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Core-level photoemission spectroscopy and theoretical predictions of structure and spectra are used to study
the fully S-covered Inf®01) surface and its evolution during annealing. The theory predicts a number of stable
structures besides the lowest-energy ground state which is the fully S-covexet) {&constructed structure,
where the surface has two types of S atoms. On annealing, a fascinating sequence of structures unfolds from
the fully S-covered ground state as the other stable structures become energetically accessible. The surface S
atoms exchange with bulk P atoms on annealing, forming new strong S—P bonds while dissociating preexisting
S-S dimers. The S—P bonds are tilted with the P atoms just above the surface and there is only one type of S
atom in the structure. The measured excitation energies and spectra agree with theoretical predictions of the
core-level spectra for the (22) reconstruction and its evolution to partial S coverages. We conclude that the
annealed surface around 700 K is most likely to be & 22 reconstructed surface with the surface cell
containing two S—P bonds, with just one type of S atp80163-18207)01308-9

[. INTRODUCTION counting rule. The surface has two S sublayers separated by
0.335 A. The top S sublayer contains monomer pairs sepa-
High-resolution photoemission experiments measureated by 3.82 A, and close to bridge sites. The lower sublayer
core-level positions of atomic lines which shift as a functioncontains S pairs strongly dimerized along {He.0] direc-
of the chemical environment of the atoms. Thus, core-levefion, separated by 2.14 A. Thus the S atoms existwn
(CL) spectroscopy has become an important technique foc"ypes of chemical environmerits Fig. 1.

distinguishing an atom in different bonding environmehts. A (2% 1) reconstruction has been observed in photoemis-

The mﬁthOd is da pohwirful tool flor Slérfape'StrL]fCt#reC?_'“Cid‘?'sion and low-energy-electron-diffractid EED) studies of
tion when used with theoretical predictions of the exCI'annealedsamples by Mitchellet al” In this context, they

tation (C_LE) energies for different “competing” structures. considered the structure of Fig(t2, containing S dimer
Competing structures may be relevant because the surface Is

) rows, and pointed out that it violated the electron counting
not well understood, or because annealing, surface prepara-
tion, etc., may generate other structures besides the grouhr%é ) ) -
state. We present here studies of CLE and annealing of t b) shows it to be unstable.e.,.n.ot €Ven an energy mini-
sulfur-passivated In0Y) surface for which @2x2) recon- Mmum. However,local energy minima exist, e.g., Fig(@,
struction has recently been propoge@ihe topic is of wide Which has just one type of S atorh3he energy of Fig. @)
interest given the innovative use of CL spectroscopy andS ~0.07 eV per S atom higher than that given by Fig)2
theory to study annealing, and also technologically, sincdOr Fig. 1. Such higher-energy structures become thermody-
sulfur overlayers passivatél -V surfaces > namically accessible on annealing. Also, the exchange of
The “as-prepared” InF001)-S surface was studied by Jin surface S atoms with bulk P atoms is promoted by annealing.
etal? theoretically, using density-functional total-energy The net effect of such exchanges is to replace the S atoms on
minimization method$, and experimentally, using Raman the surface by P atoms, forming reconstructions, while the
spectroscopy. The fully relaxed, lowest-energy ground stateulfur atoms diffuse into the bulk. Further heating leads to
is the (2x 2) structure of Fig. 1; this is also shown schemati-the totally S-free, P-rich, In®01) surface. Our preliminary
cally in Fig. 2a). calculations and other studies of this surface suggest a
This structure is insulating and satisfies the electron(2Xx4) reconstructioff;a detailed study of it is outside the

le. Our calculation of the total energy and forces for Fig.
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P-2p excitations are well separated. A stringent test of the
(2% 2) structure is to compare thpredicted dimer and
monomer CLE against experiment. This would distinguish it
from the (1x1) structure analogous to the Ga081)-S,°
where the S atoms are at bridge sites, and from the 1(p
structure of Fig. &), since they have only one type of sulfur.
The core-level spectra of sulfur-treated (882) have been
reported by other worker€:*! They found evidence for more
than one kind of surface S and made qualitative suggestions
to account for the multiple-peak core-level spectra by invok-
ing polysulfides, and physisorbed and chemisorbed sulfides.

In this paper, we give a quantitative, systematic, explana-
tion of the observed core-level spectra under annealing,
complementing the Raman results of &inal? Note that in
analyzing the experimental data we are not merely looking at
just the few core-level shifts as the experimental input. In-
stead, the whole spectral profile, which contains the relative-
intensity information as a function of energy, is considered.
This gives a level of discrimination that would be impossible
if we had considered only the core-level shifts.

For InR00Y) surfaces treated with aqueo(dH ;) ,S, two
distinct S-2 spin-orbit doublets are observed at low tem-
peratures, with CLE irexcellent accord with the theoretical
values for the (2x2) structure. Thus, the (21) and
(2X1) structures are excluded. At high temperatures, only
one type of S excitation is found, in agreement with the

FIG. 1. (@ Top view of the fully relaxed, fully S-covered theoretical picture. The theoretical picture and methods are

InP(00) surface. The atom species are

dimensional view is shown ifc).

scope of the present investigation.

LEED and scaning tunneling microscoggTM) may

identified
z-direction([001]) layer sequence shown {b) and also in Eq(1).
The x andy directions ard110] and[110], respectively. A three-

in

the€XPosed in Secs. Il and Ill. Section Il is devoted to the de-

termination of the acceptable surface structures that may be
reached by annealing within a small energy window close to
the ground state. Section Il discusses the first-principles cal-
culation of core-level spectra and the treatment of the rela-
tivistic doublet stemming from the sulfurp2spin-orbit inter-
action. The analysis of experimental core-level spectral

have difficulty in distingushing P and S atoms on surfacedrofiles is presented in Sec. IV.

with partial (S,P coverages as in, say, Figgdp-2(i), while
CL spectroscopy would have no such difficulty since (5-2
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FIG. 2. (a) Top view (x-y plang of the fully relaxed InfFO0D-
(S,P surface structures. The, y, and z axes are along110],
[110], and[001], respectively. Full1-Ml-) S coverage ina—(c)
where structuréb) is unstable; 3/4-MI-S coverage (d); 1/2-MI-S

coverage ine)—(i).

(h)
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II. THEORETICAL PREDICTION
OF STABLE SURFACE STRUCTURES

In this study, we are interested in the [0B1) surface
covered with a monolayer of S atoms and its evolution under
annealing. The structure of the surface atomic layers is dif-
ferent from that of the bulk as the atomic positions and elec-
tronic structure adjust to attain a minimum-energy configu-
ration consistent with the existence of a surface. The
theoretical prediction of the surface structure simply involves
the calculation of the total energy of a sufficiently large slab
of material and adjusting the atomic positions until the
lowest-energy structure is obtained. In practice, in addition
to the lowest-energy structuféhe ground stade other struc-
tures which are stabl@.e., local energy minima but lying
above the ground state, are also uncovered by the search
process. Annealing opens an energy window whereby struc-
tures other than the ground state become statistically or ki-
netically accessible. Another effect of annealing is to set in
motion diffusion processes where surface atoms migrate to-
wards the bulk andiice versa In the InNR0O01)-S system,
energy and entropy effects favor moving an S atom to the
bulk while filling in the surface wh a P atom. S atoms
which have moved far away from the surface do not affect
the energetics at the surface. Hence we condidieal InP
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substrates with the (22)-surface unit cell carrying four at- ing half the total sulfur. The top S sublayer, ,Scontains
oms, i.e.Ng S atoms and (4 Ng) P atoms on the surface long (i.e., weak dimers (essentially monomer pajrswith
layer. We relax the togS,P layer, the underlying In layer, the S atoms positioned close to bridge sites, but displaced
and the next P layer in order to calculate the ground-statslightly in the[110] direction to give an $-S; bond length
energies, reconstructions, as well as associated stable straf-3.82 A. The sublayer §, in contrast, contains S pairs
tures which are local minima for any given S coverage.  strongly dimerized along thg110] direction, with a bond
The prediction of the reconstructed surface structure thukength of 2.14 A. The sequence of atomic plafiesap”) in
depends on our ability to calculate the total enefgyof a  the z direction, with § at the surface, may be presented as
given system of electrons and ions. The density-functional
theory (DFT) is a first-principles method for calculatirigy sap=(IN-P)py— IN—P,—P,—In—5§,— S.. @
efficiently and with adequate accuracy. The many-electron
problem is reduced to an effective one-electron problem andhe interplanar distances near the surface can be compared
hence the calculation becomes similar to a Hartree selfwith the bulk In—P distancel, of 1.445 A. The $ layer
consistent-field problem. This is, in practice, further reducedelaxes only 0.116 A towards the bulk, whilg & displaced
in scale by using pseudopotentials whereby only the valenc@.335 A below the Slayer. The In layer below Sremains
electrons of the constituent ions enter into the self-integral while relaxing inwards but the following P layer
consistent-field calculation. Since the core electrons aréplits to form two sublayers. The interplanar distances, start-
eliminated, the valence electrons can be efficiently treateing from the leftmost In atom irf1) are In—-R,=1.321 A,
using a basis set of plane waves. Needless to say, althoug¥hile In-P,=1.532 A, giving an average IR, ) distance
the removal of the core electrons from the calculation is posof 1.427 A. The other distances are,+#M=1.299 A,
sible in the structure determination, all the electrons or somé—S,=1.169 A, and In-$-1.388 A.

aspects of the core have to be retaifedy, in a special The surface loses its (41) periodicity and presents a
pseudopotentialin the calculation of the core-level spec- (2X2) pattern, with each short dimer surrounded by four
trum. The latter issue is dealt with in Sec. Ill. long dimers andvice versa We also recovered our ground

The plane-wave—pseudopotenti@W-PB calculation is  state in a larger supercell with eight atoms per plaxelif
implemented as follows. We use the local-density approxiimension doubled; see also Ref) Bhd in calculations using
mation (LDA) of the DFT, and nonlocal, norm-conserving, somewhat higher-energy cutoffs. TheX2) reconstruction
pseudopotential®. The electron exchange-correlation en- (where the two types of dimers are arranged in a)risa
ergy is given by the Ceperley-Alder for.This DFT ap- local energy minimum, about 0.21 eV perX1L) cell above
proach has an excellent track record of successfully predicthe ground state. There are other stable struct{ioeal en-
ing the structure of semiconductor surfat&s,’ even with  ergy minima for this fully S-covered surface, but lying sub-
relatively low plane-wave-energy cutoffs. Reciprocal-spacestantially higher in energy. Such structures, including the
sampling was done using only thepoint. The wave func- (2X 1) phase, turn out to be irrelevant to our annealing study
tions are expanded in a plane-wave basis with a 10 Ry enwhich extends to a temperature of about 700skice other
ergy cutoff. The validity of our pseudopotentials for In and Pstructures associated with partial S coverage arising from the
was verified earliet! For S, we carried out two calculations: exchange of S with P atonigigrating from the bulk come
(i) we examined the Smolecule and found the bond length into play.
to be 1.885 A, in accord with the experimental vafuef The migration of surface sulfur atoms to the bulk, and
1.889 A; (i) we calculated the SiS molecular bond length tobulk phosphorous atoms to the surface, are kinetically con-
be 1.923 A, also very close to the experimental vl  trolled processes which cannot be usefully dealt with using
1.929 A. total-energy methods alone. Instead, we consider each mixed

The crystal with the In®01)-S surface is modeled as a phase and determine the possible structures. Hence we con-
supercell slab. The slab has six layers, each containing fowiderideal InP substrates with a monolayer Nf; S atoms
atoms. The firs{topmos} layer contains four S atoms. The and (4-Ng) P atoms on the (2 2) surface. Clearly, within
second layer contains four In atoms, as implied by the chemthis scheme, we can only study full coverages 1, and
istry of these materials. Subsequent layers follow in the zince=3/4, 1/2, and zero. We exclude zero coverage as explor-
blende structure, except the bottom one, which consists adtory calculations have shown that bigger unit cells—at least
four In atoms and two H atoms positioned in aX{2) pat- a (2x4)—are needed for an adequate study of this case.
tern to saturate the dangling bordsThe atoms in the bot- Figure 2 shows schematically a sequence of structures
tom three layers are held fixed in their bulk InP positions,that were obtained by minimizing the energy with relaxation
while the other atoms are relaxed to minimize the total enof the nuclear positions, as already described above. Figure
ergy. Periodic boundary conditions are applied in xhey, 2(a) is the fully S covered ground-state structure of diral.
and z directions. A vacuum region of width 7.225 The analysis of experimental core-level spe¢see Sec. IY
A—equivalent to five bulk In—P interplanar distances—isshows that of all these structures, the structure of Fig. 8
used along, i.e., normal to the surface. For the fixed layersthe one relevant to the dynamic equilibrium which exists
we used the theoretical bulk lattice constarmf 5.78 A under the 700 K anneal conditions. Figure 3 shows this half-
which compares with the experimeritabalue of 5.87 A and  S-covered structure in more detail.
the theoretical value of 5.678 A of Alvest al?° The S—P bonds are strong, with a bond length of 2.23 A.

The fully relaxed ground state was obtained for theThe P atoms “stick out” of the surface, being on a plane
(2x2) reconstructed structure depicted in Fig. 1. The surwhich is 0.24 A above the plane of the two sulfur atoms.
face layer consists of two sublayers&hd §,, each contain- Given the fact that S and P atoms have nearly the same
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quire us to address the issue of how the sulfur atoms which
migrate to the bulk arrange themselves. That is, comparison
of the mixed phases in an absolute sense is not attempted
here. This is however not a difficulty since the annealing
process will generate a dynamic equilibrium at each anneal
temperature to give a specific coverage; what we need to
know is the most likely near-surface structure at that cover-
age. Thus, for example, Table | shows that the most likely
structure atc=1/2 is the structure of Fig.(8), shown in
more detail in Fig. 3.

Table | gives the “sequence of structures” arranged in
order of increasing total energy. Thus fo= 1/2, this is(e),
(h), (g), (f), and(i). This sequence was obtained from our
PW-PP calculations. We repeated the calculations without
using the PW-PP approach, but using a full-potential

FIG. 3. A detailed view of the structure of Fig(e? at half-  scalar-relativisti€* approach(FP-SR which explicitly in-
sulfur coverage. cludes the core electrons. That is, we took the structures

(nuclear positionsgiven in Fig. 2 and determined the total

electron scattering cross sections, it would be easy to fail tenergies using the FP-SR code. We obtained the same en-
distinguish between them in a LEED experiment; the strucergy sequence, and the same energy differefimesvithin
ture would then seem to be aX2) reconstruction. 0.1 of an eV, thus mutually confirming the PW-PP calcula-

The relative ground-state energies of the structures showtions and the FP-SR calculations. Thus, for instance, the en-
in Fig. 2 are given in Table I. That is, for example, for ergy difference between the structufesand(g) in Fig. 2 is
coverage=1/2, we considered five possible structufgs-  found to be 0.135 eV from the PW-PP code while the FP-SR
(i) in Fig. 2; we give, for each, the energy with respect to thecode gives an energy difference of 0.08 eV. The energy dif-
lowest-energy structure at the same coverégen this case. ferencesAEy given in parentheses in Table | are from the
In this study, we do not attempt to compare the lowestPW-PP calculation.
energy structures at different coverages since that would re-

Ill. CALCULATION OF THE CORE-LEVEL

TABLE |. CL excitation energies,, (eV) for the INnR00Y)-
EXCITATION ENERGIES

(S,P covered surfaces displayed in Fig. 2. The ground-state ener-
gies AEq per (2x2) cell (eV) are relative to the lowest-energy  sing the relaxed structures provided by PW-PP structure

structure at each coverage* & the atom with the g core hole. optimization, FP-SR calculatiofsare invoked in order to
determine the sulfurf2 CL spectrum. These do not use

Configuration Remark &2p OF (AEg) plane-wave expansions or pseudopotentials. Thus no
Full S coverage “frozen-core” assumptions or pseudopotentials are used al-
Fig. 2a) gr. state %2 0.0 though such methods have been used with suc¢e&sin
S*.S monomer 161.9 the core-level-excitation process, an electron in a core level
S*.S dimer 162.9 (here, the D level of sulfup is knocked out by an incident
photon and placed in an outgoing electron state. The “hole”
Fig. 2(b) unstable x1 (0.86 Ieft_ behind by the_electron has_ an effecti_ve positive charge
Fig. 2(0) 2% 1 (0.30 which interacts WIFh the remaining atomic and band elec-
S+ monomerlike 1616 f[rorjs, as well as W|th the outgoing elt_actron. Th_us, the phot_o—
ionization process involves electronic relaxation effects in
3/4-MI-S coverage the initial state as well as in the final state which carries the
Fig. 2(d) two S types (0.0 outgoing electron. In most photoionization experiments, the
S*.p dimerlike 161.3 time scale of the relaxation is short and electronic relaxation
S*.g monomerlike 160.6 has occurred by the time the kinetic energy of the outgoing
electron is measured. Hence the measured core-level excita-
1/2-MI-S coverage tion energy involves initial-state as well as final-state relax-
Fig. 2e) 2X2 0.0 ation effects; in our calculations, both are properly included.
S*-P dimerlike 162.9 We consider a photoemission experiment where the pho-
Fig. 2Af) 2x1 (0.17 ton energy ishy, while the energies of the initial and final
S*-P dimerlike 163.6 states of thecrystal are E; and Es. Then the measured ki-
Fig. 2(g) 2X2 (0.139 netic energyE,. of the photoelectron is such th&v=
S*-P dimerlike 163.0 Et—Ej+Eye. Thus the measuredp2CLE, e,,=E;—E;, is
Fig. 2(h) 2X2 (0.046 a property of the initiabndfinal states of the crystal. It could
S*-p dimerlike 162.8 be obtained from theory as a total-energy differe(ideD) if
Fig. 20) 2%2 (1.0 the energie€; and E; could be calculated. The final state
S*.S monomerlike 161.6 has a core hole and is not within the usual Hohenberg-Kohn-

Sham formalism; however, a formal justification using a fic-
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titious external potential may be attempted. In practice, we z
have found that the self-consistent process converges to an
energy minimum if the core hole is in one of the deep core
levels(e.g.,n=1 or 2 of an atom but not in a shallow level.

A rigorous treatment for shallow levels will be omitted as
this problem does not arise in ti&-2p core-hole calcula-
tions reported here.

In metals and plasm&$, the relaxation involves the
“shake up” of the Fermi sea but there is good screening. In
semiconductors, the core hole is not screened out rapidly.
However, if Eg is fixed by dopants in the semiconductor,
then the final state containing the core hole remains neutral
by an adjustment of the surface electron derfsityhe neu-
trality of our simulation cell in the presence of a core hole
was ensured by placing an electron in the first unoccupied
surface state closest -, with the Fermi energy pinned at
the ground-state value. In practice, all that is necessary is to
place an electron in an excited state and the self-consistent
energy-minimization process will bring down the electron to
the first unoccupied statéa surface stajeclosest to the
Fermi energy.(The minimization process would seek to . . )
place the electron in the core-hole itself, but it is prevented F!G- 4. A detailed view of the 15-layer slab with two-sulfur

from doing this as wémposethe existence of a hole in the surfaces treated as a symmetrized seven-layer slab. The four In
2p core leve) atoms joined by dashed lines form an improper mirror plane as

Since the eigenvalues of a Hamiltonian are the excitatior?Xpla'ned In the text.

energies, one may expect the CLE to be the initial-state 2
eigenvalue. This is not so, not only because Kohn-Sham edently). This 15-layer slab can be treated as two seven-layer
genvalues are not excitation energies, but also because, al&bs joined through a single “mirror layer” with a/2 ro-
already discussed, the initial Hamiltonian changes duringation in the middleFig. 4). In Fig. 4, the mirror layer is the
photoionization to include electron—core-hole interactionsplane containing four bulklike In atoms connected by the
The evaluation of these effectga many-body methods, e.g., dashed lines. The seven-layer slab for the structure being
in excitonic and x-ray edge problerfs photoionizatior?’  studied, say Fig. @), i.e., Fig. 3, sits above the plane. The
etc., is numerically quite demanding. The use of model molseven layers below the mirror plane are generated by impos-
ecules or clustefs to obtain relaxation energies is not al- ing the improper operatio8,(xy2) = (y, —x,—z) (about the
ways applicable and requires rescaling from the cluster to thz axis through one of the In atoms in the plante all atoms
actual situation and hence may introduce some additionah the upper slab.
assumptions. A method that can provide a complementary The above symmetrization was used to red(cmnsider-
estimate of the CLE is the “Slater transition-state” methodably) the computational scale of the problem. The zinc-
(STS.28 It is numerically simple and is closely related to blende structure does not lend itself to a straightforward
density-functional methods. In STS, the 2ore-hole energy reflection-symmetry simplification. However, the artifice
includes both initial-state and final-state effects, and igused here preserves all the geometrical and chemical envi-
shown (under certain assumptionso be equal to the @  ronments of all the atoms except the four In atoms in the
eigenvalue of the “transition state,” a state havindhalf-  central mirror layer. Even here the changes in the local en-
occupiedcore hole. Charge neutrality of the simulation unit vironments are minimal. The consequences of having a mir-
cell is easily imposed in the semiconductor by having half arfor layer on the calculated electronic structure are much less
electron in the core hole and half an electron in the firstobjectionable than the presence of the H-atom surface states.
available surface state just above the Fermi energy. Five vacuum layers were used to convert the 15-layer slab
In the structure-relaxation calculations described in thdnto a periodic supercell in the direction.
previous section, we used a simulation slab which had six We have calculated the $2CL spectra of Inf00D)-
layers, with the top layer containing four S atoms and the(S,P surfaces using the TED method as well as with the STS
bottom layer containing two hydrogen atoms so as to saturate@ethod, which uses the half-occupied §-Rohn-Sham ei-
the dangling bonds. Under reconstruction, the six-layer sysgenvalue. The excitation energies obtained by the TED
tem became the eight-layer system shown in @¢.when  method are probably more accurate than the STS results. The
we count the split layers individually. In the CLE calcula- difference in the estimates from the two methods provides a
tion, the surface states of the spurious H atoms were an urtheoretical “error bar” and gives a CLE uncertainty of
necessary complication. Further, it was necessary to ensure0.5 eV, even though the numerigatecisionis easily an
that the bottom surface hydrogen had no uncompensated iorder of magnitude better. That numerical precision justifies
teractions with the surface sulfur when a core hole was cresharper comparisons between similar structures. The theo-
ated. Hence, for these calculations, we used a simulation slaletical S-2 excitation energiesfrom TED) are reported in
containingtwo free surfaces containing sulfur, equivalent to Table |; the S atom with the core hole is marketl. Fwo
a 15-layer sladwhere the split layers are counted indepen-different spectra are expected in structures with two in-

I Reconstructed

Bulk Positions

Reconstructed
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equivalent S atoms. Further, each g{2vel is a relativistic
doublet and hence each spectrum is expected to show a B3 K (i)
double-peak structure. The theory of the chemical shift of the
relativistic doublet is discussed below.

A. The S-2p relativistic doublet a

The S-2 levels are split by the spin-orhiso) interaction
toformj=1%=1/2,i.e., thg =I+ s doublets. The so splitting
was included in the calculations using the method of Koel- 165 164 -163 -162  -161 <160
ling and Harmorf® The PW-PP code is of no use for this
part of the problem. Instead, we use the all-electron (i)
FP-SR-LDA codé€! where the spirs and the orbital staté
are treated as good quantum numbers. The main code yields
the self-consistent potentid(r) inside the atomic sphere,
which determines the core states. The so interaction is

Hsdr,8)=&(n)!-5, )

f(r):(aZ/Z)(1/r)[dV(r)/dr], (3) -165 -164 -163 -162 -161  -160

Intensity (arb. units)

wherel and’s are the orbital and spin angular momentum
operators, andw is the fine-structure constant. The one-
electron so energy resulting from first-order perturbation
theory involves the matrix-elemerinl|H(r,s)|nl). Then
we have

E(j)so:<RnI|§(r)|Rnl>(jil/z)/zi (4 j
I ! I -

whereR,, is the radial function with quantum numbeng -165 -164  -163 -162 -161 -160
provided by the main full-electron code. It should be noted binding energy(eV)

that both the small and large components of the wave func-

tion rendered by the scalar-relativistic calculation are in- FIG. 5. Core-level spectra of 11(601)-(S,P showing the peak

cluded as usual in evaluating the mean values. structure obtained by fitting Voigt profilegi) Experimental data
The calculated so splitting is 1.29 e ¢ = —0.86 eV for  (squares, every 5th data point shovior the surface at 513 K. The

j=1/2 and +0.43 eV forj=3/2). The two peaks of the calculated spectrurtsmooth curviis the sum of CL spectra for S

doublet have intensities 1:2 since the level degeneracies afémer (d) and S monomerr() of Fig. 2a). (ii) Experimental spec-
2j+1=2 and 4. trum at 573 K. Here the intensity af and m were not assumed

equal in “decomposing” the spectrum. The electron background
(not shown in the other panglss also shown(dashed ling (iii)
Experimental spectrum at 713 K, compared with the thermally
CLE contain large Madelung contributions sensitive toweighted “sum” of theoretical spectra of Figs(e2—2(h). Only (e),
surface disorder. Disorder has a “smearing effect” which(h), and sum are labeled. The updelisplaced curve is the theo-
reducesthe differences between inequivalent chemical envi-etical spectrum for the structure of Figle alone.
ronments of the surface atoms. Thus, the experimental CL
shifts are expected to bemallerthan that calculated for the 6 m toroidal-grading monochromator beamline. The photo-
fully ordered structure. Surface disorder has an effect on thélectrons were collected by an angle-integrated double-pass
line shape of the CL excitation by inhomogeneous broadencylindrical-mirror analyzer in a UHV chamber. The sulfur-
ing, etc. A theoretical calculation of the CL-excitation line 2P core electrons were excited by 190 eV photons with a
shape would require a Zangwill-So&type treatment as take-off angle of 45°. Indium-d and phosphorousi2core
well as a convolution with inhomogeneous broadening eflevels were also recorded and found to be identical to those
fects. In this study, we simply assume that the net effect is téeported earlief. These will not be discussed here. The
yield a Lorentz-GausgéVoigt) profile and no attempt will be samples were prepared by treating the InP material with hot
made to provide a first-principles spectral line shape. Thig65 °C) ammonium sulfide solution to remove native oxides
means that eackelativistic doubletwill have a line shape and attach sulfur onto the surface. The surface was again
described by two fit parameters. However, the relative intentreated with fresh, room-temperature ammonium sulfide so-

sities of the two peaks in the doublet are determined by théution to dissolve physisorbed sulfur, $QOetc., and blow-
degeneraciesj2- 1, as discussed above. dried with nitrogen. The experimental spectra are shown as

squares in Fig. 5, where pandl$, (ii), and(iii) are for CL
spectra determined at 513 K, 573 K, and 713 K. The tem-
perature values are correct t050°. Panel(ii) shows the
Photoelectron-spectroscopy measurements were carriedectron-scattering background not shown in the other pan-
out at the Stanford Synchrotron Radiation Laboratory using &Is. The zero of the energy measurement is uncertain by a

B. Line shape

IV. DISCUSSION OF THE EXPERIMENTAL SPECTRA
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few eV, but profile fitting(see below using theoretical in- faces. The stable 1/2-ML-S surfaces are shown in Figs-—2

puts overcomes this problem. 2(i). In all these, the S—P molecules are tightly bound and
Since Fig. 2a) is theoretically the most likely structure, buckledwith the P atom projecting out. Unlike Fig(&, any

we analyze the lowest temperature experimental data as foRne of these structures, having only one kind of S atom, will

lows. Monomer () and dimer @) S contribute equally to Preduce asingle core-level doublet spectrum.

Fig. 2a). Hence we expect two equal-intensity doublets, However, the data} analysis says more. The structures are

having the same so splitting, line shape, and a 1:2 intensit lose to each other in energy and contribute to the surface

ratio in each doublet. We impose these strong constraints argfrition function. If we assume that all possible structures at
; . ' . . a given coverage contribute to the surface, each structure of
fit the experimental profile with two doublef$our Voigt

: o ! .energyEy would have a weight oZ‘lexp(—Eg/kBT) with
g;(l)ﬂ\l/zls}u\gg%Snelyp?:ﬁ/v?tzsigl?ﬁz aerfpi(i{gztegr:gfr;fg'g '[Z\e/oret'zfl the normalization. Such a weighted-sum theoretical

; . o . . spectrum for the structures of Figs(eR-2(i) at 713 K is
Since the intensity is arbitrary, the calculated spectrum Yjisplayed as “sum” in Fig. Gii). The CL spectrum from

scalec_i at one of the pea_ks to the experimental pr_ofile. Th?ig. 2(e) by itself or (h) by itself, agrees better with experi-
resulting fitted peak positions are designatedakerimen-  \nent than the sum. Thus, contrary to “simple intuition” the

tal peak values. The experimental so splitting is 1.18 eV, thigyneajed surface isot a simple weighted sum of the pos-
will be used in displaying other datdOn fitting the experi-  gjple structures. Instead, the lowest-energy strucure at this

mental data at 513 K, typical of the “low-temperature spec-cq\erage, Fig. @), is a somewhat better fit to the data. One
trum,” the 2p experimental binding energies of andm 44 imagine that the lowest energy structure nucleates first
sulfur were—162.57 and-161.95 eV, comparing very well  gnq determines further surface growth kinetic process
with the theoretical values of 162.9 and—161.90.5 eV 54 thus upsets the simple picture of thermal statistics. Fur-
for the structure of Fig. @). We also examined uncon- her the 1/2-ML-S-covered structure of FigeRis also the
strained fitting to other peak distributions, but the best fits,act choice as it is consistent with LEEDX2) data from
yielded four Gauss-Lorentz peaks as before. In Fig, e 5nealed sampléssince S and P atoms could look alike
contributions from P excitations of thed andm sulfur o nqer LEED. The data analysis suggests that kinetic effects
the total spectrum are also displayed. Given the effect of e relevant. Hence we have not tried a structural analysis of
surface disorder, etc., the experimental spectrum at 513 K ighe spectrum of Fig. @). Structures containing sulfur atoms
in close agreement with that predicted from the«(2) struc-  gypstituted in sites on several subsurface P planes may be
ture of Fig. 2a), i.e., Fig. 1. ) 1 relevant at these intermediate situations. Thus, at this inter-
Our d peak corresponds to what Chasseal™™ call @ mediate temperature we simply find the best-fit pair of dou-
“polysulfidic S ... in a terminal position,” while oum  pets where the intensities, peak positions, and linewidth pa-
peak (their S2 is what they attribute to “sulfur atoms in yameters were optimizeithout assuming equal intensity
phosphorous sites in the uppermost surface” or to amygyplets. The resulting decomposition is shown in pafigl

In,S; environmen(N.B, the species called “S1” by Chasse an( fits in with the S P exchange-driven annealing scenario
et al. does not occur in the temperature regime studied by USjiscussed so far.

in agreement with thejn Finally, the (2<2) structure is

consistent with the Auger data of Chasgel,'! whered is V. CONCLUSION

“polysulfidic,” while m is similar to S in an In—S environ- . o

ment, and provides a fully quantitative analysis of the CL !N summary, we have used theoretical predictions and ex-
experiments. perlmental CL spectroscopy tandemto unravel the' evolu-

On heating, other configurations begin to compete witption of tr_le fully-S-covered 1(001)-S surface to partial cov-
the T=0 K ground state. The next stable, fully S-covered©rage with (_axchange of surface S atoms by k?ulk P atoms,
structure is Fig. &). This structure gives a single $ZLE vvhere_a _dehcate process O.f _chemlca_l association and Q|mer
calculated to be-161.6 eV, i.e., near the previous monomerdlssoqanon plays a determining role in structural relaxat|on.
peak. If this is formed on heating, the “dimer” intensity Studyln_g the whqle core-level spectrL(mther.than just the
should decrease while the monomer peak grows. Actuallycl shifts provides a more throughgoing structure-
several aspects of the evolution of the surface under anneaﬂ-'sq'm'nat'ng approach. The I.OW temperature CL spectrum
ing are somewhat counter intuitive. Figuréibshows that IS in_excellent agreemenj[ W|th2tha'§ pred|ct§d from the
the monomerlike S pealas decreased in intensity. Thus the (2% 2) reconstruction of Jiret al,” while the higher tem-
structure of Fig. &) does not form, because of other com- perature (~700 K) anneal is likely to be a surfage containing
peting processes. Such a process is the surfacbudk-p ~ ON€ S species with rows of S—P and P—S pairs.
exchange. In fact, there is strong evidence for such ex-
changes from x-ray photoelectron diffraction studies.

The 3/4-ML S-covered structure, Fig(dl, is particularly We thank Geoff Aers and David Lockwood for many dis-
interesting. When a monomer S atom in Figa)lis replaced cussions and comments, Alfredo Pasquarello for a critical
by a P atom and relaxed to minimize the energy, the initiallyreading of the manuscript, and Alastair McLean for some
long S—P bond contracts to form a tight S—P molecule whileclarifications. This work is supported by grants from the
the dimer S-S elongates to a monomer pair. Here th@latural Sciences and Engineering Research Council of
S—P exchange involves dimer dissociation and S—P mo€anada and the “Fonds pour la formation de chercheurs et
lecular association. Thsurface rearrangement leading to l'aide ala recherche” of the Province of Qbec to L.J.L.

Fig. 2(d) for 3/4-ML-S coverage is not seen, probably due towWe are grateful to the “Services informatiques de
faster S-P exchanges leading, instead, to 1/2-ML-S sur-'Universite de Montral” for computer resources.

ACKNOWLEDGMENTS



55

CORE-LEVEL SPECTROSCOPIC STUDY OF HH ..

5383

*To whom correspondence should be addressed; electronic mail 58, 1765 (198%; I. Stich, M.C. Payne, R.D. King-Smith, J.-S.

address: chandre@cm1.phy.nrc.ca

Lin, and L.J. Clarkejbid. 68, 1351(1992.

1seeSynchrotron Radiation Research: Advances in Surface Scit®J.-M. Jin and L.J. Lewis, Phys. Rev.4®, 2201(1994); J.-M. Jin,

ence edited by Z. BachrackPlenum Press, New York, 1990
and J. Himpsekt al, in Photoemission and Absorption Spec-
troscopy of Solids and Surfaces with Synchrotron Radiatdn
ited by M. Campagna and R. Rogdiorth-Holland, Amsterdam,
1990, p. 203; also, E.L. Bulloclket al,, Phys. Rev. Lett74,
2756(1995.

23.-M. Jin, M.W.C. Dharma-wardana, D.J. Lockwood, G.C. Aers,

Z.H. Lu, and L.J. Lewis, Phys. Rev. Left5, 878(1995.

3C.J. Sandroff, M.S. Hegde, L.A. Farrow, C.C. Chang, and J.P.

Harbison, Appl. Phys. Lett4, 362(1989.

4Y. Tao, A. Yelon, E. Sacher, Z.H. Lu, and M.J. Graham, Appl.
Phys. Lett.60, 2669(1992.

5J. Travis, Scienc@62, 1819(1993.

6M.P. Teter, M.C. Payne, and D.C. Allan, Phys. Rev® 12 255
(1989.

7C.E.J. Mitchell, I.G. Hill, A.B. McLean, and Z.H. Lu, Prog. Surf.
Sci. 50, 325(1995.

8C.R. Stanley, R.F.C. Farrow, and P.W. Sullivan;Time Technol-
ogy and Physics of Molecular Beam Epitaegited by E.H.C.
Parker(Plenum, New York, 1985 Chap. 9.

9T. Ohno, Surf. Sci255 229(1991); M. Sugiyama, S. Maeyama,
and M. Oshima, Phys. Rev. B0, 4905(1994.

L.J. Lewis, V. Milman, I. Stich, and M.C. Paynéhid. 48,
11 465(1993.

173.-M. Jin and L.J. Lewis, Surf. Sc&25 251 (1995.

18D R. Lide, in Handbook of Chemistry and Physi6S8RC Press,
Boca Raton, 1992 pp. 9-22.

193.C. Brice, inProperties of Indium PhosphidéNSPEC, London,
1992, p. 5, and references cited therein.

203 L.A. Alves, J. Hebenstreit, and M. Scheffler, Phys. Rev4B

6188(199)).

2IM. Methfessel, Phys. Rev. B8, 1537(1988; M. Methfessel, D.
Hennig, and M. Scheffleibid. 46, 4816(1992, and references
therein.

22F_Perrot and M.W.C. Dharma-wardana, Phys. Rev. [7&t797
(1993; A. Rosengren and B. Johansson, Phys. Re22B3706
(1980.

ZE. pehlke and M. Scheffler, Phys. Rev. L&t, 2338(1993.

24x. Blase, A.J.R. de Silva, Xuejun Zhu, and S.G. Louie, Phys.
Rev. B30, 8102(1994.

N Pasquarello, M.S. Hybertsen, and R. Car, Phys. Rev. Z4tt.
1024(1995.

26G.D. MahanMany-Particle PhysicgPlenum, New York, 1990
Chap. 8.

0y, Fukuda, Y. Suzuki, N. Sanada, S. Sasaki, and T. Ohsawa, J’A. Zangwill and P. Soven, Phys. Rev. 24, 1561(1980.

Appl. Phys.76, 3059(1994.

11T ChasseH. Peisert, P. Streubel, and R. Szargan, Surf. &34,
331(1995.

12|, Kleinman and D.M. Bylander, Phys. Rev. Le#t8, 1425
(1982.

13p.M. Ceperley and B.J. Alder, Phys. Rev. Letb, 566 (1980.

143. Dabrowski and M. Scheffler, Appl. Surf. S&6, 15 (1992.

283.C. Slater,The Self-Consistent Field for Molecules and Solids
(McGraw-Hill, New York, 1974, Vol. IV; R.M. Dreizler and
E.K.U. Gross, Density Functional Theory(Springer-Verlag,
New York, 1990, Sec. 4.4.

2D D. Koelling and B.N. Harmon, J. Phys. 10, 3107(1977.

30This is equivalent to fixing the value of in —\L-Sin the so
term (Ref. 24.

5M. Needels, M.C. Payne, and J.D. Joannopoulos, Phys. Rev. Lett*Z.H. Lu and R. Cadunpublisheal



