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Surface-core-level-shift low-energy photoelectron diffraction: The % 1-Si(001) surface
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Surface-core-level-shift photoelectron diffraction at the surface-sensitive kinetic energy of the photoelectron
has been used as a powerful method for the determination of the clean surface structsidle-8{@01). With
the aid of a theoretical interpretation based on full multiple scattering with complex potential, we show that an
extreme sensitivity to the short-range order due to the chosen photoelectron kinetic energy range can be
achieved. As a consequence results obtained are shown exempt from spurious effects due to the partial order
on the surface, which could be detrimental to other conventional diffraction techniques for structures determi-
nation. The photoelectron diffraction experiment was performed at room temperature and the low-energy
electron diffraction showed a>21 single domain pattern with diffuse lines due to higher-order reconstruc-
tions. In the analysis different reconstructigpg2< 1), p(2x 2), andc(4 X 2)] were considered to check the
stability of the optimization structural parameters during the automatic search procedure for the best fit. The
structural parameters derived by such an analysis were compared with several recent total-energy calculations
performed for the three reconstruction geometries taken into considers@iah63-182@8)02223-1

[. INTRODUCTION 2% 1-Si(001) surface? as a prototypical case, deserves an
extended description of the results obtained. Furthermore, to
A quite formidable problem is represented by the study ofour knowledge, only very few experiments are currently ca-
clean surfaces. In many surface structure techniques a sigable of giving a realistic description of such a surface, in
nificant problem is to reduce the overwhelming contributionreasonable agreement with the massive amount of theoretical
from the bulk in order to attain more detailed insight of the calculations available. The main reason for this lack of
surface structural properties. agreement is certainly related to some degree of disorder
On the other side, scanning microscopies necessarily disbserved on several semiconductor surfaces, which creates
regard the interaction between the very first lagtbe inter-  some difficulties to diffraction techniques such as low-
face with the vacuumand the atoms underneath, which is energy electron diffractiofLEED) or surface x-ray diffrac-
responsible of most surface properties. Moreover some diftion because of their extended coherence length.
ficulties arise from the interplay between structural and elec- From the structural point of view, the present technique is
tronic features during imaging of surface states. similar to LEED, but the signal carrying informatiafthe
The present technique turns out to be quite peculiar bephotoemission intensitycan be optimized because of the
cause of the isotropic nature of the emitted low kinetic en-absence of interference effects coming from the scattering
ergy electrons. This characteristic allows surface-core-levelprocesses that originate at different planes in the bulk. With
shift low-energy photoelectron diffractiofSCLS-PD to  the help of the high-resolution photoemission, now fully
evenly probe the atomic structure around the photoemitterqvailable at third generation synchrotron radiation sources,
and to resolve by a single experiment the three-dimensiondhe effect of the surface potential that induces an energy shift
geometry of the surface under study by monitoring the anto the core-level photoemission peak of those atoms that are
gular anisotropy of the photoemission peak originating fromdirectly involved in the surface termination, allows in prin-
surface shifted core levels. ciple the capability to sort out, among the several contribu-
Quite recently, Gotaetal®l and Bullock et al? have tions to the photoemission, those coming from the atoms of
shown the degree of sensitivity of such a technique. In thignterest.
work we shall report the method used in obtaining the results Actually there are two kinds of obstacles to this kind of
above quoted. In particular the application to the case of thetudy. First, on many surfaces the SCLS’s are small com-
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pared to both the intrinsic linewidth of the core levels and theLEED observations has been reported in valence-band
instrumental broadening. This is particularly true for manyphotoemissior.

metals in which the surface structure and thus the chemical The present paper will include in Sec. Il the theoretical
environment is not very different from the bulk. Indeed, thebackground of the method used. For the experimental de-
very existence and number of SCLS’s is often a cause oscription we refer to the work of Bullockt al? The fitting
debate due to these limitations. The second obstacle is tHocedure will be reported in Sec. Ill, while discussion and
question of the structural origins of the observed SCLS's. Irfonclusion will follow in Sec. IV.

a previous Lettérwe showed that SCLS-PD could be used

to assign the structural origin of the SCLS peak under study Il. THEORY

by comparison of the experimental angular anisotropy in the v caicylate the cross section for the photoemission of a
photoemission intensity with multiple scattering calculationsCore electron from a system containiNgelectrons along the
of the angular resolved photoemission cross section. The a8 action K. with eneravkZ=w— I .— AE.. where o is the
signment of the Si g core level shifted by 0.5 eV towards p WIN ENETGYK= ™ o= Atp w >
higher kinetic energy on the>21-(001) surface was shown energy of the Impinging photqri,c s the core lonization

. - ) potential andAE; is the excitation energy left into the sys-
unambiguously to originate from the up atom of a hlghlytem. We shall use throughout atomic units for lengths and

ionic dimer. . , , Rydberg units for energies.

The problem of ionicity of the dimer bond is also related “thg problem in its generality has been dealt with in Ref.
to the nat.ure of the local regonstructlon, because no realisti§ The computer code will be described elsewlianée shall
model exists that can explain the LEED quarter order spotgn|y recall here the main formulas of Ref. 8, referring to that
without asymmetric dimers. In fact |het a|.3 demonstrated paper for notations and more Comp|ete discussion of the un-
that the room-temperatur€RT) 2X1 reconstruction ob- derlying physics. There it was shown that the cross section in
served by LEED is not the ground state of the cleal®&l) question can be written as
surface, but several higher-order reconstructions occur with
lower total energy, and suggested the existence of an ordedo ) e m e o 2 )
disorder phase transition for the disappearance of the higheTzSW 0‘“’; (Ea: Safa(r;kﬁ)le-r|¢|omo(r)> p(Kg),
order diffraction spots. This phase transition was observed at * ° (1)
about 200 K from the(4x 2) to the 2<1 by Tabateet al? i

Scanning tunneling microscogsTM) topographs of the where € is the photon polarization vectoky is the fine-
Si(001) surface taken at room temperature revealed a surfacgtructure constanp(kz) =kg/ (167°) is the final state den-
consisting of approximately an equal number of buckled andity for the outgoing plane wave with wave numbgr, S, is
unbuckled dimers as well as region ofX24), p(2x2), and the overlap integral of the “passive” electrons given by
c(4x2) symmetries, and a relatively large number of(@§*1|wg*1>, - (F) is the core electron wave function
defects>® The authors did not rule out the possibility that the . oo B L
appearence of nonbuckled dimers could be due to dynami‘é"th angular momentgnﬁ.o=(|0,m0) gnd fa(r:Kp) is the
buckling on a time scale that is short compared to the STMlme-reversed_scatterlng 2Wave function for th_e photelectron
measurement time. Indeed, more recent low-temperatuf® channela with energyk, = w—1.—AE, obeying the sys-
STM measurements showed that upon cooling to 120 K, th&m of coupled Schuiinger equations
number of buckled dimers increases together with the extent
of higher-order reconstructions domafhs. (A+K2)f(r: EB)ZE V(D) (r: EB) 2

In the present paper we shall discuss in detail the struc- o PO “
tural model of S{001) putting emphasis on the sensitivity of = ) - )
the present technique to the structural analysis of solid clealith interchannel potentialy,,(r) and asymptotic bound-
surfaces. Even if a reduced set of experimental data is redfy conditions
ported, we are going to demonstrate the stability of the struc- ikor
tural results obtained by comparison with fully converged f(r:k )meilzﬁfa (kK )e ‘ _
multiple scattering calculations. We face the problem of the ad TR ap " lalRal ATy
Si(001)-2x 1 surface at RT, where several reconstructlon:f Eq. (1) an extra factor of 2 takes into account the spin

e

dor_nams are suppo_sed to coexist by looking at the effects g grees of freedom, which will be henceforth neglected.
a single reconstruction on the structural parameters. What we L o . :

) : : In principle it is certainly possible to solve the set of
measured is a PD signal that corresponds to the time-

averaged dimer structure of this disordered surface that w%OUpIEd equations?) only in terms of the channgb of

expect to be close to@4x 2) or ap(2X 2) reconstruction.  INterest, obtaining eacf, (r;kp) as a function off ;(r;kp).
The room-temperature experiment on th& 2-Si(002) This (_ahmmatlon process _Ieads tc_) an (_—:-ffect|ve Sdmger_

surface as characterized by LEED introduces also the protgquation for the channel in question with a complex optical

lem of the short-range order character of SCLS-PD wherpotentialVZ(w,r) that describes the effect of the eliminated

compared with LEED. The latter, because of its large coherehannels

ence length, shows a diffuse intensity due to the different

reconstruction domains on the surface, while the former [A+K5=VE(w,1)]f5(rikg)=0. (4)

technique is more sensitive to the real geometry of atoms

surrounding the photoemitter. A similar behavior versus Substitution into Eq(1) yields for the cross section

()
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do o R terstitial constant potential with the zero potential region of
— =8n%aw ), |[S€p(w)fg(r;kﬁ)|e-r|¢fomo(r)]|2p(k§), the vacuum outside the system. Inside the muffin-tin sphere
B Mo I; one can represent the scattering wave function, which is a
where Si(w) is a complicated nonlocal operator acting onfunction ofr;=r—R;, as
fo(r;ky) as . .
B B 20 Ny \pi [ -
5 (ri;k) =2 4mi'Y (KB (LR}, (r)Y (1) ()
RN - > LL'
d3r'Sg(w;r,r" ) f5(r";kp).
f p b b using throughout real spherical harmonics.
In the following we shall make thansatzof locality and Here the functiorR|,(r;) is normalized so that
write instead .
N o Ri(r)= Ri(r)
Sl i Ta (rikp) =S )T (13ke) = kP (ORI,

the last step being a consequence of the excitation process . . .
. where j,(r) is the usual Bessel function)[ f,g],=(fg’
Notice thatsgp(w) does not carry any dependence on the—gf’)lp is the Wronskian of the two functions(r) and

direction ofk since it can be expressed only in terms of theg(r) calculated at =p, andRI(ri) is the regular solution of

: 2
inverse of the operatorsi(t k7). , _ . the radial SE inside sphete with angular momenturh be-
The reduction process sketched above is equally valid foﬁaving at the origin as'
i

th.ﬁ EOTpkljetIEIg Lelaieg cha:jn?eA E|o=t0)y W?;]CT Eenceforth . With this normalization it is possible to sh8w’ that the
will be labeled bys=0, and for electrons that have experi- quantitiesB:_,(L) in Eq. (6) controlling the amplitude of

enced some energy losaE;+0), like those undergoing _ - .
plasmon losses. It is worth noticing that apart from the ef_each partial wave |_nS|de sphdteare the same quantme_s that
control the amplitude of the spherical waves in the

fective optical potential, on which we shall comment briefly, X ) ina f h h In fact i
the structural basis for the diffraction mechanism is the sam&3YMPtotic region emanating from the same sphere. In factin
this latter region, and also in region Il due to the absence of

for both types of electrons. We are led therefore to the fol- oI
lowing expression for the photoemission cross section; ~ the outer sphere, one can write, indicatingty(r) the out-
going spherical Hankel function of ordér

do 2
L

X fo(rikg)erléf m (N12p(k3). (5 , j ~

2. U5 (Tikg)l el dfm(D%p (k). (5) LS B L knvLF)]. @
L

Considerations similar to those developed in Ref. 10 lead us

to identify the non-Coulombic part o¥2(w,r) with the ~From Eqs.(6) and(7) it is clear that the quantitieB| , (L)

self-energy of a uniform interacting electron gas with densityare to be interpreted as total scattering amplitudes in channel
given by the local density of the system under study and " for all waves incident on the atom located at sioming
the plasmon pole approximation for the dielectric function toffom everywhere in the system in response to an exciting
the Hedin-LundqvistHL) potential™ In this approximation ~Wave in channeL. o _
we can assume that the effective potential is roughly the They therefore satisfy a set of compatibility equations
same for the elastic and the inelastic channels since the cofélled the MS equations
responding total charge densities of the system in these con-
figurations are expected to be very similar. BiL,(L)z —ti gio —t:, GiLj/L/rBjL"(L) (8
As a result of all this we are then left with the problem of jE L
the solution of Eq(4) with boundary condition$3). This is
a scattering problem with complex potential. In the following
when not necessary we shall drop the channel inglésom B B ' '
Sg(w) and the wave functiorh,g(F; IZB) considering the scat- > [(Tgl)'ﬂ/LmLGE/LH]BJU(L)= —J'LO,L, 9
tering wave functiorf * (r;K)=[f~(r;k)]*. )
In the muffin-tin approximation the charge density of thewhere we have defined the matrix T;(l)'l_’,,_,,
system, the pqtentlgl and the §0Iut|on of the _re_lat_ed SE are:(l/t:,)éij SLiLn. Heret: is the atomict matrix of the atom
represented piecewise according to the partitioning of the .iqi given by
space into region |, the space enclosed by sphem@yadius
p; around each atomic positidﬁi, and region I, the space W[jl’(kri)sR:r(ri)] _
outside the atomic spheres called the interstitial region and [ l
extending to infinity due to the absence of an outer sphere,
which is unsuitable when dealing with surfaces. We shall .
neglect the outer sphere region and represent the surface pd-being thelth phase shift of the potential inside sphére
tential by a potential step joining the muffin-tin negative in-andG, is the amplitude of propagation from sitéo sitei

or in the more usual form

= sin(4)),

t, =1 T i
! W[hl,(kri),R|r(ri)]pi
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of a free spherical wave of angular momentunaround site
i andL’ around sitgj given by

Gl =am> i'""Vcr  [—ih(KR)IYLA(R;)
LII

=N/ =13/ (10

the last equation following from the relatio&_ihr(r)

=ny(r)—ij,(r) with the obvious definition ofNEL, and

JJL - In this last equatiom®;; =R, — R; and

L" _
CLL’_

fYL(r)Yu(r)Yu(r)dr
are the Gaunt coefficients. Finally the factdf,, on the
right-hand side of Eq(8) is the amplitude of the exciting
spherical wave of angular momentumaround the origin as
seen from siteé and is given by Eq(10).

Equation(8) states the fact that the total scattering ampli-
tude B'L,(L) at sitei is given by the sum of the atomic

LA et al.

k
2 = 2
8w awﬂ_|S(w)|

2
L il KR
LO EJL/|| YL/(k)elk 10

> M

LL'

(16)

3z

This latter form is very rewarding in that it can be read in
terms of physical processes. It simply says that the cross
section for emission of a photoelectron aI0ﬁ§ is the result

of an interference process in which all composite amplitudes
of all possible events describing the creation of a photoelec-
tron, its propagation through the system, and the final escape
into the vacuum interfere to create the final total amplitude
whose modulus square is proportional to the intensity of the
photocurrent along- K. These composite amplitudes are ob-
tained as the product of the amplituhﬂt{{0 for the creation of

the electron at site in angular momentuni, times the
amplitude of propagatiomf'L, from siteo to any other sitg

with final angular momenturmL’, times the amplitude

Y, (k) for emission along the direction k as seen from site

scattering amplitude at the same site times the exciting am-"- R _

plitude plus the amplitude of all the waves that come from alll» times the phase fact@™ ™ that takes into account the
other sites with any angular momentum, propagate toisite Phase relation of the electronic wave between sitesd].
and are scattered by the atom located there. This form of the cross section follows very closely the usual

Due to the localization of the initial core state, which we three-step model for the photoemission process.

shall suppose to be located at sie(the origin, we need
only that part of the electron wave function inside spHere
Therefore taking the complex conjugate of E), written
for site 0 and inserting it into Eq(5) we obtain for the
photoemission cross section

dO' k L L ~ 2
@=8w2aw;|8<w>|22 2 [M°BY(L)]*i 'de)‘

Mo |LL'

11
with
L ~ A > -
M O=(RP(NYLA(N)e-T|¢f (1) (12)
To proceed further we solve E¢P) for BE,(L) as
B, (L)=—2>, 71,35, (13

jL//

Following the way shown by Tysoet al.° we built the
potential for the calculation superposing atomic charge den-
sity from tabulated self-consistenfSCH atomic wave
functions? following the Mattheis procedure.

After a suitable choice of the size of the atomic radii,
which will be discussed in the following, we built the cluster
charge density and Coulombic part of the muffin-tin poten-
tial after the spherical average of the superposed atomic po-
tentials. The exchange and correlatifC) part of the po-
tential was instead obtained from the Hedin-Lungvist
potential*! It is known that its imaginary part reproduces
quite well the electron mean free path in metals and
semiconductor$® In the region outside the atomic spheres
the Coulomb potential and charge were set equal to their
volume averaged values. In this scheme the constant value of
the charge was used to obtain the complex XC part of the
interstitial constant potential.

The simplifying approximation of the full potential to a
constant value in the interstitial region is certainly a crude
one for a covalent solid. To check the sensitivity of the tech-

where we have introduced the inverse of the multiple scathique to a different method of construction of the potential

tering matrix

L =[T+6) 1), (14)

we compared results obtained in the way outlined above with
those obtained by using a SCF solution of the Si bulk poten-
tial in a linear muffin-tin orbital approximatiolf, using no

regions of constant potential, and using, on the contrary,

known as the scattering path operator, which describes thempty spheres of electronic charge in order to simulate the
total amplitude of propagation from one site to another in thedirection of the bond. Results following this second proce-
angular momentum representation. Moreover using thelure turned out to be indistinguishable from the muffin-tin
relatior? case. The calculation of the photoemission anisotropy was
obtained after full inversion of the MS matrix, since for this
2 ] cluster and at low photoelectron kinetic energies4Q eV)
- the MS series does not conver§eFull advantage of the
symmetry point group €@;) was taken. Even with this low
we finally obtain for the photoemission cross section from asurface symmetry involving only a factor 2 of reduction of
core state the MS matrix, calculation with clusters containing more

o iy (ky=i"v, (ke Rio (15)
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used(bottom panel Moreover any convolution of the ex-
AN/\\/\AN\/\JWN/W\/\MIZ % perimental data with some broadening function cannot be
. performed because of the angular experimental mode, while
— MWW\AIO I a multienergyaverage on the peak widthontribution to the
c calculated pattern is ineffective in reducing the effects of the
= j\J\A./\/"\/\JAL/\,{k/\/"\I\_ 8 & Fig. 1. In the present calculation with complex potential,
oo L o b convergence in the cluster size was obtained after including
5 MMM\/\AIZ A five planes of atoms with a cutoff radius of 10 A around the
~ photoabsorber corresponding to more than 100 atoms. This is
A J\/\/N\/\J\/\A/\/\/\lo )\ the expected value, since it roughly corresponds to twice the
A 3 photoelectron mean free path, i.e., the damping distance for
/\/\/\/\/\/W\/\/\/\/\ 8 the amplitude of propagation in E¢L6), at the chosen ki-
VIVV Y VUV AV VYA netic energy £40 eV). Due to the uncertainty with which
0 100 200 300 we know the parameters of the potential, the minimization

procedure involved also those details of the potential that can
be questionable for the two main approximations used: the
gnuffin—tin and the surface potential barrier. For this reason,
of photoelectron diffractiofiPD) azimuthal patterns respectively in dqu_ng_ the automatic trial and. error procedure that Ied_ to a
the presence and absence of a complex potential, for a sphericg?'n"’n'zatIon of an error fL{nc't_lonR facton the Cqulomb|c
cluster of Si of 8, 10, and 12 A of radius. The kinetic energy is thePart of the constant muffin-tin complex potential and the
same as that used in the present experiment. The convergenceGBarge densityfrom which the XC potential is calculatgd

observed when 10 A cluster radius is used in complex potentiafVere also changed and continuously compared with value
mode calculation. obtained from band-structure calculation of the surface.

® (degree)

FIG. 1. In the bottom and top panel are reported the calculation

than 100 atoms can be done in a few minutes of CPU on lll. ANALYSIS AND RESULTS
Digital alpha-VAX machines per energy point.

The scattering from the surface potential was taken into In a previous paper we described the measurement of the
account only via the usual refraction condition of the outgo-PD angular intensity of the Sif2photoemission core level
ing photoelectron through the potential step. Because of thtaking its origin at the up atom of the dimer and shifted 0.5
low kinetic energy involved in the experiment some doubtseV towards higher kinetic energy with respect to the bulk
could arise about the planarity of the barrier constituted byphotoemission core level. By a fitting procedure the area of
the interface with vacuum. In fact if photoelectrons weresuch a surface core-level peak is singled out from the con-
sensitive to the local structure of the interstitial potential thetributions of Si atoms occupying other surface or bulk atomic
refraction law would not be valid. However, optimized val- sites? Multiple scattering calculations of the angular photo-
ues of the interstitial potential5.5 eV) and the angle of emission cross section related to the selected position of the
propagation inside the solid (40°) were found consistenphotoemitter atom on the surface are compared with the ex-
with the refraction law. Independent confirmations of theseperimental curve after normalization and the error function
findings were obtained from other experiments done undeminimized in order to obtain the structural parameters, i.e.,
the same experimental conditions on the AQ$1) and As/  position of atoms in the first, second, and third layers of the
Si(001) surfaces giving the same indications for the mainSi(001) bulk terminated surface, while deeper atoms are con-
parameters of the calculatidn. sidered frozen in their bulk positions. Other parameters in-

For a realistic description of the surface and bulk PD patvolved in the calculation are those connected to the muffin-
terns it was found essential to calculate the PD scatteringin potential, i.e., atomic radii, interstitial constant charge
amplitude with an effective optical potential that incorpo- density, and potential. Furthermore we allowed small adjust-
rates the attenuation of the photoelectronic wave via comments around the nominal values of the kinetic energy and
plex atomic phase shifts and complex interstitial potentialthe emission angle of the photoelectron inside the solid.
The importance of the use of a built-in complex potential is Each photoelectron diffraction pattern was calculated at a
briefly shown in Fig. 1 where calculations for azimuthal dif- single kinetic energy point to be compared with the experi-
fraction patterns for photoelectrons emitted from an ideamental intensity obtained from the area of the photoemission
Si(001) surface are reported. As can be observed, the insepeak. The correctness of the procedure was verified with
tion of the complex potential is extremely useful in the re-great accuracy comparing the experimental anisotropy of the
gion of energy used, in which the opening of channels due t@rea of the spin doublet with the maximum of the intensity of
the excitation of a single plasmon in the solid is crucial tothe major spin-orbit componeriSi 2ps,). In fact variation
describe the correct propagation of the photoelectron. Sizn the statistical ratio of the two spin-orbit components is less
able differences and anisotropy features not detected in th&an 5% in the Si P core level and then neglected.
experimental pattern are obtained if the complex part is mim- The value of the internal kinetic energy found by a mini-
icked by an exponential mean-free-path—based dampingnization procedure was checked in agreement with the value
Figure 1 clearly illustrates the difficulty of achieving conver- of experimental photoemission kinetic energy and the experi-
gence in the size of the clusté8, 10, or 12 A when the mental surface work function as measured after each experi-
complex part of the potential is set to zeftop panel, as  ment by means of the kinetic energy of the high energy tail
compared with the case in which the complex potential isof secondary electrons with the sample biasedH#0 V.
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Analysis of experimental curves was performed by using
a SimplexX® minimization procedure of thB-factor function
of the parameters, defined as the absolute value of the differ-
ences between normalized theory and experiment, divided by
the number of experimental points. In order to probe the
largest possible parameter space a Metropolis algotfthm
was implemented to simulate an annealing during the mini-
mization procedure. This minimization, though slow, was ef-
ficient in the minimum search. At each iteration the main set
of coordinates of the atoms of the dimer was changed and the
full calculation redone. No tensor linear approximation was
attempted. The influence due to different starting random
points was checked to be well inside the error bars of the
minimization. Each minimization, according to the different
cases, made use of 600—800 different calculations. Local
minima were avoided by means of a mesh with steps of 0.02
and 0.01 A only in the very last phase of the procedure. The

PD anisotropy (arb. un.)

—-- exp

— theor
minimization was done for three different reconstructions L :w. )I'. ol
c(4X2), p(2X2), andp(2X1), in order to check the sta- 150 200 250 300
bility of the final results. During the entire minimization pro-
cedure the majority-minority domain ratio was treated as a
fitting parameter, leading to a striking predominance of the @ (degree)
majority domain, i.e., dimer bond along th&10] direction, FIG. 2. Level of agreement of Si2PD azimuthal calculation

in the ratio 75%*-5%. At the start of the procedure for each for the three surface periodicitigg(2x 1), c(4x2), p(2x2) of
reconstruction only the dimer atom positions were movedhe S{001) surface when compared with experiment reported in
with different choices for the relaxation of the substrate at-dashed line. An experiment has been performed with a polar angle
oms. For the best option of inner plane relaxation a minimi-detection of 45° and a photon beam of 130 eV and angle of inci-
zation of all the atoms together was accomplished. Due tdence 5° from the normal to the surface in the plane of the detec-
the nature of the localization of the probe to the very firsttion, on the same side of detected electron. The azimuthal angle
plane, the sensitivity of the technique to the inner planes wa80° corresponds to majority domain row directiphl0]. The
found to be rather weak, even though it cannot be excludedimer bond is along the directidri 10] (270°).
that some scattering geometries could increase the impor-
tance to these structural parameters, for the present expetieal spread of their values in case of acceptance of the fit for
mental conditions we did not observe any sensitijibside  a R factor lower than 0.06. The test was also important to
reasonable variations of the parameters around the nominaktablish that, given the level of agreement, the single anisot-
positions to atoms beyond the third plane. ropy photoelectron diffraction curve was statistically suffi-
The error bars were determined with relation to the ran-<cient for the structural parameters’ determination. In Fig. 2
dom noise, which affects the minimization. Changes in theare reported all the curves, which in fact are considered to
theoretical input parameters, such as interstitial complex pohave the highest observed level of goodness in the compari-
tential or muffin-tin radii, were used as random noise genson with the experiment for the case of the4x2), p(2
erators for the degree of uncertainty in the theory due to the<2), andp(2x1).
tailoring of the muffin-tin model for the description of the  Among the parameters, a high degree of correlation exists
potential. The error bars, obtained on the basis of perturbéer the complex interstitial potential and the emission angle.
tions induced in the best fit solution parameters by thes@he real part of the interstitial potential was found to be
random noise generators, were found to be well inside th6.5(=0.5) eV, the emission angle about 48°Q.5°), the
errors obtained by looking at the whole set of representationsalculated mean free path 5 A, and the interstitial charge
of the surface geometry whose agreement with the experdensity 0.006¢-0.001) electroria.u)®
ment is considered satisfactory. Furthermore the degree of overlapping of MT spheres was
A x? test was performed to evaluate the goodness of thehosen to vary between 5 and 10 % providing a sizable im-
fit. We estimated the total statistical errer(theoretical er- provement when compared with the calculation obtained
rors due to theoretical model plus experimental ejrtobsbe  with touching spheres.
of the order of 7—-8 %. With this value of the error we ac- While no appreciable preferences can be drawn from the
cepted as a good fit a value of 0.8—1 for the quardity? observation of the overall agreement with the experiment of
for the 120 experimental points of the fit. This number is tothe “geometries”p(2Xx2) andc(4X2) reported in Fig. 2,
be compared with a value of o& factor of 0.05—0.06 in the only slightly different geometrical parameters can be ob-
case of thep(2X2) andc(4X2) reconstruction, while a served for the minimized geometries of the first three planes
value of about 0.08 is obtained for tipg2x 1) reconstruc- of the S{001) surface. In all the calculations no twisting of
tion. In comparison a bad fit obtained wil=0.24 would the dimer bond was taken into consideration. The model that
correspond to a value @f2y? of about 10, clearly off of any was followed for the relaxation of the structure did not take
reasonable agreement with the experiment. We evaluated tliato consideration any shift or twist of the atoms in {40
errors of the fitting parameters by considering half the statisdirection, i.e., perpendicularly to the dimers bond. Only in



57 SURFACE-CORE-LEVEL-SHIFT LOW-ENERGY ... 14 745

TABLE I. The atomic displacements from the ideal®l1) surface positiongunits of A) for the three periodicities for which calculations
have been optimized(2x 1), p(2X2), c(4X2) and for the mixed geometig{4 X 2)+ p(2X 2). The atomic coordinates of ideal(@01)

surface are labeled by indicek,(,m), for an atomic position vectdﬁz(klz* V211252 m/4)*a, wherea is the lattice constant of bulk
silicon. Thex direction is along the crystallographid¢ 10] direction andx is along[110].

Atoms p(2x1) p(2x2) c(4x2) c(4X2)+p(2%X2)
(k,I,m) X oy oz X 1Y 6z &X oy 6z X 1Y 6z
(0,0,0 +0.662) —0.042) +0.592) —0.092) +0.602) —0.102) +0.632) —0.052)
(2,0,0 -—1.049 —0.502) —1.024) -0.722) —1.104) —0.822) —1.034) —0.762)
0,2,0 +0.662) —0.042) +1.024) -0.722) +1.1Q04) —-0.822) +1.034) —0.762)
(2,2,0 -—1.049 —0.502) —0.592) —0.092) —0.602) —-0.102) —0.632) —0.052)
0,1-1 +0.102) -0.012) +0.102) —0.0712) —0.042) +0.102) —0.052) —0.102) +0.102) —-0.052) —0.012)
2,1~-1) -0.102) -0.0712) —-0.102) +0.072) —0.012) —0.102) +0.052) —0.102) —0.102) +0.052) —0.072)
4,1-1) +0.102) -0.0712) +0.102) +0.072) —0.012) +0.102) +0.052) —0.102) +0.102) +0.052) -—0.072)
6,1-1) -0.102) -0.0712) —-0.102) —-0.042) —0.012) —0.102) —0.052) —0.102) —0.102) —0.052) —0.072)
1,1-2 —0.154) —0.204) —0.154) —0.154)
(3,1-2 +0.052) +0.052) +0.052) +0.052)
(5,1-2 —0.154) —0.204) —0.154) —0.154)
(7,1-2) +0.052) +0.052) +0.052) +0.052)

the case op(2x2) andc(4x2) we allowed a relaxation of and 2.33 A, close to those found by Trorepal. (2.43 and
second-layer atoms in that direction. 2.37,%* but larger than the value reported recently, i.e., 2.34
The structural results obtained in this paper are summaA and 2.29 A by Ramstad, Brocks, and Keky al,*® and
rized in Table I, respectively, fop(2x1), p(2x2), and  2.33 and 2.28 A from Krger and Polimalf and Zhu, Shima,
c(4x2) and a mixed p(2x 2)+c(4x 2)] reconstructions. and Tsukadd*
The resulting bond lengths and dimer tilt angles are depicted The p(2X2) reconstruction showed a sensitive increase
in the ball and stick model in Fig. 3. Looking at the values ofin the dimer bond buckling 15.8%1°) and dimer bond
the errors, one remarks that the sensitivity to the structure ikength 2.31¢-0.03) A found by our experiment. The found
isotropic and the technique does not suffer any lack of senbackbond values were respectively 2.33 and 2.30 A for the
sitivity in certain experimental conditions as could happen inup and down atoms of the dimer. Very similar values of the
some cases with x-ray surface diffraction, transmission elecdimer parameters were reported by Ramstad, Brocks, and
tron diffraction, or x-ray standing waves. Kelly*® while the backbonds are respectively 2.34 and 2.31
In the case of th@(2x 1) reconstruction the comparison A. Tromp et al?* reported a value of the dimer length of
with the experiment is not satisfactoriR€ 0.08), and this 2.38 A and a buckling angle of 15.5°. The determined back-
conclusion is confirmed by the geometrical parameters obbonds values were respectively 2.37 and 2.16 A. Shkrebtii
tained for the reconstruction. Movements of the atoms iret al?® reported for this reconstruction values of 18.4° and
direction perpendicular to the dimer were not allowed. The2.38 A, respectively for the dimer bond angle and length.
value of the dimer angle was found to be 12°1°), while The c(4X2) reconstruction showed a dimer bond buck-
value of the bond length was equal to 2.481.03) A. This  ling comparable with that gb(2x 2) with a buckling angle
low dimer bond angle is in disagreement with the calculationof 18.6°(+1°), dimer bond length of 2.26 A, and backbond
of Dabrowski and Scheffléf (15°), the value found by values of 2.36 and 2.30 A, respectively, for the bond of the
Ramstad, Brocks, and Kelff§ for the same reconstruction top and bottom atom of the dimer. The dimer geometries are
(18.3°) and that of Krger and Pollmanti (19°). These val- in overall agreement with the result of the calculation of
ues are quite different from the values reported in the earlieNorthrup®® 17.7° and 2.29 A for angle and length of the
calculationd’~2% and ranging between 6° and 14° for the bond, and for the backbond lengths, respectively, 2.35 and
dimer bond angle. A lower value of the dimer bond angle for2.31 A. Other calculations for this reconstruction were re-
this reconstruction was reported in other experimental studported by Zhu, Shima, and Tsuk&davho found an angle of
ies, often justified on the basis of the average of fast thermal3°, a dimer bond length of 2.27 A, and backbonds of 2.34
vibrations of the dimer atoms. With the exception of ion-and 2.31 A, respectively. In a recent work Ramstad, Brocks,
scattering measuremerifs(14°), values ranging between and Kelly'® found a value of the bond angle equal to 18.8°
5° and 8°(Refs. 25—-2Y were observed. and bond length of 2.29 A, with backbond values of 2.36 and
The dimer bond length also shows a high degree of varia2.31 A. Shkrebtiiet al?® reported for this reconstruction a
tion in the literature from 2.20 to 2.47 fRefs. 24—28while  value of 16.9° and 2.38 A, respectively, for dimer angle and
theoretical calculations find a minimum in the total energylength.
for values ranging from 2.22 to 2.29 X-23The value of the In order to show that the buckling angle is a sensitive
backbond lengths with the second-layer atoms found in th@arameter of the structure, a different minimization of the
present experiment, assumingpé2x 1) structure, are 2.44 error between experiment and theory was done. The main
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FIG. 4. Behavior of theR-factor plot of calculations of &(4
X 2) reconstructed surface given three configurations of the back-
bond lengthsR1=2.36 A,R2=2.31 A;R1=2.34 A, R2=2.33 A;
andR1=2.36 A,R2=2.36 A) and four values of the dimer length
(2.35, 2.30, 2.25, and 2.20)Avhile varying the dimer angle in the
way described in the text.

2x2

Similarly the same procedure applied to the case of the
p(2x1) (not reportedl led to the geometry of a slightly
buckled dimer(about 11-12° degrgeand a value of the
dimer length of 2.30 A.

In the above discussed approach the PD experiment was
analyzed as if it were the product of an experimentally well
characterized arrangement of dimers resulting in a single do-
main of reconstruction. This is probably quite far from the
real surface derived from the disordere(4x2) or p(2
X 2) surface. In principle the correct approach to the prob-
lem would involve a move from the single domain recon-
structed surface arranging in an uncorrelated way the buck-
ling direction of dimers. The same procedure was adopted in
surface x-ray diffraction by Rossmare al! in the case of

FIG. 3. Results of the geometrical optimizations for the bondG&001)-2x 1 surface and more recently by Felatial > for
lengths and angles of the dimer geometry sketched by stick and balne S{001)-2X 1 surface. Even though in the case of a
models for different surface periodicitiéfom top to bottom the SCLS-PD analysis a smaller number of parameters are
p(2x1), c(4X2), p(2x2) and a mixed surfacgc(4Xx2)+p(2 needed as only 3—4 planes are involved in the process, when
x2)]. compared with a number close to 7—10 in the case of surface

x-ray diffraction, the application of the statistical model is
task was to show that no local minima were present in thalifficult to accomplish here because it requires the realiza-
parameter space for different angles of buckling of the dimertion of a large sample of surfaces with statistically switched
This procedure followed the following guideline: if some dimers close to the position of the absorber up atom of the
constraints are put to the bond length contraction and expardimer. In an approximate way the effect of the disorder was
sion (2%) only a few configurations will be available for the simulated by looking at the theoretical signal coming from
down atom of the dimer when the up atom is fixed. Anan equal occurrence of2X2) and ac(4X 2) reconstruc-
R-factor plot for all these configurations for different up- tions on the surface in order to look at the variations induced
atom positions as a function of the dimer angle can be welin the structural parameters. In this case of double domain
representedin terms of the best agreemegfity calculations surface the final result achieved a similar level of agreement
done only at those configurations obtained by averaging theith the experiment and a similar value of tlie factor
coordinate positions of the down atom. In this way we chos€0.052 to the case of the single reconstruction geometry. On
the surface configurations used in the plots of Fig. 4 with thehe other hand the structural parameters found showed some
above constraints of dimer bond and backbond length. Theddifferences with the single domain cases as reported in Table
plots clearly show the sensitivity of the surface geometry td for the mixed geometry. Corresponding values are reported
the dimer angle. In this case of tlé4x2) a minimumR  in a stick and ball picture also in Fig. 3. The results were not
factor resulted for a dimer length of 2.25 A and backbondfar from those of the two single domain reconstructions
lengths of 2.34 and 2.33 A at an angle of the dimer compae(4x2) and p(2Xx2), confirming in this way the overall
rable with that of the more general minimization illustrated stability of the present minimization procedure. The resulting
above. values for the up and down dimer atoms backbond were

p(2x2)+c(4x2)
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respectively 2.36¢0.03) A and 2.29¢0.03) A. The buck- SCLS-PD in the very low kinetic energy rangt eV) of the
ling angle was 17.7°¢ 1) and the dimer length was 2.28 electrons, where their sensitivity to the surface is the highest,
(+0.03) A. This values are in excellent agreement with theand the tough problem of clean surfaces affordable. The ap-
theoretical work of Northrup® When we compare the plication to the case of the RT partially disordered08il)-
present result with the experimental results of Fedical>?>  2x 1 surface, though via a simplified approach to the statis-
we observe in their geometry a substantially larger value ofical model, showed an excellent stability in the structural
the buckling angl¢ 20°(+3)] and of the dimer lengtk2.67  parameters found under the assumption of a surface consist-
A). ing of a single domain or by an incoherent mixing of single
domains of reconstruction, leading us to the conclusion that
V. CONCLUSIONS the technique is slightly sensitive to the partial configura-
_ ) tional disorder.

There is now general consensus on the “antiferromag- The sensitivity to the geometry of clean surfaces of the
netic” arrangement of Si dimers on the<2L-Si(001) even at  present SCLS-PD technique, in the light of the present re-
room temperature. This observation finds the theoretical basy|ts, can be safely compared with that of other experimental
sis on the small differences between total energiep(@  techniques. Especially in the case of semiconductors, where
x1), c(2x2), p(2x2), and c(4x2) reconstructions, some degree of disorder is expected on the surface, the short-
which was demonstrated to be a consequence of electrostatigss of the range probed by the technique is of great help for
interactions between surface diméts. structure determination, avoiding the lack in accuracy that

At least in regions where the buckling is not pinned byhas been reported for techniques with the need for long-
defects, we can represent the surface consisting of a dimeange order. Moreover the degree of sensitivity to geometri-
superstructure in which their constituent dimers ﬂlp at hlghca| parameters is isotropic, and a single experiment itself
frequency resulting in local arrangements of different reconcontains most of the information on such parameters.
struction ordersp(2X 1), p(2X2), andc(4Xx2). Their dis- In conclusion this paper brings to completeness a former
tribution should also depend on the sample preparation prastudy on the application of SCLS photoelectron diffraction to
cedure and sample type. For example, as found byhe clean X 1-Si(001) surface? In that previous work this
Landemarket al.** with a highly n-doped crystal, it was not versatile technique allowed us to discuss the structural as-
possible to obtain a(4x2) LEED pattern but only half signment of SCLS peaks in the photoemission spectrum. In
order streaks upon cooling. A picture of( @21 with a fun-  the present work the high sensitivity to the structural param-
damentat(4x 2) reconstruction in agreement with the work eters and the stability of the solution found even in the
of Tabataet al* was given by photoemission experiménits  present challenging case of rapidly switching buckled dimers
in which RT (2x 1) LEED pattern surface showed a surfaceon the surface is shown. The very short range nature of this
band structure with a second dangling bond that would notechnique makes it capable of giving reliable results on sur-
be compatible with the 2 1 periodicity. In particular the faces without long-range order.
sample used in the present experiment was of the same kind

as that used in thg_work of Enta and cp-qurﬁesbowing a ACKNOWLEDGEMENTS
clear phase transition to the4X2) periodicity after cool-
ing. This work benefited from computer resources due to the

The aim of the present work is to present with theoreticalConsiglio Nazionale delle Ricerch€NR) Research Con-
detail a method based on a full multiple scattering with com-ract No. 96.00844.ST76. This work was partly supported by
plex potential particularly efficient for calculation of the Swedish Natural Science Research Council.

"Present address: Experimentelle Physik |, Univérédartmund, 8C. R. Natoli, M. Benfatto, C. Brouder, M. F. Ruiz Lopez, and D.
D-44221 Dortmund, Germany. L. Foulis, Phys. Rev. B2, 1944(1990.
!S. Gota, R. Gunnella, Z. Y. Wu, GZ&uel, C. R. Natoli, D.  °R. Gunnella(unpublished

Savilleau, E. L. Bullock, F. Proix, C. Guillot, and A. Queerais, 19T A. Tyson, K. O. Hodgson, C. R. Natoli, and M. Benfatto, Phys.

Phys. Rev. Lett71, 3387(1993. Rev. B46, 5997(1992.

2E. L. Bullgck, R. Gunnella, L. Patthey, T. Abukawa, S. Kono, C. 11| Hedin and S. Lundqvist, Solid State Phy3, 1 (1969; J.
R. Natoli, and L. S. O. Johansson, Phys. Rev. L&#. 2756 Phys. C3, 73 (1972; 4, 2347(1971); 4, 2064(1971).
(1995. 12E. Clementi and C. Roetti, At. Data Nucl. Data Tablet 177

33. lhm, D. H. Lee, J. D. Joannopoulos, and J. J. Xiong, Phys. Rev. (1974.

Lett. 51, 1872(1983. 13p. R. Penn, Phys. Rev. B5, 482 (1987).

4T. Tabata, T. Aruga, and Y. Murata, Surf. SE79, L63 (1987 14 . . . .
' ' ' ! ) - ' SCF Si-bulk ch ty h kindl Profes-
SR. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Re84B CF Si-bu C grge.densfl y has been kindly provided by Profes
sor S. Ossicini, University of Modena, Italy.

5343 (1986; R. Wiesendanger, D. Bgler, G. Tarrach, and 15R. Gunnella, E. L. Bullock, C. R. Natoli, R. I. G. Uhrberg, and L.

H.-J. Guntherodt, Surf. Sci232, 1 (1990.
2 1(1990 S. 0. Johansson, Surf. S852-354 332(1996.

®R. A. Wolkow, Phys. Rev. Lett68, 2636(1992. 16 _
7E. J. Himpsel and E. E. Eastman, J. Vac. Sci. Techt@|1297 W. H. Press, S. A. Teulosky, W. T. Wetterling, and B. P. Flan-

(1979: Y. Enta, S. Suzuki, and S. Kono, Phys. Rev. L66 nery, Numerical RecipegCambridge University Press, New

2704(1990; L. S. O. Johansson, R. I. G. Uhrberg, P. Martens-_ York, 1993'. _
son, and G. V. Hansson, Phys. Rev4B 1305(1990. J. Dabrowski and M. Scheffler, Appl. Surf. S&6, 15 (1992.



14748 R. GUNNELLA et al. 57

18A. Ramstad, G. Brocks, and P. J. Kelly, Phys. Re\v6lB14 504  27B. W. Holland, C. B. Duke, and A. Paton, Surf. St40, L269

(1995. (1984.
19p, Kriger and J. Pollmann, Phys. Rev.4B, 1898(1993; Phys.  28P. Soukiassian, L. Spiess, K. M. Schirm, P. S. Mangat, J. A.

Rev. Lett.74, 1155(1995. Kubby, S.-P. Tang, and A. J. Freeman, J. Vac. Sci. Technol. B
20N. Roberts and R. J. Needs, Surf. S286, 112 (1990. 11, 1431(1993.

217, zZhu, N. Shima, and M. Tsukada, Phys. Rev4B 11 868  2°A. I. Shkrebtii, R. Di Felice, C. M. Bertoni, and R. Del Sole,

(1989. Phys. Rev. B51, 11 201(1995.
22K. Kobayashi, Y. Morikawa, K. Terakura, and S."Bel, Phys.  %°J. E. Northrup, Phys. Rev. B7, 10 032(1993.

Rev. B45, 3469(1992. 3IR. Rossmann, H. L. Meyerhein, V. Jahns, J. Wever, W. Moritz,
23M. T. Yin and H. L. Cohen, Phys. Rev. B4, 2303(1981). D. Wolf, D. Dornisch, and H. Schulz, Surf. S&79, 199(1992.
2R M. Tromp, R. G. Smeenk, F. W. Saris, and D. J. Chadi, Surf32R. Felici, I. K. Robinson, C. Ottaviani, P. Imperatori, P. Eng, and

Sci. 133 137(1983; for reviews, see G. V. Hansson and R. I. P. Perfetti, Surf. Sci375, 55 (1997).

G. Uhrberg, Surf. Sci. Re®, 197 (1988. 33D, J. Chadi, Phys. Rev. Let3, 43(1979.
25G. Jayaram, P. Xu, and L. D. Marks, Phys. Rev. L&tt, 3489  **E. Landemark, C. J. Karlsson, Y.-C. Chao, and R. I. G. Uhrberg,

(1993. Phys. Rev. Lett69, 1588(1992; E. Landemark, C. J. Karlsson,

26N, Jedrecy, M. Sauvage-Simkin, R. Pinchaux, J. Massies, N. Y.-C. Chao, and R. I. G. Uhrberg, Surf. S@87/288 529
Greiser, and V. H. Etgens, Surf. S@30, 197 (1990. (1993.



