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From an ab initio study, employing the plane-wave pseudopotential method and the density-functional
scheme, we report on changes in atomic geometry, electronic states, and atomic orbitals for the clean and
Bi-induced �2�4� reconstruction on the InP�001� surface. For the clean surface we have considered the
well-accepted structural model characterized by an asymmetric In-P mixed dimer and a layer of threefold and
fourfold In atoms. For the Bi adsorbed surface we have considered two different coverages: 0.5 and 0.25
monolayer �ML�. For 0.5 ML coverage of Bi we considered two geometrical structures based on the �2 and �2
models. Our calculations suggest that the �2�2�4� model is more stable in the P-poor/Bi-rich condition. For
0.25 ML coverage of Bi, the ground-state structure forms the �2 structure which is comprised of mixed Bi-P
dimers in the top and third layers. These results are in agreement with the most recent core-level photoemission
and scanning tunneling microscopy investigations. For both coverages the Bi / InP�001�-�2�2�4� system is
semiconducting, characterized with smaller band gap than the clean surface.
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I. INTRODUCTION

III-V�001� semiconductor surfaces have been the subject
of intense interest for both experimental and theoretical in-
vestigations due to their high-potential use in the develop-
ment of new optoelectronic nanodevices.1–5 The atomic ge-
ometry on these surfaces is very different from that within
the corresponding bulk, leading generally to a “recon-
structed” surface unit mesh.6 The electronic and structural
properties of such surface reconstructions are species-
termination dependent and are controlled by the following
driving principles:6–8 �i� the exposed surface atoms form
dimers to reduce the number of unsaturated dangling bonds,
�ii� the cation dangling bonds are empty and the anion gan-
gling bonds are doubly filled �the so-called electron-counting
rule�, and �iii� the resulting combination of dimers and miss-
ing dimers is arranged in such a way that the surface elec-
trostatic energy is minimized.

Subject to the above-mentioned guiding principles, for a
given species termination, the surface reconstruction is also
found to depend on the atomic size of the anion, viz., it is
different for III-As�001�, III-P�001�, and III-Sb�001�. The
clean InP�001� surface is believed to exhibit the �2�1� / �2
�2� reconstruction for the P-rich case9 and the �2�4� re-
construction for the In-rich case.10–12 The atomic structure of
the In-rich �2�4� reconstruction varies with the heat treat-
ment of the surface. Annealing at 400–500 °C yields the
so-called ��2�4� and ��2�4� surfaces, with In coverages
of 0.75 and 0.875 monolayer �ML�, respectively.13 In this
work we restrict our attention to the surface with 0.875 ML
coverage of In. From scanning tunneling microscopy �STM�
and surface core-level spectroscopic investigations,13 the
��2�4� structure is proposed to consist of one P-In mixed
dimer on the top atomic layer and four In dimers in the
second atomic layer. First-principles theoretical angle-
resolved photoemission spectroscopic and low-temperature
reflection anisotropy spectroscopic studies14 have provided
support for the ��2�4� structure.

Group V adsorbate-stabilized III-V�001� surfaces play an
essential role for growing heteroepitaxial device

structures.15,16 This has led to a large number of investiga-
tions of atomic geometry and electronic structure of
�As,Sb,Bi�/III-As�001� surfaces. From experimental point of
view, the Sb/GaAs�001� surface has been extensively stud-
ied. Using reflection high-energy electron diffraction
�RHEED� and core-level photoelectron spectroscopy, Maeda
et al.16 investigated the structural properties of the Sb/
GaAs�001� surface and found that when a 2�4 RHEED
pattern is observed, the surface As atoms are replaced by Sb
atoms. Sugiyama et al.17 employed the x-ray standing-wave
analysis to evaluate the bond length of the resulting Sb
dimer. Later, Moriarty et al.18 reported on details of the
structural and electronic properties of the Sb/GaAs�001� us-
ing STM. In their work they proposed a structural model
consisting of one Sb dimer on the top surface layer and one
As dimer in the third layer. Recently, considering STM and
core-level photoelectron spectroscopy, Ahola-Tuomi et al.19

deduced the �2�2�4� reconstruction for Bi/GaAs�001� for a
coverage of 0.25 ML. With an increase in Bi coverage, the
Bi /GaAs�001��2�4� reconstruction was found to undergo a
geometrical transition to the unusual �2�1� phase. Lauk-
kanen et al.20 deduced �2�6�, �2�8�, and �2�4� recon-
structions with decreasing coverage for the Bi/InAs�001� sur-
face with the help of low-energy electron diffraction
�LEED�, STM, and core-level photoelectron spectroscopy.
Experimental studies have been complemented by several
theoretical groups who have presented studies of the elec-
tronic and geometric properties of �Sb,Bi� /GaAs�001�-�2
�4� surfaces. Schmidt and Bechstedt21 presented first-
principles total-energy calculations for As- and Sb-
terminated GaAs�100��2�4� surfaces. For 0.5 ML coverage,
they simulated the �2�2�4� structure. Srivastava and
Jenkins22 presented a theoretical study for
Sb /GaAs�001�-�2�4� with a coverage of 0.25 ML within
the �2 structure. Very recently, Usanmaz et al.23 studied the
atomic and electronic structures of 0.25 ML Bi coverage on
the GaAs�001�-�2�2�4� surface. By considering three plau-
sible dimer structures, Usanmaz et al.23 concluded that the
most stable structure consists of the top-layer As dimer re-
placed by Bi dimer.

PHYSICAL REVIEW B 79, 125309 �2009�

1098-0121/2009/79�12�/125309�11� ©2009 The American Physical Society125309-1

http://dx.doi.org/10.1103/PhysRevB.79.125309


Group-V/III-P�001� surfaces have received relatively less
attention. Earlier, Li et al.24 investigated the electronic and
geometric properties of As/InP�001� surface using STM,
LEED, and x-ray photoelectron spectroscopy �XPS�. Their
work suggests the formation of �4�2�, �2�2�4�, and
�2�2�4� reconstructions for As coverages of �0.25, 0.5,
and 0.75 ML, respectively. Recently, it has been demon-
strated that an ordered overlayer structure can be formed by
depositing Bi on the InP�001� surface.25 Deposition of about
1.5 ML of Bi at room temperature on the clean
InP�001�-�2�4� surface and heating the system to around
440 °C produces the Bi / InP�001��2�4� reconstruction with
a clear LEED pattern.25 This annealing temperature is close
to the Bi desorption temperature of �500 °C, resulting in
the Bi/InP�001� surface formation with a submonolayer cov-
erage of Bi. However, the precise coverage of Bi and de-
tailed atomic geometry within the �2�4� unit cell have not
been established. Analyses of the STM images and core-level
spectra remain inclusive3,25 in that it is not clear whether the
surface is composed of pure Bi-Bi dimers, of mixed Bi-P
dimers, or of both. However, the core-level analysis by
Laukkanen et al.25 suggests that whether or not there are
Bi-Bi dimers, Bi-P dimers must be present. Thus it is reason-
able to conclude that although tentative structural models
have been put forward for the V/InP�001� surfaces studied so
far,3,24,25 there is in general lack of accurate determination of
their atomic geometry and electronic properties.

In this work we have attempted to examine the relative
stabilities of plausible geometries of Bi / InP�001��2�4� us-
ing the �2 and �2 forms of the surface unit cell based on
pure Bi-Bi and mixed Bi-P dimers. In particular, we report
on a theoretical study of the atomic geometry, electronic gap
states, and atomic orbitals on clean and Bi-covered
InP�001��2�4� reconstruction with Bi coverages of 0.25 and
0.5 ML. These investigations were performed by employing
the plane-wave pseudopotential scheme and local-density ap-
proximation within the density-functional theory �LDA-
DFT� to the structural models proposed in the literature.

II. COMPUTATIONAL METHOD

Our studied surfaces were modeled by adopting the re-
peated slab method,6 with a supercell containing five �four�
indium �phosphorus� layers and a vacuum region equivalent
to four times the bulk lattice constant. The dangling bonds at
the bottom In layer were saturated with fractionally charged
�Z=1.25� pseudohydrogen atoms. The clean InP�001��2
�4� surface was modeled by considering one mixed In-P
dimer in the top atomic layer of the slab.10 The
Bi / InP�001��2�4� surface was modeled for two Bi cover-
ages: 0.25 and 0.5 ML. For the 0.25 ML coverage of Bi we
considered two plausible models �composed of pure Bi-Bi
and mixed P-Bi dimers in the first and third surface layers�
based on the �2�2�4� structure. For the 0.5 ML coverage of
Bi we also considered two different structural models. For
one of these models there is a Bi-Bi dimer in each of the top
and third layers, forming the �2�2�4� structure. In the other
model we considered a �2-like structure composed of two
Bi-Bi dimers in the top layer and one P-P dimer in the third
layer.

Our calculations were performed in the framework of the
density-functional theory26 within the local-density approxi-
mation using our own code. For the many-body electron-
electron interaction we employ the exchange and correlation
potentials by Ceperley and Alder27 as parametrized by Per-
dew and Zunger.28 Electron-ion interactions were treated by
using norm-conserving,29 ab initio, fully separable
pseudopotentials.30 The single-particle Kohn-Sham31 wave
functions were expanded in a plane-wave basis set with a
kinetic-energy cutoff of 12 Ry. Self-consistent solutions of
the Kohn-Sham equations were obtained by employing four
special k points32 in the irreducible part of the surface Bril-
louin zone. Tests runs, as well as previous work from our
group, suggest that the above choices of the energy cutoff
and the special k points are totally adequate for the present
study. During the calculations we use the calculated InP equi-
librium lattice constant of 5.85 Å. The Hellmann-Feynmann
forces on ions were calculated and minimized to obtain the
relaxed atomic geometry. The equilibrium atomic positions
were determined by relaxing all atoms in the unit cell except
the bottom In layer which was frozen into its bulk position.
The average Hellmann-Feynmann force on ions and the
equilibrium atomic geometry were well converged within
10 meV /Å and �0.02 Å, respectively.

III. RESULTS AND DISCUSSION

Before we study possible structures for Bi adsorption on
InP�001�, we will determine the structural and electronic
properties of the clean surface. Under In-rich conditions, the
clean InP�001� surface stabilizes with the �2�4� reconstruc-
tion. Total-energy calculations33 suggested that the
InP�001�-��2�4� structure is the most plausible configura-
tion for In-rich condition �0.875 ML�.

A. Clean surface: � structure

1. Atomic structure

Each surface unit cell for the InP�001�-��2�4� structure
contains one P-In mixed dimer in the top atomic layer and
four exposed In dimers in the second layer. The In dimer
atoms close to the P-In mixed dimer are fourfold coordinated
and other In dimer atoms are threefold coordinated. The op-
timized geometric structure is shown in Fig. 1�a�. The P-In
mixed-dimer bond length, 2.57 Å, is close to the ideal bulk
bond length of 2.54 Å and somewhat larger than the previ-
ously calculated value of 2.44 Å by Schmidt and
Bechstedt.33 The difference in the bond length from the two
calculations is actually due to the different lattice constants
used in the two works. The mixed dimer is asymmetric, with
a buckling of 0.44 Å �which is in excellent agreement with
0.46 Å obtained in the previous work33�, with a tilt angle of
11.70°. The surface-subsurface In-P bond length is very
close to the surface mixed-dimer length. However, consistent
with the In atomic radius, the surface-subsurface In-In bond
length of 2.77 Å is much larger than the bulk In-P bond
length. This suggests a weaker surface-subsurface bonding.
The vertical distance between the In atom in the mixed dimer
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FIG. 1. �Color online� Schematic side and top views with numerical details of the optimized �a� clean InP�001���2�4� surface, �b� �2
with 0.5 ML Bi coverage, �c� �2 with 0.5 ML Bi coverage, and �d� �2 with 0.25 ML Bi coverage. The upper and lower parts of each panel
show a side view and the top view, respectively. Dotted lines represent the planes of the partial charge-density contour plots.

COMPARATIVE STUDY OF CLEAN AND Bi-INDUCED… PHYSICAL REVIEW B 79, 125309 �2009�

125309-3



and the fourfold coordinated In atom in the second layer is
1.18 Å.

The four In dimers in the second layer are symmetrically
situated with respect to the top-layer P-In mixed dimer. On
each side there are two different values of the In dimer
length: 2.85 and 3.10 Å on the In and P sides of the mixed
dimer, respectively. The value of 2.85 Å is in good agree-
ment with the sum of the covalent radii of In-In �rIn-In
=2.88 Å�. The resulting larger bond length 3.10 Å for the
second type of In dimer suggests that it is much weaker.
Consistent with the threefold and fourfold coordinations of
the second-layer In atoms, a buckling of 0.30 Å has been
obtained in each of the In dimers. The bond lengths between
the In atoms �in the second layer� and P atoms �in the third
layer� are slightly different from the bulk In-P bond length.
On the one hand, the bond length between the threefold co-
ordinated In atom and P atom is increased by 0.11–2.65 Å.
On the other hand, the bond length between the fourfold
coordinated In atom and the P atom is 2.55 Å which is
nearly equivalent to the bulk bond length. The bond length
between the P atoms �in the third layer� and In atoms �in the
fourth layer� is similar to the bulk bond length, 2.54 Å.
These numerical results agree well with the values obtained
in the previous study.33

2. Electronic structure

The surface band structure for the clean InP�001�-��2
�4� reconstruction is given in Fig. 2�a�. The shaded areas
represent the projected bulk band structure of the
InP�001��2�4� reconstruction. The surface system is semi-
conducting, with the LDA band gap of 1.13 eV, slightly
smaller than that of bulk InP. We have identified one occu-
pied and several unoccupied surface states within the bulk
InP band gap. In general, the energy locations and disper-
sions of these surface states are very similar to the results
presented by Schmidt and Bechstedt,33 with only minor dif-
ferences.

The occupied surface state v1 is fully localized near the
symmetry point J� where it lies 0.13 eV below the bulk
valence-band maximum. We have identified another occu-
pied surface state, v0, which resonates with the bulk spec-
trum. Both v0 and v1 originate from a linear combination of
the occupied dangling orbitals at the component atoms of the
P-In mixed dimer, as seen from Figs. 2�b� and 2�c�. Our
identification of the v0 state agrees with a similar state �v2�
in the work by Schmidt and Bechstedt.33 However, there are
some disagreements between our work and that by Schmidt
and Bechstedt33 with regards to the identification of the high-
est occupied surface state �v1 in both our work and their
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FIG. 2. �Color online� �a�
Electronic band structure, near the
fundamental gap, of the clean
InP�001�-��2�4� surface. The
filled areas correspond to the InP
projected bulk bands. Partial elec-
tronic charge density �in units of
10−3e /a.u.3� at the J� point for �b�
and �c� the highest filled states
with maximum values of the den-
sity of 1.56 and 4.35, respectively,
and �d� and �e� the lowest empty
states with equal maximum values
of the density of 2.78.
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work�. In the work by Schmidt and Bechstedt33 it is found to
be derived from the fourfold component of the In dimer
atom. We believe that it is unlikely that a surface-localized
state can originate from a fully coordinated atom. The lowest
four unoccupied surface states are derived from a linear com-
bination of the dangling-bond orbitals of the threefold coor-
dinated In atoms at the four In dimers. This is in complete
agreement with the analysis presented by Schmidt and
Bechstedt.33

B. Bi/InP(001) surface: 0.50 ML Bi coverage

STM images for 0.5 ML coverage of Bi on InP�001� have
been interpreted within an �2�2�4�-like surface reconstruc-
tion model.3 From an analysis of core-level spectra, Lauk-
kanen et al.25 proposed the atomic structure within the
�2�2�4� model of a surface unit cell. In this model the Bi
atoms replace the P-In mixed-dimer atoms of the clean sur-
face and form a symmetric Bi dimer on the top layer. Two of
the four In dimers in the second atomic layer are depleted
and a Bi dimer is created in the third layer. The two Bi
dimers are aligned parallel to each other and are perpendicu-
lar to the remaining two In dimers. As a plausible variant of
the �2�2�4� model, we follow the previous work done by
MacPherson et al.11 and consider the �2�2�4� structure
consisting of two parallel Bi dimers in the top layer and a
P-P dimer in the third layer. In this section we have studied
the atomic geometry and electronic structure of these two
models. Their relative stability will be discussed in a later
section.

1. �2 structure: Bi-Bi dimer structure
a. Atomic structure. Figure 1�b� shows the top view and a

side view of the �2 structure of the Bi / InP�001��2�4� sur-
face. The Bi dimers in the top and third layers present a
symmetric configuration �no vertical buckling�. The Bi dimer
lengths are 3.26 and 3.28 Å in the top and third atomic
layers, respectively, which are close to the Bi dimer length of
3.06 Å on the Si�001� surface.34 This is consistent with a
previous hypothesis of the substrate independence of a dimer
bond length.35,36 The vertical distances between the Bi atoms
in the top �third� layer and the In atoms in the second
�fourth� layer is 1.94 Å �1.98 Å�. The surface-subsurface
In-Bi bond length shows a bimodal distribution. The bond
length between Bi and fourfold In, d�Bi-In�fourfold��
=2.97 Å, is larger than the bond length between Bi and
threefold In, d�Bi-In�threefold��=2.89 Å. The In-In dimer
length �in the second layer� is 2.94 Å, which is only slightly
smaller than the average In-In dimer length on the clean
surface. The average horizontal distance between the In
dimers is 4.12 Å, which is essentially the same as the value
obtained for the clean surface. The In-P bond lengths below
the top Bi dimer are slightly different from the bulk In-P
bond length. The bond length between the fourfold In atoms
and the P atoms of 2.55 Å is similar to that obtained for the
clean surface. Similarly, the bond length between the three-
fold coordinated In atoms and the P atoms is 2.58 Å, which
is quite similar to the value obtained for clean surface. The

In-P bond length below the third layer Bi dimer of 2.53 Å is
again close to the bulk bond length.

b. Electronic structure. Figure 3�a� shows the electronic
band structure in the vicinity of the fundamental band gap of
the Bi / InP�001�-�2�2�4� surface, where the filled areas
represent the bulk InP projected band structure. Our results
indicate that the system is semiconducting with the LDA
band gap of 0.80 eV, which is smaller than the band gap of
the clean surface. We have identified four filled surface
bands �labeled v1, v2, v3, and v4� within the fundamental
gap region. These surface states are located near the Bril-
louin edge J� and for most part lie above the valence-band
maximum �VBM�. The dispersion of these states along the
�J� direction is generally smaller than that along the J�
direction. Charge-density plots of these surface states are
shown in Figs. 3�b�–3�g�. The v1 band originates from the px

orbitals of the Bi dimer atoms �in both the top and third
atomic layers�. Figure 3�b� clarifies this for the Bi dimer
atoms in the top layer. The second and third highest occupied
states, v2 and v3, originate from a linear combination of the
pz dangling-bond orbitals of the Bi dimer atoms. We can
interpret the orbital natures of the v2 and v3 states as 	u

�bonding� and 	g �antibonding�, respectively. These orbital
natures are quite similar to those investigated by Gay et al.37

for Bi on Si�001�. The fourth occupied surface state, v4, is
symmetrically localized around the Bi dimer atoms, showing
a �-like bond.

We have identified several empty surface states within the
gap region. The surface bands labeled c1 and c2 are essen-
tially the same as shown in Fig. 2�a� for the clean
InP�001��2�4� surface and originate from a linear combina-
tion of the dangling-bond orbitals of the threefold coordi-
nated In atoms at the remaining two In dimers. To clarify
this, we have shown the charge-density plot for the c1 state
in Fig. 3�f�. The surface state labeled c3 is more dispersive
along the �J� direction and is made of the pypy�

� orbital
from the Bi dimer atoms as shown in Fig. 3�g�.

Moreover, we have simulated a STM image of the
Bi / InP�001�-�2�2�4� surface. Our theoretical STM images
are performed using the Tersoff-Hamann method38 in the
constant-height mode. The tunneling current is derived from
the local density of states close to the Fermi energy EF. Us-
ing this model, we simulate the filled-state image from the
electronic energy calculations by integrating over the energy
range EF to EF+eVB, where VB is the bias voltage. Figure 4
shows the simulated STM image for the occupied states with
a bias of −2.0 eV. We can clearly observe two rows of bright
protrusion �shown in red and light green in the online ver-
sion� along the Bi dimer lines. There is a bright, but broad,
protrusion on and around the top-layer Bi dimers. The bright-
est part of this comes from the top-layer Bi dimer atoms. A
detailed image of the top surface layer is presented in the
bottom panel, clearly showing Bi dimer formation. The
brightness around the Bi dimers originates from the fourfold
In atoms to which the Bi dimer atoms are bonded. The asym-
metry of features around this bright region is consistent with
the arrangement of atoms around the top-layer Bi dimer at-
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oms. The narrower and less brighter protrusion �light green
in the online version� results from the third-layer Bi dimer
atoms. Consistent with the geometry of the unit cell, this row
of protrusion is asymmetrically located between two brighter
rows of protrusion. These features in our theoretically simu-
lated STM images are totally consistent with the experimen-
tal STM images obtained by Laukkanen et al.3 �denoted as
Fig. 4�b� in their work�. The experimental images also show
two rows of protrusion with different brightness. Broad
white paired maxima were related to the first-layer Bi dimer
atoms. Narrower rows of gray maxima, located asymmetri-
cally between the rows of the white features, were assigned
to the third-layer Bi dimers.

2. �2 structure
a. Atomic structure. Following the previous studies car-

ried out by Broekman et al.39 for the As-rich
GaAs�001� :�2-�2�4� model and MacPherson et al.11 for a
P-terminated two dimer-two missing dimer InP�001��2�4�
model, we have considered a �2-like structural model com-
posed of two parallel Bi-Bi dimers in the top surface layer
and one P-P dimer in the third layer of the InP�001��2�4�

surface unit cell. Figure 1�c� exhibits the geometrical model
and details of the equilibrium atomic geometry for this struc-
ture. In this model, the separation between the Bi dimers is
calculated to be 4.23 Å. The Bi-Bi dimer bond length is
3.30 Å which is much larger than twice the Bi covalent ra-
dius and very comparable with that of the �2 structure. This
increase in length leads to weakness of the bond. In the sec-
ond layer, there are six In atoms: four of them are aside the
Bi dimers �two on each side� whereas two are in the middle
of the dimers. The bond length between the Bi atoms and the
In atoms �aside the dimers� is 2.86 Å, which is very close to
the value obtained for the �2 structure. This bond length
increases to 3.0 Å for the In atoms in the middle of the
Bi-Bi dimers. The vertical height between the Bi-Bi dimers
and the subsurface In atomic layer of 2.10 Å is slightly
larger than calculated distance for the �2 structure. The In-P
bond length is 2.53 Å, which is quite similar to the ideal
bulk bond length. The P-P dimer length in the third layer is
2.30 Å, which is approximately 8% larger than twice the
covalent radius of the P atom.

b. Electronic structure. In Fig. 5�a� the bound surface-
state energy bands of the �2-like model along the high-
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FIG. 3. �Color online� �a�
Electronic band structure, near the
fundamental gap, of the
InP�001�-�2�2�4� surface with
Bi coverage of 0.5 ML. The filled
areas correspond to the InP pro-
jected bulk bands. Partial elec-
tronic charge density in units of
�10−3e /a.u.3� at the J� point for
�b�–�e� the highest filled states
with maximum values of the den-
sity of 4.2, 6.58, 6.40, and 1.78,
respectively, and �f� and �g� the
lowest empty states with maxi-
mum values of the density of 1.67
and 5.63, respectively.
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symmetry directions on the surface Brillouin zone �J-�-J��
are shown together with the projected InP bulk band struc-
ture. Eight surface states have been identified to lie within
the bulk band-gap region. The second lower occupied sur-
face state, v2, has its maximum at the J� point, 0.05 eV
below the bulk valence-band edge. The orbital nature of this
surface state arises from pp�� due to the Bi atoms in the top
layer as shown in Fig. 5�c�. The unoccupied surface bands
are entirely empty. However, the lowest band �labeled c1� is
partially filled, thus causing metallicity of the surface. The
partially filled state, c1, and the highest occupied state, v1,
are degenerate at the J� and have been identified to originate
from the dangling bonds of the Bi dimer atoms in the top
layer with a weak pp� orbital nature. The second highest
unoccupied state, c2, is related to the Bi dangling bond.

C. Bi/InP(001) surface: 0.25 ML coverage

Similar to Bi�0.5 ML�/InP�001�, STM images for 0.25
ML coverage of Bi on GaAsxN1−x�001� surfaces also indicate
an �2-�2�4�-like surface reconstruction.3 From an analysis
of core-level spectra, Laukkanen et al.25 proposed three pos-
sible atomic geometrical models within each �2�4� surface
unit cell for Bi�0.25 ML/InP�001�. These are based on �i� one
Bi-Bi dimer on the top layer and one P-P dimer in the third

layer, �ii� one Bi-Bi dimer in the third layer and one P-P
dimer in the top layer, and �iii� Bi-P mixed dimers in the top
and third layers. Although the tentative conclusion of the
work carried out by Laukkanen et al.25 is that the Bi-P mixed
dimers is the most plausible, this remains to be confirmed.
Recently, from ab initio calculations for
Bi�0.25 ML� /GaAs�001��2-�2�4�, Usanmaz et al.23 con-
cluded that configuration �ii� is much less likely to occur
than configuration �i�. With the above results and analyses in
mind, in the present study we have modeled two structures
for Bi�0.25 ML� / InP�001��2-�2�4�. In the first model, we
have considered one Bi-Bi dimer at the top layer and one P-P
dimer in the third layer. For the second model, we have
replaced the Bi-Bi dimer in the top layer and P-P dimer in
the third layer by Bi-P mixed dimers. Our total-energy cal-
culations indicate that the Bi-P dimer structure �second
model� is energetically more plausible than the first structure
by approximately 0.23 eV / �1�1� unit cell. For this reason,
we have only detailed the results for the second model.

�2 structure: Bi-P mixed-dimer structure

a. Atomic structure. The optimized geometry for the most
stable model �Bi-P dimer structure� of the Bi-adsorbed
InP�001� surface is schematically shown in Fig. 1�d�. Our
calculated Bi-P dimer bond lengths are 2.80 and 2.77 Å for
the first and third layers, respectively. The mixed Bi-P dimer,
in both the top layer and the third layer, is asymmetric, with
Bi �P� in up �down� position and a tilt of 0.32 Å. The rela-
tive heights of the P and Bi atoms, as well as the magnitude
of the tilt, in the mixed Bi-P dimer are governed by a com-
bination of the electronegativity difference between P and Bi
and available strain relieving mechanisms. The electronega-
tive difference between P and Bi should favor the P atom to
be the upper component of the dimer. However, it appears
that the size difference between the Bi and P atoms as well as
the conservation of the atomic bond lengths formed between
the dimer atoms and the atoms in the second layer have
provided a huge strain relieving mechanism in an overall
favor of the Bi �up�-P �down� dimer configuration. A similar
situation was found by Usanmaz et al.23 in their study of the
Bi /GaAs�001�-�2�2�4� system.

Similar to what is found for the Bi-Bi dimer structure, we
find that for the Bi-P dimer structure the surface-subsurface
In-Bi bond length also shows a bimodal distribution. The
bond length between Bi and fourfold In, d�Bi-In�fourfold��
=3.01 Å, is larger than the bond length between Bi and
threefold In, d�Bi-In�threefold��=2.91 Å. We also find a
similar bimodal bond-length distribution involving the P
atom of the mixed dimer: the bond length between P and
fourfold In, d�P-In�fourfold��=2.63 Å, is larger than the
bond length between P and threefold In, d�P-In�threefold��
=2.50 Å.

The presence of the mixed Bi-P dimer on the top layer has
resulted in the In-In dimers in the second atomic layer to
become asymmetric and shorter, with a buckling of 0.30 Å
and a bond length of 2.89 Å. The average horizontal sepa-
ration between the In dimers is reduced, compared to the
Bi-Bi dimer structure, to 4.07 Å. However, our calculated
vertical separation between the Bi dimer component and the

FIG. 4. �Color online� Simulated STM image for the filled states
of the Bi / InP�001��2-�2�4� surface with a bias of 2.0 eV below
the Fermi energy. The associated bar �right� represents the mini-
mum and maximum density in terms of e /a.u.3. The bottom panel
shows a detailed image of the top Bi dimer layer. The top view of
the surface unit cell is shown in the top panel.
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In atomic layer is 1.97 Å, which is quite similar to the value
obtained for the Bi-Bi dimer structure. The vertical separa-
tion between the mixed dimers in the top and third layers is
3.02 Å �from Bi to Bi�. This value is quite comparable with
that obtained for the Bi-Bi dimer structure. The bond length
between In atoms �either fourfold or threefold in the second
atomic layer� and P atoms �in the third atomic layer� is
2.57 Å, which is nearly identical to the value obtained for
the Bi-Bi dimer structure.

b. Electronic structure. Figure 6�a� shows the electronic
band structure of the Bi-P dimer structure. Compared to the
Bi-Bi dimer structure, there are significant changes in the
number of gap states and their dispersion. The orbital char-
acteristics of some of these surface states are shown in Figs.
6�b�–6�e�. The calculated surface LDA band gap is approxi-
mately 1.0 eV, which is higher than the calculated surface
band gap for the Bi-Bi dimer structure for 0.5 ML coverage.
We have identified two closely lying filled electronic surface
states �labeled v1 and v2� within the gap region between the
bulk valence and conduction bands. These surface states are

primarily localized for k points close to the J� point. The
highest occupied state, v1, originates from the third-layer
mixed dimer with a 	g-like bonding configuration �Fig.
6�b��. The second highest occupied state, v2, originates from
the upper component of the top-layer mixed dimer �Fig.
6�c��. The lowest two unoccupied states �labeled c1 and c2�
are nearly degenerate at the J� point. The partial charge-
density plots at J� show that these states are contributed from
orbitals �py and pz� of the mixed-dimer atoms and py orbitals
of the threefold In atoms.

D. Comparative discussion of the three reconstructions for
0.25 and 0.5 ML Bi coverages

Using our theoretical method we can examine the relative
stabilities of the �2 and �2 reconstructions for the 0.25 and
0.5 ML Bi coverages. We express the surface formation en-
ergy 
Es as

J’Γ

J
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FIG. 5. �Color online� �a� Sur-
face electronic band structure,
near the fundamental gap, of the
InP�001�-�2�2�4� surface. The
filled areas correspond to the InP
projected bulk bands. Partial elec-
tronic charge density
�10−3e /a.u.3� at the J� point for
�b� and �c� the highest filled states
with maximum values of the den-
sity of 3.26 and 2.68, respectively,
and �d� and �e� the lowest empty
states with maximum values of
the density of 3.26 and 0.87,
respectively.
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Es = En − Eref − 
NP
�P − 
NP�P
bulk − 
NBi
�Bi

− 
NBi�Bi
bulk, �1�

where En is the total energy of the reconstruction, Eref is
taken as the total energy of the clean InP�001�-��2�4� sur-
face, and 
NP and 
NBi are the difference of P and Bi atoms,
respectively. The symbols �P and �Bi indicate the atomic
chemical potentials for P and Bi species. We determined
�P

bulk and �Bi
bulk from bulk calculations for P and Bi in the

monoclinic and rhombohedral structures, respectively.
Using the results for 
Es we have plotted in Fig. 7 a phase

diagram including all the three Bi-induced reconstructions
and the clean surface as a function of P- and Bi-chemical
potentials. In the extreme Bi-poor/P-poor limit, the clean sur-
face is clearly indicated as the most stable phase. Under the
P-rich/Bi-poor condition, �2:0.25 ML is the most stable
phase among the three different structures. Under the P-poor/
Bi-rich condition, the �2:0.5 ML structure is more stable
than the �2:0.5 ML structure. This conclusion is supported
by the structure proposed by Laukkanen25 using the core-

level photoemission spectroscopy. This situation is different
from the 0.5 ML coverages of As and Sb on GaAs�001�, for
which Schmidt and Bechstedt21 modeled the �2 structure.
However, the �2:0.5 ML becomes more stable under the
P-rich/Bi-rich condition.

IV. SUMMARY AND CONCLUSION

We have performed a detailed study of the atomic geom-
etries, electronic states, and atomic orbitals of the clean and
three different Bi-covered InP�001��2�4� surfaces using
first-principles total-energy calculations. Our results for the
clean surface, characterized by the topmost asymmetric
mixed dimer as well as threefold and fourfold coordinated In
atoms forming four In dimers, are in good agreement with
previously published works. The clean surface is semicon-
ducting, with the LDA Kohn-Sham band gap of 1.13 eV
slightly smaller than the band gap of bulk InP. Within the InP
band gap, the highest occupied surface state originates from
the mixed In-P dimer, and the lowest unoccupied state origi-
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nates from the threefold coordinated In atoms in the second
layer.

For 0.5 ML coverage of Bi we considered two geometri-
cal models based on the �2 and �2 structures. In contrast to
the previously accepted �2 model for As and Sb overlayers
on GaAs�001�,21 our work suggests that it is the �2 model
that provides the stable structure for Bi/InP�001�. Under the
P-poor/Bi-rich condition, the �2 structure becomes more
stable than the �2 structure. While the �2 structure is metal-
lic, the Bi / InP�001�-�2�2�4� system is semiconducting,

with the LDA Kohn-Sham band gap of 0.8 eV. The highest
occupied surface state originates from the lone pz orbitals at
the Bi dimer atoms. There are three closely lying unoccupied
states, with the lowest �c3� originating from the pp�� orbital
at the Bi dimer.

We also examined two geometrical models for 0.25 ML
coverage of Bi. Both form the �2 structure, one comprised of
pure Bi-Bi and P-P dimers in the top and third layers, respec-
tively, and the other comprised of mixed Bi-P dimers in the
top and third layers. The second model is found to be more
stable. This is in contrast to Sb/GaAs�001� for which the
generally accepted model is comprised of pure dimers in the
top and third layers.18,36 This is also different from Bi/
GaAs�001� for which the pure dimers structure is slightly
more stable than the mixed-dimers structure.23 The mixed-
dimer model is semiconducting, with the LDA band gap of
1.0 eV. The highest occupied state originates from the third-
layer mixed dimer with a 	g-like bonding configuration. The
lowest two unoccupied states �labeled c1 and c2� are nearly
degenerate at the J� point and contributed from orbitals �py
and pz� of the mixed-dimer atoms and py orbitals of the
threefold In atoms.
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