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Anisotropy of surface vibration measured by temperature dependence of the spot intensity
in reflection high-energy electron diffraction
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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 o(ﬂalﬁﬁx \3-Ga surface. The obtained
perpendicular vibrational amplitude of Ga was 0.11 A, which is in good agreement with those obtained by
other works. The lateral vibrational amplitude is 0.07 A, which was observed directly for the first time.
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Information on the vibration of atoms is important for standing wavegXSW) method, and found that the distribu-
studying the origin of structural phase transition such as théon of Ga heights increased anomalously with temperature.
order-disorder transition or the Peierls transition. For a surThey attributed the anomalous broadening of their data to
face structure, such information has been obtained using sularge vibrational amplitudes of the adatoms, and predicted a
face x-ray diffraction (XRD),1? photoelectron diffraction pronounced decrease of the corresponding vibrational fre-
(PED),** and low-energy electron diffractiofLEED).>®  quency with increasing temperature. The root-mean-square
However, XRD and PED need a Synchrotron Radiation faprojection of displacementtRMSPRD'Y of Ga adatom at
cility and are not convenient for daily use. In these studiesoom temperature has been measured experimentally to be
the anisotropy of the thermal motion is treated in the mul-apout >0.1 A, This value can be compared with 0.14 A

tiple scattering formalism. The anisotropy of vibrational am-aasured by the kinetic-energy dependence of the P&l
plitude is obtained by fitting the theoretical curve to repro-5 11 A gptained by high-resolution electron-energy-loss

duce the experimental data. So the values are obtained on ectroscopyHREELS.20 Note that these values are verti-

e e e okl (450 o iectonlly averagedPED and HREELS
on a surface using reflection high-energy electron diffractionanlplmtj%es’ and amso&ropy at around room temperature has
(RHEED. RHEED is suitable for analyzing the anisotropy hot yet been measured.

of the atom vibration, since its pattern contains many diffrac- . In t.he presen.t paper, we studied the'anisotropy of atomic
tion spots in a much wideth,k,1) region than XRD or vibrational amplitude on the surface using RHEED. We de-

LEED. RHEED is also a very useful tool for the surface veloped a r_nethoq_to measure the temperature dependence of
structure analysis of several layers below the surfatidn many spot intensities to obtaln the angular dependence of the
the present measurement, the one-beam condfionwhich ngye—WaIIer fa_ctor., from which the angular-dependent am-
the azimuthal angles of the incident beam direction were sdrlitudes of atomic vibration on sqlfac?_s can be deduced. We
at around 7.5° off th€112] direction, was employed in order applied this method to the &19\’” .V3'Ga surface. .
to avoid the contribution of multiple scattering, The reflected RHEED spot intensitl); at the scattering

The S{111) (3% 3)R30°-Gal[from now on denoted as ()
Si(111)V3 % V3-G4| surface is a suitable structure for apply-
ing our new technique. The (E’mill)\s@x V3-Ga surface has
been investigated extensivéfAf2’because such a small-unit
structure is believed to provide a fundamental understanding
of the surface structure formation. At a coverage of 1/3
monolayer (ML) (1 ML=7.83% 10" atoms/cm) gallium
atoms are known to occupy the fourfold-coordinated termi-
nal (T,) site directly above a second-layer Si afo§r2%in a
V3 3 reconstruction on this surface, as shown in Fig. 1.
All dangling bonds are saturated in this structure with 1/3

[112]

ML coverage. OGa atoms Qlstlayer Siatoms e2nd and deeper laver Si atoms
The structure of this model has been confirmed by previ-
ous experimental and theoretical wofRs?® Vibrational FIG. 1. (a) Top view and(b) side view of theT, model for the

study of the Si111)y3 X y3-Ga system has received reneweds;j(111)\3x y3-Ga surface. X1 and V3x\3 unit meshes are
interest after Martineet al. reported giant adatom vibration shown by short and long dashed lines, respectiaglyand bg are
at 800 K° The authors measured the vertical positions ofunit vectors for the X 1 structure ancas and bg are for the\3
Ga atoms relative to the underlying Si layers using the x-rayx v3 structure.
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1
M= 5([9 uP)r. (5)
Here,([g-u]®+ means the average over time at a temperature
T. We define
U = (Uy, Uy, U,)cog t). (6)

Here atomic motion is simplified as a harmonic oscillator
with an amplitude vecton and frequencyw. Then from Eqs.
(3) and(6)

([9 - ul7=(|g|*(uy Sin 6+ u, cos H)°COS(wt))r

1

= §|g|2(uxsin 6+ u,cos6). (7)
Here we define the “angular-dependent amplitude factor”
u(d) as

u(6) = u, sin 6+ u, cosa. (8)
By using Egs.(4), (5), (7), and(8), we obtain

V2M ° T
ue) = o (9

The procedure for obtaining the components of vibrational
amplitudesu, andu,, is the following.
(1) From the temperature dependence of intensity of the
spot at(g, 6) we obtain the slop®°(g, 6).
(2) u(#) for many spots are plotted againgtusing Eg.
9.
(3) By fitting the u(#) data by a curveu, sin #+u, cosé
we can obtain the horizontal and vertical componegtand
u, of atomic vibration.
The specimen used was a mirror-polished, 1.5-4Bdm,
(Yt o [t(g)|?exp(— 2M), 1) n-type Si{111) wafer. The surface of the specimen was
cleaned by heating at 1250 °C in<8L0°* Torr. Gallium
(Ga atoms were evaporated from a crucible. i< 3
structure was prepared by the deposition of Ga at the rate of
1 34%gf? about 1/6 ML/min onto the X7 clean surface held at
=§ ) (2 550 °C. The coverage of the Ga atoms was monitored by
RHEED. The intensities of the X7 superstructure spots
wherem is the mass of the atorkg is Boltzmann’s constant, were observed as a function of Ga deposition time. Some
T is the temperature in K, an@ is the Debye temperature. superstructure spots temporarily increased their intensities
Consider a spot at a particularin a direction# from  during Ga deposition and then decreased. Other spots mono-
surface normal, as shown in Fig. 2. Becaggds small in tonlca_y faded out. When all X7 spots faded out and the
comparison withg, or g, in this case, we negled, in this V3Xx13 spots intensity showed its maximum, we regarded
paper for simplicity, 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
9=(000y:92 = (0,0.) =[g|(sin6,0,c086).  (3)  incident beam was set at 0.9°. We measured the temperature

M is proportional toT, and the spot intensity decreases ex-dependence of the intensity of RHEED spots from room tem-
ponentially with increasind. When we plot the temperature Perature to 100 K.

dependence of the intensity of the spot in a legalistic scale, it RHEED patterns from $111)y /3% \3-Ga are shown in
becomes a linear line. The slope of the Ik (g, 0) is ex-  Fig. 2. Azimuthal angles are alorﬁglz] for (a) and 7.5° off

FIG. 2. () RHEED pattern 0[115] incidence andb) of one-
beam conditionF;, F,, andF3 indicate fundamental spots aig,
S,, andS; indicate y3 X V3 superstructure spots.

vector (the vector difference of the wave vector of the re-
flected wave and the incident wavg is derived from the
kinematic formula &%

wheret(g) is a scattering factor and ekfM) is the Debye-
Waller factor.M is expressed by the formifa

pressed using Eqsl) and(2) as from [112] for (b), which is called the one-beam conditith.
3r2g? 2™ We have chosen the one-beam condition so that multiple
M*®(g,0) = kaBzz?- (4)  scattering minimizes and the kinematic theory holds. The

temperature of the sample for these RHEED patterns was
The M is expressed in another form using the displacement00 K. The circles show some of the spots used for the
of atomsu around their mean position &s present analysis. Fundamental spots correspondind1&1pi

113314-2



BRIEF REPORTS PHYSICAL REVIEW F1, 113314(2005

@ [112] (b one-beam 02 T T T T v T T T
T T T T T ¥ Im L
10 Fr:aS:w o "FyiaSiiw
F2:OS2ZA F230822A
Fy:vS3:0 Fq:vS3:0
210 \ g% <
3 3 -
£ s £ D
3 3 \31
2 2 3
: : 2
£ g1} E‘
0 aanadaaaa laagataaas baaaa s iy 0 IPYNE FEUTE URVNE FUVYE FRNTY IWT TN NN T
100 200 300 400 100 200 300 400
Temperature (K) Temperature (K)
o 0 —d 1 1 1 n 1 " 1
FIG. 3. () Temperature dependence of spot intensitiesl i?] 0 20 40 60 80
incidence andb) in one-beam condition. Lines are obtained by Polarangle & (deg.)

fittings using Eq.(1).

o o . _ FIG. 4. Angular dependent amplitudes factor obtained from
1X 1 periodicity are indicated bly;, F», andF3 in the figure. 1117 direction (triangles and one-beam conditiofzircles. Filled
Because the intensity of the spots at Laue zones higher thafhg open symbols are for fundamental and superstructure spots,
second decreases rapidly with increasing sample tempergasspectively. The solid line and dashed line are obtained by fitting
ture, and because they are weak at room temperature, WRing Eq.(8). The gray lines are componeniscos 6 andu, sin 6.
avoided using those spots for the analysis. We took many o
RHEED patterns, changing the sample temperature, and in- The dashed line is the fitting result in th12] direction.
vestigated the temperature dependence of each spot intensiyere is only a little difference im, andu, values between

Figure 3 shows some of such temperature dependences of : o
spot intensities from the &i11)y3 X y3-Ga surface. Intensi- t%ose; _obtalned from thg112] d'.reCt'On and. the one-b.eam
Igondmon, although more multiple scattering effect is ex-

ties are obtained by integration over a certain area whic ) S .
covers each spot followed by subtraction of the background€cted in the[112] direction than the one-beam condition
intensity. Background intensities are calculated from the inbecause of the symmetric character. This small difference
tensity in a region which surrounds the area used for correlndicates that multiple scatteringpr dynamical effect is
sponding spot intensity calculation. Reduction of atomic vi-Small and the kinematical theory holds in these conditions.
bration at lower temperature increases spot intensitylhis is probably because we choose a glancing angle where
according to Eq(1). Although all spot intensities increase No surface wave resonance occurs.
with decreasing temperature, the slope is larger for spots The small incidence angle of 0.9° and the heavy mass of
with larger|g|. The slopedvi® for each spot were obtained by Ga atom could reduce bulk contribution in this work. The
linear fitting in the log scale graph. From these values, twdulk (Si) contribution was estimated to be about 30% assum-
orthogonal componentgi,,u,) of atomic vibration are ob- ing the mean free path of 50 A, the incidence angle of 0.9°,
tained following the procedure explained previously. Angularthe diffracted angle 7°, and the inner potential of 12'8v.
dependent amplitude factaf6)=y2M°T/|g| at T=300 Kis  Because superstructure spots are produced only from the sur-
shown in Fig. 4. Theu(6) for [115] direction and one-beam facey3x+3 structurgwhjl_e fundamental spots contain infor-
condition are shown by triangles and circles, respectivelymation on both the/3X y3 and the underlying bulk % 1-
Within each condition, open and filled marks are for the fun-Si structures, they could give a different vibrational ampli-
damental spots and superstructure spots, respectively. tude. But as shown in Fig. 4, fundamental spots and super-
Solid curves in the figure are obtained by fitting to thestructure spots gave the same result. This means that bulk
data of the one-beam condition with E®). Dashed-dotted (Si) contribution is smaller than expected. Hence the ob-
lines show the components cosé andu, sin 6. The cross- tainedu, and u, can be considered to be mainly the vibra-
ing points atd=0° and 90° give the two vibrational ampli- tional amplitude of Ga atoms.
tude componentsi, and u,, respectively. Thus the perpen- _ . , =u 3
dicular vibrational amplitudes, of the Ga atoms is obtained _ “BLE I. Vibrational amplitude of Si111)y3x y3-Ga surface
as 0.14 A at 300 K, and the lateral vibrational amplituge at room temperature obtained by various experimental methods.
was obtained as 0.07 A, as shown in Table I. This value is in
good agreement witl,>0.1 A by XSW2° The lateral vi- (TEHEEE:k) (RX?V\llg (RPEfD‘D '(_'RR$E2L§’
brational amplitude at room temperature was obtained di- s wo et et et
rectly for the first time. The average isotropic vibrational u, 0.14 A >0.1A
amplitude was estimated by(uZ+2u?)/3 as 0.10 A. This U 0.07 A
value is in good agreement with 0.14 A by PE&nd 0.11 A Unernge  0.10 A 0.14 A 011 A
by HREELS?°
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A method of measuring the anisotropy of surface vibra-as 0.14 A for the perpendicular direction and 0.07 A for the
tional amplitude was developed using temperature deperiorizontal direction. The value for the perpendicular direc-
dence of RHEED spot intensity. The amplitudes of Gation was in good agreement with other works. Anisotropy on
atomic vibration in Si111) V3% \3-Ga surface was obtained surface vibration was observed.
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