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Dynamics of adatoms of the Sil11)-(7X 7) surface studied by reflection high-energy
positron diffraction
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The thermal vibrational amplitude of adatoms of 0.14 A at 293 K and 0.23 A at 873 K are determined at the
total reflection scheme. The surface Debye temperature of 290 K is also determined from the temperature
dependences of positron diffraction intensities which are measured in the temperature range of 273 to 873 K.
From the analysis based on the dynamical diffraction theory and considering the thermal diffuse scattering, the
average thermal vibrational amplitude of the surface atoms is enhanced as compared to that obtained in
previous studies. This result indicates that the adatom bonds of th&15{7 X 7) surface become softer at
temperatures considerably below th& 7 to 1X 1 phase transition temperature.
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I. INTRODUCTION tigate the thermal vibration of the adatoms. The RHEPD

In order to understand the processes of adsorption, pha$@cking curves were also carefully analyzed. We will dem-

ics of surface atoms, in particular the topmost surface atomgufficiently enhanced as compared with that determined in
The thermal vibrational amplitude of bulk atoms is accu-Previous studies.
rately determined using the x-ray and neutron diffraction
techniques. Electron diffraction is generally used to deter- Il. EXPERIMENTAL PROCEDURE
mine the thermal vibrational amplitude of surface atoms. Tpe samples used in this study were cut from a mirror-
However, while using electrons, it is rather difficult to obtain jished ntype S{11l) wafer with a resistivity of
such quantities without any influence of the bulk, becaus —100 cm (0.5X 0.1 15 mn?). They were rinsed in etha-
electrons penetrate several layers and the measured quantl oo introduced into a UHV chamber. After degassing at
ties are averaged over several layers from the surface. 673 K for several hours, the samples were flashed at 1500 K
Positron diffraction is a powerful tool in order to study the ) ’ . Pi€
Hor 10 s a few times by passing a direct current. Auger peaks

atomic structure and vibrational state associated wit Y to th ; taminati has O and C at
surface€” One great advantage of this method is the ap-0U® 0 th€ presence or contaminalions such as U and L atoms

pearance of the total reflection of positrons on account ofV€"e not detected. Through this experiment, clear7zspots
their positive chargd.On the other hand, total reflection Were confirmed through reflection high-energy electron dif-

never occurs in the case of electron diffraction. In the totaffaction (RHEED). The substrate temperatuf®) was cali-
reflection mode, the diffraction intensity is extremely sensi-PTated using an optical pyrometer. _
tive to the first layer. Owing to this property, the atomic 1 he RHEPD experiments were carried out using a 20 keV
coordinates and the thermal vibrational amplitudes of thé?©Sitron beam generated with an electrostatic beam appara-
topmost surfaces can be determined using reflection higfus: The details have been described elsewh€treThe
energy positron diffractiofRHEPD). Recently, we suc- 9/ancing angle6) and the azimuthal anglep) of the incom-
ceeded in observing the RHEPD patterns of &18D-(7 N9 positrons were mechanically adjustgd by tilting gnd ro-
X 7) reconstructed surfade€. We also reported the prelimi- tating the sample mounted to the manipulator. In this case,
nary results of the surface Debye temperature of(@13)  ¢=0° and¢=90° corresponded to tHel12] and[110] di-
-(7X7) surfacel® Although the basic structure of the rections, respectively. The rocking curves were measured
Si(111)-(7Xx 7) reconstructed surface has already been refrom 6=0.5° to 4.5° with steps of 0.1° g=7.5°. This azi-
vealed as possessing a dimer-adatom-stacking fault layéputhal angle is called the one-beam condition, under which
(DAS),M it continues to be an interesting subject with respectN® specular beam is the most significant diffraction spot,
to dynamics and phase transition, because of its complexit)t?ec?lus‘? a simultaneous reflection in the surface-parallel di-
Recently® we observed that the adatom height is muchrection is supp'resséé.The temperature dependerjce of the'
greater than that predicted by theoretical calculafibasd ~RHEPD intensity was also measured under various condi-
the electron diffraction analysié;5 and slightly smaller tions; the(00) spot intensities ati) 6=1.0° ande=7.5°, (i)
than that predicted by the x-ray diffraction analy§idore ~ 6=1.6° ande=7.5°, (iii) #=3.5° ande=7.5° and the1l)
recent theoretical calculations showed a large distance b&POt intensity at(iv) 6=1.0° and¢=1.5° were measured.
tween the adatoms and the underlying atdfnghe large ~Moreover, the(00) spot intensities ap=1.0° and¢=0.0°
shift in the adatom position toward the vacuum region migh@nd at6=1.0° ande=90.0° were measured.
o_ccur_due to the_ soft bond, and hence, it may result in large IIl. RESULTS AND DISCUSSIONS
vibrational amplitude.

In this study, we measured the temperature dependence of Figure 1 shows the RHEPD rocking curves of )
the RHEPD intensity of the §i11)-(7 X 7) surface to inves- spot from the Sil11)-(7X7) surface measured at various

1098-0121/2004/1@4)/2454225)/$22.50 245422-1 ©2004 The American Physical Society



FUKAYA et al. PHYSICAL REVIEW B 70, 245422(2004)

L (222) ' ' ' ' = e=1.0]
(111)  (333)(444)(555) e EH‘H'H'H'H p=0°
[ T T B (] .
- _ 6=1.0
8 R (%) 9=90°
= 2l 1| (00) spot
S 4.88 5 Hﬂ X : “o=1.0" (©0)sp
E ‘E p=75"
= 4,75 &
9 g #=1.6°
-a‘ <J
d 497 @ p=7511
o o - .
?: 5.00 E
=] - c - o 7]
> S =101 (11) spot
= k3] =15
2 5.10 ® -
5] =
b= fa]
= 5.10 | ]
v oexp =351
3.64 :::al . N =75 (00) spot
200 400 600 800 1000

0 1 2 3 4 5
Glancing angle (deg)
FIG. 1. RHEPD rocking curves from the($1L1)-(7 X 7) surface

up to 873 K(open circles Solid lines denote the intensities calcu-
lated using®s=290 K and®z=600 K (see text

Temperature (K)

FIG. 2. Temperature dependences of the RHPED intensities
from a S{111)-(7 X 7) surface(closed squargsSolid lines repre-
sent the calculated intensities usi®g=290 K and®g=600 K.

- . Positrons are decelerated in the crystal because the crystal
temperatures under the one-beam pondmon. I.n this case, trb‘aotential is positive. On the other hand, the electrons are
critical angle(_&c) of the tot,al reflec_non for positron can be accelerated in the crystal. Thus, the wavelength of the posi-
expressed using the Snell's equation as tron beam in the crystal is larger than that in vacuum and
RVARL hence the refractive index is less than unity. For positrons,
60=arcsir<—> , (1)  the total reflection takes place below the critical angle ob-
tained from Eq.(1).? At the small angles that result in the
whereV, andE are the mean inner potential of @2 V) and  total reflection, the magnitude of the scattering vector for the
the accelerating energy of the incident positron,(00) spot is nearly zero in the crystal. The Debye-Waller
respectively The RHEPD intensity is high in the total re- factor, exg-Bs?), whereB=87%(u?), s is the scattering vec-
flection region(6,<1.4°), as reported in previous studis. tor, and(u®) is the mean square amplitude of thermal vibra-
The (111) Bragg peak of the rocking curve can be clearlytion, is close to unity. Therefore, tl{80) spot intensity in the
identified. Similar to electron diffractioni222), (333), (444),  total reflection region does not decrease strongly with in-
and (555 Bragg peaks appear over the critical angle. Itcreasing temperatures, irrespectiveBtdAlthough the glanc-
should be noted that th@11) Bragg spot is observed in the ing angle for the(11) spot satisfies the total reflection, the
positron diffraction. Thg111) Bragg peak can never be ob- magnitude of the scattering vector parallel to the surface, and
served in electron diffraction because of the refraction effecthenceBs?, are finite. Therefore, relatively, th@1) spot in-
At elevated temperatures, the rocking curve does not exhibiensity decreases strongly as compared with that of@bg
any significant change; that is, intensities of only the Braggspot at §=1.0°. The scattering vector of thd1l) Bragg
peaks decrease with increasing temperatures. However, theflection is also nonzero. Therefore, the temperature depen-
RHEPD intensity of the total reflection is not altered by thedence can be observed. Similarly, with temperature, more
change in temperature. Detailed analyses of the rockingttenuation of th&444) Bragg reflection is observed. On the
curves will be performed after determining the surface Dewhole, the slope of the RHEPD intensity has a tendency to
bye temperature. increase with the magnitude of the scattering vector. The
Figure 2 shows the temperature dependence of the inteebye parameteB will be determined based on a compari-
sities of the(00) spots and th&11) spot under various con- son with the theoretical calculations as shown below.
ditions. In this casef=1.0° satisfies the total reflection con-  The temperature dependence of the RHEPD intensity ob-
dition. Also, #=1.6° and#=3.5° satisfy thg111) and(444) tained in the preceding section can be reproduced by a nu-
Bragg conditions, respectively. THE0) spot intensities at merical calculation based on the dynamical diffraction theory
6=1.0° exhibit only a minor temperature dependence at anyhile considering the thermal diffuse scatterfidy taking
azimuthal angles; whereas the attenuation of (ttlh spot  into account the absorption due to inelastic scattering, the
intensity atf=1.0° is greater than th@®0) spot intensity. The total crystal potential can be written as
slope of the(111) Bragg spot intensity can be compared with \/ = \/elasticy j\/TDS 4 j\/el 2
that of the(11) spot intensity. The diffracted intensity at the '
(444) Bragg reflection, which is outside the total reflection whereVe!astjs obtained from the elastic scattering®S and
region, exhibits sufficient temperature dependence. Ve result from inelastic scattering occurring due to thermal

245422-2



DYNAMICS OF ADATOMS OF THE S{111)-(7x7) SURFACE STUDIED...

PHYSICAL REVIEW Br0, 245422(2004)

diffuse scattering and electronic excitation, respectively. As ' ' ' i
regards the elastic scattering, the Fourier component of the ; =107
crystal potential is written as | FEOEEEEEREEEE - 75 (00) spot
B2 A _ = | s EEE g 0= 16
Vg astie= EEE exp-ig-R)f(s)exp(-BS), (3) 2t o 75 ]
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where () and R; are the unit cell volume and the atomic S | ogg O e mE g ”;11"; (11) spot
position, respectively; is the Plank constanty, is the elec- %‘ [ DDDDD M
tron rest mass, ang is the reciprocal lattice vectofs SE°, D‘:‘Dulj 3
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where0 is the Debye temperature ail, is the mass of Si E * 19,=300(K) *.
atom?! Although the use of Eq4) is valid for the bulk, we [ 0 :0,=600(K) -
assumed that the use of this equation is also valid for the - L L ' L
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surface?? f(s) is the elastic scattering factor and is expressed
as the form of the Gaussian sum

f(s) = >, a, exp— b,s).

Temperature (K)

FIG. 3. Temperature dependences of the RHPED intensities
from a S{111)-(7 X 7) surface obtained from theoretical calcula-
tions. The Debye temperature for the adatoms and the first bilayer
The Gaussian coefficienta, andb, have been tabulated by (®¢ was maintained at 300 K and that below the second l&9gy
Doyle and Turné® and Dudare\et al?* As regards thermal was varied from 300 Kclosed circlesto 600 K (open squares
diffuse scattering, the Fourier component of the absorption

5

1
Vel=- Nug' exp(- 5059 >, exp(—ig-R)), (8
i
whereN is the number of atoms in a unit cell anf is the
mean absorption potential due to electronic excitatfos
regards the bulk crystal, the theoretical valueugifwas de-

termined to be 1.22 V by Radt.Upon substituting Eqg3),

noted as®g) is maintained at 300 K, and that below the
©®z=300 K and®z=600 K are nearly the same. Thus, the
Aah
f’(s)=—szs’f<
Mgv 2
- - 12 _
x{1 - exi~ 2B(s"* - s74)]}, () erty. Therefore, the Debye temperature of the adatoms and
representatiod* We used the analytic form of the absorptive siderably different for@z=300 K and®=600 K. The in-
rier component of the absorption potential due to electronidigh glancing angles. Thus, the Debye temperature below the
To determine the Debye temperature of the surface layer,
R= [ (18°— 2, 9)
T
Figure 3 shows the calculated RHEPD intensity as a func-

potential is written in the same form as the elastic scatteringhtensities is mostly insensitive to the adatom height. The
#2 Ao Debye temperature of the adatoms and the first bilgger
ViS=- o3 expl-ig-R)f (9exp-BS), (6)

Mo i second bilayer (denoted as ®g) is changed from
wheref’(s) is the absorptive scattering factor resulting from 300 to 600 K(see also Table)! The temperature depen-
the thermal diffuse scattering dences of thg00) and (11) spot intensities av=1.0° for

S +o | s S _g RHEPD intensity below the critical angle is not affected by
2 the thermal vibration below the second bilayer. The intensity
of the (111) Bragg spot is also independent of the bulk prop-
wherev is the velocity of the incident positrons astlis the  the first bilayer can be determined solely under the above-
scattering vectot? Dudarevet al. represented it as a sum of mentioned conditions. On the other hand, the temperature
the Gaussian terms, similar to the Doyle and Turnerdependences of thd44) Bragg reflection intensities are con-
scattering factor for the thermal diffuse scatterifg. tensities of the higher-order Bragg reflections depend mainly
In addition to the thermal diffuse Scattering, the absorp.on the thermal vibration of the bulk atoms. This is because of
tion due to electronic excitation is also considered. The Fouthe deep penetration of the positrons into the bulk region at
excitation is obtained by second bilayer can be determined from the temperature de-
pendences of the intensities of the higher-order Bragg reflec-
tions.
we varied®g in the calculation so as to reproduce the ex-
perimental results. In order to compare the experiments and
the theory, the following reliability factofR) is used:
(6), and (8) into Eq. (2), the total crystal potential can be
evaluated.
tion of temperature. In this case, we assumed the atomiwhere={1$P=31$?'=100%2° The minimumR indicates that
coordinates as predicted by the first-principles calculatfons the slope of the measured intensity is in accordance with the
because the temperature dependence of calculated RHER@Iculated one.
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TABLE |. Root mean squares of the thermal vibrational ampli- 5 T T T T T T
tude of the adatoms for the ($il1)-(7X7) surface (unit is
angstrom. al i
Present X ra§ Theony RHEEDF i i
3l 8=1.0°, 9=15" |
0.14 0.18 0.1 0.09 &
x
8Reference 25. 2t
bReference 26.
‘Reference 15. nl
din plane thermal vibration.
€Averaged value over all directions.
0

0 100 200 300 400 500 600 700 800
8, (K)

|
Bulk

4|
Figure 4a) showsR as being a function of the Debye tem-

perature, in the case of th@&l) spot, which exhibits large 3l
temperature dependence. The minimBnis obtained a®g 3
=290 K. Similarly, from the minimunR for the (444) Bragg x ,

spot,®5=600 K is obtained. The solid lines in Fig. 2 repre-
sent the calculated temperature dependences of the diffrac-
tion intensities using@s=290 K and®z=600 K. The slopes 1t -
of the calculated intensities are well in accordance with those
of the experiments. As mentioned above, the surface Debye 0 . , , , . , .
temperature can be determined without any influence of the 200 300 400 500 600 700 800 900 1000
bulk thermal vibration. Consequently, we concluded that the (b 6, (K)
Debye temperature of the topmost surface layer is 290 K, o )
whereas©g is close to the bulk Debye temperature of FIG. 4. Rellal_Jlllty factor(R) as_afunctlon of the Debye tem-
505—658 K, as determined by the x-ray diffraction analfrsis. perature for the first layei®g), pbtamed by comparing tempe.rature
We also calculated the RHEPD rocking curves at eactfiéPendences from the experimé() spof and the calculations.
temperature usin®s=290 K and®;=600 K, as obtained (b) Ras af_unctlon of the ngye temperature below the second layer
above. In a previous studywe found that the profile of the ©g), .Obta'ned by comparing temperature deper.'dences from the
RHEPD rocking curve at a low glancing angle is very Sen_experlment[(444) Bragg reflectioh and the calculations.

sitive to the adatom height and surface electronic excitationyipration amplitude of the surface atoms. The change in
We used the atomic positions of the adatom heid®2 A the height of the adatoms plays no significant role in
above the first laygrand the absorption potentiéd.25V)  the reproduction of the temperature-dependent rocking
due to the surface electronic excitation determinedcurve.
previously? The absorption potentials due to the surface and Positrons in the total reflection region are diffracted from
bulk electronic excitations do not depend on the temperaturehe topmost surface layefadatoms and the first layer
Therefore, these electronic excitations have no influence omherefore, the topmost surface Debye temperature should be
the temperature dependence of the RHEPD intensity at thegarded as that of the adatoms. Table | shows the thermal
fixed glancing angléFig. 3). However, the absorption effect vibrational amplitudes of the adatoms at 293 K, as deter-
due to the surface and bulk electronic excitations are impormined by x-ray diffraction analys?,ab initio molecular dy-
tant in calculations of the RHEPD rocking curves. For ex-namics calculationd’ and RHEED!® The thermal vibration
ample, the surface electronic excitation affects the profile ohmplitude of the adatoms obtained in this study is suffi-
the curve in the low glancing angle region. In previousciently large as compared with that obtained by the first-
study? to a good approximation, we have found that theprinciples calculatior’é and RHEED' This can be com-
measured rocking curve can be reproduced by taking intpared with the result of the x-ray diffraction analysis with
account two absorption potentials due to the surf@c25 V) respect to the parallel component of the thermal vibration of
and bulk(1.22 V) electronic excitations. the surfac&® The thermal vibrational amplitude of the ada-
The solid lines in Fig. 1 represent the calculated rockingtoms obtained by electron diffractibhhas clearly been un-
curves. The calculated curves in the entire temperature rangkerestimated. It is possible that in electron diffraction, the
are well in accordance with the experimental curves; thathermal vibrational amplitude is obtained as an average of
is, the R at each temperature is less than approximatelthe amplitudes between the surface and the bulk. Feym
5%. Thus, the change in a rocking curve with temperature=290 K, the phonon energy is estimated to be 25 meV. The
can be explained by the effect of the enhanced thermatnergy state of the vibrational mode associated with the ada-
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toms is actually situated around 25-33 meV and 71 meV, abelow the 77 to 1X1 phase transition temperature
obtained by the electron energy-loss spectrosédpge- (1103 K).
cently, several low vibrational modes localized on the sur-

face layers below 25 meV were located by a large-scale,
tight-binding calculatiort! The existence of the low vibra-

tional modes related to Rayleigh waves is expected to lead to In summary, we investigated thermal vibration related to
the large vibrational amplitude of the adatoms, particularly athe S{111)-(7X7) surface using RHEPD. We demonstrate
low temperatures. Therefore, thie;=290 K obtained in this that the Debye temperature of the topmost surface can be
study is considered acceptable as the Debye temperature @étermined without any influence of the bulk. The thermal
the adatoms. The thermal vibrational amplitude of the survibration amplitude of the adatoms is found to be very large

IV. SUMMARY

face is estimated to be 0.23 A at 873 K. As a result, the bond0.14 A at 293 K and 0.23 A at 873)KThese results imply
of the adatoms becomes soft at a temperature considerakiyat the bonds of the adatoms become soft.
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