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STM Images Apparently Corresponding to a Stable Structure: Considerable
Fluctuation of a Phase Boundary of the Si(111)-(+/3 x +/3)-Ag Surface
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We study scanning tunneling microscopy (STM) images near a phase boundary of the Si{(114)-
V/3)-Ag surface by using Monte Carlo simulations based on results of first-principles calculations. The
boundary is found to fluctuate from snapshot to snapshot, and the feature of the simulated STM images
differs distinctly from the observed one with a straightly extending honeycomb pattern of bright spots.
Remarkably, statistical averages of the simulated images reproduce the observed feature. This study
gives a warning of our tendency to relate STM images revealing clear arrangement of bright spots with
some stable structure.
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Scanning tunneling microscopy (STM) is an excellentsimulation (MCS) [14] based on results of first-principles
tool to examine local structures of solid surfaces on thealculations (FPC) [15]. The surface was confirmed to un-
atomic scale. However, when topmost atoms of a surfacdergo an order-disorder phase transition [14,16], and the
move drastically, they are often observed as noisy imagesbserved STM images at room temperature were well un-
In some cases, they do not even leave any traces of therderstood as an average in a disordered state [14].
selves [1] or are observed as the images with an extending InthisLetter, wereport a more interesting exception, the
protrusion in a confined area [2]. A common tendency oflow-temperature STM images near the phase boundary of
all the above is that the STM images do not reveal a cleaswo different IET domains of the Si(111)-(+/3 X /3)-Ag
arrangement of bright spots corresponding to the movingurface. We show that the observed STM images seem-
topmost atoms. ingly corresponding to a straightly extending HCT domain

Remarkable exceptions are clean Si(001) and Ge(001pome from the boundary fluctuation. This study gives a

(2 X 1) surfaces. On these surfaces, neighboring topmost
atoms form asymmetric tilting dimers [3] and repeat rapid
flip-flop motion, resulting in the filled-state STM images
with a(2 X 1) symmetric arrangement of bright spots [4].
This picture was substantiated by an ab initio estimate of
the flipping frequency [5]. The average feature of the im-
ages is rather straightforward, because the dangling bond
orbital of the upper atom in each dimer mainly contributes
to the intensity of the images [6], and the flip-flop motion
is confined along the vertical direction.

Recently, another remarkable exception, the Si(111)-
(\/3 X +/3)-Ag surface, was found. Until a few years
ago, the most stable structure of this surface had been
believed to be the “honeycomb-chained triangle (HCT)”
model [7-9], which seemingly explains the feature of the
observed STM images with a honeycomb pattern of bright
spots at room temperature [10-12]. However, the lat-
est model, the “inequivalent triangle (IET)” one [13], has
been shown to be more stable. Both models are compared
in Fig. 1. Looking into the topmost Ag atoms, the IET
model is obtained by a little rotational displacement from
the HCT one [13]. It has two equivalent phases in ac-
cordance with the rotation, which are accessible to each
other viathe HCT one. Soon after the finding of the IET
model, STM images were examined by using Monte Carlo
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warning of our tendency to relate STM images reveal-
ing a clear arrangement of bright spots with some stable
structure.

We consider thermal motion of Ag atoms explicitly and
all the rest implicitly [14,16]. The position of the mth Ag
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FIG. 1. Schematic illustration of (a) the honeycomb-chained
triangle (HCT) model and (b) the inequivalent triangle (IET)
model of the Si(111)-(+~/3 X +/3)-Ag surface. Gray and black
lines denote boundaries of v/3 X /3 unit cells and chained tri-
angles of Ag atoms, respectively. In (b), Ag atoms of the HCT
model are also shown for comparison.

© 2001 The American Physical Society 156102-1



VOLUME 87, NUMBER 15

PHYSICAL REVIEW LETTERS

8 OcToBER 2001

atom in the /th unit cell of the HCT structureis represented
by R;,, (m = 1,2,3). The displacement u;,, of each Ag
atom from R, ,, is alowed only on the tangent touching
the circle on which R, ;, R;,, and R, lie [14,16]. The
+ phase of the IET structure is represented by u;, = =1
according to the direction of the rotation, respectively. We
use the adiabatic potential for the Ag atoms developed in
our previous study [14].

We perform MCS for the system consisting of 50 rows
of the unit cell arranged along the [121] direction, each of
which has 50 unit cells along the[211] direction (7500 Ag
atoms). The displacement from the HCT position u is a-
lowed totake 0, 0.5, =1, £1.5, +2, 2.5, and =3 [14].
Astheinitial condition, the system is divided equally into
two different IET domains along the [211] direction, in
the temperature region below the transition temperature
(about 260 K) [14] on the basis of the STM observations
[13,17]. Both edges of the system along the [211] direc-
tion are kept fixed to theinitial configuration during MCS,
and the periodic boundary condition is imposed on those
along the [121] direction. The Metropolis algorithm is
used to update the configuration of the Ag atoms. Each
snapshot obtained after a set of updating over the sys-
tem in the thermal equilibrium is used for thermodynamic
averages.

STM images for negative bias voltages reflect the char-
acteristic of the local density of states for unoccupied
states [18]. We represent the images by the density plots,
which are approximated by the superposition of the two-

dimensional Gaussian functions centered at the centroid of
each chained triangle of Ag atoms [14] on the basis of the
results of FPC [13].

Figures 2(a) and 2(b) show results of typical examples
of snapshots near the |IET phase boundary in the same
area at 100 K. Open, filled, and meshed circles represent
Ag atom positions with u = 0.5, u = —0.5, and u = 0,
respectively. We find that the boundary region is domi-
nated by the atoms with |u| = 0.5, most of which with
|u| = 1, and that those with u = 0 hardly appear. That is,
the boundary structure is sharp and HCT domains do not
exist practically.

Figures 2(c) and 2(d) show corresponding STM images
of snapshots (a) and (b), respectively. In accordance with
the two different IET domains extending over both sides
of the boundary, the two different phases of hexagonal
|attice pattern are seen in Figs. 2(c) and 2(d). We find that
the boundary region does not reveal a honeycomb pattern.
It should be noted that both shape and positions of the
boundary fluctuate from snapshot to snapshot as seen in
Figs. 2(a) and 2(b). Correspondingly, the feature of the
simulated STM images differs from each other as seen in
Figs. 2(c) and 2(d), both of which are also quite different
from the observed one [13,17]. However, after we take
a statistical average over snapshots (10° snapshots), the
resultant image comes to reveal aclear honeycomb pattern
in the boundary region as seen in Fig. 3. This reproduces
well the feature of the observed STM images near the IET
phase boundary at 62 K [13,17].
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FIG. 2.

(a), (b) Examples of snapshots of the same area at 100 K. Open, closed, and meshed circles represent positions of Ag

atoms with displacement from HCT position u = 0.5, u = —0.5, and u = 0, respectively. (c),(d) Corresponding STM images of
snapshots (a) and (b), respectively.
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FIG. 3. STM image averaged over 10° snapshots at 100 K.

Further, the present MCS explains qualitatively the fol-
lowing puzzling features observed in the low-temperature
STM experiments[13,17]: whiledefectsare hardly seenon
the surface, the width of the boundary is observed differ-
ently even at the same temperature, and the position fluctu-
ates from one observation to the other. We show the STM
images averaged over the first 10° and the last 10° snap-
shots in the sequence of 5 X 10° snapshots of the same
area in the thermal equilibrium at 100 K in Figs. 4(a) and
4(b), respectively. A honeycomb pattern extends widely
in the upper left region in Fig. 4(a), while it becomes nar-
rower and moves to the centra partin Fig. 4(b). Theseare
caused by the boundary fluctuation similar to the Brownian
motion: a honeycomb pattern appears in the region where
the ratio of each site being on one side of the boundary
to the other is nearly the same on average, and the posi-
tion and the width of such aregion are able to be observed
differently.

As for the dynamics of the boundary fluctuation, it is
considered that the Ag atoms in one of the two different

[121] T [211]

|ET domainschangeinto thosein the other viathe HCT po-
sitions. Then, the energy barrier for this motion AEg con-
cerns the time scale of the fluctuation of Ag atoms near the
boundary. Assuming that the transition rate ¢ is expressed
as f exp(—AEg/kgT) together with roughly estimated val-
ues of AEz = 20 meV and f ~ 10'% [sec™!], we obtain
t to be of the order of 10'! [sec™ '] a T = 100 K, where
kg and T are the Boltzmann constant and the temperature,
respectively. Therefore, the boundary fluctuates more than
enough to reveal the averaged feature during the STM ob-
servation (of the order of 1-10 [msec/pixel]) at such alow
temperature.

It has been well known that aclear arrangement of bright
spots of STM images does not directly reflect the atomic
configurations [12,18—20]. In addition to this, the present
study gives ancther important message: a warning of our
tendency to relate STM images revealing a clear arrange-
ment of bright spots with some stable structure. This ten-
dency becomes stronger at a lower temperature, because
the thermal fluctuation seems to be hardly expected. Con-
sequently, we hardly expect the possibility of surface fluc-
tuation, which may lead to a wrong interpretation of STM
images as we have demonstrated in the present Letter. This
is expected to be a serious problem common to the scan-
ning probe microscopy observations as a whole [21,22].
Onthe clean Si(001) and Ge(001) surfaces, direct detection
of the flip-flop motion has been experimentally achieved
using the STM tip [23,24] by keeping the tip over a pre-
selected atom of the dimer and measuring time variation
of the tunneling current. However, the fluctuation of the
Si(111)-(+/3 X /3)-Ag surfaceis considered to be too fast
to defect due to the limitation of the dynamic characteris-
tics of the STM amplifier. Therefore, new alternative meth-
ods to detect such rapid fluctuation are highly desired.

Local freezing and its influence on the surface domain
structures are other interesting issues, as we see in the

FIG. 4. STM images averaged over () the first 10° and (b) the last 10 snapshots in the sequence of 5 X 10° snapshots of the

same area at 100 K.
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recent intriguing STM observation of Ge(001) [25], for
example. Studies on this kind of issue for Si(111)-(+/3 X
V/3)-Ag are now in progress.

In conclusion, we performed Monte Carlo simulations
based on results of first-principles calculations to study
STM images near the |IET phase boundary of the Si(111)-
(+/3 X +/3)-Ag surface. It was found that the boundary
fluctuates from snapshot to snapshot at low temperatures
(~100 K) and that the feature of the simulated STM
images differs distinctly from the observed one with a
straightly extending honeycomb pattern of bright spots.
Remarkably, statistical averages of the simulated images
reproduce the observed feature well. The present study
not only contributes to a unified understanding of the
observed images of this surface but also gives a warning
of our tendency to relate STM images revealing a clear
arrangement of bright spots with some stable structure.
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