observed in the (234)c-(238) reconstruction
0-4
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SURFACE MORPHOLOGY AND IONIZATION . . . PHYSICAL REVIEW B69, 035320 ~2004!
regime when annealingc-(434) surfaces.8,9 Finally, our re-
sults indicate that the Ga-rich (432)2b structure is likely
the one responsible for the large WF decrease observe
the (432)c-(832) reconstruction regime from 450 °C t
550 °C.8,9

IV. SURFACE-DIPOLE MODEL

The IP values obtained in theab initio calculations and
illustrated in Fig. 4 suggest the possibility of a simpler d
scription to predict the IP trends with surface atomic geo
etry. In particular, we notice that the IP’s of the~110! and
~100! c-(434) surfaces are practically identical, while th
of the As-rich (234)b @Ga-rich (432)2b] surface is much
larger @smaller# than these values. We propose a dipo

FIG. 4. Corrected LDA values of the IP for various GaAs~100!
reconstructions~left! and the~110! ~right! surface obtained in this
work. The IP’s of the~100! surfaces are reported as a function
increasing Ga coverage of the surface.
03532
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model to understand these features and qualitatively pre
the IP changes when the surface atomic geometry is m
fied.

The model describes the surface charge in terms of b
building blocks and electron transfers dictated by the el
tron counting rule~ECR!. It is a generalization of the ap
proach proposed by Chenet al., who examined the
GaAs~100! As-terminated (234)b, Ga-terminated (4
32)b, andc-(434) surfaces.8 We note that the latter case
involve only adatom-dimer reconstructions, and the corr
relative trend of the surface dipoles is obtained by sim
considering the charge transfers, derived from the ECR,
tween atoms in the final, equilibrium reconstructed surfa
geometries.8 However, this scheme does not apply to mo
complex reconstructions, with larger structural rearran
ments, and predicts, for example, the wrong sign for
dipole change from the (432)2b surface to thec-(434)
surface. By explicitly introducing an appropriate referen
system for the various surfaces, we are able to describe
IP trends of a wider class of surface atomic geometries,
cluding surfaces with different crystallographic orientatio
and, for a given orientation, reconstructions with very diffe
ent structural patterns.

The model is based on a reference atomic structure
each surface in which all atoms occupy positions which
as close as possible to those obtained inab initio calculations
and such that they have bond lengths and bond angles

FIG. 5. Schematic representation of the tetrahedral Ga and
bulk-building blocks used to construct the reference charge in
model.
nd
binds the
r to
the cell
FIG. 6. Schematic representation~top view! showing how the reference structure for the GaAs~100! (432)z reconstruction~right-hand
side panel! is obtained starting from a truncated bulklike structure~left-hand side panel!: first some Ga-As surface bonds are broken a
GaAs bulklike fragments on top of the surface are rigidly rotated by 180° about the axis passing through the Ga-As bond that
fragment to the surface~indicated with the dot-dashed lines!. This leads to the ‘‘rotated’’ structure shown in the central panel. In orde
obtain a ‘‘closed’’ structure, in addition to the dimer formation, atoms must also be slightly shifted laterally toward the center of
~arrows!. The symbols for the Ga and As atoms are as in Fig. 2.
0-5
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C. SGIAROVELLO, N. BINGGELI, AND A. BALDERESCHI PHYSICAL REVIEW B69, 035320 ~2004!
their first-nearest neighbors equal to those in bulk GaAs
The reference system is then obtained by a superpos

of bulk-building blocks of charge densities centered on
sites of the reference atomic structure. This step is analog
to the construction of reference metal surfaces in terms
bulk Wigner-Seitz cells in Smoluchowski’s model41 to ex-
plain metal WF anisotropies. For semiconductors we de
the reference surface as a linear superposition of frozen
rahedral As- and Ga-sp3-like building blocks, where the
electronic charge of the neutral atom is equally distributed
the bonds, as illustrated in Fig. 5. Such entities are neu
and have neither dipole nor quadrupole, so that all Ga
surfaces obtained as a superposition of such frozen buil

FIG. 7. Side views of the reference structure for the GaAs~100!
(432)z reconstruction illustrating the electron charge transf
considered in model 1~a! and model 2~b!, and the ionic relaxation
from the reference structure to the (432)z structure~arrows and
gray circles! ~c! also considered in model 2. The calculated dynam
cal longitudinal charges (ZL* ) of the surface atoms are also show
in panel~c!.
03532
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blocks have thesamesurface dipole and therefore the sam
IP, independent of the surface crystallographic orientat
and of the local arrangement of the building blocks at
surface.42

In practice, most of the GaAs surface structures can
viewed either as a bulk-truncated surface@e.g., the~110! sur-
face# or as a bulk-truncated surface from which some cat
and/or anion have been removed and/or added at sele
atomic crystal sites@this is the case, e.g., of the~100! c-(4
34), (234)b, and 2b surfaces#. Lateral displacements o
atoms at the surface~e.g., to form dimers! are assumed her
to have a negligible effect on the IP~in practice, this effect is
zero only to the first order in the lateral displacement of
ions!.43 Since additions/removals of rigid As~or Ga! bulk-
building blocks of charge do not affect the IP, all startin
structures have the same reference IP, provided the As
Ga bulk-building blocks are kept frozen at the surface.

In the case of the (432)z structure, the construction o
the reference surface from a bulk-truncated surface is m
complicated. Starting from the bulk-truncated structure w
missing atoms shown on the left-hand side of Fig. 6, thz
structure can be derived by breaking some Ga-As surf
bonds and rigidly rotating the resulting GaAs bulklike fra
ments on top of the surface by 180° about the axis pas
through the Ga-As bond that binds the fragment to the s
face. This is illustrated in Fig. 6. We note that this referen
structure~which has a surface dipole identical to those of t
other reference structures discussed above! is not as close to
the final reconstructed atomic geometry as in the other ca
since the central Ga dimer is still above the neighboring
atoms, while it should be below them@see Fig. 7~c!#. How-
ever, this model structure is a good reference, given the c
plexity of thez structure.

Electronic relaxation relative to the reference distributi
is then included by populating the surface bonds accordin
the electron counting rule, i.e., filling dimer, covalent, a
As-dangling bonds with two electrons, and removing t
electrons from the Ga-dangling bonds. The resulting elect
transfers among the As and Ga blocks produce surface
poles that depend on the surface atomic geometry. As a
approximation, we model these charge transfers by p
charges centered on the ions. The IP change is then obta
from the dipole generated by such point charges on
atomic planes@see Fig. 7~a! for the (432)z structure#,
screened by the GaAs dielectric constante`512.4.23 The
resulting IP changes obtained for the various surfaces
given in Table II~model 1!. The IP change with respect to th
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-

s
and

t to take
TABLE II. Model predictions for the IP changes~in eV! of the different~100! reconstructed surface
relative to the~110! surface. Model 1 describes the surface charge in terms of bulk-building blocks
point-charge transfers between such units dictated by the electron counting rule; model 2 is an attemp
into account atomic relaxation and further charge redistribution among the bonds within the blocks~see text!.

~100! ~110!
c-(434) (234)b (234)2b (432)z (432)2b

Model 1 0 0.49 0.17 20.10 20.17 0
Model 2 0 0.19 0.03 20.26 20.15 0
Ab initio 20.01 0.45 0.01 20.06 20.25 0
0-6
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reference value is zero for both the~100! c-(434) and the
~110! surface, consistent with the almost identicalab initio
values of the IP for these surfaces. A reduction of the
relative to the reference value, by20.17 eV and20.10 eV
is predicted for the~100! (432)2b andz structures, respec
tively. This is also consistent with the trends found for the
Ga-rich structures from first principles. Finally, for the A
rich ~100! (234)2b and b reconstructions, variations o
10.17 eV and10.49 eV are obtained from the model. Th
variation for the 2b structure is somewhat overestimated, b
that of theb configuration agrees very well with theab initio
result. The ordering of the resulting IP values is also con
tent with that of theab initio calculations for all the struc
tures.

The model could be improved by considering electro
charge transfers between bonds rather than between ions
by including the effect of atomic relaxation. To model th
electronic transfers between bonds, we consider electron
cated at midbond. The charge transfers for the (432)z struc-
ture are illustrated in Fig. 7~b!. The effect of atomic relax-
ation is included within linear-response theory~LRT!, by
considering the dipole produced by displacing ions with
fective longitudinal chargesZL* @see Fig. 7~c!# as obtained in
ab initio calculations for the surface atoms.43 The dipole in-
duced by the electronic transfers between bonds is exa
zero in the case of the~100! c-(434) and ~110! surfaces.
The~100! c-(434) surface does not show significant atom
relaxation perpendicular to the surface, and the IP change
the ~110! surface due to atomic relaxation is also negligib
~20 meV!. Model improvements, therefore, concern only t
~100! (432) and (234) surfaces. For the latter surfaces, t
two contributions are large in magnitude and opposite
sign. It is therefore important to include them simultaneou
to obtain meaningful results. The two contributions are
deed related, since when the electronic charge is transfe
between bonds rather than between ions, the center of g
ity of the electronic and ionic charges of the atoms do
coincide any more, and the electrostatic forces produce io
relaxations towards the center of gravity of the elect
charge, producing a counter dipole that tends to cancel
electronic one.

The model predictions obtained including the above t
cs
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effects are also reported in Table II~model 2!. Although the
order of magnitude of the predicted IP changes and the
ordering are not modified by these contributions~except for
thez structure!, the results are somewhat worse than those
model 1. We believe this is due in large part to cancellat
errors between the ionic and electronic contributions, wh
in the model are approximated using two different schem

The dipole-model approach based on the ECR~especially
in its simpler form, i.e., model 1! provides a satisfactory
general description of the IP trends with surface atomic
ometry and highlights the dominant mechanisms behind
observed IP changes.

V. CONCLUSIONS

We have performedab initio calculations for GaAs~110!
and~100! surfaces to investigate the behavior of the IP w
surface geometry. For the polar~100! surface, we have ex
amined various structures to understand the role of sur
reconstruction and stoichiometry. We considered the As-r
c-(434), (234)b, and (234)2b reconstructions, as wel
as the Ga-rich (432)2b and (432)z structures. These
structures are the lowest-energy structures which have b
proposed so far for those reconstructions.

Our ab initio results are consistent with available expe
mental data on the IP and its behavior with surface morph
ogy. Comparing our results to experiments, we propose
the maximum observed IP value corresponds to an
terminated (234)b structure and the minimum to the Ga
rich (432)2b configuration. We have also presented
model, based on bulksp3-like building blocks and on the
ECR, which allows us to understand and predict the trend
the IP changes with surface atomic geometry. This mo
generalizes previous results8 by allowing comparison be-
tween a wider class of surface atomic geometries, includ
surfaces with different crystallographic orientations and
constructions with different structural units.

ACKNOWLEDGMENTS

One of us~C.S.! acknowledges support from the Swis
National Science Foundation under Grant No. 20-67083
Computations were performed at the CSCS in Manno.
ol.

.H.
1Hölz and F.K. Schulte, inSolid Surface Physics, edited by G.
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