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Formation of (nx 1)-O/Ag(110 overlayers and the role of step-edge atoms
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Oxygen adsorption on A@10 was studied by ultrahigh vacuum scanning tunneling microscopy. Strong
evidence that thenX1),n=7,...,2, oxygen overlayers adopt an “added-row” structure similar to the
(2X1)-0/CuU110 system is presented. Since the oxygen “added row” oril1Ag is a -Ag-O-Ag- chainlike
structure atop the original substrate, a source of the substrate atoms must exist. Steps, in principle, serve as an
efficient source of these substrate atoms, provided that the detachment rates from the step edges are sufficiently
large. The nominal detachment rdte 3 Ag atoms/s per step sjtés sufficient to supply atoms to form the
added-row structure when the oxygen partial pressure is low. For high oxygen pre{ssd?gzs> 10~ mbay,
the rate of dissociative oxygen chemisorption is competitive with the Ag supply rate from step detachments,
and a second source of Ag atoms is provided by vacancy-island generation on the terraces. The microscopic
structure of the oxygen overlayer of O/d.0) is quite similar to those of O/GU10) and O/N{110), but some
differences in the formation kinetics are not¢80163-182@06)06323-0

[. INTRODUCTION between the O adlayer formation rate and step-edge Ag sup-
ply rate, other complicating processes are discussed.

The mass transfer during complex surface processes such
as film growth and chemical etching has long been a critical Il. EXPERIMENT
issue. Mass transport is not a phenomenon limited to those . . ]
complicated ~ situations, however. Recent studies have Experiments are performed on a single-crystal silver sur-
pointed out that the substrate atoms play an active and direédce with a macroscopic surface orientation within 0.1° of
role in “elementary” surface processes such asthe (110) plane. All sample cleaning and STM experiments
chemisorptior’. Rapidly developing microscopic techniques are performed in an ultrahigh vacuum apparatus that has
such as scanning tunneling microscaf®TM), atomic force  been described previously. After a lengthy initial sample
microscopy, low-energy electron microscopy, and reflectioréleaning; the following treatment proved effective. The
electron microscopy allow us to study this fundamental is-Sample was first oxidized at 675 KPg,~5x 10" mbay,
sue. flashed to 800 K for 60 s, and then cooled to room tempera-

Our specific goal is to establish the relationship betweenure at a rate of 4 K/min. This procedure produced a large
the change in surface morphology and the adlayer formatiosurface region 5 mm acrosgwith steps routinely sepa-
through the mass transport mechanisms. This study focuseated by terraces of 1000 A width. Tunneling conditions
on the O/Ag110) system. As briefly reported elsewhér®  typically involved a sample bias from 1.0 to—2.5 V and a
adopts an added-row configuration in which extra Ag atomsunneling current 1.0-3.0 nA. Thermal drift was minimized
are incorporated to form a chainlike -Ag-O-Ag- structure.(~0.5 A/min) after a 20-h cooldown period. Mechanically
The predominant source of Ag adatoms is the step edge. Afut Pt-Ri{30%) alloy tips were used. Occasional field emis-
O pressure below I mbar, the step edge is sufficient to sion on the tip helps to improve the tunneling condition. The
supply Ag atoms for the formation of added rows. However,sample is dosed with oxygen by backfilling the chamber
at O pressure above 10 mbar, another significant source, through a Varian leak valve. Images presented in this paper
i.e., the vacancy-island formation, is found to supplement thevere postprocessed with background subtraction and/or con-
Ag source from step edges, sustaining the overlayer formarast adjustment.
tion process.

In this paper we report on a detailed examination of the IIl. RESULTS AND ANALYSIS
added-row structure and stability. We show that the added-
row structure is adopted for alh(< 1)-O phases, and that the A. O/Ag(110 overlayers

manner in which the -Ag-O-Ag- rows terminate strongly af-
fects the chain stability. The correspondence between the
overlayer formation and the displacement of an isolated step As found in previous studies, oxygen atoms arrange into
is revisited, and the estimation of adatom density on thdong chains alond001] on this surface. A series oh(< 1)
clean Ad110 surface is confirmed. Finally, the step-edgeordered oxygen overlayers appears with increasing oxygen
supply under different oxygen dosing pressures is address@wverage, wher@=7,6, ...,2> The chain structure is in-

in greater detail. In addition to the simple kinetic balancedicative of a highly anisotropic interaction, e.g., strong at-

1. Microscopic structure: Added rows
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FIG. 1. O/Ag110) overlayers of different
nominal chain densitiega) (7 1)-O structure,
0~1/7. (b) (4x1)-O, 6~1/4. (c) Mixture of
(3X1)-O and (4x1)-0O. (d) (2x1)-0O. All four
images are shown with the same scale for direct
comparison.

——-

200A

tractive interactions alon§001] and repulsive interactions between the O atoms and the surface plane. This chainlike
along[110]. The spatial distribution of the oxygen chains structure, dubbed an “added row,” was first confirmed on
spans the surface and does not show preference to form @&Cu110 (Ref. 11 and then reported for O/Ki10.}? A
near-step regions. The oxygen overlayer often displays varisschematic drawing of both the top and side views of this
tions in the oxygen chain densiti&&igure 1 shows the oxy- “added-row” structure is given in Fig. 2).
gen overlayers at different oxygen densities. An area covered Further evidence that the O/AHLO) system adopts this
by mixed (3<1) and (4<1) oxygen chain densities is added-row structure is provided by the retraction of isolated
shown in Fig. 1c). steps upon oxygen exposure. As shown in Fig. 3, exposure to
To probe the microscopic structure of these rows, we firsB00 L (1L=10"° Torr 9 of oxygen causes an isolated step
show these “oxygen” rows actually consist of both oxygen (more than 3000 A from its neighbgro move by 200 A
and silver atoms. The identification of the registries of the Oand an (8<1)-O overlayer to form on the terraces. During
and Ag atoms is possible with atomically resolved STM im-this retraction the step is pinned by impurity atoms, introduc-
age as shown in Fig.(d. In this image, atoms are atomi- ing a curvature to the step edge. The manner in which the
cally resolved along the oxygen chains and the substrate sitep wraps about the pinning siteonfirms that the step is
ver rows are also resolved across the corrugdte@ll] retracting and thus acting as a source of Ag atoms.
direction. The bias-independent positions of the bright spots The local registry of the atoms in a single oxygen chain is
along the chains sit above thié& 10] substrate rows. These independent of the density of the oxygen overlayer. The O
bright spots are assigned to O atoms, rather than Ag atomatoms of a (% 1) phase, shown in Fig. 4, assume the same
because the Ag atoms should seek the fourfold fcc sitegegistry as those of a (21) phase, shown in Fig.(@). The
rather than the short twofold bridge sites. However, earlieO atoms were imaged with STM as protrusions with Pt-
surface extended x-ray absorption fine-structure spectrofh(30%) tips, regardless of tunneling voltage. The positions
copy and inelastic He scattering experimént&place the O  of the bright dots(O atomg remain the same even if the
atoms in the long twofold bridge sites of Ag atoms alongpolarity of the tunneling voltages is switched between the
[001]. To reconcile this local geometr§O atoms in long consecutive scans. The corrugation of the O rows, however,
twofold bridge with our STM image(O atoms above close- is sensitive to the tip conditions and the tunneling param-
packed rowy extra Ag atoms are needed to occupy fcc siteseters. The corrugation along th@01] oxygen row in Fig. 4,
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FIG. 2. (8 A 30 Ax30 A STM image of
(2X1)-O/Ag(110 showing the “added-row”
structure. Oxygen atoms are imaged as bright
dots. The corrugation of the O overlayer along
[001] and[110] is also shown. Tunneling param-
eters are sample biag,=—1.96 V, tunneling
currentl,=2.16 nA. (b) Schematic drawing of
the “added-row” structure. Oxygen atongsolid
dark circleg incorporate the “added” Ag atoms
(dashed circlgsto form -Ag-O-Ag-chains. In the
side view, O atoms are placed above the plane of
added Ag atoms. The line is a guide to the eye for
the bias-independent registry of Ag and O atoms.

558

O original substrate Ag layer

(b)

{7 added Ag atom

@ oxveen atom

taken with a bias voltage-0.46 V and a tunneling current as 0.59 A for a (X 1) structure:>4
2.02 nA, is~0.2 A . Asshown in Fig. 2a), however, a far
smaller 0.08-A corrugation is observed with tunneling pa-
rameters—1.96 V and 2.16 nA. Due to the sensitivity of the ~ The added rows fluctuate substantially at room tempera-
corrugation to the tunneling conditions, reliable informationture. These rows generally appear “segmented” in STM im-
on the position of oxygen atoms above the surface planegeqFig. 5@)]. This is attributed to the collective motion of
cannot yet be drawn from the STM study. The data, nonethe whole oxygen chain, rather than an actual “breakup” of
theless, place the O atoms above the top Ag plane. Thithe chain'! The “frizzy” appearance of the O chain is an
result is consistent with a recent total-energy calculatioreffect of image acquisition caused by the near equivalence of
based on an optimized added-row structure that shows thge scanning time and the jumping time of the O chain. It has
positions of O atoms are above the top Ag layer by as mucheen suggested previously that the observed fluctuations of

2. Stability of the added rows: Chain fluctuations

— [110]

FIG. 3. 1000 Ax1000 A STM images show-
ing the retraction of an isolated stej@) The sur-
face prior to oxygen exposure(b) After
~300-L O, exposure at a pressure of T0mbar.
The step on the clean surface retracts~b300 A
as an~(8x1)-0 overlayer forms. At poinA the
step is pinned by an impurity during retraction.
The step bends towards the upper terrace, reveal-
ing evaporation of adatoms _from the step edge.
The nonorthogonality of thgl 10] step and001]
oxygen chains is artificially caused by the cou-
pling betweernx andy piezos of the STM.

(@) (b)
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FIG. 4. A 100 Ax100 A STM image of the
[oo1] (7%x1)-O/Ag(110) phase showing the “added-

VVVUVWV‘,A :[0'2A row” structure. As shown in Fig. @), O atoms

are imaged as bright dots with a bias-independent

[170] registry. The corrugation of the O overlayer along
[001] and[110] are also shown. Tunneling pa-
rameters are sample bi¥g= —0.46 V, tunneling

| ]

currentl;=2.02 nA.

the O chains on A@.10 are due to the existence of energy- such “isolated” step are now compared. The preoxygen step
degenerate sitdsWhile this effect may be important at position, shown in Fig. @), retracts 200 A after~300-L
higher chain densities, at low oxygen chain densitiesoxygen exposure to a postoxygen position, as shown in Fig.
[<(6Xx1)], a fluctuating O chain is not necessarily in an 3(h). Meanwhile, an (&1)-O overlayer is formed on the
energy-degenerate site. Yet, the O chains appear quite M@srraces. Theetraction of this isolated step verifies that the
bile at these lower coverages. In general, we find that for thgtep is an atonsourceand the oxygen overlayer structure
chain to gain stability(thus appear straightthe O chains  jycorporates extra Ag atoms. The immobile pinning site, also
must be “pinned” in some way. In Fig.(6), we show three  ghserved in Fig. @), permits calibration of the thermal drift
chain-pinning mechanismg1) attaching the chain ends t0 ¢ the STM. The total thermal drift during the 50-min lapse

impurities (shown in the two right circles (2) attaching the between Fi :
. . ; _ gs. @) and 3b), 20 A , ismuch smaller than the
chain ends to the lower side of the si{@pown in the middle observed 200-A step retractioh.

two circleg, and (3) attaching to another chain across the .
From these measurements of step retraction, one can es-

step edgeshown in the very left circle timate the equilibrium density of mobile silver atoms on the
' _ o terrace ofcleanAg(110). This is accomplished by comparing
B. The displacement of isolated steps and equilibrium Ag  the distance a step retracts upon oxygen exposure to the cov-
adatom concentration erage of the nascent oxygen overlayer. Since the stoichiom-
Convincing confirmation of the added-row structure foretry of the added-row structure requires 1 Ag atom per O
O/Cu110 and O/N{110 was provided by the step move- atom, any discrepancy between step-edge retraction and oxy-
ments that accompanied oxygen exposure. Since the addgen coverage must be accounted for by mobile Ag adatoms.
rows require extra substrate atoms to form, the steps ark® Fig. 3, the terrace width on either side of the step is 3000
expected to supply these atoms and retract during oxidatiod\. The 200-A retraction of the step edge produces just
Although the same argument applies to O(AL0), several enough silver atomé.07 ML) to support a (1% 1) oxygen
factors may complicate the O/A10 system. As we re- overlayer. A much higher density §81)-O structure with a
ported earlief, the vicinal Ag110) surfaces facet upon oxy- 0.12-ML coverage is observed. Hence, the initial Ag adatom
gen exposure. The step motion during faceting is rather contensity is estimated to be 0.05 ML. Similarly, an isolated
plicated because large amounts of Ag atoms are transportetep spaced-3800 A away from the neighboring step re-
across steps, with some steps advancing and others retractitigcted 310 A after~300-L O, exposure at X 10~ ' mbar.
during faceting. It is thus hard to single out the step motionsA (7 X 1)-O structure on the terraces was formede Fig.
caused by added-row formation. Since the typical size of &). Using the same arguments, an equilibrium Ag concentra-
facet is several hundred angstroms, steps more widely septien of 0.06 ML on clean A¢gL10) at room temperature is
rated than the facet size are needed to observe the step feund. Finally, measurement of the step displacement of a
tractions induced by added-row formation alone. (7% 1)-0O/Ag phase with~1000-A-wide terraces gives an
We thus examine the displacement of an “isolated” stepadatom density of ca. 0.065 ML. Thus, three independent
during oxygen exposure. An ‘“isolated” step is defined measurements yield Ag adatom concentrations of 0.058
rather arbitrarily as a step at least 3000 A away from neigh==0.008 ML.
boring steps. The large terrace width is chosen to exclude the The estimate of Ag density, evaluated by dividing the
possibility that the neighboring steps are acting as atonamount of step retraction to the width of the adjacent terrace,
“sinks™ or “sources” otherwise. The step-step interactions is valid in the simplest case that Ag adatoms completely go
and mass exchange between the isolated step and other stépghe lower(or uppej terrace. What if the Ag adatoms de-
(important for faceting are thus negligibly small. We at- taching from steps can go in both step-up and step-down
tribute the change of the position of this “isolated” step directions? We can generalize this estimate of the adatom
after oxidation exclusively to the added-row reconstructiondensity to these more complicated situations by making the
The step positions before and after oxygen exposure of onassumption that the number of Ag atoms supplied onto a
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steps—is reasonable because the activation energy for hop-
ping across the step edge is expected to be larger than that
for terrace diffusiont! Furthermore, given the low oxygen
pressures<€ 10~ " mbap used in these experiments, the sys-
tem remains in quasiequilibrium. The Ag adatom density and
the chemical potential on different terraces are thus expected
to be equal, and the driving force for Ag atoms to jump
across terraces should be very small.

Our method for evaluating Ag adatom densities is now
summarized. As shown in Fig. 7, the steps on the clean sur-
face, positioned atlg,lq,l,, ..., are displaced by
dg.d;,d,, ... upon oxygen exposure. The Ag adatom den-
sities released onto the adjacent terraces are
P0:P1:P2, - - - - The Agadatom densitieg,,, along with the
initial equilibrium concentration, support the formation of
added-row structures. To be quantitative, we next assign the
relative probability for a Ag adatom to detach from a step
onto an upper and lower terrace asand 3, respectively.
Assuming the amount of Ag atoms supplied onto a terrace is
proportional to its width, the retraction distandg of one
isolated step consists of two contributions: adatoms going to
the upper terraceyl;, and adatoms going to the lower ter-

race,Bl,, i.e.,
d1:a|1+l8|2, d2:a|2+,8|3,..., dn=a'|n+ﬁ|n+1.
1)
The Ag concentration supplied by steps ohfoterraces is
simply
[+ al
=P g @

Iy

Experimentally, we chose an isolated step watjualinitial
terrace widths, makind,=1,. This reduces Eq(1) to
di=al;+Bli=al,+Bl,=(a+B)I; (or 1,), and the Ag
density can indeed be evaluated by simply dividohg by

I, (orl,). Finally, we note that the Agquilibrium adatom
density, as obtained by subtracting the Ag dengitgleased

by the steps from the Ag density in the nascent oxygen over-
(b) layer, is a lower bound, as residual Ag adatoms may yet

remain on the 1fxX 1)-O-covered surface.

FIG. 5. (a) The collective motion of added rows causes the
chains to appear “segmented” in this 100400 A STM image.
Substantial fluctuations of the chains are observed. The chain is In the preceding paper, which analyzes the thermal step
capable of jumping between neighboring sites on the time scalfluctuationst® we concluded that Ag atoms exchange be-
(500 mg for a single scan line, as indicated in the gray cir¢l®.  tween steps and terraces with a nominal exchange rate of 3
The mobility of O chains can be reduced by three mechaniéiis: Ag atoms/s per step site. Thus, even at room temperature, the
attaching the chain ends to impuriti¢gshown in the two right step edge acts as a source of mobile silver adatoms. The
circles, (2) attaching the chain ends to the lower side of the stepayistence of these adatoms and their quick exchange with the
(shown in the middle two circl¢sand (3) attaching to another O step edge indicates the step edge might be able to maintain
chain across the step edghown in the very left circle Image size 1,4 equilibrium concentration of (presumably highly
500 Ax500 A reactivé®) adatoms on the terraces as the oxygen overlayer
gorms. Since the oxygen overlayer requires a source of Ag
adatoms, the efficiency of steps as adatom sources pro-
foundly influences the kinetics of oxygen overlayer forma-
tion, as discussed below.

C. Oxygen overlayer formation kinetics

terrace is proportional to its terrace width. This assumption i
valid if the following two conditions are met. First, the mass
transport must allow fast distribution of Ag adatoms on ter-
races. Our measurements of oxygen-induced facktimgl

step fluctuation® clearly show that transport across terraces
is not diffusion limited. Secondly, the Ag adatoms detached
from steps must be largely confined to adjacent terraces. This We have shown that a substantial Ag concentration
assumption—that Ag adatoms do not jump over neighborind~0.05 ML) exists on the surface, and that this equilibrium

1. Rate-limiting case: Oxygen-induced “pit formation”
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~—— [110]

FIG. 6. 1000 A< 1000 A STM images show-
ing the retraction of an isolated stej@ The sur-
face prior to oxygen exposure(b) After
~300-L O, exposure afo,~10 " mbar. The
step on the clean surface retracts-b810 A (be-
tween themeanstep positionsas a~(7x1)-O
overlayer structure forms. The difference be-
tween the number of Ag atoms in the X71)-O
phase and 310-A retraction distance is accounted
by the Ag equilibrium density of~- 0.06 ML.

(@) (b)

concentration can be maintained by the step-terrace ex- n _
change ratdca. 3 atoms/s per step sit®One might, there- 5 (Langmuip~2P:Sor, , €)
fore, imagine extrapolating to a sufficiently high oxygen dos-

ing pressure, at which the Ag supply rate from the stepgynhere S, =0.006 (Refs. 5 and 1pis the initial sticking co-
cannot keep up with the oxidation rate. In this case, either the¢ficient of O, (which is multiplied by a factor of two to

oxidation process would gradually cease or a second supply-.qunt for the stoichiometric yield of O atomsand

channel of Ag atoms would be found. We now test the ex-. _ 350 ms, as reported above. Substituting these values into

istence of this additional source of Ag atoms. By systematiEq_ (3), we determine that the critical pressure~s10~5

cally increasing the oxygen dosing pressure, we challengg,har ‘in good agreement with the observed critical pressure.
the ability of the steps to maintain the equilibrium concen-

tration of Ag adatoms. Since the consumption of Ag adatoms
will increase with oxygen pressure, at a sufficiently high
pressure the adatom concentration will drop well below equi-
librium. If the added-row reconstruction is to continue to ~We interpret this pit formation as the result of the kinetic
form, another source of adatoms must be found. balance between two competing processes—the oxidation
Experiments with higher oxygen dosing pressures clearlyate and the step-edge supply rate. Nice agreement is found
reveal this secondary Ag adatom source. As shown in Fig. gor the value of the “critical pressure.” This further implies
at oxygen pressures above POmbar, pits start to form on that the rate of oxygen overlayer formation will not be lim-
the terraces. Large pits with diameters of several hundred Aed by the rate of Ag atom detachment from the step edge at
are observed on large terraces after exposure of 300-atO  typical dosing pressures<(10~> mbap. This can be tested
Po,= 10~ ° mbar. This remarkable morphological change in-
dicates that adatoms are extracted from the substrate even at O . B
room temperature. Since the activation energy for substrate
extraction does not depend upon oxygen pressure, we pre-

2. Non-rate-limiting case: Initial O overlayer formation
below P,

sume that substrate extraction occurs even at low oxygen LA
pressures. Moreover, the formation of these large vacancy
islands indicates that the upward detachment rate is appre- B

ciable, at least under these higher oxygen pressures. Since
direct evidence for substrate extractiore., the observation

of pits) is not found at low oxygen pressures, such unstable
pit structures must be filled by mobile Ag adatoms, appar-
ently at a rate faster than the data acquisition rate of our
STM. At higher oxygen pressures, however, when the den-
sity of mobile adatoms is depleted, terrace vacancies created
by substrate extraction survive to nucleate the formation of
large pits, providing a significant alternative source of Ag
adatoms.

) We can estimate the critical .pl’eSSU?@ at Wh'(,:h large FIG. 7. Schematic illustration of step retraction. The initial sur-
pits should be expected to begin to form. We flrst assUMe;ce () is an array of steps separated by terrace widi{h 5.
that atP, all Ag adatoms on terraces react with incoming O the syrface after oxygen exposuf)(shows the steps retracted to
atoms to form AgO nuclei before extra Ag atoms detach pew positions, with shifts ofly,d;,d,. The Ag densities released
from the step edge. Equivalently, we assume that the density, these step retractions onto terra¢gd,,l,, respectively, are
of O atoms adsorbed during the detachment time intervadesignatedp,, p;, and p,. The relative probabilities for a Ag

7, is comparable to half of the initial density=0.05 ML,  adatom to jump to upper and lower terraces are designatadd
of silver adatoms on the terrace: B, respectively.
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IV. DISCUSSION

We have presented five main resultg) (nx1)-O/
Ag(110 adopts an added-row structur€) A significant
adatom density £#0.05 ML) exists on the surfacg3) Ag
atoms are exchanging between steps and terraces with a
rapid rate of~ 3 atoms/s per sitd4) A “critical pressure”
is found, above which vacancy islands are generafgd.
Detachment from steps does not limit the rate of oxygen
overlayer formation at low dosing pressures. We now further
consider issues of equilibrium Ag adatom density and the
mechanism for “pit formation.” A final perspective is pro-
vided by comparing this system to previously reported re-
sults for O/C110 and O/N{110.

A. The equilibrium Ag adatom density

The equilibrium adatom density on terraces is determined
by the free-energy difference between atoms on terrace sites
and in the bulk. An adatom density~0.05 ML, where
n=exp(—AG;/kT), indicates the free-energy difference
AG;q is only ~0.07 eV?! This number is surprisingly small.

Is this value plausible? From the embedded-atom method
and equivalent crystal theory, it is found, incorrectly, that the
Ag(110) surface will reconstruc®?® Nevertheless, this is a
good indication that the step creation energy, as well as the
free-energy difference between atoms at terrace sites and in
the bulk, should be rather small. Clean unreconstructed
Ag(110 is also known to undergo a missing-row reconstruc-
tion under minor perturbatioff;* indicating an extrinsically

FIG. 8. Pit structures observed upon exposure to higpf@s-
sures.(a),(b) Large area (5000 £5000 A STM images upon

exposure to~500 L O, at 10 > mbar. Note the~1600-A wide me\s\c’;\stablehsurfacez\(h tth iibri dat rati
zone near step edges devoid of vacancy islands and the absence of € emphasize that the equilibrium adatom concentration

pits in higher step density region&) Pits are found occasionally and the mas,s transport at step ques need not _be d'reCtI_y
on intermediate terraces~(L000 A wide as shown in this c_:or.related. Slnce.the_adatom densny on terrgces is an equi-
3000 Ax3000 A STM image of an AQ.10 surface exposed to librium property, it ml_ght_not bg mamtamed if the detach-
~300-L O, at 105 mbar. The largg400—700 A diameterpits ~ ment from steps is kinetically limited. Conversely, a large
formed under such high oxygen pressure exposure provide an addiass flux between steps and terraces does not necessarily
tional Ag adatom source needed for the added-row reconstructiodmMply a high density of adatoms because of fast diffusion
Added rows decorate the pits. and efficient reattachments. We thus caution that the equilib-
rium density and mass transport mechanisms at steps require
independent evaluation. In the present case, the efficient
step-terrace exchange rate supports at high equilibrium con-

by monitoring the speed with which the step retracts duringcemrat'on'

oxygen adsorption. Using the time interval between succes-
sive detachments of,=350 ms, we can estimate the mini-
mum time it should take for the step edge to retract by 200 A  Pit formation is observed only if the pressure is above a
and produce the overlayer structure of Fig. 3. From this critical” pressure P.~10 ° mbar. With the same oxygen
maximum speed of,/7,~ (4 A)/(350 ms) andassuming net exposure, but delivered at lower oxygen pressures, the
that all detaching atoms and preexisting mobile Ag adatomygacancy islands are not found on the surface. Moreover, the
react to form the oxygen overlayer, we determine that a stepits are not observed with a dosing pressure greater than
can retract 200 A in as little as 18 s. This time is muchP. if the surface is previously covered with a dilute oxygen
shorter than the actual 50 min taken for the step-edge retraoverlayer. The steps appear “roughened” instégayy. 9).

tion and (8<1)-O overlayer formation. Indeed, in the first The formation of a pit is apparently inhibited by an existing
18 s, the added rows were not yet formed and the step rexygen overlayer.

traction speed was considerably less than the detachment rate Experimentally, the majority of pits are observed on large
ay/7,. The detachment of Ag atoms from steps thus cannoterraces with terrace widtr¥s 2000 A. The tendency to form

be the rate-limiting step of added-row formation, at least apits on large terraces is attributed to two factors. First, Ag
the initial stage when the oxygen density on the surface isstoms detaching from steps will take longer to diffuse across
rather low?® We believe the rate-limiting step involves the larger terraces, as evidenced by the observeti600-
nucleation of oxygen chains of a certain minimum chainA-wide “depletion zone” near step edggsee Figs. &) and
length. 8(b)]. Second, from Eq(3), it follows that the detachment

B. Pit formation mechanisms
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FIG. 9. A preadsorbed O overlayer inhibits
the formation of pits: (@) Clean surface
(3000 Ax4000 A) with wide terraces~1000
A . (b) The same surface area, first covered by a
~(4x1)-O overlayer, and then exposed to an
oxygen pressure of-10"° mbar. Steps become
“roughened” only after the oxygen pressure is
increased to 10° mbar. No pits form on the large
terraces due to the preexisting O overlayer.

(@) (b)

rate contributes a reduced concentration of adatoms on largbigher adatom density on A§l0 than on C¢l10) and
terraces than on smaller terraces. This leaves more excell$(110) distinguishes the added-row formation kinetics in
diffusing oxygen atoms to create vacancies on larger terthese three systems at room temperature, as reported
races. As noted previously, a vicinal 8d.0) surface with a  previously?
mean terrace width less than 100 A simply fatest
P.~ 10 ° mbar with no evidence of pit formation.

Clearly, the model used to derive the critical pressure V. CONCLUSION
oversimplifies the many complicated processes that may ac-

compary it ormatn. To S, e SSeumed 1l e mass tarsprt mechasm ai siep edges has been sxan
9 y1ast- Whed quantitatively for the O/A@10 system. Strong evi-

alsq assumed that du_rl_ng the mean detaphment time the fo&’ence that O/AGL10 adopts an added-row structure, in
mation of Ag-O nuclei is complete. That is, we assumed A

adatoms diffuse quickly and react to completion with oxygen hich O atoms incorporate additional Ag adatoms into Ag-
quickly an mp : Y9 0O-Ag chains alond001], is presented. These added rows
to form Ag-O nuclei. The first assumptiaverestimateshe

- i U, exhibit substantial mobility, unless stabilized by “pinning”
critical pressure since, if diffusion is slow, lower oxygen

pressures will suffice to deplete the Ag adatoms. The secon@eChamsmS' The additional Ag adatoms needed for added

assumptiorunderestimateshe critical pressure since, if the | o> &rc readily supplied by the step edge via thermal de-
P L . P ' tachment at a nominal rate of three atoms/s at room tempera-
Ag-O formation is slow, higher oxygen pressures are neede

to increase the nucleation rate. Apparently, these effects e and mobile Ag adatoms are shown to exist on terraces

; . “even prior to oxygen exposure. At oxygen pressures below a
ther cancel, or are unimportant, as E8). leads to an experi critical pressure of 10° mbar, the supply of Ag adatoms

mentally observable result. Of course, additional informatior} : X
of such a complex process as pit formation calls for further o' the step edges sufﬁce; .f(.)r the formation of oxygen
verlayers, and is not rate limiting. A&=10"° mbar, the

investigation of such microscopic phenomena as rates f ormation of oxygen overlayers is sustained by the creation
diffusion, Ag-O nucleation, added-row formation, and pit . Y9 y . y .
of pits on the large110) terraces, revealing a second ‘“‘sub-

formation. dstrate extraction” channel for Ag adatoms, in addition to the

Finally, we note with some surprise that the pits observe Step-edge supply. We are able to predict this critical pressure
on O/Ag110 are as large as several hundred A in diameter p-edg PRIy P P

Furthermore, the rather round shapes of the vacancy islanc@/ considering the kinetic competition between _the supply
on Ag(110 (see Fig. 8 are far from the highly eccentric rate from step edges and the overlayer formation rate on

elliptical shapé® predicted at equilibrium by the very differ- terraces. The sensitivity of the kinetic mechanism for oxygen

. 7 . overlayer formation to oxygen pressure is a clear example of
ent st|f_fnes_,s 0[110.] and[OOl_] steps’ Clearly, noneq_umb— a “pressure gap” in the oxidation of A§10).2° Finally, the
rium kinetics are involved in the generation of pits. For

. . mass transport mechanism at(A§0) steps provides reactive
O./CL(llo) and O/N(110, pit formation was also _observed. nucleation centers, i.e., the mobile Ag adatoms, distributed
Pits start to form on O/Q@10 yvhen ”;e surface is roughly across the terraces. The reaction sites during oxidation are
covered by 50% of (X1)-O islands’® The (2x1)-O is- thus distributed across the terraces, not localized at steps.
lands block transport of Cu adatoms from the step edges onto
the terraces and the pits form. For O(Ni0), the formation
of “troughs” and added rows proceeds in paraffélThese ACKNOWLEDGMENTS
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The relationship between the formation of added rows and
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