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P-terminated InP„100… surface studied using a first-principles energy-minimization approach

M.-H. Tsai, C. F. Liu, and L.-K. Hsu
Department of Physics, National Sun Yat-Sen University, Kaohsiung, Taiwan 804, Republic of China

~Received 17 November 1997!

Using a first-principles energy-minimization approach, we have found a half-monolayer P-terminated
InP~100! surface structure, which is characterized by Y-shaped tetramers and may account for recent scanning
tunneling microscopy observations by MacPhersonet al. @Phys. Rev. Lett.77, 691~1996!#. For the monolayer
P-terminated surface, we find that the 231 dimer structure is most favorable, which may be related to recent
reflection high-energy electron-diffraction observations of Yanget al. @Jpn. J. Appl. Phys.35, 1267~1996!# of
a (231)-reconstructed surface.@S0163-1829~98!10535-0#
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Due to technological importance, InP has been the sub
of recent intensive experimental investigations.1–24 Since the
electronic properties of bulk InP are similar to those
GaAs, the surface structures of InP were once thought to
similar to those of GaAs. However, recent scanning tunn
ing microscopy~STM! and reflection high-energy electron
diffraction ~RHEED! observations have found that the stru
tural properties of InP~100! are quite different from those o
GaAs~100!. Most recently, MacPhersonet al. found a dimer-
free 234 P-terminated InP~001! surface structure, which ha
a half-monolayer coverage of P surface atoms, i.e.,u50.5,
with P surface atoms forming Y-shaped tetramers rather t
pairs of dimers.23 For a high-coverage P-terminated surfac
Yang et al.24 observed a 231 RHEED pattern. Since the
electron-counting rule~ECR! predicted that a monolaye
231 dimer structure was unstable, Yanget al.24 concluded
that the P-rich InP~100! sample had excess P atoms. Ho
ever, they were unable to clarify the microstructure of t
structure. If the coverage of excess P atoms was not la
the 231 RHEED pattern could still be due to a monolay
231 surface with a reduced effective area, and the E
might not be valid in this case. Both experimental obser
tions were very important because dimers have been tho
to be the building blocks of the zinc-blende~100! surfaces of
semiconductors, and the ECR has been widely used by m
researchers to choose structural models for theoretical s
ies and explanations of experimental data. Thus further
oretical studies are important for clarifying and better und
standing the surface properties of InP~100!.

In this paper, we report our study of the P-terminat
InP~001! surface using the density-functional local-orbit
molecular-dynamics method25–27 in the energy-minimization
application. This method is based on the norm-conserv
pseudopotential method28,29 with the s, px , py , and pz
local-orbital basis set, and has been shown to work well
usual semiconductor surface systems.30–33The present study
concerns surface structures with unusual chemical bonds
rehybridizations. To our knowledge, this is the first applic
tion of our method to this kind of surface structure. Sin
within our method it is not trivial to increase the number
basis wave functions, we cannot do the convergent test u
in plane-wave-based calculational methods. Thus the
ability of our method in this study will rely on a compariso
with data. As stated below, our calculational results seem
PRB 580163-1829/98/58~11!/6764~4!/$15.00
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support the STM observations of MacPhersonet al. The the-
oretical lattice constant 5.969 Å, which is determined
bulk InP calculations, and a repeated six-layer-slab~i.e., su-
percell! model with a vacuum region 7.4 Å wide, are us
for our structural models. For theu50.5 P-terminated sur-
face, we have considered three 234 structural models. One
contains P dimer pairs to be denoted as the 2d model. The
second is the one proposed by MacPhersonet al.23 to be
denoted theY1 model. The third model, denoted theY2
model, has Y-shaped P tetramer like those of theY1 model
except that the exposed second-layer atoms are arrange
ferently, as described below. For theu51 P-terminated sur-
face, we considered three structural models by analogy w
GaAs~100!;32 they are~1! the 231 dimer model,~2! the 2
34 three-dimer–shifted-dimer model, and~3! the 234
dimer-pair–shifted-dimer-pair model. For all models, w
have chosen the same 234 unit cell in order to compare

total energies on the same footing. We sample theḠ point in
the energy-minimization process. The bottom-layer ato
are assigned an arbitrarily large mass, so that they are es
tially motionless, to simulate bulk atoms. We started t
energy-minimization calculations with corresponding geo
etries with distances between nearest-neighbor surface a
roughly equal to twice the covalent radius of the P or
atom.34 Our method calculates the charge density se
consistently using Johnson’s mixing scheme,35 with a toler-
ance of 0.002e ~wheree is the magnitude of the electroni
charge! for each atom. The Newtonian equation of motio
used for energy minimization is solved numerically for
time step of 0.62 fs using the fifth-order Gear algorithm36

We use a quenching scheme26,37 rather than the simulated
annealing to let atoms settle to their stable or metasta
positions, with the criterion that the force acting on ea
atom is less than about 0.1 eV/Å. After the stable or me
stable atomic positions are found, we sample four specikW
points in the irreducible Brillouin zone for a two
dimensional rectangular lattice38 to calculate the total ener
gies. We tested with 16 special-kW points; the results are es
sentially the same.

The relaxed geometries of models 2d andY2 are shown
in Figs. 1~a! and 1~b!, respectively. The 2d model has pairs
of P dimers and pairs of missing dimers. The bond lengths
the two dimers in the dimer pair are 2.468 and 2.304 Å;
6764 © 1998 The American Physical Society
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PRB 58 6765BRIEF REPORTS
corresponding heights relative to the second layer are 1
and 1.214 Å. The relatedY1 model is similar to that pro-
posed by MacPhersonet al.23 @Fig. 2~d!#, with some distor-
tion in the second In layer, in which the exposed seco
layer In atoms are rebonded to the In atoms at the edges.
Y-shaped P tetramers in theY2 model also closely resembl
those of MacPhersonet al. The difference between theY2
and Y1 models is that the exposed second-layer In ato
represented by atoms 5 and 6 in Fig. 1~b!, form a dimer row
rather than being rebonded to the edge atoms. The fo
atoms in the Y-shaped tetramer are denoted as atoms 1,
and 4, as shown in Fig. 1~b!. The bond lengths betwee
atoms 1 and 2, atoms 2 and 3, atoms 2 and 4, and atom
and 4 are 2.050, 2.388, 2.390, and 2.446 Å, respectiv
They are close to the P-P bond length of 2.21 Å.39 Relative
to atoms 3 and 4, which are about 2.50 Å above the seco
layer In atoms, atoms 1 and 2 sink down by 0.66 a
1.21 Å, respectively. Atom 1 is bonded to two second-la
In atoms and one P surface atom like the atom in a dim

FIG. 1. Top view of the~a! dimer-pair model 2d, and ~b! the
alternative tetramer modelY2 . Large and small open circles are th
surface- and third-layer P atoms, respectively. The small fi
circles are second-layer In atoms.
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Atom 2 is bonded to three P surface atoms. Each of atom
and 4 is bonded to one second-layer In atom and two
surface atoms. In comparison with dimer-pair model 2d, the
P surface atoms have more P-P bonds than P-In bonds
ferred from the diatomic P-P and P-In bond strengths of 5
and 2.05 eV, respectively,39 the Y-shaped P tetramer is ex
pected to be more favorable than the dimer pair if the P i
have a suitable size, so that the formation of extra P-P bo
will not give rise to large strain. In addition, the P tetram
leaves more exposed second-layer In atoms, so that In d
rows can be formed, as shown in Fig. 1~b!. We find that
models Y1 and Y2 have total energies of20.121 and
22.095 eV/(131) cell, respectively, relative to model 2d.
Model Y2 is much more favorable than modelsY1 and 2d.
Thus our total-energy results are consistent with these e
getics arguments. Though modelY2 is different from that
proposed by MacPhersonet al., i.e., modelY1 , it still ac-
counts for the STM observations because its surface la
has the same Y-shaped tetramers, and the difference in
second layer betweenY1 andY2 cannot be resolved by STM
measurements.

The fully relaxed atomic arrangements for the top thr
layers for models~1!, ~2!, and~3! of the u51 P-terminated
surface as shown in Figs. 2~a!, 2~b!, and 2~c!. For model~1!,
the average dimer bond length is 2.352 Å. The aver
dimer bond lengths for model~2! are 2.365 and 2.377 Å fo
the three-dimer unit and shifted dimer, respectively. F
model~3!, the two dimer pairs have average bond lengths
2.356 and 2.372 Å. With respect to the ideally truncat
surface, the second-layer In and third-layer P atoms re
inwards by about 0.133 and 0.089 Å; respectively,
model ~1!. For model~2!, the corresponding inward relax
ations are 0.124 and 0.097 Å. For model~3!, they are 0.107
and 0.091 Å. For models~1!, ~2!, and ~3!, all dimers are
essentially symmetric dimers within 0.04 Å, with a distan
of about 1.24 Å from the second layer. Our total-ener
results show that the 231 dimer structure is the most favor
able among the three models considered. Models~2! and~3!
have total energies of 0.178 and 0.068 eV/(131) cell, re-
spectively, higher than that of the 231 structure. These re
sults are different from that of GaAs~100!,32 for which model
~2! is the most favorable. The different structural propert
of anion-terminated InP~100! may be due to the P-P covalen
bonding, which is stronger than the As-As covalent bondi
which give rise to stronger attractive dimer-dimer coupling
so that the dimers ‘‘prefer’’ to form long dimer rows. Thi
argument is supported by the diatomic P-P bond strengt
5.07 eV, which is larger than that of As-As~3.96 eV!.39

Recently, Yanget al. found that the RHEED patterns fo
P-terminated InP~100! showed a 231 reconstruction. They
could not clarify the microstructure of this 231 surface be-
cause the ECR led them to think that th
(231)-reconstructed surface of InP fully covered by o
layer of P dimers is unstable. In fact, the ECR is based on
assumptions that the bond charge can be rigidly counte
one-quarter of the number of valence electrons, and that
surface electronic structures are bulklike, so that dang
bond states of anions and cations lie close to valence-b
maximum and conduction-band minimum, respective

d
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FIG. 2. Top view of the~a! 231 dimer model,~b! three-dimer–one-shifted-dimer model, and~c! dimer-pair–shifted-dimer-pair mode
of the P-terminated InP~100! surface. Large and small open circles are the surface- and third-layer P atoms, respectively. The sm
circles are second-layer In atoms.
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These assumptions may not be valid for all compound se
conductors with so wide a variety of chemical and electro
properties. Our results show that InP~100! may be an excep
tion of this rule.

In summary, the results of our energy-minimization c
culations foru50.5 P-terminated InP~100! surfaces may ac
count for the Y-shaped P tetramers observed in STM m
surements by MacPhersonet al. For theu51 P-terminated
surface, we find that the 231 dimer structure is the mos
i-
c

-

a-

favorable among the models considered. This structure m
be related to the microstructure that yielded the 231
RHEED pattern observed by Yanget al.24
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