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P-terminated InP(100) surface studied using a first-principles energy-minimization approach
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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 MacPhersbal. [Phys. Rev. Lett77, 691(1996]. For the monolayer
P-terminated surface, we find that th& 2 dimer structure is most favorable, which may be related to recent
reflection high-energy electron-diffraction observations of Yangl.[Jpn. J. Appl. Phys35, 1267(1996)] of
a (2x1)-reconstructed surfaceS0163-18208)10535-0

Due to technological importance, InP has been the subjecupport the STM observations of MacPhersbral. The the-
of recent intensive experimental investigatidn&' Since the  oretical lattice constant 5.969 A, which is determined by
electronic properties of bulk InP are similar to those ofbulk InP calculations, and a repeated six-layer-glah, su-
GaAs, the surface structures of InP were once thought to bgercel) model with a vacuum region 7.4 A wide, are used
similar to those of GaAs. However, recent scanning tunnelfor our structural models. For thé=0.5 P-terminated sur-
ing microscopy(STM) and reflection high-energy electron- face, we have considered three 2 structural models. One
tural properties of InfL00) are quite different from those of gecond is the one proposed by MacPhersbal® to be
GaAgq100. Most recently, MacPhersaet al. found a dimer-  jenoted theY,; model. The third model, denoted the,
a half-monolayer coverage of P surface atoms, #€:0.5,  except that the exposed second-layer atoms are arranged dif-
with P surface atoms forming Y-shaped tetramers rather thaféren“y as described below. For the 1 P-terminated sur-

. . 3 . . ’ .
pairs of d|nz14er§. For a high-coverage P-terminated surface,face, we considered three structural models by analogy with
Yang et al: o_bserved axi RHEED pattern. Since the GaAg100);*? they are(1) the 2x1 dimer model,(2) the 2
electron-counting ruleECR) predicted that a monolayer w4 three-dimer—shifted-dimer model, ar@) the 2x4

that the P-rich InPLOO sample had excess P atoms. HOW-paye chosen the samex2 unit cell in order to compare

ever, they were unable to clarify the microstructure of this tal enerai nth me footing. W molelthmint in
structure. If the coverage of excess P atoms was not larg ptal energies on the same footing. We sampleltim

the 21 RHEED patten could sil be due to a monolayer © S2E M TUETRE 28 RECESE T8 o e en:
21 surface with a reduced effective area, and the EC iall mc?tionless to simZIateg bulk at,oms We si/arted the
might not be valid in this case. Both experimental observa- y : )

fons wre very Importan because imers ave been houg2%NMZa00n calclatons it conespondng geor
to be the building blocks of the zinc-blen¢E00 surfaces of 9

semiconductors, and the ECR has been widely used by manrogr%:},l}/ gﬂ?%ﬁﬁ;ﬂﬁ;{lﬂgfgsalfﬁé riﬁi:rs eOf dtgr?sif O;ell?-
researchers to choose structural models for theoretical stu d nsi.stentl using Johnson’s mixin sche?ﬁg ith a toI¥a -

ies and explanations of experimental data. Thus further theénce of 0 gOQ (w%neree is the ma r?itude ofgcvhe clectronic
oretical studies are important for clarifying and better under- ’ gni . .
standing the surface properties of (2B0). charge for each atom. The Newtonian equation of motion

In this paper, we report our study of the P-terminatedqsed for energy minimization is solved numerlcally_ for a
InP(007) sﬁrfgce using F;he density-fl)jnctional local-orbital 1€ SteP of 0.62 f_s using %R%ﬂfth-order Gear al_gont?ﬁn.
molecular-dynamics methéd 2 in the energy-minimization We use a quenching scheffie’ rather than the simulated
application. This method is based on the norm—conservin@nn.e.aIlng tq let atoms §ettle fo their stable or metastable
pseudopotential meth@® with the s, p, , p,. and p, 05|t|qns, with the criterion thatAthe force acting on each
local-orbital basis set, and has been shown to work well fmatom IS Ies; than 'a.bout 0.1 eV/A. After the stable or Teta—
usual semiconductor surface systeii$3The present study Stable atomic positions are found, we sample four spécial
concerns surface structures with unusual chemical bonds a@ints in the irreducible Brillouin zone for a two-
rehybridizations. To our knowledge, this is the first appnca_dlmensmnal rectangular Iattl?,ge}o calculate the total ener-
tion of our method to this kind of surface structure. Sincegies. We tested with 16 specimlpoints; the results are es-
within our method it is not trivial to increase the number of sentially the same.
basis wave functions, we cannot do the convergent test used The relaxed geometries of modeld 2ndY, are shown
in plane-wave-based calculational methods. Thus the relin Figs. @) and Xb), respectively. The @ model has pairs
ability of our method in this study will rely on a comparison of P dimers and pairs of missing dimers. The bond lengths of
with data. As stated below, our calculational results seem t¢he two dimers in the dimer pair are 2.468 and 2.304 A; the
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6,8 ., 0. 0., 0 o ® g Atom 2 is bonded to three P surface atoms. Each of atoms 3
. : . ; and 4 is bonded to one second-layer In atom and two P
' : * : surface atoms. In comparison with dimer-pair moda] the
o e e e e e P surface atoms have more P-P bonds than P-In bonds. In-
t HRE T S R S A ferred from the diatomic P-P and P-In bond strengths of 5.07
©0® 0@ 08 0@ 0O 0 and 2.05 eV, respectivefj,the Y-shaped P tetramer is ex-
OO0 o OO o OO & pected to be more favorable than the dimer pair if the P ions
€0 O0G0@ 0@ @O have a suitable size, so that the formation of extra P-P bonds
Ov0 s Ov0 o OO will not give rise to large strain. In addition, the P tetramer
@. O@ G @ @ Qv,@..z o@ o leaves more exposed second-layer In atoms, so that In dimer
. . . i ; . rows can be formed, as shown in Fi_q.b)l We find that
5 i 4 4 i models Y; and Y, have total energies of-0.121 and
e e e e e ~@'Q —2.095 eV/(1x1) cell, respectively, relative to modet2
? * * ° i ¢ Model Y, is much more favorable than modefs and A.
S0 Thus our total-energy results are consistent with these ener-
. getics arguments. Though mod¥} is different from that
o proposed by MacPhersacet al,, i.e., modelY, it still ac-

counts for the STM observations because its surface layer
has the same Y-shaped tetramers, and the difference in the

@OQO @O second layer betweeYy, andY, cannot be resolved by STM
@; ® ;@; measurements.

; . . The fully relaxed atomic arrangements for the top three
® s @”‘__C!)N_ layers for modelg1), (2), and(3) of the #=1 P-terminated
O@G . 1QZ® surface as shown in Figs(d&, 2(b), and Zc). For model(1),

8 5. Q- 5@ the average dimer bond length is 2.352 A. The average

. P dimer bond lengths for modé®) are 2.365 and 2.377 A for

3 the three-dimer unit and shifted dimer, respectively. For
e e Qe model(3), the two dimer pairs have average bond lengths of
e e ! 2.356 and 2.372 A. With respect to the ideally truncated

© ¢ surface, the second-layer In and third-layer P atoms relax

: ¢ inwards by about 0.133 and 0.089 A; respectively, for
@ © @ o model (1). For model(2), the corresponding inward relax-
g ?@ S ? ations are 0.124 and 0.097 A. For mod®), they'are 0.107

) . . and 0.091 A. For model§l), (2), and (3), all dimers are

essentially symmetric dimers within 0.04 A, with a distance
FIG. 1. Top view of the(a dimer-pair model 2, and(b) the ~ Of about 1.24 A from the second layer. Our total-energy
alternative tetramer moddl, . Large and small open circles are the results show that the>21 dimer structure is the most favor-
surface- and third-layer P atoms, respectively. The small filledable among the three models considered. Mo@lsind (3)
circles are second-layer In atoms. have total energies of 0.178 and 0.068 e\¥(1) cell, re-
spectively, higher than that of thex2l structure. These re-
corresponding heights relative to the second layer are 1.723ults are different from that of GaAk00),%? for which model
and 1.214 A. The related, model is similar to that pro- (2) is the most favorable. The different structural properties
posed by MacPhersoet al?* [Fig. 2(d)], with some distor-  of anion-terminated In200) may be due to the P-P covalent
tion in the second In layer, in which the exposed secondbonding, which is stronger than the As-As covalent bonding,
layer In atoms are rebonded to the In atoms at the edges. Thehich give rise to stronger attractive dimer-dimer couplings,
Y-shaped P tetramers in thg, model also closely resemble so that the dimers “prefer” to form long dimer rows. This
those of MacPhersogt al. The difference between thé,  argument is supported by the diatomic P-P bond strength of
and Y; models is that the exposed second-layer In atoms5.07 eV, which is larger than that of As-A8.96 e\}.*°
represented by atoms 5 and 6 in Figb)] form a dimer row  Recently, Yanget al. found that the RHEED patterns for
rather than being rebonded to the edge atoms. The four P-terminated InRLO0) showed a X 1 reconstruction. They
atoms in the Y-shaped tetramer are denoted as atoms 1, 2, &uld not clarify the microstructure of thisx21 surface be-
and 4, as shown in Fig.(f). The bond lengths between cause the ECR led them to think that the
atoms 1 and 2, atoms 2 and 3, atoms 2 and 4, and atoms(2x 1)-reconstructed surface of InP fully covered by one
and 4 are 2.050, 2.388, 2.390, and 2.446 A, respectivelylayer of P dimers is unstable. In fact, the ECR is based on the
They are close to the P-P bond length of 2.213%Relative  assumptions that the bond charge can be rigidly counted as
to atoms 3 and 4, which are about 2.50 A above the secondne-quarter of the number of valence electrons, and that the
layer In atoms, atoms 1 and 2 sink down by 0.66 andsurface electronic structures are bulklike, so that dangling
1.21 A, respectively. Atom 1 is bonded to two second-layeond states of anions and cations lie close to valence-band
In atoms and one P surface atom like the atom in a dimemaximum and conduction-band minimum, respectively.
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(b) OO OO

FIG. 2. Top view of thela) 2Xx 1 dimer model(b) three-dimer—one-shifted-dimer model, afj dimer-pair—shifted-dimer-pair model
of the P-terminated INR00 surface. Large and small open circles are the surface- and third-layer P atoms, respectively. The small filled
circles are second-layer In atoms.

These assumptions may not be valid for all compound semifavorable among the models considered. This structure may
conductors with so wide a variety of chemical and electronicoe related to the microstructure that yielded the& 12
properties. Our results show that (AP0 may be an excep- RHEED pattern observed by Yarag al?4

tion of this rule.

In summary, the results of our energy-minimization cal- ~ We are grateful to President Victor Wei-Chi Liu of the
culations ford=0.5 P-terminated InR00) surfaces may ac- National Sun Yat-Sen University and the National Science
count for the Y-shaped P tetramers observed in STM meacouncil of Republic of China for their generous support
surements by MacPhersat al. For the =1 P-terminated (Contract Nos. NSC 86-2112-M-110-019 and NSC 86-2112-
surface, we find that the>21 dimer structure is the most M-110-003.
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