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A handy method has recently been developed to investigate atomic vibration on a surface using reflection
high-energy electron diffraction. We measured the temperature dependence of many spot intensities to obtain
the angular dependence of Debye-Waller factors, from which the angular-dependence amplitudes of atomic
vibration on surface can be deduced. We applied this method on a Sis111dÎ33Î3-Ga surface. The obtained
perpendicular vibrational amplitude of Ga was 0.11 Å, which is in good agreement with those obtained by
other works. The lateral vibrational amplitude is 0.07 Å, which was observed directly for the first time.
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Information on the vibration of atoms is important for
studying the origin of structural phase transition such as the
order-disorder transition or the Peierls transition. For a sur-
face structure, such information has been obtained using sur-
face x-ray diffraction sXRDd,1,2 photoelectron diffraction
sPEDd,3,4 and low-energy electron diffractionsLEEDd.5–8

However, XRD and PED need a Synchrotron Radiation fa-
cility and are not convenient for daily use. In these studies
the anisotropy of the thermal motion is treated in the mul-
tiple scattering formalism. The anisotropy of vibrational am-
plitude is obtained by fitting the theoretical curve to repro-
duce the experimental data. So the values are obtained only
indirectly. In contrast, as a handy and directly method, we
have developed a new method to investigate atomic vibration
on a surface using reflection high-energy electron diffraction
sRHEEDd. RHEED is suitable for analyzing the anisotropy
of the atom vibration, since its pattern contains many diffrac-
tion spots in a much widersh,k, ld region than XRD or
LEED. RHEED is also a very useful tool for the surface
structure analysis of several layers below the surface.9–11 In
the present measurement, the one-beam condition,12 in which
the azimuthal angles of the incident beam direction were set

at around 7.5° off thef112̄g direction, was employed in order
to avoid the contribution of multiple scattering.

The Sis111d sÎ33Î3dR30°-Gaffrom now on denoted as
Sis111dÎ33Î3-Gag surface is a suitable structure for apply-
ing our new technique. The Sis111dÎ33Î3-Ga surface has
been investigated extensively4,13–20because such a small-unit
structure is believed to provide a fundamental understanding
of the surface structure formation. At a coverage of 1/3
monolayer sML d s1 ML=7.8331014 atoms/cm2d gallium
atoms are known to occupy the fourfold-coordinated termi-
nal sT4d site directly above a second-layer Si atom4,16–20in a
Î33Î3 reconstruction on this surface, as shown in Fig. 1.
All dangling bonds are saturated in this structure with 1/3
ML coverage.

The structure of this model has been confirmed by previ-
ous experimental and theoretical works.16–20 Vibrational
study of the Sis111dÎ33Î3-Ga system has received renewed
interest after Martinezet al. reported giant adatom vibration
at 800 K.19 The authors measured the vertical positions of
Ga atoms relative to the underlying Si layers using the x-ray

standing wavesXSWd method, and found that the distribu-
tion of Ga heights increased anomalously with temperature.
They attributed the anomalous broadening of their data to
large vibrational amplitudes of the adatoms, and predicted a
pronounced decrease of the corresponding vibrational fre-
quency with increasing temperature. The root-mean-square
projection of displacementssRMSPRD’sd of Ga adatom at
room temperature has been measured experimentally to be
about .0.1 Å. This value can be compared with 0.14 Å
measured by the kinetic-energy dependence of the PED,4 and
0.11 Å obtained by high-resolution electron-energy-loss
spectroscopysHREELSd.20 Note that these values are verti-
cal sXSWd or directionally averagedsPED and HREELSd
amplitudes, and anisotropy at around room temperature has
not yet been measured.

In the present paper, we studied the anisotropy of atomic
vibrational amplitude on the surface using RHEED. We de-
veloped a method to measure the temperature dependence of
many spot intensities to obtain the angular dependence of the
Debye-Waller factor, from which the angular-dependent am-
plitudes of atomic vibration on surfaces can be deduced. We
applied this method to the Sis111dÎ33Î3-Ga surface.

The reflected RHEED spot intensitykIlT at the scattering

FIG. 1. sad Top view andsbd side view of theT4 model for the
Sis111dÎ33Î3-Ga surface. 131 and Î33Î3 unit meshes are
shown by short and long dashed lines, respectively.aB andbB are
unit vectors for the 131 structure andaS and bS are for theÎ3
3Î3 structure.
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vector sthe vector difference of the wave vector of the re-
flected wave and the incident waved g is derived from the
kinematic formula as21

kIlT ~ utsgdu2exps− 2Md, s1d

wheretsgd is a scattering factor and exps−2Md is the Debye-
Waller factor.M is expressed by the formula21

M =
1

2

3"2ugu2

2mkBQ2T, s2d

wherem is the mass of the atom,kB is Boltzmann’s constant,
T is the temperature in K, andQ is the Debye temperature.

Consider a spot at a particularg in a directionu from
surface normal, as shown in Fig. 2. Becausegy is small in
comparison withgx or gz in this case, we neglectgy in this
paper for simplicity,

g = sgx,gy,gzd > sgx,0,gzd = ugussinu,0,cosud. s3d

M is proportional toT, and the spot intensity decreases ex-
ponentially with increasingT. When we plot the temperature
dependence of the intensity of the spot in a legalistic scale, it
becomes a linear line. The slope of the lineM ° sg,ud is ex-
pressed using Eqs.s1d and s2d as

M ° sg,ud =
3"2ugu2

2mkBQ2 =
2M

T
. s4d

The M is expressed in another form using the displacement
of atomsu around their mean position as21

M =
1

2
kfg ·ug2lT. s5d

Here,kfg·ug2lT means the average over time at a temperature
T. We define

u = sux,uy,uzdcossvtd. s6d

Here atomic motion is simplified as a harmonic oscillator
with an amplitude vectoru and frequencyv. Then from Eqs.
s3d and s6d

kfg ·ug2lT = kugu2sux sinu + uz cosud2cos2svtdlT

=
1

2
ugu2sux sinu + uz cosud2. s7d

Here we define the “angular-dependent amplitude factor”
usud as

usud ; ux sinu + uz cosu. s8d

By using Eqs.s4d, s5d, s7d, ands8d, we obtain

usud =
Î2M ° T

ugu
. s9d

The procedure for obtaining the components of vibrational
amplitudes,ux anduz, is the following.

s1d From the temperature dependence of intensity of the
spot atsg,ud we obtain the slopeM ° sg,ud.

s2d usud for many spots are plotted againstu using Eq.
s9d.

s3d By fitting the usud data by a curveux sinu+uz cosu
we can obtain the horizontal and vertical componentsux and
uz of atomic vibration.

The specimen used was a mirror-polished, 1.5–3.0V cm,
n-type Sis111d wafer. The surface of the specimen was
cleaned by heating at 1250 °C in 8310−11 Torr. Gallium
sGad atoms were evaporated from a crucible. TheÎ33Î3
structure was prepared by the deposition of Ga at the rate of
about 1/6 ML/min onto the 737 clean surface held at
550 °C. The coverage of the Ga atoms was monitored by
RHEED. The intensities of the 737 superstructure spots
were observed as a function of Ga deposition time. Some
superstructure spots temporarily increased their intensities
during Ga deposition and then decreased. Other spots mono-
tonically faded out. When all 737 spots faded out and the
Î33Î3 spots intensity showed its maximum, we regarded
the Ga coverage as 1/3 ML. The kinetic energy of the inci-
dent beam was set at 15 keV. The glancing angle of the
incident beam was set at 0.9°. We measured the temperature
dependence of the intensity of RHEED spots from room tem-
perature to 100 K.

RHEED patterns from Sis111dÎ33Î3-Ga are shown in

Fig. 2. Azimuthal angles are alongf112̄g for sad and 7.5° off

from f112̄g for sbd, which is called the one-beam condition.12

We have chosen the one-beam condition so that multiple
scattering minimizes and the kinematic theory holds. The
temperature of the sample for these RHEED patterns was
100 K. The circles show some of the spots used for the
present analysis. Fundamental spots corresponding to Sis111d

FIG. 2. sad RHEED pattern off112̄g incidence andsbd of one-
beam condition.F1, F2, andF3 indicate fundamental spots andS1,
S2, andS3 indicateÎ33Î3 superstructure spots.
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131 periodicity are indicated byF1, F2, andF3 in the figure.
Because the intensity of the spots at Laue zones higher than
second decreases rapidly with increasing sample tempera-
ture, and because they are weak at room temperature, we
avoided using those spots for the analysis. We took many
RHEED patterns, changing the sample temperature, and in-
vestigated the temperature dependence of each spot intensity.

Figure 3 shows some of such temperature dependences of
spot intensities from the Sis111dÎ33Î3-Ga surface. Intensi-
ties are obtained by integration over a certain area which
covers each spot followed by subtraction of the background
intensity. Background intensities are calculated from the in-
tensity in a region which surrounds the area used for corre-
sponding spot intensity calculation. Reduction of atomic vi-
bration at lower temperature increases spot intensity
according to Eq.s1d. Although all spot intensities increase
with decreasing temperature, the slope is larger for spots
with largerugu. The slopesM° for each spot were obtained by
linear fitting in the log scale graph. From these values, two
orthogonal componentssux,uzd of atomic vibration are ob-
tained following the procedure explained previously. Angular
dependent amplitude factorusud=Î2M °T/ ugu at T=300 K is

shown in Fig. 4. Theusud for f112̄g direction and one-beam
condition are shown by triangles and circles, respectively.
Within each condition, open and filled marks are for the fun-
damental spots and superstructure spots, respectively.

Solid curves in the figure are obtained by fitting to the
data of the one-beam condition with Eq.s8d. Dashed-dotted
lines show the componentsuz cosu andux sinu. The cross-
ing points atu=0° and 90° give the two vibrational ampli-
tude componentsuz and ux, respectively. Thus the perpen-
dicular vibrational amplitudeuz of the Ga atoms is obtained
as 0.14 Å at 300 K, and the lateral vibrational amplitudeux
was obtained as 0.07 Å, as shown in Table I. This value is in
good agreement withuz.0.1 Å by XSW.19 The lateral vi-
brational amplitude at room temperature was obtained di-
rectly for the first time. The average isotropic vibrational
amplitude was estimated byÎsuz

2+2ux
2d /3 as 0.10 Å. This

value is in good agreement with 0.14 Å by PED4 and 0.11 Å
by HREELS.20

The dashed line is the fitting result in thef112̄g direction.
There is only a little difference inuz andux values between
those obtained from thef112̄g direction and the one-beam
condition, although more multiple scattering effect is ex-
pected in thef112̄g direction than the one-beam condition
because of the symmetric character. This small difference
indicates that multiple scatteringsor dynamicald effect is
small and the kinematical theory holds in these conditions.
This is probably because we choose a glancing angle where
no surface wave resonance occurs.

The small incidence angle of 0.9° and the heavy mass of
Ga atom could reduce bulk contribution in this work. The
bulk sSid contribution was estimated to be about 30% assum-
ing the mean free path of 50 Å, the incidence angle of 0.9°,
the diffracted angle 7°, and the inner potential of 12 eV.14

Because superstructure spots are produced only from the sur-
faceÎ33Î3 structure while fundamental spots contain infor-
mation on both theÎ33Î3 and the underlying bulk 131-
Si structures, they could give a different vibrational ampli-
tude. But as shown in Fig. 4, fundamental spots and super-
structure spots gave the same result. This means that bulk
sSid contribution is smaller than expected. Hence the ob-
taineduz and ux can be considered to be mainly the vibra-
tional amplitude of Ga atoms.

FIG. 3. sad Temperature dependence of spot intensities inf112̄g
incidence andsbd in one-beam condition. Lines are obtained by
fittings using Eq.s1d.

FIG. 4. Angular dependent amplitudes factor obtained from

f112̄g direction strianglesd and one-beam conditionscirclesd. Filled
and open symbols are for fundamental and superstructure spots,
respectively. The solid line and dashed line are obtained by fitting
using Eq.s8d. The gray lines are componentsuz cosu andux sinu.

TABLE I. Vibrational amplitude of Sis111dÎ33Î3-Ga surface
at room temperature obtained by various experimental methods.

RHEED
sThis workd

XSW
sRef. 19d

PED
sRef. 4d

HREELS
sRef. 20d

uz 0.14 Å .0.1 Å

ux 0.07 Å

uaverage 0.10 Å 0.14 Å 0.11 Å
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A method of measuring the anisotropy of surface vibra-
tional amplitude was developed using temperature depen-
dence of RHEED spot intensity. The amplitudes of Ga
atomic vibration in Sis111dÎ33Î3-Ga surface was obtained

as 0.14 Å for the perpendicular direction and 0.07 Å for the
horizontal direction. The value for the perpendicular direc-
tion was in good agreement with other works. Anisotropy on
surface vibration was observed.
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