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Method of linear combination of structural motifs for surface and step energy calculations:
Application to GaAs(001)
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First-principles calculations of the atomic structure and formation energies of semiconductor surfaces and
surface steps are often complicated by the existence of complex structural patterns. We suggest here a simpler,
algebraic(not differentia) approach that is based on two observations distilled from previous first-principles
calculationsFirst, a relatively large collection of equilibrium structures of surfaces and bulk point defects can
be built from a limited number of recurring local “structural motifs,” including for GaAs tetrahedrally bonded
Ga and As and miscoordinated atoms such as threefold-coordinated pyramiSalcAsglthe structure is such
that band-gap levels are emptied, resulting in charged miscoordinated atoms. These charges compensate each
other. We thus express the total energy of a given surface as a sum of the energies of the motifs, and an
electrostatic term representing the Madelung energy of point charges. The motif energies are derived by fitting
them to a set of pseudopotential total-energy calculationfidoGaAg001) surfaces and for point defects in
bulk GaAs. This set of parameters is shown to suffice to reproduce the energabheof(001) surfaces,
calculated using the same pseudopotential approach. Application of the “linear combination of structural
motif” (LCSM) method to flat GaA®01) surfaces reveals the following:(i) The observed(2x3) surface
may be a disordered(8x6) surface. (ii) The observed2x6) surface is a metastable surface, only 0.03
eV/(1x1) higher than thea(2X4) surface having the same surface coveradéi) We confirm the recent
suggestion by Hashizumet al. that the observed(2x4) phase of thg2x4) surface is a mixture of the
B2(2x4) andc(4x4) surfaces. In particular, we examined arBsurface structure which has a lower energy
than the earlier proposeg(2x4) structure. Application of the LCSM method to prototyptepson the
GaAq001)-(2x4) surface is illustrated, comparing the LCSM results directly to pseudopotential results.

I. INTRODUCTION: THE BASIC IDEA Application of this rule to candidate surface structures pre-

dicts a set of point charges on the various surface atoms.

With the advent of scanning tunneling microscd®fM)  While assignment of these charges leads to an insulating sur-
and spectroscopy techniques, it is now possible to examintce, in satisfaction of the octet rule, this rule does not auto-
in detail the adequacy of the theoretically proposed atomictatically guarantee overall charge neutrality. Deviations
scale structures of surfaces. While it is possible to directlyffom neutrality would have led to a divergent electrostatic

calculate from first principles the total energies of variousenergy (‘Coulomb catastrophey for two-dimensional sys-

flat surface structures, and in some simple cases even ti{gms(i-e., surfaces as well as for one-dimensional systems

relative energies of the structurally more complex surfacd!-€-» Steps However, by combining oppositely charged at-

3 ) i _3
steps. these first-principles calculations suggest a simpler,oms' e.g., thet- electron G& donor with the—3 electron

(3) .
approximate approach to such time-consuming calculationf.(‘fhar agcfopr:qorén\’\slgtigﬁr,‘, é%sgga?recnr;?rgsvene;};alt'% ?rr]gl:gh
Two central observations are pertinent hdfast, in a rela- 9 P ) Y, 9 9y

tively large collection of proposed structures of I11{G01) re_sglting frorr; charge transfer from the near-conduction-ba_nd
taced 4 (Figs. 1-3 il as in caloulated struct ¢ minimum G& donor level to the near-valence-band maxi-
surtaces I9S. 2 as well as in calculated Structures ot ., ., Ad3 acceptor levef,as well as the Madelung energy
bulk point defect$;® the cation and anion atoms assumeresulting from the interaction of ther? and —2 point
only a small number of local structures, to be named hergp,rges. Stabléor nearly stablesurface structures produced
“structural motifs.” For example, all the local-density ap- by LDA total-energy calculations on Gaf91) surfaces ap-
proximation(LDA) derived GaA&01) surface structures in pear to always obey the above noted “charge-compensation
Figs. 1-3 can be thought of as being built from differentgctet rule.’®* This appears to result in the rather small num-
combinations of the seven structural motifs in Fig. 4: Denot-her of “local structural motifs”(Fig. 4) at the, e.g.(001),
ing the local coordination number by superscripts, these mosurfaces. These observations suggest then a simple strategy
tifs include tetrahedrally bonded &aand A$”, pyramidal  for identifying the atomic topology of stable surface or steps
As®, planar G&, and bridge site G4. In addition to the and estimating their formation energig€dhe method does
“one-site motifs,” “two-site motifs” are also needed here to not provide the precise relaxed atomic positions, i.e., “geom-
account for “wrong bonds”(i.e., the Ga-Ga and As-As etry,” but does give the basic structural elements, i.e., “to-
bonds. Secongdprevious studies on Gaf@01) surfacebre-  pology.”) In this paper, we describe the basic mettiSec.
veal equilibrium atomic structures for which all electronic Il) and then apply this “linear combination of structural mo-
shells(or gap levelsare either completely full or completely tifs” (LCSM) method to(i) 12 reconstructions on thfiat
empty. (We refer to this as the generalized “octet rule.” GaAg001) surface, where comparison to LDA formation en-
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FIG. 1. Top and side views of four “flat” GaAs surface struc- 5 :
tures depicted in a ball-stick model. The filled and open circles are >; ® e
Ga and As, respectively, with descending sizes from the top surface & Y Yf
layer. In the top view, the thick shaded lines denote surface unit
cells. In the side view, the thin bonds indicate the bulk bonds that
are not shown in the top views and the double lines indicate that the b
. . . . E -3/4 +3/2 3ja / +3/2 .3/4 -3/4
atom has two bonds in the direction perpendicular to the paper. The <
numbers denote the point charge assigned according to the octet &
rule (Table ). 3
@

ergies are presentd@ec. Il)); (ii) additional reconstruction
models for GaA&01) that are too computer intensive for
current pseudopotential LDA calculatio(Bec. 1V); (iii) pro- FIG. 2. Top and side views of seven additional “flat” GaAs
totypical steps on GaA801)-32(2x4) surface(Sec. ). We surface structures. The legends are the same as in Fig. 1.

find that the LCSM method provides good quantitative esti-

mates of the formation energies and, at the same time, distili§ & linear combination of structural motif energigs with

essential features from complex LDA calculations. wy (o) being the frequency of occurrence of mokff. We
use the same characteristic motif energy for motif M,

irrespective of the identity of its neighbors. The effects of
different nearest-neighbor atoms are implemented through
two-site “wrong bond” motifs and by the long-range inter-

Based on the discussion in the Introduction, we postulat@ctions described electrostatically by a Madelung energy,
that the total energy of a system (=bulk point defects,
surfaces, or stepgan be written as

Il. THE METHOD OF LINEAR COMBINATION
OF STRUCTURAL MOTIFS

1 !
EMad(U')=Zi§j: QiQ/IR—Rj|. ©)
E(o,1.%)=ELcsm(0) + Epad @) T E (o, 1 %), (D) '
Here,Q; is the charge of théth atom at positiorR; and e is
where the effective dielectric constarit=13 for bulk GaAs and to
be determined for surfacesTable | lists the various local
ELcsml 0’)22 op( o) ey 2) motifs M, mdlcatmg in some cases in square brackets_thelr
M nearest-neighbor atoms. Note that the identity of atoms in the
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and angles, but rather as a topological entity defined through
Eq. (2). Furthermore, we cannot speak of motifs changing
their shape or charge when thédistan} neighbors change,
sinceegy is already an average.

The last term in Eq(1) is the “reservoir energy,”

Top View

E 0= N, (4)

We assume that the systesnis in equilibrium with a reser-
voir .%, containingNg, of Ga atoms andN,¢ of As atoms
with chemical potentialgug, and was, and N, of electrons
with a Fermi energyu.. The term of Eq.(4) is needed in
order to account for both material and electron balance in a
chemical reactionr,— ¢-.° In this case, the system formation
energy can be written as

+1/2  +1/2

Side View

FIG. 3. Top and side views of the “flat” GaAs(8x2) surface AE(o,u 2)=E(o,u2)—E(og,1 )
structure. The legends are the same as in Fig. 1.
=AE csm(0) + AEyad 0) +AE 4(0,1 ),
nearest-neighbor shell to a given central site can vary, e.g., ()

) .
threefold G& can have either 3As, or Gar2As, or where A denotes the appropriatdifference For example,

(4) . . o .
As +§)G"% ne|ghbors..Wh|Ie the one-site motif €NeT9Y formation of a Ga vacancy in bulk GaAs leads to the capture
eM[Gef ] is constant in all of these cases, the charge

; ) . f three electrons from the electron reserv@he “Fermi
Gd] does depend on the identity of the nearest neighe. . i . .
bQ(Ers th]rough apr?lication of the octetyrule. AppendigRef. 9 sea”) and to the ejection of a Ga atom into the Ga reservoir.

8) illustrates how the application of the octet rule leads toThe formal reaction is

given point charge®); used in Eq.(3). Table | summarizes
the values ofQ; for all the motifs used in the present work,
including various choices of their neighbors. The bottom i ) .
halves of Figs. 1—3 show these point charges for each type of De”OU"S‘Q the formatlospienergy of ag;E)IatedGa vacancy
surface atoms on the various surface structures. It is impofY AE(Vga)=AE csm(Vea) TAEvadVsa), the formation
tant to notice that in Eq2), the energye,, of a motif corre- ~ €nergy corresponding to the vacancyemuilibriumwith the
sponds to an averagg~3,,E(o)w yy1(o) over all energies €ServoirdEq. (6)] is thus

E(o) in which motif M is embedded. Thus, we cannot inter- 2

pret a motif as a geometrical entity with given bond lengths AE=AE(Vga) + tea— 3tte, (7)

3e +Ga,— Vi, +Ga (at reservoiy. (6)

TABLE I. Charge assignments in units of the absolute value of the electron chgrémr (rarious atoms.
The square brackets in the second column denote the nearest neighbors to a given atom. Lines 1-6 apply to
“normal site” atoms(i.e., Ga on a Ga site and As on an As kitéthout surface rebonding, while lines 7—10
apply to normal site atoms, with surface rebonding, and lines 11-14 apply to “antisite” éi@m$a on an
As site and As on a Ga sjteegardless of surface rebonding.

Case number Atom Q (e) Remark
1. Ga® 0
2. As? 0
3. GdY [3As] +3 As=As?, As® or Ad¥
4. AS® [3G4] -3 Ga=Gd?, Gdd, or cd?
5. Gd? +3
6. As? +3 does not exit
7. Gd? [GdY+2A9] +1 As=As® or As¥
8. ASY [As¥+2G4] -3 Ga=Gd® or Ga?
9. Ga® [GdY+2As] +3 As=As® or As?
10. A [As®+2Gg -3 Ga=Gd® or Ga?
11. G4 -2
12. A +2
13, G QIGE]=QIAsR]

14, AL QAsg)]=Q[Gad)]
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One-Site Motifs Two-Site Motifs FIG. 4. Local structural motifs are shown
schematically along with the motif energies,

(in eV) relative to the energy of the Ga-Ga bond,
e€(Ga-Ga. The reference corresponds to all the

Ga and As atoms in their solid forn{s.e., u
(solid Gg=pu (solid As)=0]. We use filled circles
/./ to denote Ga atoms and open circles to denote As

Ga? As? G
atoms. The empty dangling bond orbital of &a

and the filled dangling-bond orbital of & as

1.29 - 2¢(Ga-Ga)| -2.20 + 2e(Ga-Ga) 1.04-%E(Ga-Ga) -0.59 +%s(Ga-Ga) 1.41 -¢(Ga-Ga) £{Ga-Ga) 1.10 - £(Ga-Ga) well as the Ga-Ga and As-As “Wrong bondsv" are
also indicated.

gd? Ga-Ga As-As

so in EqQ.(5) ANg;=1 andAN.=—3. We assume that the lll. GaAs (001) SURFACE ENERGIES
systeme is also in equilibrium wittbulk GaAs2? leading to A The LCSM vs the LDA
the constraint
The coefficientfAw,,} of the motif energies of Eq.10)
MGaT Mas=Heans™ —AH, (8)  are listed in Table Il for various octet bulk point defects and
where AH=[E(Ga solid+E(As solid]—E(bulk GaAs for (001) surface structures discussed in this paper. Results of

—0.92 eV is the heat of formation of bulk GaAs calculated@b initio LDA calculations™ are given in the last column.
using LDAS Equation (8) then allows us to eliminate a Seven LDA energies are used to deduce the motif energies

single variable, i.e.u,s, and to express the reservoir energy {ém} by equating the LCSM energy of E¢L0) to the LDA

asAE (o, ugaitte). This gives energy. This is done in two steps: we first combine the four
LDA-calculated GaAs bulk point defect energigimes 1-4
AE (0, tcar me) =[ANgA ) — ANp(0) T ptGa in Table 1)) with Eq. (8). Using the bulk dielectric constant

6,=13, this gives the energies of five motifg(Gd?),
eAs?), €GdY), e(As?), and e(As-As), all expressed in

The deposition of solid Gif ug, exceedsug(solid Ga] terms of e(Ga-Ga. Numerical values are given in Fig. 4.
and deposition of solid A$if us exceedsu,, (solid Ag] ~ Second, we used three surface structu@éfxa, c(8x2),
provide sufficient conditions limiting the range of the atomic @nd ¢(2x2) (see lines 11, 12, and 16 in Tablg tb deter-
chemical potentialsug, and uas. These conditions, along Mine the remaining motif energy paramet¢Gd”) and the
with Eq. (8), set the range for the Ga chemical potential: €ffective surfacedielectric constant. We need here three,
—AH=ug,<0. The range of the Fermi energy is bound byinstead of two, equations, because it appears that afuhe
the band gap of GaAs, i.e.<Que<E;=1.5eV(see Ref. 5  facethe As-As dimer bonds, and the As-As back bonds ap-
The final form of the formation energy is then pearing in they(2x4) andc(4X4) structures in Figs. 1 and 2,
have a different energy than bulk As-As bond. We obtain an
energy difference o&(Sas.49=—0.45 eV, suggesting that the
surface As-As bonds are strengthened with respect to bulk.
No such effect is found for surface Ga-Ga bonds. The bottom

+{[ANgd o) = ANas(0) ] ca halves of Figs. 1-3 show the point charges used in our
_ Madelung sum. The fit to LDA yield a surface dielectric
ANas(@)AH+ANe(0) el (10) constant,=8.1. One may independently deriegfrom clas-
Except for the case of bulk point defects, the chargesical electrodynamic¥, using a GaAs bulk dielectric con-
compensation octet rul;Q,;=0 applies. The latter equation stant ,=13. The result ise,;=€,+1/2=7, in reasonable
impliesANg(o)=0-0 in Eq.(10). Thus, the surface and step agreement with our fitted result of 8.1.
formation energies are independent qf., so AE Having established the energigs,} of the characteristic
=AE(o,ucy- motifs and the effective surface dielectric constant we

Considering Eq(10), for each candidate system with can now use Eq.10) to predict the energies of independent
respect to the reference systemy, we know {Awy} (by  surface structures. Comparison of the LCSM results with the
counting motif$, as well agANg,—AN,), AN, andAN,  LDA results for structuresiot used in the fitsee entries in
(by counting atoms and electrgrnand the chargéQ;} (see the next to the last column of Table bt marked “fitted”)
Appendix A and Table)l The unknowns are the surface di- shows that the LCSM formation energies, with respect to the
electric constang, and the motif energiege, }. We will ex-  «(2X4) surface, overestimate the LDA resu(snce all the
tract e, and{ey} by fitting Eq.(10) to a set of LDA calcula- errors are positive The maximum error is 0.1 e\¥x1) for
tions on octet bulk point defect§.e., those bulk point the B.{4X2) structure, while the minimum error is 0.0 eV/
defects whose gap levels are empand on nominally flat (1Xx1) for the a(4X2) structure. Thus, the average LCSM
surfaces. The reliability of the LCSM approach will then be error is £0.05 eV(1X1).
tested by its ability to reproduce LDA energies of surface A graphic depiction of theTl=0 GaA<001) surface for-
structuresnot used in the fit. Once the convergence of Eq.mation energies, with respect to th€2x4) surface is given
(10) is established, we will apply the LCSM method to prob- in Fig. 5 as a function of the Ga chemical potenjigl,. It is
lems yet untreated by the LDA. essential for later calculations that the LCSM calculations

—ANp(0)AH+ANg(0) e (9)

AE(a,uGa,ua:% Awy (o) ey+AEyad o)
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TABLE Il. Coefficients that enter Eq10) are listed here fofi) point defects(ii) (001) flat surfaces, andii) (001) surface steps of GaAs. The first eight
columns give the frequencyy (o) —wy(0oy) for the motifs indicated in the headpw,=bulk GaAs for point defects, ana,=a(2x4) for flat surfacesoy,
for steps is indicated after the name of each step structiie, is the coefficient ofw, , while ANg,—AN, and—AN, are the coefficients forg, andAH,
respectively. Columns 12—14 give, respectively, the Madelung enefg),,, the LCSM formation energg E* = AE— ANgue—(ANga—ANpg s, and the
corresponding LDA formation enerdyp, . We use(—) to denote “not applicable” and NA to denote “not available.” The seven entries denoted “fitted”
were used to fit the LCSM results; all oth&E values obtained by the LCSM are predicted, with no additional input.

AE)IfDA
GdY As® Gd¥ As® Gd? Ga-Ga As-AS Spons ANe ANgANps —ANpe —AEy.q (€V) AE* (eV)  (eV)

(i) Defects(per defeck

1. Ve, -1 -4 0 4 0 0 0 -3 1 0 0.52 fitted 5.72
2. V3t -4 -1 4 0 0 0 0 3 -1 -1 0.52 fitted 0.84
3. G#; 1 -1 0 0 0 4 0 -2 -2 -1 0 fitted 2.57
4, AL, -1 1 0 0 o0 0 4 2 2 1 0 fitted 1.85
(i) Surfaceqper 1xX1)
5 a(2x4) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6. a(4x2) 0 0 0 0 0 0 0 -3 0 0 0 0.00 012 012
7. B(2x4) o o o 3 o -3 i3 0 3 i -0.03 014 007
8 B2(2x4) o o o % o -3 33 0 3 i -0.10 006  0.02
9. B(4X2) o o X o o i -2 - o0 -1 0 0.00 0.09 0.00
10. Breg4X2) o o £ -3 o i - -1 0 -1 -1 0.01 0.18 0.08
11. B2(4x2) o o ¥ o0 o I S -1 0 -0.11 fited  —0.03
12. c(8x2) 0O 0 0 0 0 0 0 o 0 0 0 0.11 fitted 0.12
13. 12X 4) o o o 3 o -3 i 3 0 : : -0.15 0.34 0.32
14. c(4x4) o o -3 ¥ o -1 B B g s 3 —0.05 073 069
15. 21 i o -3 3 3 X 2 -1 o0 0 : ~0.68 015  0.07
16. c(2x2) i o -3 3 3 X 2 -1 o0 0 : -0.78 fitted 0.05
17. c(8x6) 0o 0 -3 % 0 -3 ¥ ¥ o 2 % 0.05 062 NA
18 2x6 -+ - : ¥ o - -5 & o 0 0 -0.14 003 NA
19 8x7 0o 0 -3 ¥ o -1 2 B o 2 32 ~0.05 038 NA
20 8x3 o o0 - L o -3 2 2 0 z = -0.02 056  NA
(iii ) Surface stepgper 1X)
21, Al-1/82(2x4) o o ¥ -1 o : -2 -2 -3 -1 -0.10 -008 NA
22.  BII-1B(2x4) -2 2 1 2 9 0o - -% o -3 0 -0.38 014  0.16
23 DBA(S=0)/g22x4 0 0O 0 0 O 0 0 0 0 0 0 0.05 005 005

here reproduce well the sequence of stable surface energiés-As dimers at the top-most surface layer and a third dimer
over the entire physical range pf;,. We see that they do: located two layers belowsee Fig. 1L Recent STM and re-
Going from As rich to Ga rich, the sequencgdx4)— flection high-energy electron-diffractiofRHEED) measure-
B2(2X4)—a(2X4)— B2(4%2) is reproduced. We further see ments by Hashizumet all’ have confirmed the calculation
that the LCSM method also reproduces reasonably well thef Northrup and Froyen. Hashizune al. further showed!
order of energies and the “crossing point” chemical poten-that they phase is a mixed phase containing locally ordered
tials of the LDA calculation. B2 structures coexisting with disordere(4x4) structures.
Experimentally, three distinct STM surface phates, a,
B, and y phases have been observ&d!’ on GaA$001)-
(2x4) surfaces at different growth conditions. TA@hase is
the most stablé®>!’ Farrell and Palmstrof suggested the ~ Once the basic motif energies and point charges are de-
following atomic structures in the topmost surface layer fortermined, the LCSM method permits a simjiéerpretation
these phaseswa) two As-As dimers{B) three As-As dimers; of the stability of various surfaces in terms of point-ion elec-
and (y) a single As-As dimer with a 90° rotation, with re- trostatics and motif frequencies. Figure 4 shows, however,
spect to the normal As-As dimer orientation(i@) and (8).  that the fitted motif energiegey,} depend on an undeter-
Later experiment$® however, suggested that th® phase mined energy of one of the motif&(Ga-G4 in the case of
also has two As-As dimerm the top-most surface layer Fig. 4]. Thus, theindividual €,’s are not known in absolute
Recent LDA total-energy calculations by Northrup andvalue, although the sum,,wy €y is well defined for any
Froyert* revealed that th@ phase, which is stablsee Fig. real physical process. To assist in the interpretation of sur-
5@] over a broad chemical-potential range-0.7 face stability, it then makes sense to transform the{gg}
eV>pus.>—0.2 eV, has a structuréB2) containingtwo into a set of renormalized, chemical-potential-dependent mo-

B. Interpretation of relative surface stabilities
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e it AE(0 16 =2 Adow(0)2u(nca + AEyad 0). (11
0.2 LI T T T
; Brep(4X2) Considering the values ¢k} of Table Ill, we see thak 1
| 0(4x2) E is a “neutral” motif with €, =0, while, with the exception of
0.1 | &c(8x2) %B( 52 Do Jas-as: the rest of the motifs have positivie., destabilizir_lg
: 2x1 \ energies. The motif energiesy,, for M6, M3, andM2 in
' ) 4 S ascending order are 0.37, 1.10, and 1.37 eV, respectively.
0 o(2x4) )Q< ~Recalling that —0.92<us,<0 eV in GaAs, we see that
~d e(M4) can be anywhere betweeh2.57 and+4.59 eV,

Y(2x4) B4 poaxe)
B2(2x4)

; while €(M5) could be between+-0.71 and+2.55 eV. In
general, a given surface could be more stable than another if
b it has smallerA @,’s for the high-energymotifs, e.g.,M2,
Axd a) LDA | and, for a large negativewz,, M4, and M5. Using the
otexd) ; LCSM language, we can now analyze some simple trends in
' previously calculated surface energies.

Surface Energy [eV/(1x1)]
)
n

T . . | (i) Northrup and Froyehand Garcia and Northrdphave

ox1 B(4X2)/L>>< ﬁrepr(“'—xz}\/ recently discussed the relative stability of several surfaces in

L o(4x2) / pd terms of the Madelung energy difference. Examples in Fig. 5
0.1 | :&c(8x2) B(2x4) L include theB(2x4) and 82(2x4), or the 21 andc(2x2)

ic(gxg) L surfaces. Table Il shows that these surface pairs have iden-
; / y ; tical motifs (M) and identical motif frequencies\@,,) SO,

0 a(2x4) 5 by Eg. (11), their energy difference is determined by the
32(4>)1\ Madelung energy difference alone.
: (i) Figure 5 exhibits an apparent asymmetry between the

B2(2x4) As-terminated and the Ga-terminated surfaces: over a larger

chemical potential range, the As-rich surfaces are more

o(axd) (b) LCSM stable. Taking the transition between the As-terminated

B2(2x4) to the Ga-terminategB2(4x2) surface as an ex-

0.2 4 : : : : : ample, we see that the transition occursugt=—0.18 eV,
1 08 06 -04 02 O about 0.28 eV higher than the midpoipig,=—0.46 eV, of
Hea(eV) the allowed Ga chemical potential window,0.92< ug,<0

_ o _ eV. This asymmetry is caused by the strengthening of surface

FIG. 5. GaA$00)) surface formation energies in units @< 1) As-As bonds,e(Sxs ad=—0.45 eV: If we let &(Sps pd=0,
surface area are shown as a function of the Ga chemical potentiafhen the B2(2x4) to B2(4x2) transition would be at
The energy of thex(2x4) surface is used here as a reference. Thefrom Taple Il that all the Ga-fich surfacfise., B(4x2), B2(4
range of the Ga chemical potential is indicated here by two verticakz) B4 2)] and the surfaces with equal Ga and As cov-
dashed lines at which either solid As or solid Ga will start to depOSiterag,e{r?pe a(4x2), (2x1), c(2x2), and(2x6)] havenega-
on the surface, thus prohibiting any further change:g. tive Awg ’ frequéncies 'vvhile aII, the As-rich surfacie®

As-As ! !

o o ) - B(2X4), B2(2X4), 12X 4), c(4X4), c(8X6), 8X7, and &3]
tifs {ey (w)}. The transformation is not unique; however, this hayepositiveAw; .
As-As

does not matter S'nCE,M“’MEM IS Invariant under the trans- (iii) Table 1l rei/eals remarkably simple regularities

formation. Table Il gives our choice of the renormalized 5 onq the various flat Ga#@01) surface structures studied

motifs labeledM 1 to M6. Unlike the original motifey} of by LDA (Lines 1—12 in Table I)k: () With the exception of

Fig. 4, each of the renormalized motifg,(w)} corresponds a(4x2), the weights of theV 3 and 5, s motifs are equal.

to a formal reaction creating either an isolated bulk pointjence, for most cases, we can group them into a single

defect or a defect pait1 is the motif for the creation of (M3+ g, ,J) motif with a motif energye(M 3+ Sy 2 =0.65

bulk GaAs from the Ga and As reservoirs, whi€2, M3, eV, (b) With the exception of the 21 andc(2x2) surfaces,

M4, andM5 are, respectively; of the motif for creating a  all other surfaces involve only thréeut of six) renormalized

Ga-As vacancy pair; of the motif for creating a Ga-Asg, ~ motifs, i.e.,M2, (M3+ 8x o), andM5.

antisite pair, the motif for creating a (Sgaantisite, and the (iv) The energy difference between the stable As-

motif for creating a threefold-coordinated Qaantisite from terminated82(2X4) and the Ga-terminate@2(4x2) sur-

bulk GaAs.M#6 is not really a bulk motif, describing instead faces can be written as

the creation of a twofold-coordinated @aatom from a sur-

face Gé@—ga@ dimer. Unlike{ey}, each of theenormalized  £[ g2(2x 4)]— E[ 82(4% 2)]= 2e(M3+ Spepd — LE(M5)

motifs carries an absolute “reaction energy.” This is given in

Table II. +AEwag (12
Using the renormalized motifse,} for surfaces and sur-

face defects, Eq.10) simplifies to or numerically,
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TABLE lIl. Coefficients that enter Eq(11) for (i) flat surfaces andii) surface steps of GaAs, using renormalized mafifsl to M6) and Sy as- The
relations between the renormalized motifs and those in Fig. 4 are given under the headers with the chemical potential dependence included.

Name: M1 M2 M3 M4 M5 M6
GdY+As?® Gd¥+As® (Ga-Ga GdY-As¥+4(Ga-Ga Gd¥-AsP+3(Ga-Ga Gd?-Gd?
+AH +AH +(As-As) —2uga—AH —2uga—AH —(Ga-Ga/2 Oas—ps
Energy: =0.0(evV) =1.37(eV) =1.10(eV) =2.57-2ug, (eV) =0.71-2ug, (V) =0.37(eV) =-0.45(eV)

(i) Surfacegper 1xX1)

1. a(2x4) 0 0 0 0 0 0 0
2. a(4X2) 0 0 0 0 0 0 -1
3. B2x4) 0 5 5 0 -3 0 3
4 B2(2x4) 0 : 3 0 -1 0 3
5. B(4X2) 0 3 -1 0 : 0 -1
6. Breg4x2) 0 3 -1 0 3 0 -1
7. B2(4x2) 0 : -1 0 : 0 -1
8. c(8x2) 0 0 0 0 0 0 0
9. w2x4) 0 : i 0 . 0 i
10. c(4x4) 0 i B 0 -2 0 2
1 21 : : & : i : 4
12. c(2x2) : 3 -1 : -1 : 1
13. c(8x6) 0 o g 0 o 0 3
14 2x6 -3 3 - 0 0 0 -
15 8x7 0 3 e 0 -2 0 e
16 8x3 0 i 2 0 -z 0 2
(i) Surface stepgper 1X)
17. Al-1/82(2x4) 0 i -2 0 2 0 -2
18. BI1-1/8(2x4) -3 = -3 0 £ 0 -3
19. DBA (S=0)/2(2x4) 0 0 0 0 0 0 0

_ _3 1 _ sets part of the-0.7 eV more negative Madelung energies of
ELA2(2x4)]~E[p2(4x2)]=5x0.65" 3 (0.71~2ued) the (2x 1) andc(2x2) structures. It is interesting to note that
+0.01(eV). (13)  theM#6 motif (which is the only motif linked to surface Ga
atomg does not greatly destabilize tHgx1) and c(2X2)
SinceAE),4t=0.01 eV is negligible, the energy difference in surfaces per se.
Eq. (13 is determined by the energies of thM3 andM5
motifs: a positive (M 3+ 85,40 =0.65 eV stabilizes the
B2(4x2) surface, while a positivé(M5) stabilizes, instead, V. GaAs(00) SURFACE STRUCTURES UNEXPLORED

the 82(2x4) surface. Recalling thaig, is negative, theug, BY THE LDA

depentfjence 0E(M5)=0.71-2ug, (eV) increases the en- Using the LCSM approach, we now explore surface struc-
ergy o ,83(4><2), ?}S one rr|10_V(_as tOhGg-poglnore r;egatlve tures for which the surface cell size can be too large to be
Mg conditions, thus explaining thg2(4X2) to f2(2X4)  pandled efficiently with current LDA first-principles tech-

transition. : o : . gy o 19 i
- . niques. This include&) the disordered “X 3" surface,” (ii)
Similarly, the energy difference between tb@x4) and the 2x6 surfaceé?® and (iii ) the mixedy phase of the 24
B2(2X4) surfaces can be written as surfacel’ '

E[c(4X4)]—E[B2(2X4)]=3€(M3+ Sps.ns) — 3€(M5)

+AEpag- (14

A. The “2 x3” surface

Two 2x3 surface phases were obseridsy RHEED dur-
With a AE,,,4 of only 0.05 eV, again the interplay between ing molecular-beam epitaxy growth, corresponding to ap-
M3 andM5 motif energies dominates the transition betweenproximate 0.9low) and 1.1(high) ML As coverage. Gomyo
the two structures. et al?! recently observed that amnspecifiedl 2x3 surface

(v) The (2X1) andc(2x2) structures have the most nega- is responsible for a different type tifreeperiod ordering for
tive Madelung energiegsee Table i, yet their formation  Alg4dng 5,As alloy on InR001). They proposed a structural
energies are higher than that of the2x4) surface. Table Il model for the X3 surface[Fig. 6(@]. Since their reasoning
provides the reason. It shows that among other things, th#or the ordering is rooted in the atomic-scale structure of the
creation of thg2x 1) andc(2x2) structures requires the con- surface(in particular, the orientation and periodicity of the
version of 3 of the relatively low-energyM5 motif into a  surface As-As dimejs one wonders whether the structural
relatively high-energyM 4 motif, costing 0.47 eV. This off- model proposed by Gomyet al. represents a reasonably
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§ FIG. 7. Formation energy for Gaf®1)-c(8X6), -2X6, -8X7,
and -8x3 surface structureghighlighted in the figure by under-
lines). The legends are the same as in Fig. 5.

FIG. 6. Top and side views of th@x3) surface structure, pro- face contains 12 atoms per unit cell. Similar to @W@x4)
posed by Gomyeet al. (Ref. 21, and thec(8x6) structure. The surface, the 6 surface has equal Ga and As coverage and
legends are the same as in Fig. 1. its formation energy does not depend on the Ga chemical

) potential. The relative LCSM formation energper (1x1)
stable surface. Unfortunately, following the octet rule, we segrfacg is

that this surface is not charge compensdteate the charge
assignment at the bottom of Fig),&o this structure cannot “6)1— «
be stable. Here, we modify the model of Gomgbal. to EL(2x6)]~Ela(2X4)]

achieve surface charge compensation. This is done by re- 1~ 1~

moving some of the surface As-As dimers. The resulting =5€(M2)— 7;€(M3+ das.ns) T AEpiag
c(8x6) structure, containing 24 atoms per unit deke Fig.

6(b)], differs from the original model of Gomyet al, by =0.034 eV. (15

having a missing As-As dimer for every eight dimers in a
row. We suggest that the experimentally observedBzur-  We see that although the<® surface has & lower density
face could be ac(8x6) surface, which appears in the of the (M3+ 8,54 motif, the ensuing energy gain is not
RHEED as X3, due to disorder of the missing dimers. The sufficient to offset the energy loss, dueithigher density of
c(8%6) surface structure is stabilize@ee Table Ill by a  the M2 motif. The net increase in the energy of motifs is,
high density of As-As adatom dimers on an As-terminatechevertheless, largely offset by the 0.14 eV decrease in the
surface. Our LCSM calculation indicates that the enSUing\Aademng energy, due to a more even distribution of surface
c(8x6) structure has only slightly higher formation energiesdonor and acceptor charges. Thus, the62surface is only
than the stable_c(4><4) surface in the che_njical-pote_ntial 0.03 eV higher in energy than the stahié2x4) surface.
range surrounding the(4x4)— 52(2X4) transition(see Fig.  Experimentally, the X6 surface is obtained from the anneal-
7). Thus, a disordered(8x6) (or 2x3) surface may exist at ing of an As-richc(2x8) surfacgwhich is a variation of the
growth temperatures, due to entropy gain by surface dlsorB2(2X4) surfacd. We, thus, expect that annealing drives off
der, but it could disappear as a stable surface structitee some of the surface,As-A’s dimers. The observed Sur-
growth. The calculated sgrface As coverage for ¢h@>x<6) face is also not completely ordered. This may be caused by
surface is 1.0833 ML. This value is reasonably close to tht%he fact that the 26 surface is onlv metastable
observed’ coverage for the high As coverage<3 surface, y '
i.e., ~1.1 ML. In light of the similarity between the(8x6)
and the(2x3) surface models in Fig. @in particular, the C. The ¢(2x4) surface: The mixed phase of32(2x4)
identical dimer orientation we believe that the basic argu- and c(4x4) surfaces
ment given by Gomyet al. for the association of the three  Recently, Hashizumet all” reexamined the{(2x4) sur-
period ordering with such surface dimer orientation is stillface phase and concluded that it does not have the structure
valid. proposed earliéf (Fig. 1). Instead, Hashizumet al. pro-
B. The 2x6 surface posed that they phase is a mixture of the two stable
' B2(2x4) and c(4%x4) surfaces. Their STM images showed
Figure 8 shows the }26 surface structure proposed by that the main feature of the mixed phase is the presence of
Biegelseret al?° based on their STM images. The8 sur-  open areas, whose widths are at least seven times that of a
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FIG. 8. Top and side views of th&x6) surface structure pro-
posed by Biegelseat al. (Ref. 20. The legends are the same asin  FIG. 9. Top and side views of thXx7) and (8x3) surface
Fig. 1. structures. The legends are the same as in Fig. 1.

(1x1) cell (7x); only a small percentage of the surface has The 8x7 surface has the As-As dimers on the top surface,
5%, while smaller open areas are absent. while the As-As adatom dimers are all in the open ds=e

To see whether a structure resembling the mixed phaskig. Aa]. An alternative of the mixed surface structure can
can have a lower energy than t2x4) surface structure of have, instead, the As-As adatom dimers on the top surface,
Fig. 1, we constructed, starting from the two models sugwhile the As-As dimers are in the open area. One such ex-
gested in Ref. 17, an87 (=56 atoms per cellsurface struc- ample is the &3 (=24 atoms per cellsurface shown in Fig.
ture with an open area of>7 [see Fig. 8a)]. The 8<7 cell ~ 9(b). This surface has &(4x4) to B2(2X4) ratio of 2:1.
contains threec(4x4) surface cells and foup2(2x4) sur-  Figure 7 shows that the energy of th3 surface is also
face cells. While eaclc(4x4) cell has three As adatom lower than that of the(2x4) structure in the As-rich regime.
dimers and one missing dimer as shown in Fig. 2 Hashizumeet al. did not observe the 83 surface, so it is
the 82(2x4) cells are deformed to fill the space left by the probably not a part of the(2x4) surface phase. However,
c(4x4) cells. This 87 structure is not the only structure the surface excess of As atoms for this surface;#s0.917
that can be made from the2(2x4) andc(4x4) surfaces. We ML along with a 3x periodicity in the[110] direction, sug-
can also make 89, 8x11, and similar structures. The small- gesting that its disordered version could be kt2x3) sur-
est charge compensated supercell is thé &ell, where the face observed by Norenberg and Kogdtlisee Sec. IV A
As-As dimers of theB2(2x4) cells in the open area in Fig. Besides the above surface reconstructions, other
9(a) become surface nearest neighbors. Thé &urface has GaAg001) surface patterns were also observed by RHEED.
a higher surface energy, due to Coulomb repulsion amonghese includé? going from As-rich to Ga-rich growth con-
these dimers. The motif frequencies for the Bsurface are ditions, the As-rich “disordered’(4x4) [d(4X4)] surface,
shown in Table Il, line 19 and in Table Ill, line 15. These the transitional X1 and 4<6 surfaces, and the Ga-richkk®
motifs are, in fact, the average of the motif frequencies ofsurface. It has been suggestd that the 26 model here
threec(4x4) and four 82(2x4) surface cells. Thus, the en- would simulate the X6 and 4<6 surfaces rather well. The
ergy difference between thex@ surface and the average of metastable character of the surface revealed by the present
c(4x4) and B2(2x4) surfaces lies in the Madelung energy calculation also agrees with what is known about the51
difference, which is higher for the>87 surface by about and 4X6 surfaces. On the other hand, the Bsurface may
0.026 eV(1Xx1). This is expected, since we must sacrifice be the Ga-rich analog of the disordered As-rick®surface
the Madelung energy in order for a complete space filling inin Sec. IV A. At this stage, more structural information about
the 8x7 surface. The energy of thexd@ structure vsug, is thed(4x4) surface is required to determine the microscopic
shown in Fig. 7: It idower than that of they(2X4) structure.  nature of this surface.
In particular, at the chemical potential corresponding to the
c(4x4)— B2(2x4) transition, the calculated energy of the
8X7 structure is about 0.06 eM/x1) lower. This confirms v APPUCATl%’:] ?Egl—élil‘_CSM APPROACH TO STEPS

. . . s(001) SURFACE

the work of Hashizumet al. Since thereal 8X7 structure is
disordered, its energy will be further lowered at finite tem- We next illustrate the application of the LCSM approach
peratures, due to an entropy term. This may explain its apto GaA4001)-2x4 surface stepsWe will restrict ourselves
parent stability at growth temperatures. to bilayer and double bilayer steps that can be made up out
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of the structural motifs of Fig. 4extension to many more
surface steps will be discussed elsewfA8ra&\Ve further iden-

tify only those step structures that satisfy the charge-
compensation octet rule. These are reasonable assumptions,
since the nominally flat GaAB801) surfaces that were used

to extract the LCSM parameters involve local troughs, whose
facets (see Figs. 1-Bare miniforms of the(001) surface
monolayer steps and the bilayer steps discussed here.

The GaA$00)) surface is a polar surface with an atomic
stacking sequence... Ga/As/Ga/As. The step hdightunit
of monolayer spacing=a/4, wherea is the bulk lattice con-
stan} can thus only be a multiple of 2, i.eh=2t, where
t=1,2,.... This ensures that the upper and lower terraces are
identical, made, in this case, of the As-terminated42sur-
faces. Furthermore, th€@01) surface has two_orthogonal,
inequivalent surface orientation§110] and [110]). This
leads to two types of basic steps: thestep, with edges
parallel to surface As-As dimers along th&10] direction,
and theB step, with edges perpendicular to the dimers.

Steps created as a pure geometric construct, for example,
the primitive Al, All steps on g32(2x4) surface and the
BIl step on aB(2x4) surface shown in Fig. 10, do not au-
tomatically satisfy the charge-compensation octet rule: the
Al, All, and BIl steps have the charg®,,=+0.25,
Qa=—0.25; andQg,, =—0.75, respectivelyin unit of ab-
solute value of an electron chajg€harged steps are elec-
trostatically unstable. Below, we will discuss charge-
compensated(“derivative”) steps derived by modifying
these “primitive” steps. Thus, thal step will be altered to
Al-1, the BIl step will be altered toBII-1, etc. These
changes, as will be seen below, will convert electrostatically
unstable steps into stable steps.

We will compare LDA calculations with the predictions of
the LCSM method. Due to computer limitation, however, we
will study here via the LDA only two simple steps for which
the supercell sizes are either comparable to, or only slightly
larger than that of the 24 surface cell. A supercell scheme
[see Appendix BRefs. 25 and 2§ is used to calculate the
reference LDA step energies.

A. The Al-1 step

The structure of thél-1 step on aB2(2x4) surface is
shown in Fig. 11a). This step is stabilized relative #l by
adding one Ga atom to every four-step units in Fig(al,0
forming a G& motif. As Appendix A shows, the charge of
an atom depends on its nearest neighbors. In the case of the
Al-1 step, the added &aatom not only brings to the step a
charge ofQ=+7 (Table I, line 3, but also alters the nearest-
neighbor configurations of its two A5 and one G¥%

Top view:

Side view:

[(a) Al Step /B2(2x4)]

Lower Edge

B2(2x4) ~+—Al ~+——p2(2x4) —

Top view:

Side view:

[(b) Al Step / B2(2x4)|

Top view:

Side view:

nearest-neighbor atoms, and thus their charge assignment. FIG. 10. Top and side views of the primitive Ga@61) surface

Using the rule of Table I, we find that the added®atom
effectivelycompensates four units of thel step.

The predicted formation energy of tidd-1 step from the
flat B2(2X4) surface(per unit stepis

E[Al-1]—E[82(2%4)]
= L EM2) — ZEM3+ Spgpd) + S EMB) + AEyag

=—0.08- 2 ug,(eVv). (16)

We see that the formation of th&l-1 step results in g
increase in théV2 motif and a5 increase in théVl5 motif,

steps, depicted in a ball-stick model. The filled and open circles are
Ga and As, respectively, with descending sizes from the top surface
layer. Atomic bonds pertaining to steps are highlighted by thicker
lines. In the side view, a dashed line is used to guide the eyes for
viewing the step structure and the numbers by the atoms denote the
charge assigned according to the octet (dizble ).

and a largerz; decrease in théM 3+ Sy, x0 Motif. This is
accompanied by a 0.10 eV decrease in the Madelung energy
(see Table II, line 21 The relatively largeM5 motif fre-
quency (&) and motif energy (2.11-1.11 eV, for
—0.7<ug,<—0.2 eV) is the main reason for the positive
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FIG. 11. Top and side views of charge compensated G5

predicted LCSM formation energy of thell-1 step from
the B(2X4) surface(per unit stepis

E[BII—1]—E[B(2X4)]=—3e(M1)+ % e(M2)
— ZE€(M3+ Spg.ne) + 5 €(MB)
+AEpag=0.14- suceV).
17

We see that the formation of tHll-1 step results in &
decrease of th&1 1 motif [¢(M1)=0.0 eV, but with a large,
1 increase of thv2 motif [¢(M2)=1.37 eV]. In compari-
son, the—+ change in the(M3+ S5 Motif and the 7
change in theM5 motif are relatively small. The high den-
sity of theM 2 motif alone increases the formation energy by
0.6 eV, thus destabilizing thBIl-1 step with respect to the
B(2x4) surface. The large, positive energy of motifs of
0.52—3ug, €V here is only partially offset by the decrease in
the Madelung energy of 0.38 eléee Table I, line 2R

Our LDA calculation showed that thll-1 step is semi-
conducting with a band gap ef1 eV. The highest occupied
states are the dangling-bond states of the step edg® As
atoms and the lowest unoccupied states are the dangling-
bond states of the Ghatoms surrounding the Asvacancy.
We obtain an LDA step formation energger unit step of

ElpalBll —1]—E pal B(2X4)]=0.16- 3uc4eV), (18
close to the LCSM predictiofEq. (17)].

C. The double A(S=0) step on B2(2x4)

The primitive Al step (Qa=+0.25 and All step
(Qa=—0.25 of Fig. 10 can be combined into charge-
compensated surface structures, siQgg+ Q,,=0. There
are two ways to combine the tw6) making a lower terrace
from the Al step and a higher terrace from tA¢l step(or
vise versa This does not lead to a surface step per se, but
rather to a surface groove. We denote ®Yin unit of four
surface atomic spacinggdx)] the step separation. Ti&=0
case corresponds to the nominally f&&(2x4) surface.(ii)
Making both theAl andAll steps down step®r up steps
This results in double bilayer heighk (S) steps. Figure
11(c) shows theS=0 double A (DBA) step, which is the
analog of theS=0 groove, i.e., theB2(2x4) surface. The
LCSM formation energy for the DBAS=0) step relative to
the B2(2X4) surface(per unit stepis

E[DBA(S=0)]—E[ 82(2X4)]=AE.=0.05eV). (19

steps. The square with a dark boundary indicates an As vacancy."€ S=0 doubleA step and g82(2x4) surface unit cell have

The rest of the legends are the same as in Fig. 8.

formation energies of th&l-1 step forug,<—0.21 eV. No
LDA calculation was performed here.

B. The BII -1 step

This is aB step on aB(2x4), not the 82(2X4), surface
[Fig. 1X(b)]. This step is stabilized with respect Bll by
forming one A§® vacancy for every fouBl| step units. The

identical surface motifs and motif frequencies. Their energy
difference is thus purely electrostatic. This energy is positive,
due to a vertical separation between fieandAll steps in
the DBA (S=0) arrangement, which is zero in thg2(2x4)
surface. Our LCSM calculatiofisreveal that while the for-
mation energies of steps are positive, the DEB*0) and
Al-1 steps are the two most stable surfécsteps over the
entire chemical-potential range of stabf2(2x4) surface
(=0.7<uga<—0.2 e\). The DBA(S=0) step has the lowest
step formation energy for-0.7<ug,<—0.29 eV.
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The LDA total-energy calculation showed that near the =~ APPENDIX A: ASSIGNMENT OF POINT CHARGES
band gap, the electronic structure of the DB2=0) step is TO GaAs SURFACES AND DEFECTS
quite similar to that of thg82(2x4) surface: both are semi-

conducting. The LDA step formation energy for the DBA The “electron counting” involved in establishing surface
(S=0) step'(per unit step is and defect charges given in Table | are illustrated here by

examples. We consider first normal site atoms, i.e., Ga on a
Ga site and As on an As site, as a continuation of the under-
E[DBA(S=0)]oa—E[82(2X4)] pa=0.05eV). (200 neath bulk GaAs.
(i) Ga® and A$Y atoms Ga has three valence electrons
Comparison of the LCSM and LDA step formation energiesand a nuclear charge af3. Fourfold-coordinated G& con-
[Eq. (17) vs Eq.(18) and Eq.(19) vs Eq.(20)] showed that triputes, therefore? electron to each of its four bonds,
the LCSM approach reproduces reasonably well the LDAthereby maintaining docal charge neutrality. Similarly, As

calculated step formation energies. has five valence electrons and a nuclear charge+6f
fourfold-coordinated A%, thus, contributeg§ electrons to its
VI. SUMMARY four bonds becoming also locally neutral. These can be writ-

_ ten as lines 1 and 2 of Table I. In a bulk environment, each

We have shown that an algebraic LCSM approach can bgd® has four A§” nearest neighbors and vice versa. There-
used for surface and surface step formation energies. THere, there arei+2=2 electrons per Ga-As bond, or eight

energy parameters in this approach are derived by fittinglectrons for the fourfold-coordinated GaAs. Thus, the octet

LCSM to a set of pseudopotential LDA total-energy calcula-pyle is satisfied in the charge-neutral and semiconducting
tions for a fewflat GaAg001) surfaces and for point defects |k GaAs.

in bulk GaAs. This set of parameters suffice to reproduce the |t is 53 common practice of the electron counting m&dél

energies ofother (001) surfaces, calculated using the samey, maintain the above bulk “partition rule” for both bulk and
LDA pseudopotential approach. Application of the LCSM g rface atoms: i.e., take Ga to contribdtelectron, and As
method to the "3,” 2x6 surfaces, and the phase of the 14 coniribute ¢ electrons to each Ga-As bond. For bonds
(2x4) surface suggests that the As-rigt2x3) surface may  panveen like atoméi.e., Ga-Ga and As-As bondhowever,

result from a disordered(8x6) superstructure, while the oo rules discussed belofiiv)—(vii)] become neces-
2X6 surface can be explained by the equal Ga and As CO\}S?

erage model _proposed by Biegelgﬁral.On the other hand, (ii.) Ga® and A$ atoms On the surface, one may have
the y phase is shown to be a mixture of 4#2(2x4) and  reefoldcoordinated GA. By the partition rule, the Ga
c(4x4) surfaces. The potential for application of the LCSM ¢qnyribytes a total of 82 electrons to its three Ga-As bonds,
method to predict formation energies of surface steps on th%aving behind & electron in the fourthdangling bond.
GaAg001)-2x4 surfaces is also discussed. We find that at arhe previous calculatidrshowed that the dangling-bond or-
tiny fraction Qf the computational cost, the LCSM_ approachpital is located near the bulk CBM. The @4ends to empty
can be applied to GaA80)) surface steps, provided that s |evel, thus, becoming 4 electron donor with a net
these steps are _made of the structural_ motifs of Figord chargeQ=+2 (in unit of e). Similarly, a threefold A9 has
Table I1l) and satisfy charge-compensation octet rule. % electrons in its dangling-bond orbital near bulk VBM. By
_ Like any other non-first-principles approach, one must deycqyiring an additionad electron, it will completely fill the
cide from experience whether the LCSM approach with ayangling-bond level. Thus, A&is a? electron acceptor, with
given basis set of motlf_s can be a_lpplled to a p_artlcular SUr3 net charg®=—2. Denoting in square brackets the nearest
face problem. The leading approximation here is the runcasgjghpors to an atom, this leads to lines 3 and 4 of Table .
tion of the sum over motifs to a small number of ter(ns., (iii) Gd? and A<? atoms. The X1 andc(2x2) surfaces

the first nearest neighborswhich also corresponds to the ;, Fig. 2 involve twofold-coordinated bridge site @aBy
neglect of the interaction between motign interaction that  ho pulk partition rule, the GA contributes & electron to
would have been represented by a larger-size motif in aRch of the two Ga-As bonds. So @as a 3-2x3=3 elec-
untruncated expansi@nThe truncation implies also that the (4 donorQ=+32). Similarly, twofold-coordinated A% is a
effects of strain are included via retentions of specificaIIyS_ZX%:g electron donorQ=+%). (The latter charge as-
strained motifs; we expect that a Keating-like valence forcesignment, however, has only nominal meaning as th@ As

field approach can be implemented to account for different,q;if is unstable; see Fig. ¥This leads to lines 5 and 6 of
strain configurations without further expanding the basis ofrgp|e |.

motifs. Often, two twofold-coordinated, second nearest-neighbor
atoms of a GaA®01) surface rebond to each othéor
dimerize, thereby becoming threefold-coordinated, nearest
neighbors(as evidenced in Figs. 1%3In this case, the
We thank S. Froyen and C. Wolverton for many helpful charge of the atom depends also on what the nearest neigh-
discussions on the subject, and D. E. Aspnes, T. Suzuki, J. bors are.
Northrup, and D. J. Chadi for critical reading of the manu-  (iv) Rebonded G& and A$® atoms (Type 1)Consider a
script and useful comments. This work was supported by theurface G& atom bonded to two As and one @4viz., the
Office of Energy Researdl®ER) [Division of Materials Sci- rebonded G& atoms in then(2x4) surface in Fig. 1. Each
ence of the Office of Basic Scien¢BES)], U.S. Department  of the two As atoms contributeéselectrons to its own Ga-As
of Energy, under Contract No. DE-AC36-83CH10093. bond. The G& atom, thus, contributes>2: electrons to the
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two Ga-As bonds. The bulk Gaatom contributes, however,
only 2 electrons to the G3-Gd* bond. The G& atom, thus,
needs to contribute electrons to completely fill the
Gd¥-Gd* bond. The dangling bond of the Gaatom, thus,
contains only} electron. The G& atom is, therefore, & not
a$, electron donor. Similarly, an A% atom with two Ga and
one A$Y nearest neighbolfwiz., the rebonded A3 atoms in
the a(4X2) surface in Fig. 2is a3, not a2, electron accep-
tor. This gives lines 7 and 8 of Table |I.

(v) Rebonded G and A$” atoms (Type Il) Another
case involving rebonding is the surface'®atom in surface
Ga-Ga dimergviz., the Ga-Ga dimers im(4X2), B(4X2),
Bref4X2), gZ(4><2), andc(8x2) surfaces in Figs. 2 and|.3
Here, a G atom has two As and one Ganearest neigh-
bors. By the bulk partition rule, this Ga atom contributes 2
3=2 electrons to the two Ga-As bonds. Each®atom, on

the other hand, must contribute one electron to the Ga-Ga

bond, as the two G atoms in a dimer are indistinguishable.
This leaves behind electron in each of the GAgap states.
Consequently, such a &aatom is not &, but a, electron
donor. Similarly, an AS atom in an As-As dimefviz., the
As-As dimers inB(2x4), B2(2X4), v(2X4), andc(8X2) sur-
faces in Figs. 1 and]3s a3, not a2, electron acceptor. This
gives lines 9 and 10 of Table I.

(vi) Fourfold coordinated bulk antisites, & and A$)

METHOD OF LINEAR COMBINATION OF STRUCTURA.. ..
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FIG. 12. A schematical drawing of the supercell used in the
LDA calculation. The dashed lines in the figure indicate the loca-
tions of the front(o;) and back(oy,) stepped surfaces.

atoms When a Ga atom assumes the position of a bulk As

atom, this Ga atom needs to contribgtelectrons to each of
the four bonds. The G3 atom has, however, only three
valence electrons. To avoid electron deficiency in the bond
the Ga antisite must accept two additional electré@s=
—2). Conversely, an A, antisite is a two-electron donor
(Q=+2). This leads to lines 11 and 12 of Table I.

(vii) Threefold coordinated surface antisites, Sgaand
AsE) atoms [viz.,1(2X4), Bie(4x2), and ¢4x4) surfaces in
Figs. 1 and 2] When a normal site G& atom (Z=31) is
replaced by A9 antisite (Z=33), an ionic chargeA Q=33
—31=+2 will be added to the ion core. At the same time,
two electrons(AQ=-2) are also added to the empty dan-
gling bond. This leads tQ[Asg,]—Q[Gas,]=2—2=0. The
same is true for the GA antisites. These results can be writ-
ten as lines 13 and 14 of Table I.

APPENDIX B: DETAILS OF THE LDA SUPERCELL
APPROACH FOR CALCULATING STEP ENERGIES

The LDA formation energy of a steg with respect to the
flat surface(oy) is defined as

AE pa(0; 1) =AEfpa(0) +AE y(0o,1 ),  (B1)

where the first term is the LDA energy difference between
and o, without particle conservation, i.e.,

AE{pa(0)=AE pa(0;1.) — AE 4( 0,1 )

=4(0)— & oy). (B2)
The second term is the reservoir energy,
AE /(0,1.2) = ANgaugat ANpstias
=(ANga—ANpg) uga— ANpAH, (B3

S

of Eq. (9) at AN.u.=0. We used in our calculation tdted
supercell(see Fig. 12 rather than the rectangular-shaped
Cells. The tilted cell contains one step on each side of the
slab, whereas the rectangular cell contains two steps on one
side of the slab with dlat back surface. For a fixed step
separation on the surface, the volume of the tilted cell is
about half of the rectangular cell. However, due to the polar
nature of GaAq001) surface, it is not possible to make the
two steps in the tilted cell equivalent, i.ars#07,. In our
calculation, we study the front surface, while the back sur-
face is passivated by fictitious atoms. This involves an H1
“atom,” with no atomic core and a Lil “atom” with a He
core, carrying+1.25 and+1.5 ionic charges, respectively.
Their potentials are generated in the same way as that for
actual ions. The use of the fictitious atoms has negligible
effects on step energies. The largest supercell used in the
calculation has about 100 atoms and has a vol(in@uding

the vacuum regionequal to the volume of about 70 bulk
GaAs unit cells. All atoms are fully relaxed according to
their forces, except for the two outermost back surface lay-
ers, which are kept fixed. A valence force field appréach
was used to check that the residual forces on the back surface
atoms are negligible. Our calculation employs the Troullier-
Martins soft-core pseudopotentfdlwith a plane-wave basis.
Kinetic energy cutoffs(E.,) up to 10 Ry were used. We
estimated that the errors will not exceed.05 eV/(1X).

To extract £(o) in Eq. (B2) from the above supercell
approach, we assume that the front surfage =0 and oy,
respectively and the back surfaces, do not interact with
each other, so that

Ao+ o) = o1) + £ o). (B4)

This allows us to write Eq(B2) as
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(o) — L 00) =[£(0+ 011) — £+ 0pp) ] are only intermediate steps towards the final results. They
_ _ can, thus, be made as simple as possible, i.e.(1k¢ step
—[Z(0op1) = Z(0p) ], (BS) and 1x1 surface. These allow us to use standard rectangular-

where g, and oy, are two different back surface configu- shaped cells, with much Iarger step separations to evaluate
rations. Different from the front surfaces, the back surface@ccurately the second term in E@5).
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