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Strain effects of missing dimer defects on dimer buckling of the %100 surface
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We observed a characteristic dimer buckling pattern around a missing dimer defect oflfi@ Sirface
near the critical temperature by low-temperature scanning tunneling micro¢gapg). We studied the dy-
namical properties of this surface by using a Monte Carlo technique on the model Ising system, regarding the
buckled dimers as Ising spins. We determined the interaction parameters &ly thiéio calculations within
local-density approximation. The simulated STM images were in good agreement with the observed images in
the whole temperature range.

I. INTRODUCTION whole area(ii) WhenT~Tg*P, the dimer row with a typek
defect was still symmetric, while the neighboring two dimer
The S{100 surface is very important for silicon devices rows were buckled. The buckling was pinned such that the
because of its smaller surface/interface trap state dénsitytoms adjacent to the type-defects were protrudediii)
and higher mobilit% than any other surface orientations. Ex- wel| below TSP, the (4% 2) reconstruction was observed
tensive studies, both theoretitdl and experimenta;** in the whole area. In the previous papt&®we have shown
have been made. They have revealed that ttE08i surface  that the above phenomena might be explained qualitatively
consists of buckled dimers. The dimers are oscillating therby introducing the strain energy caused by the tppeefect.
mally with period of about 200 f¢Ref. 12 near room tem-  However, the strain energi defined in Ref. 19and the
perature. When this surface is observed by the scanning tuggme definition is used in E@l) of the present papgwas
neling microscopy (STM) having typical measurement only a fitting parameter, and a subtle discrepancy between
period of about 0.1 s, an averaged image sf22periodicity  the experiment and the theory at the vicinity of the critical
is observed. The order-disorder phase change takes P|aceté1h1perature was remained unsolved.

200 K (=Tg*),** and the surface is frozen into thug4 In the present paper, we determine the strain parameter
X 2) structure! where the buckling alternates perpendicularby using reliableab initio calculations and perform a detailed
to as well as along the dimer row. Monte Carlo simulation with about ten times greater Monte

The S{100 surface contains several defects. They areCarlo stepgMCS) than that of the previous one in order to
classified into three groups; type- typeB, and type€ derive reliable results even at the critical temperature.
defects'® While the typeA and the typeB defects are well
identified as a single-dimer vacantyand a double-dimer
vacancy, respectively, the atomic structure of the t¢pde- Il. STRAIN ENERGY
fect is still in controversy®~1’ Almost all typeB and typeC
defects disappeared and only typadefects remained for the
surface of defect density less than 184This is consistent The dynamical properties of the($00) surface has been
with the theoretical result by Pandéythat the typeA de- investigated successfully on the Ising model, where the
fects are electronically stable. It should be noted that thgyuckled dimers are regarded as Ising spfhhe arrows on
type-C defects induce the dimer buckling even at roomthe buckled dimers in Fig. 1 correspond to spin directions
temperaturé On the other hand, the typ®-and the typeB (o= +1). The spins were located on the square lattice and
defects have never been observed to affect the buckling @ite interactions between Ising spiivs H, and D and are
room temperatur&’ illustrated in Fig. 2. We also introduced in Fig. 2 the strain

Very recently, however, we observed that the typele-  energy parameteA, which pins the directions of two spins
fects induced characteristic buckling patterns n€@f’ by  adjacent to a missing “spin.” The physical meaning and the
using the detailed low-temperature ST#1;(i) When T value of A will be discussed detail in the next section. The
>T*P, the (2x1) reconstruction was observed in the HamiltonianH of this Ising model is as follows:

A. Model and method
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FIG. 1. Correspondence between dimer and spin.

H= _V%:) O'i,jo'i,j+l_H<iEj> O j0it1,

—DZ o-i'j(o-i+1,j+1+ U'i+1,jfl) FIG. 3. Optimized structure of th®A; model. The cluster
(1 model consists of SiHgy. Hydrogen atoms are not shown. Arrows
indicate buckled directions of dimers defined in Fig. 1. Dimers 4
—A Z (o +1j, " 00 —1j ), (1) and 6 were calculated to be symmetric while dimers 1, 2, 3, 7, 8,
(d»ia) d ¢ and 9 were buckled. This structure is the lowest energy arrangement

iy o e
where positions of the typa-defects are denoted bi(jq), dimers

and(i,j) indicates the set of corresponding siteend]j.

In order to determine the interaction parameters, we have In order to calculate the paramet&ywe considered two
calculated total energies of clean surface and of the surfaggeometries,DA; and DA,. The optimized structures are
with the typeA defect for several buckling configurations. shown in Figs. 3 and 4, respectively. As is well known, the
We used clusters consisting of four layers and nine dimersebonding occurs between atorbs-b’ (c—c’) and, ac-
for clean surface and eight dimers for the surface with acordingly the induced forces on atorasanda’ (d andd’)
typeA defect. The dangling bonds of the subsurface layersict to decrease the distance between the atama’ (d

are terminated by the hydrogen atoms. —d’), leading to that theDA; is more favorable than the
DA,.1*1®The energy difference was calculated to be 25.35
B. Ab initio calculation meV, givingA=6.34 meV. In other word, the typ&-defect

L ) . plays a role as a pinning center for spins 2 and 8. This effect
Our ab initio calculation was based on the local-density- gieq rise to the frustration against thé4x 2) reconstruc-
functional approach. In the calculation, frozen core approXizion  Thus the observed phenomena may be understood
mation, localized numerical basis functions of the &31 g jiitatively by the interplay between these two factors. The
level and exchange-correlation functional of Vosko, Wilk, hov bond lengthss—b’ (c—c’) were calculated to be
and Nusaif' were used. Hydrogen atoms were fixed during 583 and 0.284 nm fdDA, andDA,, respectively, and the
structure optimization. dimers 4 and 6 were symmetric for both structures. The tilted
angles of dimers 2 and 8 were calculated to be 20.4Dfly
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FIG. 2. Definition of interaction parameteys H, D, andA for FIG. 4. Optimized structure of thBA, model. This structure is

the Ising model. the highest energy arrangement of dimers.
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FIG. 5. Specific heat of the Ising model. Results for two cases of O
defect densities 0.0%black) and 0.025%white) are similar. Criti-
cal temperature i%%'°=320 K.

250 K 500 K
and 18.5° forDA,, while the calculated angle of the dimer
on the clean surface was 20.0°.

In order to check the accuracy of the present calculation, » )
we have also optimized clean surfaces,{Siy), namely, typeA defects on the phase transition. Figure 5 shows the

c(4%2), p(2x2) and their excited states. The excited states$Pecific heatC, as a function of (Eemperatur'é. Specific
mean that the dimer at the center is buckled opposite diredi€ats for two cases 0.0 and 0.025% of defect densities coin-

tion to that of the ground-state structure, which are labele@ided with each other. Therefore the phase transition was not
c(4X2)* andp(2x2)*, respectively. The calculated total affected when the defect density was very low. This is not
energy differences wereE,,[c(4X2)*]—E[c(4x2)]  true for samples with high defect densities. The critical tem-
=193.18 meV, and Ey[p(2X2)*]—Ewlp(2X2)] perature decreased with increasing number of defects and

=195.98 meV. Then we obtained relations among the interinally the phase transition was not observeld af‘allhe
action parameter¥, H, andD asV=—48.64 meV ancH critical temperature at the peak was abdiyf'°=320 K,
—2D=0.35 meV. These values agreed within a few mevyWhich was consistent with a previously calculated critical
with those by band calculation§/= —51.9 meV,H—2D temperature of the order-disorder phase transfticrilf we

= —0.6 meV222ensuring the validity of the cluster model. regard the model of Eq1) as an anisotropic Ising model,

FIG. 6. STM image for the 100 clean surface.

However, it should be noted that no matter how small theVhere the interaction parameters areand v =H—2D=
value H—2D may be, its sign has a special meaning. Ac-— 0-6 meV, the critical temperatufk, satisfies

cording to the Hamiltoniaril), the value is just the energy

difference between thp(2x2) andc(4x2), and the posi- 2V 20 |

tive sign indicates that the former structure is more stable M ke ™M kaTe =1 @
than the latter, contradicting with the observation. Thus, as

for the valuesV, H, andD, we adopted those by the more wherekg is the Boltzmann’s constant. The obtained critical
reliable band calculatiof??3 On the other hand, the calcu- temperature i§.=316 K, which is consistent with the peak
lated value ofA can be used because it is one order of magtemperature ofC,. On the other hand, the experimentally

nitude larger than that dfi —2D. obtained critical temperature i§5*P~200 K/® which is
about 100 K lower thafm%®'°. Using Eq.(2) with the same
ll. PHASE TRANSITION V, we calculated the value &1 —2D satisfyingT.=200 K.

The obtained value wad —2D = —0.042 meV, which was
A. Model and method outside of the accuracy limit of the preset initio calcula-
We performed a Monte Carlo simulation based on thetion. This indicates that the reliable theoretical prediction of

Ising spin modet®?224Although dimers 4 and 6 in Figs. 3 the T is very difficult.
and 4 were not tilted, we assigned= +1 for these dimers
in the Monte Carlo simulation. We took the lattice size as C. STM image
20X 200. At each temperature, we performed 200 000 MCS i _
for annealing and then averaged next 100000 MCS. The STM images for the $100 clean surface are shown in

specific heat of this model was calculated from fluctuation ofF19. 6 for low and high temperatures. The upper parts of Fig.
energy? 6 show our experimental STM images of th¢180 surface

at 63 and 300 K, which were obtained using a constant-
current mode of 100 pA at a negative sample voltage of
—1.0 V. The experimental details have been described in
We have calculated specific heat of the Ising model toRef. 18. At well belowT., we observed that the buckled
determine critical temperatufE;®'® and clarify an effect of dimers were ordered antiferromagnetically, leading to the

B. Monte Carlo simulation
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c(4X2) reconstruction, while the dimers appeared to be

symmetric in the room-temperature image. These images FIG- 8. STM image of the $100 surface with two typeA
were well reproduced by the average values of the spindefects.

during the Monte Carlo calculations at 250 and 500Qsk€e

the lower parts of Fig. 6following the method developed in ment surrounding the surface. In fact, it was reported that the
Ref. 24. These results suggest that the symmetric appearane@tical temperature depends on the environment of the
of the room-temperature image should be generated by th@urface:

time average of the flip-flop motion of the buckled dimers, N case of two typeA defects on the $100 surface, we
and the comparison between the experimental and calculat@PServed experimentally that the local structure was en-

images enables us to study the dynamical properties durin%mced or suppressed depending on the relative location of
the phase transition. o defectst® as shown in upper part of Fig. 8. The calcu-

When the single typé- defect was introduced, STM im- lated STM images for two cases that the distance between
ages showed characteristic local structures around theA e—tW0 defects in the same row weoeld andevenwere shown
dgfect which is shown in Fig. 7. Whefi>T.  the STMyp in lower part of Fig. 8. The images clearly show the enhance-
. ' 9. 7. exp o ment and suppression of the local structures. We also con-
images were rather symmetric. Wheér-T."", a local struc-

; , q dih ¢ firmed that the local structures disappeared completely to
ture of nanometer size appeared around the fypifect for - po0omec(4x2) structures below,. The agreement be-

both experiment and calculation. BeloW, the c(4X2) = yyeen the experiment and the calculation is fairly well.
structure appeared and the “Y”-shaped dark spot was ob- st the critical temperature, calculated STM images are
served in the STM images. worth to be mentioned, which is summarized in Fig. 9. As is
As is clear from the figures, the observed and calculategl,antioned above. the STM image of the single defect be-
STM images seem to agree well in all temperature regions.gme symmetric again but for the two defects case the local

However, there remains a discrepancy which was not €Xsycture was still enhanced for tewendistance, and sup-
plained in the previous paper. The experimental image in the

upper middle was taken at 196 K, slightly lower than the )
experimental critical temperatur&S*?, while the lower Clean Single d=even  d=odd

middle image was calculated at 350 K, slightly higher than
the theoretical critical temperatufé®'®. Below TS%'°, the
calculated STM image rapidly changed to ti{&d X 2) struc- -
ture which is shown in the lower left. Moreover, the calcu-
lated reconstructed pattern at 350 K faded away as the te
perature lowered tdS%'°. These results were confirmed by
the careful simulation with greater MCS performed in the

present study. Therefore we concluded that the temperatur 320K (=T)
of 196 K should be higher than tH&* or, equivalently, the ¢
effective T*P was lowered by the effect of certain environ- FIG. 9. STM image of the $100) surface at 320 K £ T$2'°).

ulation

Ca?é
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pressed for thedd distance. Since the various length scalealso for the correlation of the images between two defects.
fluctuations become maximum at the critical temperature, thdloreover, our calculated results showed that the structures
averaged STM images are considered to be sensitive to theere rather weakened ai, except for two defects oéven

defects.

IV. SUMMARY

distance.

Since the present Monte Carlo simulation can be applied
for very large systems, the dynamical behavior of a surface
containing such a large number of defects that the phase

We have calculated the strain energy caused by the typgransition is smeared out, will equally be clarified.

A defect on the $100 surface using theb initio cluster
calculation. The obtained strain energy parameter was

=6.34 meV. Then we performed a Monte Carlo simulation
for the Ising model regarding the dimers as Ising spins using

the interaction parameters obtained by #ieinitio calcula-
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