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Intrarow diffusion of Au atoms in the Si(111)-(5%2)Au structure
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Intra-row diffusion of Au atoms in the §i11)-(5X2)Au reconstructed structure has been observed by using
high-temperature scanning tunneling microscopy. Loosely bonded Au atoms, which are arrangednwith 2(
+1)a spacings at room temperature, diffuse in the twofold direction at higher temperatures among adsorbed
sites arranged at2intervals. These diffusing Au atoms seem to be the reason there is a nonintegral number
of Au atoms in the(5X2) unit cell. [S0163-18206)09639-7

The analysis of surface structures is a major part of surSTM observations at higher temperatures. The diffusing Au
face science, but despite extensive studies, many surfaces at®ms seem to be the cause of the nonintegral number of Au
still under investigation. For example, the atomic arrangeatoms in a(5x2) unit cell.
ment of the Si111)-(5X2)Au reconstructed structure is still The experiments were done using a high-temperature
unclear, though a large amount of information on the strucSTM.X” Gold was deposited onto a ($11)-(7X7) surface
ture has been collected through a variety of analytical methwhose temperature was kept at 500 °C by direct joule heat-
ods since its discovery by Bishop and Reviere in 1869.  ing of the sample in an ultrahigh vacuuth.3x10 ¢ Pa.

The (5X2) structure appears in the initial stage of Au Observations were taken from the same sample at different
adsorption on a $111)-(7X7) surface at substrate tempera- substrate temperatur@®om temperature up to 500 f@fter
tures from 350 to 800 °€The saturation coverage of Au has growth of the(5x2) structure. The direct joule heating was
been estimated to be 0.443 Mlwhich indicates a noninte- also used to hold the substrate temperature at the higher tem-
gral number(4.43 of Au atoms may exist in #5X2) unit  peratures during the observations. The STM images were
cell on average. The saturation coverage suggests that tha&ken in a series at 40-sec intervals.

(5X2) structure is disordered with partial occupancies of Figure 1 shows the §i11)-(5X2)Au surface imaged at
some Au adsorption sites; e.g., four Au atoms in s@gf€2) different temperatures. Figure$al—(d) were taken at room
unit cells and five in the other unit cells. These partial occutemperature, 200, 250, and 500 °C, respectively. The sample
pancies were assumed to explain the result of an x-rayposition differs in each image due to thermal drift caused by
diffraction study* Also, scanning tunneling microscopy the change in the substrate temperature. _

(STM) images of the(5X2) structure show rows of bright Bright protrusions arranged in rows along {140] direc-
protrusions running in the(110) direction with 5  tion are clearly seen in the image taken at room temperature
spacings~’ In each row, the bright protrusions are irregu- [Fig. 1(@)]. The rows are arranged with a spacing ef The

larly arranged at 2{+ 1)a intervals. The irregularity seems direction in which the rows run corresponds to the twofold
to be related to the partial occupancies of Au adsorptiorirection of the(5x2) structure*® The bright protrusions are
sites. However, the x-ray standing-wave methaahd
transmission-electron-diffraction pattetrdo not show such
disorder except for phase slippage in t%i0) direction.
Recently, a transmission-electron-microscopy/-diffraction
(TEMI/TED) study has suggested that two Au atomic rows
running in the(110) direction may exist® which distribute
only four Au atoms in g85%2) unit cell. Thus, the problem
of the nonintegral number of Au atoms i(®x2) unit cell is
still unsolved.

The growth process of thé&Xx2) structure has also been
revealed by using real-space methdds:*®For instance, a
(5%X2) structure usually starts growing at a step edge of a
(7X7) structure that runs in the10) direction, and the two-
fold direction of the(5X2) structure is always parallel to that
step edge. A domain of @X2) structure grows much faster
in the twofold direction than in the fivefold direction. How- 5n
ever, the origin of these characteristics is also still unclear.

STM has been used to study the surface dynamics, such FIG. 1. A series of STM images of tH&x2) structure taken at
as atomic level step fluctuations, on metal surfdée® In different temperaturesia) room temperature(b) 200 °C, (c)
this paper, we report on the intrarow diffusion of Au atoms,250 °C, and(d) 500 °C. The movement of the Au atoms, which
which is confirmed by the movement of bright protrusions inappear as bright protrusions at room temperature, is clearly shown.
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FIG. 2. Our structural model for thé&6X2) structure:(a) top . . .
view, and(b) side view. Gray circles represent Au atoms, and open FIG. 3. Correlation functiongn,ny), along the twofold di

circles represent Si atoms on top of the double-layer Si substrate rection obtained from experimental imageslid line) and a simu-
P P Y lation (dashed ling (Ref. 21). Here,n,, (n,,=0,1) is the occupation

number of themth site along the row.

irregularly arranged with 2(+ 1)a spacings in each row.’
The arrowheads indicate protrusions arranged with the mini-
mum spacing of 4 within a row. Due to the nonuniformity as has been suggested based on a reflection high-energy elec-
of the arrangement, the density of the bright protrusions igron diffraction study:® We will refer to these Au atoms as
less than 0.5 pef5x2) unit cell. This density seems to co- diffusingAu atoms. The Au atoms represented by the small
incide with the decimal part of the nonintegral number of Augray circles in Fig. 2 are considered strongly bonded Au
atoms in a(5x2) unit cell (i.e., 0.43. Accordingly, we at- atoms.
tributed each bright protrusion to a single Au atom, and pro- The nonuniform arrangement of the diffusing Au atoms
posed a structural model of th&x2) structure which is has been well explained theoretically by assuming a repul-
shown in Fig. 22° The Au atoms represented by large graysive force exists between the diffusing Au atoms which
circles in Fig. 2 correspond to the bright protrusions in thecauses the minimum spacing oa4Figure 3 shows the po-
STM image. The Au atoms represented by small gray circlesitional correlation functions of the diffusing Au atoms along
form the two Au atomic rows suggested by the TEM/TED the rows obtained by Yagit al?* The experimental correla-
study® that distribute the integral part of the nonintegral tion function obtained from our STM images taken at room
number of Au atoms in &Xx2) unit cell (i.e., 4. temperature almost coincides with the simulated one with
In the image taken at 200 °[Fig. 1(b)], short lines that fitting parameters of repulsive force and chemical potential.
look like scratchesare observed within each row, as indi- The diffusion is also expected to be dominated by the repul-
cated by the arrowhead. These scratches were caused biye force and chemical potential.
movement of the Au atoms, which appear as bright protru- The movement of the diffusing Au atoms in a row is
sions at room temperature, during image acquisition. Aclearly shown in Fig. 4. Figures(#—(e) are magnified im-
scratch indicates that a Au atom was there when the STM tipges of a series taken at 40-sec intervaB0 ms/ling.
scanned the line that included the scratch, but the Au atom In addition to the scratches in each image, the changes in
was not there when the adjacent lines were scanned. Therthe position of the bright protrusions between the images
fore, the scratches are parallel to the direction of the tigclearly show that the diffusing Au atoms moved among ad-
scanning. Gold atoms that did not move during the tip scansorption sites arranged aa2ntervals. For instance, the left-
ning at 200 °C continued to appear as bright protrusions, agnd Au atom in the row moved among the sites, as indicated
indicated by the arrow.
In the observation at 250 °QFig. 1(c)], the scratches - y
filled the rows almost completely, and few bright protrusions d
could be seen. At 500 °(Fig. 1(d)], even the scratches be- b ;
came blurred due to the extensive movements of the Au at- ch '
oms. As a result, only bright rows were observed. =
This series of STM images clearly shows the diffusion of d
Au atoms along the rows at higher temperatures. The move- € ' ==
ment became more frequent as the temperature was raised. 42
Since the movement has never been observed at room tem-
perature, the influence of the proximity of the STM tip onthe  FIG. 4. A series of STM images showing intrarow diffusion of
movement is likely to be negligible or nonexistent. The dif- the Au atoms at 200 °C. White dashed lines are drawnaainter-
fusing Au atoms are probably the loosely bonded Au atomsyals. The edge of é7X7) terrace is seen at the left end of the row.
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FIG. 6. An occupied state image of tk&x2) structure taken at
room temperaturé/t=2 V). The lower brightness of the Au atoms
arranged at & intervals, compared to those arranged atidtervals
or longer, suggests a lower charge transfer to the Au atoms.

FIG. 5. A pair of STM images taken at 200 °C. The arrange-
ments of the Au atoms indicated by the arrowheads are shown
besides each image. Open and hatched circles indicate unoccupigtie less bright than the other bright protrusions arranged at
and occupied sites of&intervals, respectively. 4a intervals or longer. Gold atoms in tt§gXx 2) structure are
thought to be negatively charged based on experimental re-
sults concerning electromigratiéh. Therefore, the lower
brightness suggests a lower charge transfer to the Au atoms
by the arrowheads. It is also clearly shown that the minimurarranged at & intervals than to those arranged &t #hter-
spacing of 4 between the diffusing Au atoms was also vals or longer. Coulomb repulsion between the denser diffus-
maintained during the movements. This result suggests thatg Au atoms seems to be the cause of the lower charge
the repulsive force between the diffusing Au atoms is alsdransfer, which results in higher surface energy. Therefore,
effective during the movement. diffusing Au atoms are arranged aa 4ntervals or longer. In
Figure 5 is a pair of STM images taken at 200 °C, inother words, the contrast indicates that the bright protrusion
which three domains of th€6x2) structure can be seen, as consists of a negatively charged at¢ine., a Au atom since
indicated byA, B, andC. the lower brightness is unlikely to indicate a more positively
In the five rows of domaitC, scratches are most common charged atom.
in the upper two rows, while bright protrusions are most Since diffusing Au atoms do not arrange uniformly @ 4
common in the lower three rows of both images. This indi-intervals, deposited Au atoms can be incorporated into a row
cates that the diffusing Au atoms in the upper two rows weras diffusing Au atoms without growth of the row. However,
moving more frequently than those in the lower three rowsthe incorporation raises the density of diffusing Au atoms in
Therefore, in addition to the substrate temperature, there aphe row. The higher density of diffusing Au atoms will in-
pears to be another factor which affects the movement. Thisrease the energy of the row, which will eventually lead to
factor is most likely the density of diffusing Au atoms in a growth of the row to reduce the higher density. By diffusion,
row, which differed among the rows even within the sameAu atoms are easily supplied to the end of the row where the
domain. growth occurs. This would be the origin of the anisotropic
In the short row next to the long rows in domain(iBdi-  growth rate of thg5Xx2) structure. The growth not only in-
cated by the arrojy the high density of diffusing Au atoms creases the number of adsorption sites in a row, but also
makes movement difficult. There are no scratches in this rowdecreases the number of diffusing Au atoms by incorporating
but six bright protrusions can be seen in both Figs) 4nd  diffusing Au atoms into the underlying two Au atomic rows
(b), as indicated by the arrowheads. Therefore, there apisee Fig. 2 Thus, the density varies drastically before and
peared to be six diffusing Au atoms in the row, which did notafter the growth, which causes the differences in density be-
move frequently. The density of diffusing Au atoms in this tween the rows.
row was 0.46 pet5x2) unit cell, which was higher than the When the whole surface was covered by (G 2) struc-
average in this experimen(t-0.35. The nearest-neighbor ture, the higher density could not be reduced by further
sites of each occupied site should be unoccupied due to thgrowth of the row. Therefore, further incorporation of depos-
repulsive force between the diffusing Au atoms. As a resultjted Au atoms into a row makes tli&x2) structure unstable.
at most two Au atoms were able to change sites at the san¥his instability seems to cause the phase transition to the
time, as shown in the schematics. Thus, movement is re¥/3Xv3) structure before a uniform arrangement of the dif-
stricted by a higher density of diffusing Au atoms. fusing Au atoms at 4 intervals occurs. This is consistent
Figure 6 is an occupied state image of {6 2) structure  with the report that the Au coverage for the phase transition
taken at room temperature. Bright protrusions arrangedat 2is slightly larger than when the entire surface is covered by
intervals, which were rarely observed at quenched surfacehe (5x2) structure®
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The observations reported in this paper clearly show thé\u atom should be taken into account in structural analyses
intrarow diffusion of loosely bonded Au atoms at higher of the (5X2) structure.
temperatures. The diffusing Au atoms moved among the
sites arranged ataintervals in each row. We believe that ~ The authors would like to thank Prof. A. Yoshimori and
this diffusing Au atom is the reason there is a nonintegraPr. Y. Yagi of Okayama University of Science for their
number of Au atoms in th€5x2) unit cell. This diffusing  kindness in letting us use their correlation function results.
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