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Photoelectron diffraction of the Si(111)-(v3 Xv3)R30°-Ga surface: Local atomic structure
and vibrational correlation
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The kinetic-energy dependence of the polar-angle photoelectron diffraction ofd@m&sion was mea-
sured on the Si(111)¥ X v3)R30°-Ga surface using synchrotron radiation. The energy-dependent variations
in the polar-angle intensity distribution can be reproduced by model calculations essentially assuming one
scattering Si atom 2.6 A below the Ga photoelectron emitter. This fact clearly indicates that the Ga atom
adsorbs at the site directly above a second-layer Si &lgrsite). Calculations of the photoelectron diffraction
using larger clusters have revealed that the vibrational correlation between the Ga adatom and the Si atom
directly below it is very strong. This correlation effect emphasize the scatterings by the Si atom directly below
the emitter compared with those by other surrounding at¢83163-182807)07524-3

[. INTRODUCTION located at 2.57 A directly above a Si atdriThis indicates
that Al adsorbs at the fourfold-coordinated top SsifE,)(

Surface equilibrium and dynamical structures have beefRefs. 5-12 because the distance is consistent with that be-
investigated using various methods. Photoelectron diffractween an Al adatom and second-layer Si and there is no such
tion is suitable for the analysis of local surface structuresurface-normal interatomic distance in the threefold-
particularly surrounding the adsorbatéThis method usu- coordinated hollow siteH3) model (Fig. 1).
ally analyzes the energy or the angular dependence of core- In the present work, we applied this method to analyze the
level-photoelectron intensities modified by the scatterings byocal structure of the Si(111)vB X v3)R30°-Ga surface. By
surrounding atoms. The x-ray photoelectron diffractioncomparing Al 2 and Ga & photoelectron diffraction pat-
(XPD) using high-energy radiations such as Mgr or Al terns, it was found that anisotropy which depends on the
Ka mainly measures forward-focusing peaks which indicate
the directions of the scattering atoms. An azimuthal scan of _
XPD at low takeoff angles is sensitive to the in-plane surface [112] ® Ga o Si
structure® As far as photoelectrons emitted from an upper- [101]

most layer are concerned, however, the forward scatterings

. t t
detectable outside the crystal take place only at nearly zero
takeoff angles, and contain little information about the struc-

ture of the underlying layers. Using low-energy soft-x-ray
radiation, backscatterings by the substrate become strong
enough at positive takeoff angles to provide information
about the substrate structure. At this energy range, polar-
angle photoelectron diffractiofPPD) is appropriate for the
analysis of the structure parameters in the surface-normal
direction because the vertical component of momentum
transfer of photoelectron is varied by the séan. FIG. 1. Top and side views of thg,, Hs, andSs models for

In the previous paper, the analysis of the kinetic-energyhe Si(111)-¢3xv3)R30°-Ga surface. The structure parameters
dependence of the PPD from the Si(111)- of the first neighbors of the Ga atorh,, h,, h;, andt, used for
(V3 Xv3)R30°-Al surface has revealed that an Al atom isthe optimization are illustrated.
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parity of the photoelectron wave function is a crucial factor.

Roughly speaking, at the same kinetic energy of the photo-

electrons, a broad intensity maximuiminimum) in the Ga

3d PPD pattern turns to a minimuimaximun) in the Al

2p PPD pattern. Since the difference in the geometric struc-

ture is small between the two surfaces, this reversal of fea-

tures between the two PPD patterns can be attributed to the

difference in the parity of the photoelectron which depends

on the initial-state symmetr§d or p).

We also found that vibrational correlation is important for [111]

the quantitative analysis of the photoelectron diffraction of L (112} / [101]

this surface. The backscatterings by the atoms which vibrate

in phase with the emitter are highly emphasized compared

gé?otrh%?ep?%ttg:l :(t;?r?)rnaijoifrgz (l:)tie;)cr;’:l lgeaﬂ}iri%?r/,e CX‘V ?n”g;rl:l(e FI(_;. 2. Schematic diagram 01_‘ PPD. Interference occurs between
. . the direct wave¥, from an emitter Ga atom and the wadeg

square thermal displacement of a scatterer relative to the

. . . Scattered by the surrounding atom.is the polar angle of the
emitter. Owing to the distinctive structure of tfig model detector. In the present experiment, the incident angle ofpthe

the Ga adatom and the atom directly below it are Stronglypolarized photon is 60°. The intensity distribution of direct Gh 3
correlated. photoelectron at kinetic energy of 200 eV is shown around the Ga
atom(a). The intensity and sign distributions of magnetic quantum
Il. EXPERIMENT numberm=0 (b), 1 (c), and 2(d) components of the direct wave
are also shown. Intensities of= —1 and—2 components are zero
Measurements were performed at the third beamline obn the incident plane.
SOR-RING (0.4-GeV electron storage ripngf the Institute

for Solid State Physics, the University of Tokyo. This beam-scatterings decreases the intensity still more at higher polar
line utilizes linearly polarized light from a bending magnet. angles. Diffraction effects make the angular distribution
The apparatus for the angle-resolved photoemission spegnore complex. It is most appealing that the broad peaks and
troscopy contains a hemispherical electron energy analyzefips around the arrows in Fig. 3 move with the kinetic en-
mounted on a turntable and a plane grating UHV monochroergy. In contrast, the azimuthal dependence is small. This
mator which has been described elsewHérghe residual means that the scatterers along the surface-normal direction
gas pressure was>X810 ° Pa. contribute to the diffraction patterns more than those not

A mirror-polished(111) surface ofp-type silicon wafer lying along surface normal.
with a resistivity of 20 cm was used. To obtain a clean  The broad peaks and dips in Fig. 3 can be assigned to a
surface, the specimen was heated to 1500 K by an electrigpecific interference between the direct wave and a scattered
current passing directly through it. Ga was deposited from W
filament onto the clean Q&ill) surface showing the X7
structure at the substrate temperature of 810 K. At this tem-
perature, the reflection high-energy electron-diffraction
(RHEED) pattern completely changes from X7 to
V3Xv3 at 3 monolayer coverage. The deposition was
stopped when the sharp and pw&Xv3 pattern was ob-
tained.

The angle between the incident direction of the light and
surface-normal direction was set to be 60° as shown in Fig.
2. The electric vector of the light was in the incident plane
(p polarized. Intensities of the Ga @ photoelectrons nor-
malized by photon flux were measured as a function of the
polar angles, keeping the sample fixed and rotating the elec-
tron analyzer in the incident plane. The binding energy of the
Ga ™ core level was 18.5 eV. The PPD patterns were mea- ) . . )
sured af112] and[101] incident azimuths and at four kinetic 0 20 40 60 80 0 20 40 60 80
energies(in vacuum of the Ga 3l photoelectron, i.e., 140, Polar Angle (deg.)
160, 180, and 200 eV.

(eV) I
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Intensity (arb. units)
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FIG. 3. Experimental PPD patterns for tfEl2] and[101] azi-

1. EXPERIMENTAL RESULTS AND INTERPRETATION muth are plotted by dots. Calculated patterns for the optimal and

) o _uncorrelatedl, models are plotted by thick and thin lines, respec-

Obtained PPD patterns are shown by dots in Fig. 3. Disyively. Kinetic energies of the Gad3core photoelectrons are indi-

regarding diffraction effects, the curves are expected to shoWated in the center. Upward and downward arrows indicate peaks
maxima aroundd=30° because photoelectrons are ejectedhnd dips, respectively, expected from the phase difference between
around the electric vector of the incident light as shown inthe direct wave and the wave scattered by Si which is 2.58 A
Fig. 2@). The attenuation of the photoelectrons by inelasticdirectly below the Ga.
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wave by path-length-difference consideration similarly to the IV. INTENSITY CALCULATIONS
Al adsorbed surface.The T, model has a second-layer Si Next, we calculated intensities to confirm the above esti-
atom directly below the Ga adatom as shown in Fig. 1. Here, ’

we show that the existence of this Si atom is consistent wit"&1°n quantitatively. Th4e calculation .method IS a §|ngle
the PPD results, and that tig model provides better agree- scattering cluster theohy* extended to include the anisot-

ment than theH; model. Figure 23) shows this situation ropy of the direct wavé? the spherical wave correction for
schematically. Interference occurs between the direct waveMission and scatterirfg.and double scattering. Conse-
W, and the wavel, scattered by the Si atom directly below quently, the photoelectron wave function consists of a series
S .
the emitter. The phase differendebetween?, and ¥ is ~ XPansion up to the second-order tefg+W, +W'; of Ref.
given by 15. Additionally, the thermal averatfeis incorporated as
follows.
Owing to the thermal vibration, diffraction intensities
must be averaged over various instantaneous arrangements

wherek is the wave number of the photoelectrahis the of the atoms. Since the photoemission anq scgattering process
phase shift due to the scattering by the Si atéiis, the polar take pIacc_e much faster than the atomic vibration, the photo-
angle of the detected wave, ahd is the distance between €l€ctron is scattered by the atom ats<us) —(ro+ o)
the Ga adatom and the Si atom. =(rs—r0)+_(us_— Ug) at_e_ach emission event, V\_/herr@ and

The first terma in the right-hand side of Eq1) is be- s are equilibrium position vectors .of the emitter and the
cause the parity of the Gad3photoelectronhavingp and ~ Scatterer anaho_ andug are thermal displacement vectors of_
f symmetry is odd and the detector and the scatterer aréhem, respectively. The thermal average can be approxi-
located at opposite directions. Generally speaking, from th&ately carried out by using the atomic scattering factor mul-
selection rule of the dipole transition, the magnetic quantuniPlied by the square-root of theZDebye-WaIIer-Ilke factor
numberm of the initial state is preserved; for eanh there  €XP(-W/2), whereW=((Ak-Aug)%), the mean-square of
are two allowed channels from initial angular momenturm  the inner product of the momentum transfde and the rela-
final | —1 andl+1. In Figs. Zb)—2(d), intensity distribution ~ tive displacement vectoAus=us—Uo. It is convenient to
of the direct Ga 8 photoelectron for each initiah compo-  US€ the projection 01‘2the 2d|splacemen£s onto the morr;entum
nent is shown according to Ref. 14. In addition, the sign oftransfer Ak; W=Ak(Augy and (Augy)=((Usp— Uop) )
the photoelectron wave function is indicated considering= (Uap +(Ug,) —2(Uslop), Where the subscripp denotes
only thef(l+ 1) channel because this channel is dominant inthe projection.
the concerning energy rand&As shown in Figs. th)—2(d), If the thermal motion of the two atoms are uncorrelated,
the phase of the wave emitted toward the scatterer is opposi@®rrelation  function (usgugp,)=0 and W= Ak2(<u§p>
to that emitted directly toward the detectorétp to about +(u§p>). It is the case with a distant pair of atoms. As for
30°. conventional diffraction experiments using the incident beam

When A is the even(odd multiple of =, the intensity spread over the sample, vibrational correlations have little
shows maximunm§minimum). The upward and downward ar- contribution because most of the atomic pairs which are
rows in Fig. 3 indicate the polar angles at which the directpicked up arbitrarily are distant ones. In contrast, since the
and the scattered waves are in phase and out of phase, fghotoelectrons are scattered most strongly by nearest neigh-
spectively, assuming,=2.58 A. The mean inner potential bors, vibrational correlation cannot be ignored. The vibra-
of Si was set to be 12 eV to evaludtén the sample and the tional amplitude is inversely proportional to the frequency.
refraction at the vacuum-sample interface. The phase &hift Consequently, low-frequency acoustic-phonon modes have
due to the scattering is a slowly varying function of kinetic the largest contribution to the root-mean-square projection of

. . . f ) 2\1/2 2 \1/2 H

energy and scattering angke— ¢ in the backscattering re- displacements(RMSPD'S (ug,)*“ and (ug,)~< In this
gion. In this estimation it was set to be 2.0 rad, the mearmode, however, neighboring atoms move almost in phase
value for the scatterings by the Si atom at a scattering angl@nd the correlation function is positive. Therefore, the root-
ranging from 120-180° and at a kinetic energy of 140 andnean-square projection of the relative displacement
200 eV. RMSPRD(AuZ )" of neighboring atoms would be signifi-

As shown in Fig. 3, with increasing kinetic energy, the cantly smaller than the uncorrelated one because the largest
peaks(dips) due to the same phase differentenove toward  contribution in (uﬁp) and (uép) is canceled out by
higher polar angles. The predicted angles of the péags  (ugyuop). In fact, RMSPRD of the nearest neighbors has
ward arro and dips (downward arrow assumingh,  been calculated to be about half of that of the uncorrelated
=2.58 A are in good agreement with the experimental repair for bulk Si crystal at room temperature.
sults. For example, at kinetic energ@y=160 eV, the PPD The RMSPD'’s of Ga adatom and Si bulk atom have been
patterns have a dip at normal direction and have a peak abeasured experimentally to be about 0.1(Ref. 18 and
6=30°. The valueh,=2.58 A is very close to the sum of 0.07 A, respectively, at room temperature. Therefore, at first,
the covalent radii of Ga and Si. Therefore, fhe model is the RMSPRD of the nearest neighbor of the emitter was set
more appropriate thaH; model because th€, model has to be 0.06 A considering the correlation. The RMSPRD’s of
an Si atom just below the Ga atom while tHg model does other atoms were approximated to be that of uncorrelated
not. From Eq.(1), the 3-eV error in the estimation of the values, thatis 0.14 A for Ga and 0.12 A for Si. In the present
mean inner potential causes about a 0.02-A errohof  analysis, the thermal displacements were assumed to be iso-
Therefore, this geometrical parameter is only little affectediropic. The mean inner potential and inelastic attenuation
by the assumed value of the mean inner potential. length were set to be 12 eV and 10 A, respectively.

A=m+khy(1+cosd) + 6, (1)
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FIG. 4. Experimental PPD patterns for tfiel2] and[101] azi- FIG. 5. (a) R-factor contour plot for thd, model as a function

muths are plotted by dots. Calculated patterns for Hheand Ss of h, andh,, wheret=0.23 A. (b) R-factor contour plot for the

models are plotted by thick and thin lines, respectively. Kinetic-l-4 model as a function oh, andt, whereh,=2.60 A. Structure
energies of the Gadcore photoelectrons are indicated in the cen- parameters are illustrated in Fig. '1_

ter.

OJpr RMSPRD’s, mean inner potential, and inelastic attenua-
1 tion length by using the simplex meth&H.The structure
’p@rameters of the optimal, model wereh,=2.60, h;
=1.46, andt=0.23 A. The RMSPRD of the Si directly
Below the Ga emitter, the nearest-neighbor Si in first layer,
position of the first-layer atom antl;, h,, and h, are other Si, and other Ga were 0.02, 0.09, 0.3, and 0.2 A, re-

surface-normal distances between the adatom and t ectively. The mean inner potential was 10.5 eV and the

nearest-neighbor atoms. Other coordinates about the suBlaaSt'C attenuation length was 11.6 F&.fac_tor for the op-
strate Si atoms are determined by the minimization of th Imal Ty structure waRppp=0.39, whereR in the form. of
Keating's strain enerdy fixing the positions of the nearest ef. 12 is 0.01. Figure 5 shows-factor contour' maps; the
neighbors and their symmetry equivalent atoms because Scfﬁgrameters other than those of two axes are fixed at the op-
terings from the atoms other than the nearest neighbors aﬂg}&}l values. TheR factor for theT, model ShOWS_ a deep
weak as described later. THefactor Repp Used to quantify ~Minimum about the parametas . In contrast, coordinates of
the agreement between the calculations and the experimentif3€ first-layer atom cannot be determined with enough accu-
identical toR of Ref. 12, except thaRppp is normalized to
R of the unscattered intensity, i.Rppp becomes unity for
the isolated emitter model having no diffraction effect. V. DISCUSSION

The calculated PPD patterns for the optimizdd and . .
Ss models are shown in Fig. 4 by thick and thin lines, re- All prominent structures in the'PPD patterns appear at the
spectively. Obviously, the calculated curves Sgrmodel are ~ Polar angle lower than 30°. In this range, the photoelectrons
not consistent with experiment owing to strong forward-are backscgttered by the Si atom directly below the emitter at
focusing peaks at 0° by the Si adatom and at 60f1df] the scat_termg angle larger than 150° and the momentum
incidence by the first-layer Si atom. The peaks at 30° are dutansfer is almost _nprmal to the surface. Therefore, the PPD
to interference of the direct wave and the wave scattered bjatterns are sensitive to the surface-normal components of
the Si adatom. These strong peaks do not move with thehe position and the thermal displacement of the scatterer.
kinetic energy. Similarly, models in which Ga is embeddedFigure 6 shows th& factor of the optimized', structure as
below Si atoms are easily ruled out. The calculated curved function of the RMSPRD's. From this figure, RMSPRD of
for Hy model also show only a little dependence on the ki-the nearest-neighbor Si in second layexu3)*?, is consid-
netic energy even if the structure parameters are moved igred to be smaller than 0.06 A, i.e., half of the uncorrelated
wide range. The minimurR factors for theSg andHs mod-  value. If the uncorrelated valug\u3)*?=0.12 A is used,
els are 6.2 and 0.9, respectively. the PPD patterns for the sariig structure become thin lines

The calculated PPD patterns for the optifialmodel are  in Fig. 3, whoseR factor is 0.7. The RMSPRD’s of the
shown in Fig. 3 by thick lines. Agreement of tig model  second neighbors and further Si atoms are considered to be
with experiment is obviously better than that of the otherlarger than 0.15 A, which is thought to be uncorrelated.
models. At the final stage, the factor was minimized not In Fig. 7, Debye-Waller-like factor exfpk’(cosa—
only for the three structure parameters indicated in Fig. 1 bul ){A u§p>} for the 150-eV electron is plotted as a function of

Calculations were made using clusters consisting of ab
100 atoms for the three models in Fig. 1. As shown in Fig.
structure parameters of the nearest-neighbor Si atoms a
moved choosing th&,, H;, andS; (Ref. 19 models. Here,

t is surface-parallel displacement from the unreconstructe
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FIG. 6. R factor for the optimal geometric structure of tfig FIG. 7. Debye-Waller-like factor as a function of scattering

model as a function of root-mean-squémas) projection of relative  angle for 150-eV electron at various isotropic root-mean-square
displacement$RMSPRD’S of the nearest-neighbor Si atoms in the projection of relative displacementRMSPRD’S (in A) indicated
second and first layers, other Si atoms, and Ga atoms other than tiethe figure.
emitter.
side of Eq.(1) is zero for Al 2p and a broad peatdip) in the

scattering angley, at various isotropic RMSPRD's. Figure 7 G& 3d pattern turns into a digpeak of the Al 2p pattern at
indicates that the correlation effect relatively emphasizes thée Same kinetic energy. _
backscatterings from the atom directly bellow the emitter Finally, experimental results of the present study are in
and that effective scatterings from the atoms other than th@20d agreement with double-scattering calculations. Presum-
nearest neighbors are very weak because of the strong cafPly, the reduction of the spherical wave amplitude being
cellation due to the thermal average with RMSPRD's largefnversely proportional to distance, attenuation by the inelas-
than 0.15 A. As a result, peaks and dips appear in the PPHC scattering, and_the V|brat!ona_l corr_elat|on effects wo_uld
patterns as shown by the arrows in Fig. 3 following theCOOperate to restrict the region in wh|_ch strong scatterings
simple prediction with Eq(1). Figure 7 also shows that dif- take pIac;e into the cluste_r of neares.t-nelghbor scatterers. Asa
fraction intensity is sensitive to the RMSPRD under theresult, higher-order multiple scatterings by a series of atoms
backscattering condition. When the RMSPRD exceeds 0.%0uld be negligible though the interaction of low-energy
A, however, effective backscatterings vanish and the estima&lectron with the atom is large.
tion of the RMSPRD becomes difficult.

In the T, model, adatom, second- and third-layer atoms
align in surface-normal direction, so potential barriers for VI. CONCLUSION
their motion against each other are likely to be steep. Con-
sequently, their thermal motions are highly correlated to Polar-angle photoelectron diffraction was successfully ap-
keep their interatomic distances nearly constant. A venplied to the Si(111)-¢3Xv3)R30°-Ga surface structure
high-frequency phonon mode assigned to the stretching ginalysis. It was found that there is a Si atom located at 2.60
these bonds has been observed around 65 meV on tHe directly below the Ga atom. This fact indicates that the
Si(111)-¢/3 Xv3)R30°-Ga surface using high-resolution adsorption site of the Ga atom is tfig site. The interatomic
electron energy-loss spectroscdpylhe mode is character- distance was determined accurately from the energy-
istic of the S{111) surface havingl, adatomg=>24 dependent variations of the PPD pattern. The anisotropic

As far as high-energy photoelectron is concerned, foremission distribution of the unscattered photoelectron and
wardscattering is dominant, and only the wave emitted tothe vibrational correlation between neighboring atoms must
ward the scatterer contributes to the intensity. Therefore, thee included appropriately in the calculation of low-energy
parity of the photoelectron wave function has no influencephotoelectron diffraction. Thermal displacements of the Ga
upon the intensity distribution. In contrast, it has a criticaladatom and the Si atom directly below it are strongly corre-
importance for the analysis of low-energy photoelectron/ated.
which is backscattered strongly. Comparison between the Ga
3d and the Al 2 (Ref. 5 PPD patterns from the3Xxv3
surfaces clearly demonstrates the importance. These two sur- ACKNOWLEDGMENTS
faces have the same topological structure and atomic coordi-
nates are also very similar. The PPD patterns of the two The authors are grateful to the staff of Synchrotron Ra-
surfaces at the same kinetic energy of photoelectrons areliation Laboratory, the Institute for Solid State Physics, the
however, very different. This is because the parities of theniversity of Tokyo. Dr. K. Terakura is gratefully acknowl-
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