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Two-dimensional adatom gas phase on the Qi11)-/3% \/§-Ag surface directly observed
by scanning tunneling microscopy
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Excess Ag adatoms of submonolayer coverages on top of th&15iy3x y3-Ag surface at room tempera-
ture (RT) are known to stay in a two-dimensional adatom-@3AG) phase as a thermodynamical equilibrium
state. Reducing the diffusion mobility of the Ag adatoms by cooling the substrate down to 62 K, we could
observe migrating adatoms in the 2DAG phase directly by scanning tunneling microblgly. The indi-
vidual Ag adatoms ceased migration completely at 6 K, showing starlike patterns in STM images. The
estimated amount of those Ag adatoms frozen at 6 K was on the order of 0.01 ML, which is in accordance with
that at RT obtained previously from electrical conductance measurerf80i63-182609)14847-1

[. INTRODUCTION serving the 2DAG phase directly using low-temperature
STM. As the temperature of the substrate is decreased from
Thermal adatoms, here called “two-dimensional adatomRT, the mobility of the Ag adatoms forming the 2DAG

gas(2DAG),” are mobile atoms adsorbed on surfaces equili-phase becomes reduced, and at last, they cease migrating at

brated with “reservoirs” such as their tw2D) or three- €nough low temperatures. By controlling the temperature

dimensional3D) nuclei or step edges on surfaces, much likeand the coverage of the Ag adatoms on top of the

a 3D vapor in equilibrium with its condensed substahce. V3X V3-Ag surface, migrating Ag adatoms actually became

Surface diffusion of such a 2DAG plays crucial roles in aobservable at 62 K. At 6 K, the Ag adatoms are at rest

variety of surface dynamical phenomena such as epitaxieﬁqua”y spaced from each other, showing characteristic star-

growth, Ostwald ripening, electromigration, thermal desorp- ke patterns. From the images at 6 K, the amount of Ag
tion, and surface phase transitions between phases havigl2toms having formed the 2DAG phase was estimated to be
different atom densities. of the order of 0.01ML. This is in accordance with the criti-

cal coverage of the 2DAG phase, 0.03ML, estimated in the

AISO. on the S{111-(3x ﬁ-Ag surface, the 2DAG revious measurements of the surface electrical
phase is already seen to explain the zeroth-order thermal dgbnductancé*s
sorption of Ag atoms from this surfaéé, electromigration '
phenomené,and a change in photoemission specft&rom
the electrical conductance measurements on this surface at
room temperaturéRT), it has been found that additionally ~ We used a commercial ultrahigh-vacuum low-temperature
deposited Ag atoms on top of th& X /3-Ag surface makes STM (UNISOKU USM501 typg, combined with reflection
a supersaturated metastable 2DAG phase when the additiortsibh-energy electron diffractiofRHEED) system for prepar-
Ag coverage is less tharr 0.03 ML.” Ag atoms in the ing sample surfaces. The base pressure in the chambers was
2DAG phase donated their valence electrons into a surfacdess than X 10 1° Torr. The sample can be cooled down to
state band of the substrate, resulting in an increase of ele62 K with supercooled liquid nitrogen,rd® K with liquid
trical conductanc&.Such a gas phase in a supersaturatedhelium at the STM stage attached to those liquid containers.
metastable state has also been shown by theoreticdhe temperature of the Si wafer was monitored with an
simulations’ But it is almost impossible to directly observe AuFe-chromel thermocouple attached near the sample. The
the 2DAG at RT even with an atomic resolution probe suchsubstrate was amtype S{111) wafer with 0.00%) cm resis-
as scanning tunneling microscop$TM), because the indi- tivity at RT. We used an electrochemically etched polycrys-
vidual Ag adatoms in the 2DAG phase migrate with verytalline tungsten tip followed bin situ electron bombardment
high speed, far beyond the time resolution in STM imaging.cleaning.

However, in the present work we have succeeded in ob- After making the clean ¥7 surface by flashing at

II. EXPERIMENT
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1200 °C several times, th¢3 X \/3-Ag surface was prepared
by depositing just 1 ML or more than 1 ML of Ag at 500 °C.
Precise coverage controls were doneibyitu RHEED ob-
servations during the Ag deposition with a constant rate. The
saturation coverage of thé3 x \/3-Ag surface is 1 M2t
After the completion of the/3x \/3-Ag surface, the sample
was cooled down to RT in 1 h, and, then, transferred to the
STM stage which had been already cooled down to low tem-
peratures. All the samples were cooled down in this way, and
waited for 2—3 h until the temperature of the sample became
equilibrated with that of the STM stage. The additional Ag
atoms were sometimes deposited at the cold STM stage, and
then we began STM observations. We chose several ways for
sample preparation to reveal the properties of the 2DAG
phase. Though they will be described in detail at each stage
in the following, important points in sample preparation are
(1) amounts of Ag deposited at 500 °@ist 1 ML or more
than 1 ML at preparing they3x\3-Ag structure; (2)
amounts of Ag additionally deposited at low temperatures
(zero or sub-monolayersn top of the\3x \/§-Ag surface,
and(3) annealing temperatures after the additional Ag depo-
sition at low temperature.

Ill. RESULTS AND DISCUSSIONS
A. Frozen 2DAG

The surface in Figs. (& and Xb) was prepared in the
following way. After 1.7 ML of Ag was deposited on the 7
X7 clean surface at 500°C to obtain tk8x 3 RHEED
pattern, the sample was kept at RT foh then transferred to
the STM stage at 6 K. We performed STM observations
without additional Ag deposition at 6 K. The sample bias
voltage of the image was 1.4 V with respect to the tip, prob-
ing the sample empty states. Since the saturation Ag cover-
age of they3x \/3-Ag structure is 1.0 ML, the majority of
the excess A¢0.7 ML) makes 3D Ag islands such as seen in
the center of Fig. (b) or much larger islandgStranski-
Krastanov modg but there are a small percentage of the
excess Ag atoms forming the 2DAG seen as random bright
stars in Fig. 1. The surface in Fig(cl was prepared by the
similar procedures as for Figs(dl and 1b), but with a Ag
coverage of 1.2 ML.

There can be seen two types of isolated adsorbates with
threefold symmetry on the terrace of th8 x /3-Ag surface
in Fig. 1(a): smaller adsorbates indicated Byand larger FIG. 1. (8) An empty-state STM image (325380 A%) with a
adsorbates indicated B; Magnified images of these adsor- sample bias voltag&/=1.4 V, and tunneling current=0.5 nA
bates are shown in Fig. 2. Here the smaller adsorbates indiaken in the constant-current mode at 6(K). An empty-state STM
cated byA are called “Ag stars,” and the larger adsorbatesimage (240455 &) with V=1.5 V and| =0.5 nA taken in the

indicated byB “Ag propellers.” Since an Ag star is the constant-current mode at 6 K. A three-dimensional island is seen in
smallest unit observed in a lot of images, it is most likely that® center of the image. The straight out-of-phase boundary on the
right of the image is also decorated by Ag adatofas An empty-

the Ag star is a single Ag adatom, while the Ag propellerState STM image (260260 A?) with V=15 V andl—0.4 nA

Corésfsts doc]:nsgvree?;’ngrOb%blgstgéeaeS’ Arﬁma:tﬁtzogfucture Ca"etgken in the constant-current mode at 6 K. Ag adsorbates are cap-
Y prop Y ! tired by the defect at the surface twin boundary between the

the inequivalent triangléIET) model, for the\3Xy3-A0  |E7+ and IET- domains
surface at low temperaturés!® the surface shows a '
hexagonal-lattice pattern in an empty-state STM image alET structure. The high-symmety31m of the HCT struc-
low temperaturglFigs. 1 and £a)-2(c)], in contrast to a ture is thus reduced tp3 symmetry in the IET structure.
honeycomb pattern at room temperattff@wo Ag triangles  Due to the asymmetry in the IET structure, there are two
in the y3x /3 unit cell are different in size, resulting in an types of domains in the twin relation, defined as HE®Nnd
asymmetric distribution in the local density of states in thelET—. A domain boundary seen in Fig(cl is such a twin
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amount of the Ag deposited at 500°C on th& 7 surface
was just 1 ML or less than 1 ML. Therefore, these Ag ad-
sorbates originate from the excess Ag atods7 ML
—1.0 ML=0.7 ML in this casg deposited during the for-
mation of the3x \/3-Ag surface, though the amount of
these adsorbates is on the order of 0.01 ML or less as dis-
cussed below.

The sample in Fig. 3 was prepared in the same way as in
Figs. Xa) and Xb), but the temperature during the STM
observation was at 62 K. FiguresaB 3(b), and 3c) were
successively taken; they took 55, 36, and 36 sec, respec-
tively. The STM tip was scanned along a row from left to
right, from the bottom row to the top in the images. Hazelike
patterns can be seen, changing their positions in each figure.
Some such bright patterns look like parts of the Ag propel-
lers in the lower right of Fig. 3 near the step edge. Moreover
the bias dependence of those hazelike patterns in the STM
image is similar to that of the Ag adsorbates in Fig. 2. Thus
it can be said that the hazelike patterns in Fig. 3 are Ag
- _ ~adsorbates migrating at a moderate speed to be observable.

FIG. 2. Magnified STM images of the Ag adsorbates taken in  The mobility of the Ag adsorbates increases with tem-
the constant-current mode: The bias voltages, the tunneling Cu'berature. Considering that the Ag adsorbates are at rest at 6
rents,;r.]d the size of the images QBEA12:3 V, 1.75 nA, and 77 K (Figs. 1 and 2 but moderately migrating at 62 (ig. 3),
:;57><765 ;\5?) 1}? :j/—l ioono' 3”50' 72? I J 65(2)50‘22\/’ 0.5nA, aTd they must migrate with much higher speed at RT, forming

; and(d)~1.0 V, 0.5 nA, an , Tespectively. p oo DAG phase. So the Ag adsorbates on the terrace in Fig.

(a) and(b) were taken at the same area on the +E@omain, while ; . it

(c) and(d) were also taken at the same area on the-{Edomain. 1 correspond directly to the “frozen” 2DAG _phase. The
amount of those Ag adsorbates at 6 K approximately corre-
sponds to the coverage of Ag atoms forming the 2DAG

boundary, the right side of which is IET and the left is phase at 62 K, as discussed below.

IET+. The substrate in Figs.(® and 2b) is the IET+

domain, while that in Figs. @) and 2d) is the IET- do- B. Additional deposition

main; right halves in the unit cells in Figs(&2 and 2b) are - N

brighter, while they are darker in Fig(@. These two types  BY depositing additional Ag atoms on the3x y3-Ag

of domains cause the two types of orientation of the Ag star§ubstrate at 62 K, it was observed that the Ag adatofisy

and Ag propellergcompare them between Figs(@ and  Propellers came together and made lattices of thel

2(b) and in 2¢)]. Such difference is more clearly seen in Fig. X V21-(Ag+Ag) and the 6<6-(Ag+Ag) superstructures.

1(c). The orientations of Ag stars in this image are differentThough the Ag adsorbates have a moderate mobility at 62 K,

between the upper right domain (IET and the lower left as shown in Fig. 3, they become fixed with increasing popu-

domain (IET+). The definition and detailed investigations lation of the Ag adsorbates on the terraces of{Be \/3-Ag

on the IET structure are discussed elsewH&fé. surface.

The bias dependence of the Ag stars and Ag propellers is The sample in Fig. 4 was made in the following way: after
also noted in Fig. 2. Figure§@ and 2b) were taken at the preparing the/3x \/3-Ag surface by depositing just 1 ML of
same place with the bias voltages of 1.3 V and 1.0 V, respecAg at 500 °C, the sample was cooled down to 6 K, and then
tively. The Ag-star pattern changes from the protrusionlike0.09 ML of Ag was further deposited on it at 6 K. The Ag
in Fig. 2(a) to the hollow patterns in Fig.(B). The center of adsorbates are randomly located in Figa)4and some of the
the Ag star in Fig. th) becomes dark, and the neighboring Ag propellers in a magnified imad€ig. 4(b)] do not have a
protrusions around the center become brighter. The patteromplete shape with threefold symmetry as in Fig. 2. Ag
of the Ag propeller also changes with further changes in thetoms arriving on this very cold surface lose their kinetic
bias voltage. Figures(2) and Zd) were taken at the same energy and stop migrating so immediately that some of them
area, but at the different area from the Fig&)2and 2b). cannot make the complete Ag propellers, and can not make
Figure Zc) is an empty-state STM image at a bias voltage oflattices of the\21x 21 or 6X6 superstructures.
0.5V, while Fig. 2d) is a filled-state image at the bias volt-  What happens for these Ag adatoms when the substrate is
age of—1.0 V. Thus the bright patterns of the Ag propellers annealed up to RT? After we obtained Fig. 4, 0.13 ML of Ag
become darker and hollowed around-at.0 V in Fig. 2d). was further deposited at 6 .09 ML+0.13 ML=0.22 ML

These adsorbates are located sparsely and at roughiy total). STM images with this coverage showed many more
equal distances from each other on a terrace, as seen in Figg stars and incomplete Ag propellers, which became diffi-
1(a). The step edge in the upper part in Figa)land the cult to distinguish from each other. The reason why we de-
domain boundary in Fig.(&) are decorated with such adsor- posited further Ag atoms was to investigate the critical cov-
bates, where more adsorbates are accommodated. erage of the 2DAG phase quantitatively, which will be

Those Ag adsorbates could not be observed when thdiscussed in Sec. IlIC in detail. While the sample is an-
V3% \/3-Ag structure was prepared in a way such that thenealed fron 6 K to RT, notonly do the Ag adatoms rear-
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FIG. 4. (8 An empty-state STM image (33580 A?) with
V=1.5V andl =0.2 nA taken in the constant-height mode at 6 K.
(b) A magnified image (108175 A?) of (a) with V=1.4 V and
I=0.5 nA in the constant-current mode at 6 K.

After additional Ag deposition at 6 K, the sample was
transferred to other places kept at RT in the vacuum chamber
to warm up for about 3 h. Then it was again transferred back
to the STM stageta6 K and quenched. Figure 5 shows a
surface prepared in this way. Since the annealing procedure
gave enough thermal energy to the Ag adatoms for them to
migrate and rearrange on the surface, most of the Ag stars in
Fig. 4 coalesced into complete Ag propellers in Fig. 5. Also,
the randomly dispersed Ag adsorbates in Fig. 4 changed their
arrangement to be equidistant from each other, suggesting a
repulsive interaction among the Ag propellers.

FIG. 3. Empty-state STM images (18090 A) taken succes-
sively at 62 K, withV=1.5 V andl =0.6 nA in the constant-current
mode. Imagegb) and (c) were taken 65 and 111 s, respectively
after image(a) was obtained.

range themselves, but the excess Ag adatoms form also 3D
islands or are captured by defects, and there only remains a
small amount of Ag adatoms as the 2DAG phase. In order to FIG. 5. An empty-state STM image (7515 A?) with V
show the drastic decrease of the isolated Ag adsorljtes =1.5 V andI=0.5 nA in the constant-height mode at 6 K. Ag
0.22 to 0.02 ML, as described in Sec. Ill,Gve deposited propellers are almost equally dispersed. A small number of Ag stars
further Ag atoms to an amount of 0.13 ML. with hollowed patterns is also seen.
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C. Density of 2DAG 2DAG. But this value is quite small compared to the amount

The critical coverage(critical supersaturatignof the Of excess Ag atomg0.7 ML) on top of the3X {3-Ag _
2DAG phased <(T) is defined as the maximum coverage atSubstrate. Some of these decorate the step edges and domain
which terraces can accommodate migrating isolated Ag ada_poundarles as shown in Fig. 1, and others coalesce into 3D
toms without making 2D or 3D nuclei at temperatufe islands. Nevertheless, a very small amount of excess Ag at-
While cooling down to 6 K, the Ag adatoms lose their ki- ©MS can still stay on terraces as in the 2DAG state. This
netic energy; some of them stay and come to rest on terracédiéans that the 2DAG phase is a thermodynamical equilib-
and others may come upon step edges and defects and BeM state with reservoirs like 3D islands and condensates at
captured by them. Since the sample was quenched down ffects on the/3x \/3-Ag surface.

6 K, the amount of migrating Ag adatoms captured by step

edges and defects during cooling are thought to be small IV. SUMMARY

around the center of enough large terraces. Thus the amount We have directly shown the existence of 2DAG phase by
of the Ag adatoms seen on terraces in Fig. 5 gives a measuy

o &N-temperature STM observations. Its frozen individual
®F§'(I'RT2|'r?f the 2DAG fpgasedor, %t least, a Ir?wer limit Of_ adatoms show characteristic bias-dependent starlike patterns.
c(RT). The amount of Ag adsorbates on the terraces ifrpe gensity of the 2DAG estimated from the image of a

Fig. 5 was estimated in such a way that only the number o enched surface & K was on the order of 0.01 ML, which
Ag propellers around the center on terraces was counted, an

. . , ]J similar to that obtained from the previous surface electrical
multiplied by 3, assuming that one Ag propeller consists o

. Y'conductance measurements.
three Ag atoms. Since the number of Ag stars corresponding

to single Ag adatoms is negligibly small in Fig. 5, the Ag
stars were neglected. The amount of the Ag adsorbates thus
estimated was about 0.02 ML. Thu®,c(RT) is approxi- This work was supported in part by Grants-in-Aid from
mated to be 0.02 ML, which is consistent with the value 0.03the Ministry of Education, Science, Culture, and Sports of
ML previously obtained from the surface electrical conduc-Japan, especially through that for Creative Basic Research
tance measurementEven if one Ag propeller consisted of (No. 09NP1201 conducted by Professor K. Yagi of Tokyo
several atoms other than three atoms, it is certain thahstitute of Technology. We have also been supported by
O(RT) ranges from 0.01 to 0.1 ML. Core Research for Evolutional Science and Technology of

The amount of Ag adatoms on terraces in Figa)lis  the Japan Science and Technology Corporation conducted by
about 0.003 ML, which gives the equilibrium density of the Professor M. Aono of Osaka University and RIKEN.
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