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Surface diffusion of Au on S(111): A microscopic study
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The direct evolution of submonolayer two-dimensional Au phases on tié15i(7 X 7) surface was stud-
ied in real time using the spectroscopic photoemission and low energy electron microscope located at the
synchrotron radiation source ELETTRA. A finite area covered by 1 monoldkp of gold with a steplike
transition zone was prepared by evaporatiorsitu. Subsequent annealing resulted in the spread of the Au
layer and the formation of laterally extended(13i1)-(5x 1)-Au and Sf111)-(y/3x y3)R30°-Au surface
reconstructions. At a temperature around 970 K, the boundary of the gold-covered region propagates on the
clean S{111)-(7X7) and exhibits a nonlinear dependence on time. The ordef@d15i(5x 1)-Au plateau
develops a separated front moving with constant velocity. Two values of the Au diffusion coefficients were
estimated at a temperature of about 985K:D-,,=5.2x10 & cn? s ! as the average diffusion coefficient
for Au on a clean Si111)-(7X7) surface in the concentration range from 0.4 ML up to 0.66 ML &)d
Dsy;=1.2x10"7 cn? s~ ! as the lower limit for the diffusion of single Au atoms on th&13il)-(5X 1)-Au
ordered phase.

. INTRODUCTION x1)-Au, Si111-(y/3% 3)R30°-Au, Si111)-(6x6)-Au,
and the high temperature phas€13il)-(1x 1)-Au. The first
Experimental investigations of surface diffusion represenstructure, also denoted as X2)-Au in the literature, ap-
an important field of surface physics since they can providgears during the initial stages of Au adsorption on @ Bi)-
detailed information on both kinetics and dynamics in ad-(7x7) surface at substrate temperatures above 628 K.
sorbed layers. The major factor that makes surface diffusiorrhe saturation coverage of ¥51)-Au has been estimated
complex and interesting from a scientific point of view is theto be 0.443 monolayeiML) [1 ML=one Au atom per sur-
interaction between diffusing particlédirect or indirect via  face Si atom on the ideal unreconstructed1$l) face
the substrate as a result of which a diffusing region may — 7 g4« 10 atoms/cri]. For the gold-rich (/3% \3)R30°-
self-organize. It has been confirmed experimentally in RefsAu structure(denotedy/3 -Au in the following a coverage

1-4 that in the course of diffusion an adsorbate may formy: g6 ML has been report&d. Further deposition after
surprisingly long-distance ordered phases on the surface. F

r .
instance, the observation of plateau-like parts in the Concerﬁ-qe completion _Of th§/§-Au Structl_Jre Ieads_ to the appear-
tration profile is usually correlated with the appearance oft'c€ Of three-dimensional Au particles, which grow and oc-
phase transitions at particular coverages, which in turn lead&@sionally - coalesce. The disordered(130)-(6X6)-Au
to local maximum or minimum values of the diffusion Structure, which exhibits a\@x V3)R30° low-energy elec-
coefficient® However, the connection between the plateauron diffraction(LEED) pattern with diffuse ringgknown as
like parts in the diffusion front and the evolution of ordered 8-V3 (Ref. 1], is observed at a gold coverage of 1 ML.
phases has not been directly demonstrated up to now, mainfgold deposition at room temperature on a clean Si{J
due to the use of methods lacking structural information osurface makes the LEED pattern fade away, and only after
imaging techniques with insufficient lateral resolutiffor ~ deposition of large amounts of gold do spots due to three-
example, the photoemission electron microscopy using dimensional metal islands appear.
mercury short-arc lamgPEEM) resolution in Refs. 1 and 2 Structural models for the reconstructions listed above
is ~10 um]. In particular, the diffusion properties of metals have been proposedf on the basis of scanning tunneling
on semiconductor surfaces and interfaces have drawn muchicroscopy(STM) studies but a general consensus has yet to
attention from industrial researchers since phenomena sudfe achieved. According to the current models, both the
as electromigration and diffusibh may restrict the use of (5x1)-Au and \/3-Au appear to have gold contents that
electronic microstructures. depend strongly on temperature. At higher temperatures gold
Si(111) is a prototypical surface, and shows a rich varietyatoms might diffuse into the bulk and/or partially desorb.
of surface reconstructions upon metal adsorption. For Au The aim of this work is to present a consistent, semiquan-
on Si111), different surface reconstructions have beentitative picture of Au/Si111) surface diffusion at submono-
identified at various elevated temperatufésSi(111)-(5 layer coverages. The application of spectroscopic photoemis-
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sion and low energy electron microscépeSPELEEM as a
local spectroscopic probe enabled us to measure directly the
local gold concentration and the time evolution of two dif-
ferent gold surface phases directly with good spatial and
temporal resolution. The diffusion coefficients for Au diffu-
sion at elevated stages were estimated.

Il. EXPERIMENT

The experiments were performiéavith the multipurpose
SPELEEM located at the ELETTRA synchrotron radiation
source in Trieste, Italy. The instrument can be used alter-
nately for PEEM, soft-x-ray photoemission electron micros-
copy using synchrotron radiatiofXPEEM), low energy
electron microscopyLEEM), LEED, mirror electron mi-
croscopy(MEM), and other imaging modes depending on
the particular problem studied.

In the investigations that are reported here, the sample
preparation was as followsg:type silicon wafers were cut to
1x1 cn? squares and mounted on a sample cartridge with a @)
Mo cap. Heating was achieved by electron bombardment of
the Si wafer from the back. The initiéh situ cleaning con-
sisted of short flashes up to 1500 K after outgassing at lower
temperatures, usually overnight. In the SPELEEM prepara-
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tion chamber, gold was deposited from a UHV evaporator 1 { B/
(EFM3 Focus, Omicron Ltglwith a tungsten spiral support- 180 ] ;
ing a gold droplet. The evaporation rate was calibrated with ] f

LEEM and LEED beforehand: since the completion of the y

160

(5% 1)-Au and+/3-Au structures is clearly visible in LEEM, ] /
an evaporation time was measured for these known cover- 140 A

ages, and the deposition time needed for 1 ML was deter- ] / /H-‘L\ /
mined. 1 ML was typically completed after 9 min with the 120 .//-" i
sample temperature kept at 750 K during evaporation. A v
movable shutter was positioned about 1 mm above the 0 5 10 15 20 25 30
sample plane, and during evaporation it was touching the cap Distance [um]

of the cartridge(not the sampleto eliminate mechanical

vibrations. It enabled one half of the sample to be covered FIG. 1. (@ A PEEM image of the profile taken immediately
with a gold layer. During the Au evaporation the pressureafter Au depositiqn at 750 K. Integrated.cross-sectional intensity
rose to 4<10 7 Pa. The base pressure did not exceeo[see(b)] was acqglred from the oblong region betweep polfnesnd
1x10°7 Pa during the diffusion experiments at high tem- B. Parallel selections denot@d—_e refer to the areas with dlffert_ant
perature. LEED patterns observetsee Fig. 2. (b) Integrated cross-section

. intensity obtained from the oblong region between poiisnd B
mozgi;flzmsglci-t\/?/g;gg{jattgfx‘:IITaer?[Salljl:?ndglvgtg ?omfﬁr?gtrgf? |IJr11 (a). The width of the transit_ion regio_n between the cleal 81)-
. ST . lE‘7>< 7) surface and 1 ML Au is approximately Z0m. The slope of
Si sample. The precision in temperature reading was eStl'he curve between 0 and about@n is an artefact due to back-
mated to be*=50 K. The thermocouple was calibrated in ground modulation.
preliminary experiments using the X77)<(1xX1) phase
transition of the clean §111) surface at 1120 K3 Data were  tion distribution, the uncovered @il1)-(7X7) region ap-
recorded with a slow-scan charge-coupled deviC€D)  pears brighter than the gold-covered parts in agreement with
camera or with a video camera. The background modulatiog recent study in which an increasing work function with
at fixed position in the images, such as the inhomogeneousu coverage up to about 0.5 ML was observed. The circular
intensity distribution and a few spots, is due to the spatiallybrightness modulation and the dark spot at the center of the
varying electron yield of the channel plates. The video im-screen are artefacts due to the inhomogeneity of the channel
ages were digitized at the Fritz-Haber Institute in Berlin.  plate mentioned above. In order to obtain a quantitative mea-
sure of the concentration across the border we determined an
Il RESULTS intensity profile along the oblong region frofto B marked
' in Fig. 1(a), averaged over the shorter side of the rectangle.
The initial state for the surface diffusion measurementsThe transition zoné¢Fig. 1(b)] exhibits a concentration in-
was prepared by covering about half of the substrate at 756rease over=10 um. This shape is explained by a penumbra
K with a 1 ML Au layer, as described in the preceding sec-effect due to the evaporation geometry and implies that the
tion. The resulting border area is shown as a PEEM image igold atoms stay at the impact position. As the sample tem-
Fig. 1(a). Since the brightness directly reflects the work func-perature during evaporation was clearly above the formation
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limit of the various reconstructions, we utilized the LEED
mode of the SPELEEM to obtain locally resolved structural
information from the transition zone. By selection of theo?

smallest illumination aperture available, a detection area of,, e LEED patterns of the areas denoted as Ibyintegrated

2 - ;
only 1 um® was achievedu-spot LEED. Representative ¢ross-sectional intensity obtained from the oblong region between
diffraction patterns are shown in Fig. 2 corresponding to thepointsA andB in (a).

regionsa to e indicated in Fig. 1a). The sequence demon-
strates that starting with the &7) LEED pattern on the region. An early stage of the evolution is shown in the
uncovered $iL11) part, regionsb and c display the lowest PEEM image of Fig. @) where the development has been
coverage (X 1) reconstruction. Figure(B) shows one do- frozen by quenching the sample to room temperature. The
main while the full set of the three possible symmetry do-difference from the border distribution in Fig(dl is evident.
mains is seen in Fig.(2). Regiond presents the transition Immediately commencing at the sharp intensity drop at the
from (5X 1) to the (y3x3)R30° structure, evident from interface with the Sil11)-(7X7) surface[region 1 in Fig.
the superposition of both LEED patterns in FigdR2 The  3(a)], an area with slowly decreasing intensitggion 2 has
/3 pattern characteristic of the monolayer gold coverage i¢volved followed by a transition partregion 3, which
found in regione, although the ordering is not so distinct as merges into the darkest part of the image. The complex
in the other regions, as is apparent from the more diffusstructure of the boundary is more obvious from the intensity
diffraction spots. Summarizing, the border region of the ini-profile in Fig. 3b), illustrating both the sharp edge and the
tial state represents a well-ordered transition zone where th@lateau-like distribution of the foremost zone. Structural in-
gold concentration decreases continuously from 1 ML Auformation of the areas indicated by the numbers 1 to 4 in
layer to the clean reconstructed Bil). Figs. 3a) and 3b) was again obtained by applying-spot

To determine the onset of diffusion we monitored theLEED with the corresponding patterns given in Fig. 4.
PEEM image of the border region in real time while increas-Regions 2 and 4 uniformly showed the X8) and
ing the sample temperature very slowly to ensure a uniforn{/3x y/3)R30° superstructures, respectively. The latter ex-
temperature over the whole sample. The transition zone dfibited substantially sharper LEED spots, indicating a better
the initial state developed a sharp steplike shape, until abrdering of the layefcompare Figs. @) and Ze)]. The tran-
~970 K this boundary started to spread into the uncoveredient zone between these two superstructures is characterized

FIG. 3. (a) Ordered Au regions observed in the early stages of
iffusion. The image was acquired in the PEEM mode. See Fig. 4
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spection the characteristic plateau-like region of th (§
; reconstruction is discerniblesee the arrows in Fig.)5Since
(09) spot . the Au 4f-,, image is directly related to the Au concentra-
\ J tion, SPELEEM with the energy filter tuned to the Adi4

- - 7 photoemission line was used to monitor the spreading of the
Au layer. The resulting sequence of images is displayed in
Fig. 6(@ for a substrate temperature of 985 K and a time
T v interval of 30 s between consecutive images.

Normalized intensity profiles obtained from the sequence
of XPEEM imagedtaken in the region indicated in image 1
of Fig. 6(a)] are plotted in Fig. @). Since the electron yield
of the channel plates was not homogene(@e® the intensi-
fied patch in all the imagesthe following normalization
procedure has been applied. The background of the first pro-
file was fitted with a second-order polynomiglot shown
here and all profiles were divided by this parabolic curve. In
addition, to estimate reliably the border position in spite of
the noise level, each profile was approximated with 3 straight
lines as indicated in the inset of Fig(}. The respective
intersections yield two points: the highegt)(and the lowest
rPB) Au concentration. These two points are considered to
define the diffusion zone, i.e., the transition zone between the

by the superposition of the patterns of both adjacent region old-covered regions and the clear{13i)-(7x7) surface.

If the diffusion process proceeds further. the transient zon he positions of the point& andB are plotted in Fig. 7 as a
iftusion p >S proceeds 1u ' ! ZONG inction of time with the border positions of the first profile
corresponding to region 3 in Fig(& moves much slower

than the interface between the Au covered region an erving as time zero. It is evident that the propagation veloc-

. . y of the border diminishes with time. The separation be-
gfr%ij);t(g:h;)ﬁe-rhe edge of the (81) ordered area main- tween the two characteristic pointé @ndB), however, in-

A more direct determination of the concentration distribu—creases' To summarize, the movement of the diffusion zone

tion of Au (and as complementary information of) Sicross can be described as a combination of two effe(ts:he
the border can be obtained by using the XPEEM imagin evolution of a characteristic S-shape concentration profile

N o hich is (ii) moved as a whole in the direction of lower
2

mode Of. th_e SPELEEM' By excitation of ch_aracter|§t|c concentration. Unfortunately, we were not able to perform an
photoemission lines of the element to be monitored with el-

. o .~ Intensity versus concentration calibration. Therefore, the
evated photon energies and application of an energy filt

. X *oncentration dependence of the diffusion coefficient cannot
one can image the substrate with these photoelectrons, -€je extracted from the data e.g., by applying a Boltzmann-

with chemical contrast. Thus, in general, the brightness i . .
XPEEM is proportional to the concentration. Figure 5 showéMatan0 analysis. On the other hand, a spatially averaged

the border region that corresponds roughly to the PEEM imylfﬁlﬁ]s'()nofggfl(:'?gt 'St?:ézrm'?ﬁg n é?(;;ﬁ!?g\r']mg‘of the
age in Fig. %) .bUt IS |mqged in the XPEEM mode illustrat- (5% 1)-reconstructed area and, in particular, the steplike bor-
ng th? Si(left image, 5i P core level statgsand the Au der line in more detail, we operated the SPELEEM in the
(right image, Au 44, core level statgssurface concentra- MEM imaging mode. Since in MEM incoming electrons

gg?h %Zp.s-ghethsel(syh;r)/ ?r:(nssﬁia ;I:é(;:f?hcs b'fl ?1\t”d2?tt tcl)nth have energies just below the work function threshold, they
dark regFi)on yEven i tr?e intensity in the XPE?EMpmode iseare reflected at the repulsive potential of the substrate and the
S : =~ contrast of a MEM image arises from the corrugation of the
substantially weaker than in the PEEM mode, on closer Nsurface potential. The MEM mode is thus ideally suited to
detect inhomogeneities on a surface, such as defects or po-
tential steps, with high sensitivity and resolution. After
preparation of a new step profile, diffusion was activated
until the (5% 1) area had sufficiently developed to be clearly
separated from the/3-Au area(4 min at ~970 K). After
cooling the sample below the diffusion threshold, the micro-
scope was switched to MEM mode and the first two images
of Fig. 8 obtained at=850 K. Both the (5<1)-Au and the
Si(112)-(7X7) areas appear absolutely homogene@ipsrt
from the marked defejtindicating a well-developed order-
ing in the respective parts. Diffusion resumed after heating
the sample again ter 970 K. The onset of this later diffusion
FIG. 5. XPEEM images of the border region. The energy filterStage is captured in image 3 and proceeds in the sequence
of SPELEEM was tuned tda) the Si 2 and (b) the Au 4f,,  fromimage 4 to 12 acquired every 30 s. The indicated defect
photoemission lines. did not pin the diffusion front but only delayed its progress.

(5x1)-Au+s3-Au

FIG. 4. u-spot LEED patterns of the selected areas 1-4 in Fig
3(a). The(0,0) spot is denoted by the white arrows. All the struc-
tures are well ordered. The energies of the primary electron beal
are given in the lower right-hand corners.
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FIG. 6. (a) Selected sequence of images in
XPEEM mode taken during diffusion. Photon en-
ergyhv=150 eV, kinetic energy 82 eV, Auf4,,
core level. The field of view is 5&m in each
image, and the time interval between images is
30 s. The sample temperature for all images was

s

- 3 985 K. (b) Intensity profiles determined from the
:"2 E sequence of XPEEM images. Profiles were taken
S 16 e along the line indicated itfta). Each profile was

- fitted with three straight linegsee the upper
E = right-hand corner of the figure The cross sec-
L) ] tions of the lines define the poir (the highest
= 1.4 Au concentratiopand the poinB (the lowest Au
E ] concentratiohn
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Two aspects of the sequence in Fig. 8 are noticeablaeconstructiotf'!°it has been observed that at the border of a
First, only the moving boundary exhibits a bright fringee  (5X 1) domain, which appears in STM as a row structure
images 3—1Pwhile for the frozen statémages 1 and 2the  along a high symmetry direction of the($11) surface, ad-
edge shows a rich structure but is not highlighted. Figure Qlitional rows grow along the existing ones. In some cases
shows a magnified picture of the tenth image in Fig. 8 showbunches of such new rows appear, growing in a concerted
ing more distinctly the bright patches at the edge. Initiallyway and forming a dynamic border line at their ends, which
they form islands, thus giving rise to inhomogeneities of theis inclined with respect to the row direction. This orientation
potential surface that are imaged in MEM as bright blotchesmight be at the angle observed here but the scale gap be-
Later these islands coalesce and merge into thel(bre- tween the atomic scale of the ST(dnly up to seven rows in
gion. Second, as already evident from image 1 of Fig. 8, the bunch and our mesoscopic resolutidiine segments of
steplike border does not conserve the initially straight-lineseveralum length prevents any further correlation. In addi-
form but develops a regular shape consisting of joint linetion, it is not possible to determine precisely the real space
segments. The angle between the lines turned out to be akzimuthal orientation of the substrate from the LEED pattern
ways 135% 10° (see Fig. 9, whereby the estimated error is since the magnetic lenses in the electron optical path of the
mainly due to image distortions originating from the mag- SPELEEM rotate the diffraction pattern.
netic lens systems. Unfortunately, the existing structure mod- The sequence in Fig. 8 shows the zone movement as a
els of the (5x 1)-Au reconstruction'®that would favor mul-  function of time through the area indicated in Fig. 9. The
tiples of 30° do not allow easy correspondence of this anglg@osition of the border in image 3 in Fig. 8 was taken as the
with the preferred directions of the elementary lattice cellsstarting configuration, i.ex=0, for the graph in Fig. 10.

In a recent STM study of the growth of the X8)-Au  The zone movement is evidently almost linear in time.
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35 ] oD If we describe the results as nearly as possible in terms of
] Q—"G classical diffusion theory with a coverage dependent diffu-
30.] sion coefficientsee Ref. 1Bthe initial stage is best approxi-
- ] to/’ /‘/i mated as a one-dimensional problem with a semi-infinite
525 i o s_tep distributiqn. For a constant difquion coeffip_ient the ini-
< P - ‘//.r/ tial concentrationc, would expand into the initially zero
= A concentration region according to
2 20 "
2,55 +” (X,1) ! f( X ) ()
815 s STFomie T c(x,t)= =g erfq —|.
& ol // A Point A ? vabt
R R e ---- Fitted curve[™™ In consequence, if a particular concentration level can be
] / ——Fitted curve identified and its position monitored during diffusion, the
5 movement followsx~ \Dt. In the system here such a tag-

LN LR A U U ging occurs dynamically through the formation of the bor-
° 2 e Ti?noe [slwu 120 140 1o ders visible in Fig. 8). Thus, the SPELEEM images pre-
N _ _ sented demonstrate the outward spread of the Au atoms
_FIG. 7. Border position as a funct!on _of time. The two sets Offorming the\/§ and the (5 1) regions while being released
points correspond to the poinfsandB in Fig. &b). from the virtually infinite source of the 1 ML area covering
IV. DISCUSSION half of the sample: The XPEEM images in_ Figjaﬁobtained_
at an early diffusion stage show essentially the combined
From the above results it is obvious that the system Au onransition zone limited by both the edges to tf@ and to the
Si(11D)-(7x7) is far from being a simple diffusion system (5x 1) reconstruction phases, thus defining the poignd
described by a constant diffusion coefficient, which wouldB as determined in the analysis of the concentration profiles
produce the typical sigmoidal concentration profdee Ref.  in Fig. 6b). Both sets of data points in Fig. 7 follow almost
16). The development of the rather complex structure in theyerfectly they/Dt behavior as evident from the fit curve also
diffusion front[see Figs. @) and 3b)] clearly indicates that  shown in Fig. 7. The fitting function used was
the diffusion coefficient is strongly coverage dependent pass-
ing through maximum and minimum values. As a rule of Xa 5=Xo+ V2D A g(t+1tg) )
thumb, steep concentration increases are connected to low ’ ’
values while the flat parts are due to a local maximum of thevith X, andty acting as free fit parameters because neither
diffusion coefficient, which is particularly pronounced for the initial border position nor the effective starting time
the extended (% 1) regions at later stages of the diffusion can be directly determined from the time sequence of
(see Fig. 8 Similar findings have been presented for somethe XPEEM images. The resulting values>gf=—15 um
metal on metal diffusion studies but mainly for multilayer and t,=35 s are reasonable in view of the experimental
diffusion For the system presented here the rich structure ipreliminaries of sample adjustment and temperature sta-
the D(®) dependence in the submonolayer regime is cerbility. The calculated diffusion coefficients areD,
tainly caused by the formation of the various reconstructed=4.8x10"8 cn?s™ ! andDg=6.5x 108 cn?s L. It can be
phases. concluded that although a phase transition occurs in the dif-

FIG. 8. Selected sequence of
images in MEM mode taken dur-
ing diffusion. The field of view is
27 um in each image, and the
time interval between neighboring
images is 30 s. The sample tem-
perature in the first image was 850
K, in the second image it was 910
K, and for all following images it
was 970 K. Diffusion starts in the
third image. The defect in the first
image was chosen as an immobile
marker.
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FIG. 10. Border position as a function of time measured along
FIG. 9. Detail of the tenth image in Fig. 8, which shows a the region indicated in Fig. 9. The fitted curve is a straight line.

tendency to self-organize and retain a regular shape during diffu- .
sion. atoms on Sil11)-(7X7) at a coverage from 0.4 ML up to

0.66 ML can be deduced from the front velocity given in Fig.

. . _ i 10. Evaluating the particle flux at the ¥8L)Au/Si(7X7)
fusion front, the outward particle flux is essentially governedy,qer yields]=1.8x 10° cm~1s™1. Assuming thata) the

by the concentration gradient since the movement of both, ~oncentration varies over the al) terrace from®

borders obeys the classical diffusion equation. —0.66 ML at the V3 border £:=5.28< 10 cm™2) to ©
Even though the difference of the two diffusion coeffi- _ "4 v at the (;/p—posite en%%:ﬁzé 13x 10 cm*)z) and

cients seems to be insig_nificgnt in view of the experimentiib) the (5x<1) terrace is abouf\xs,;~50 um wide, the
uncertainties, the data in Fig. 7 clearly demonstrate th e’ L

) N . : veraged diffusion coefficient from
points A and B move with different velocity, leading to an
increasing separation. This behavior is in strong contrast to JAX
the constant velocity of the (81)Au/Si(7x 7) edge move- De=c—¢ ()]
ment documented in MEM measurements at later stages of o2
diffusion (see Fig. 10 This is typical for stationary or qua- is Dc=4.2x10"8 cn?s™ 1. Despite this being a simple ap-
sistationary conditions where a particle flux is constant. Notproximation, it yields good agreement with, and Dg
ing that the diffusion coefficient exhibits a strong maximumfound above by a fitting procedure. Summarizing, the aver-
at the coverage corresponding to thex(5) reconstruction, age diffusion coefficienD,.; for Au particles on Sil11)-
the evolution of the (% 1) terrace can be treated to a good (7X7) in a coverage interval from 0.4 ML to 0.66 ML
approximation as a diffusion problem with the boundaryequalsD,.,=5.2x10 8 cn?s 1. First, we point out that
conditions of fixed concentratiorier equally well-fixed par- D is related to the stated coverage interval since diffusion
ticle fluxes at the boundaripdn our system, these concen- on the otherwise intact Si¢77) surface could result in quite
trations correspond tq3-Au and (5x< 1)-Au bordering on  a different value. Second, thoudgh,, Dg, and D were
the S{111)-(7 X< 7) region. For the situation in Fig. 8 the size obtained at slightly different temperatur@85 K and 970 K,
of the (5x 1) terrace is certainly large enough so that therespectively, we consider them well comparable: Apart from
concentration profile over the terrace is essentially lineargxperimental uncertanties in temperature reading, diffusion
i.e., the gradient and thus the particle flux are constant. In goefficients at these two temperatures would differ by
microscopic picture, this kind of behavior is very often de-~17%, using the activation energy of diffusi@y=1 eV.
scribed as the unrolling carpet mechanism particle that Similarly within this simple model the lower limit of the
is released from a high concentration borfleare the border diffusion coefficient D5, for highly mobile Au atoms
between the (% 1) and the\3 zone$ diffuses over an al- moving on the (5<1)-Au plateau can be estimated. We
most constant concentration terrace until it reaches the edgaippose that in the vicinity of the border withi3-Au
of a low concentration regiofhere the end of the (81)-Au  the concentration corresponds to the saturated b phase
plateay, thereby extending the terrace region. Such a model®=0.5 ML, i.e., ¢;=3.91x10*cm ?) and the other
requires that the additional particle on top of the terrace exend of the plateau possesses the lowest possible concentra-
periences a smaller diffusion barrier than the particles contion (®=0.4 ML, i.e., c,=3.13x10** cm ?). Using the
stituting the terrace. In our system the fifth Au atom in theabove equation withAxs,;~50 um we obtainedDsy;
(5% 1) unit celP®can serve as a suitable candidate because=1.2x10~7 cn?s™?, i.e., more than twice the magnitude of
for the structure model proposed in the literature, the uniD,.
cell consists of either 4 or 5 atoms, giving rise to coverages In agreement with the diffusion mechanism proposed
of ®=0.4 ML or ®=0.5 ML, respectively. The fifth atom above particle fluxes on the plateau and in the region be-
in the unit cell is observed to become highly mobile abovetween the pointsA and B [Figs. §a) and 7] must be equal
450 K10 due to the conservation of Au particles. Generally in the case

A reasonable estimate of the diffusion coefficient for Au of isotropic diffusion, flux is given as the product of a diffu-
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sion coefficient and a concentration gradi¥héAssuming the reaction rate will be constant as well and the reaction
that the two fluxes are equal, we arrive at a simple equatiofront will move to the area with higher Si atom concentration
for the diffusion coefficient on (% 1)-Au evaluated inde- because the mobility of Au atoms is higher.

pendently from above procedure:

V. CONCLUSIONS
gradc,)

7 grad Csy1) ' 4) Measurements of Au/€ill) surface diffusion at sub-

i ) monolayer coverages have been carried out using chemical
where gradés 1) and grad¢;) describe a concentration gra- contrast imaging. A direct quantitative evaluation of the

dient on the plateau and between the pokendB in Fig. 7, (5% 1)-Au ordered phase evolving on(S11)-(7x7) has
respectively. Applying typical value$or Axag~4 um see  peen performed, applying a combination of different micro-
Fig. 7 andAxs,;~50 um), we derive for the lower limit of  scopic and spectroscopic modes. The diffusion of Au atoms
Dsx1=50D7x7, i.e., D5y is considerably higher again. has been interpreted in terms of the “unrolling carpet”
The present values of the diffusion coefficient are inmechanism. Two diffusion coefficients were estimated at a
rough agreement with the value given by Nestereekal 18 temperature of about 985 K1) D,,,=5.2x10"8 cnés !
based on measurements at low spatial resolution. Due to thgs the averaged diffusion coefficient for Au diffusion on a
lack of recent experiments dealing with metal diffusidm  clean Sj111)-(7x7) surface in a concentration range from
the submonolayer coverage rangen Si111)-(7X7) we 0.4 ML upto 0.66 ML and2) Ds,;=1.2x10 7 cn?s ! as
cannot compare directly our values DBfwith experimental  the Jower limit for the diffusion of Au atoms on the ($.1)-
data. However, the diffusion coefficient is a quantity that(5>< 1)-Au ordered phase. In order to obtain a real
represents a relationship between the transferred itass  concentration-dependent diffusion coefficient from a

flux) during a measured time interval and the concentratiorBoltzmann-Matano analysis, further measurements are desir-
gradient. If both these quantities in some experiment argp|e.

comparable to the present values, then the diffusion coeffi-

cient should also lie within a certain range regardless of dif-

fusion temperature. Under these considerations we conclude

thatD~10 8 cn?s ™! is not unreasonablfe’ The investigation was supported by the Grant Agency of
As an alternative mechanism for an extension of thethe Czech Academy of SciencéSrant No. A1010718 the

(5% 1) reconstruction with constant velocity, we consideredGrant Agency of the Czech RepubliGrant No. 202/99/

a chemical reaction with a moving reaction front. Supposing?002, and by the Deutsche Forschungsgemeinschaft through

that the formation of (% 1) reconstruction is connected SFB 290. Th. Schmidt and B. Ressel acknowledge support

with a reaction between the Si and the Au atoms, the reactionnder EU contracts ERB FMBI-CT 96-1749 and ERBIC 15

rate is proportional to the concentration of both species: CT97 0700, respectively. The SPELEEM instrument was

« [Au][Si]. The number of Si atoms at the reaction front issupported by the Deutsche Forschungsgemeinschaft, the

obviously constant, as is the number of Au atoms determineBundesministerium fu Bildung und Forschung, and the

by the diffusion flux. In the stationary stage of the processVW-Stiftung.

Ds5x1=
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