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Energetics of oxygen-induced faceting on G115
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We have used surface x-ray diffraction to observe the oxygen-induced faceting of(ttE5Csurface in real
time. We find that the surface morphological evolution is driven by the formation of @0@ufacets: O
exposure induces spinodal decomposition of thE5) surface into(104) and (014) facets, which form spon-
taneously, and also stepped facets, whose orientation gradually changddé I®ito (113) as the(104) facets
grow. We identify three temperature regimes that have qualitatively different faceting processes, allowing us to
determine the temperature-dependent equilibrium crystal shape for part of the O/Cu system. Semiquantitative
explanations are given in terms of the Wulff construction. During the faceting process, the time evolution
follows a slow dynamic scaling, consistent with either a logarithmic or power-law behavior, driven by the rate
of incorporation of O onto the surface.
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[. INTRODUCTION changes in the relative stability of various facet orientations,
and allows us to propose Wulff plots for O-covered Cu facets
Atomic adsorption at surfaces is an important yet incom4n the vicinity of (115). The time evolution of the faceting
pletely understood process, particularly in cases where adprocess shows a monotonic, slow growth mode that reflects
sorption induces a major rearrangement of the surface struéhe slowly increasing stability of the O/CL04) facets.
ture. Changes in morphok)gy can drastica”y affect many Several metal surfaces have been observed, under the ap-
properties of a surface, especially in areas such aBropriate conditions, to facet upon oxygen adsorption, in-
catalysi¢® and corrosiod:® One of the most dramatic cluding many copper surfacés**The case of O/C115) is
changes a surface can undergo is adsorbate-induced facetiriglatively complex, since two well defined but inequivalent
the breaking up of a surface into facets of differing orienta-types of facets result. In contrast are the cases of O-induced
tions under the influence of foreign adsorbates; the presef@ceting of W100, W(112), and W111), since, for suffi-
work investigates the faceting of a high-Miller-index metal ciently high O coverage, only O/f¥10 facets are formed
surface due to oxygen adsorption. Low-symmetry, high-AS another example, only one smooth surface is formed
index surfaces provide a controlled starting surfameu-  When O was observed to cause faceting of miscutlAQ:
tinely characterized by traditional surface-science techthe surface transformed to regions of smooth Q2Ag) and
niques with many potentia] adsorption Sitdsteps and/or heavily Stepped regions without a well-defined orientafion.
kinks) from which the effects of adsorption can be general- The structures of many faceting systems have been inves-
ized to more technologically relevant materiésg., poly- tigated with a variety of surface probes, including low-
Crysta”ine surfacésor nanopartic|e]§)vl5_ energy electron diffractio(LEED),34’36'25canning probe mi-
While thermal faceting is generally a complex, multistepcroscopies[scanning tunneling microscop{STM) (Refs.
process? adsorbate-induced facetitig*®is further compli- ~ 35,37-39 and atomic force microscopyRefs. 40-42],
cated by adsorption kinetit& and, if applicable, molecular low-energy  electron  microscofy;**  helium-beam
dissociatioh’ or other chemical reactior€. Once facet Scattering;® transmission electron microscopy?’ field ion
nucleation has begun, surface diffusidran become the mMicroscopy;’~*® reflection electron microscoy, optical
dominant process in facet growth and coarsening; significariicroscopy;’ and optical interferometry: Recently, x-ray
mass transfer is involved in the growth of facets that may bécattering methods have been applied to study the thermal
hundreds of A across. While the surface is, ultimately,faceting of various miscut surfaces, including (€10),>
driven towards a new equilibrium configuratiéhthe kinet- ~ Ni(111),°° P001),>* ice I, (100, Pt111),*°® Au(111),%
ics of adsorption or diffusion can severely affect the sur-Au(001,*® and S{113.>7%" In heteroepitaxial systems, x
face’s final morphology, as can variations in the stability offays have been used to study the formation of facets on “hut
various orientations. clusters,” including{105} facets of Ge/3D01) (Ref. 62 and
Previously?! we reported the crystallographic structure of {103 facets of In/Gé001) (Ref. 63, as well as residual
facets formed by exposing CLL5) to O; here we describe Strain in Ge pyramids grown on @iL1).** In the metal-on-
the formation of those facets, which we have observed in rednetal systems Cu/KB01) (Ref. 65 and Co/P{110),%° x-ray
time with surface x-ray diffraction. Three stable facets arediffraction found that fcc crystallites grow witfi11} facets.
formed by O adsorption on Cul15): O/Cu104), O/Cu014),
and O/ClﬂllS)@X 1), with the (104) and(014) facets' peing Il. BACKGROUND: WULEE PLOT
crystallographlcally eq_uwalent. We find _that a sufficiert O AND EQUILIBRIUM CRYSTAL SHAPE
exposure induces spinodal decomposition of the surface,
which proceeds with a strong temperature dependence. The Before moving to a description of the experiment, we
temperature dependence of the faceting process reflectery briefly review the theory of equilibrium crystal shapes,
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Surface free energy surface may facet to the more stable orientation if the de-
crease in surface energy offsets the increase in surface area.
It has long been knowf that the equilibrium shape of a
crystal can be discussed in the language of phase transitions

of binary alloys. That is, orientations that appear on the
Wulff plot are stable phases. The edges that separate facets
are phase boundaries, which can be classified as first-order
transitions(in the case of sharp edges second-order tran-
sitions (for rounded edgés? Orientations that do not appear
on the Wulff plot(e.g., orientatiorB in Fig. 1) are unstable
phases; the faceting of such a surface into stable orientations
is thermodynamically favorabféand is a case of spinodal
decompositior27%1273Several theoretical studies have fo-
cused on the stability of various orientations at zero and fi-
nite temperaturé>’4="" Other theoretical work has focused
on the late-time evolution of the typical facet length scale
L(t), almost always by assuming that the rate-limiting step is
the speed of mass transfer as the facets grow. These studies
typically find either power-law behavior

FIG. 1. Sample Wulff construction, showing the surface-free
energy vs orientatiofouter, thinner lingand the resulting equilib-
rium crystal shapéinner, thicker ling. Dashed lines are radii from L(t)~t? (D)
the origin to the surface free energy. The effects at orientathons
throughG are discussed in the text.

G F Equilibrium crystal shape

or logarithmic behavior

or equivalently, the stability of various surface orientations.
The equilibrium shape of a crystal is given by the Wulff L(t)~In(t). )
construction, i.e., the dependence of surface free energy on
orientation®” To construct a Wulff plot, radii from the origin
are drawn to every point on a polar plot of surface free enThe choice between these forrtend also the value of the
ergy vs orientation. Planes perpendicular to the radii ar@xponent¢) depends sensitively on the dimension of the
drawn tangent to the surface free energy plot, with the minisystem and the mode of mass transfer. The early work of
mum interior volume representing the equilibrium crystalMullins’®® derived power-law behavior witkh= 3, %, or %
shape. Mathematically, this is equivalent to a two-for mass transport in two dimensions by evaporation/
dimensional Legendre transformatitiFigure 1 provides a condensation, volume diffusion, and surface diffusion, re-
two-dimensional example that illustrates important effectsspectively. However, these values are much higher than have
found in the O/Cu system as described below. typically been observed in experimett® and some

A cusp(i.e., a local minimum with a diverging derivative simulations?®-82 Attempting to explain the slower than ex-
in the Wulff plot denotes a locally stable facet. A locally pected coarsening rates, Papotigroposed¢=3% when
stable orientation has a lower free energy than immediatelkink-antikink reorganization time is the limiting factor in
adjacent orientations; this is the case for orientatidnB, C, mass transport, while Sorgg al.®® argued thatp=% when
and G in Fig. 1. However, another nearby orientation maygrowth proceeds by thermal collisions of step bunches. By
have such a deep cusp that a facet of the latter orientation igorking in the continuum limit, Stewart and Goldenféld
preferred to the former. In the example of Fig. 1, the cusps atound that non-negligible surface stress could destroy any
orientationsA andC overwhelm the cusp &, so orientation dynamic scaling, while Liu and Mett derived logarithmic
B is only a metastable orientation that will not be found onscaling in the case of quasi-one-dimensional surface diffu-
the equilibrium crystal. Surface roughening may occur for asion. On the other hand, Shore and Bukfiaargued that
range of orientations that have approximately edaall lo-  coarse-grained models neglect dynamics on the scale of in-
cally minima) free energies? this is the case for orienta- dividual steps, which are too important to ignore on vicinal
tions D to E in Fig. 1. No orientations in this range are surfaces. Barriers then depend @row with) the length
energetically preferred, and the surface is, statisticallyscale, which again results in logarithmic scalfigeong and
rough?? Note, however, that although orientatiobsto F Week$§* also studied step-step interactions on vicinal sur-
have equal free energies, orientati@o F do not appear as faces, finding that flat reconstructed terraces grow very fast
part of the equilibrium crystal shape due to the cusgiat (in fact, linear in timg along the step direction, but witt
Adsorbates and reconstructions may alter the anisotropy of 3 or 3 perpendicular to the stegfr global or local mass
the surface free energy sufficiently to affect the equilibriumtransport, respectively Vlachoset al® used Monte Carlo
crystal shap&®®° perhaps changing relative facet areas orsimulations to study faceting under equilibrium conditions,
driving some orientations unstable. If adsorption leads to dinding that the exponen$ could vary with temperature,
deep cusp at a given orientation, then a nearby, less stabteientation, and materi&f.
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Bragg point is (111). in conventional reciprocal lattice
a) [113] [104] units] Since any well-defined facet on the surface will have
a CTR associated with %8 its orientation can be deter-
[014] mined from the direction in which its CTR points. Specifi-
cally, we determined orientations by locating the intersec-
tions of CTR’s and thel=0.6 plane, using CTR’s that
originated at the (603)5; Bragg point. The construction to
do so is shown in Fig. ®). The primary scans were per-
— formed along [, 0, 0.6, to scan continuously from th@ 15

fee to (113 orientations. The scans effectively searched for all
(11n)-oriented facets frorm~6 to n~2.5. In several ex-
fec periments, we also scanned radially and transversely through
the (104 facet CTR. Our results, based on over 25 dosing
experiments at various temperatures ang@rtial pressures,
5’ are described in Sec. IV and interpreted in Sec. V.
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IV. FACETING OBSERVED BY X-RAY DIFFRACTION

A. Early stage: (115 facet decomposition
and (104) facet formation

bulk Bragg point Evolution of Cu115 surface morphology during the
\ # A h-k plane early stage of O adsorption was qualitatively similar for the

<~ — > [115]

| entire range of temperatures and fartial pressures under

// | \ consideration, and is described firgLater effects, which
\

vary strongly with substrate temperature, are described in
Secs. IV B through IV D. No immediate changes were ob-
served in thg115 CTR as O dosing began, but slowly, the
intensity of the CTR decreased without observable broaden-
ing or shifting of the peak; no facets other thel5 were

FIG. 2. (a) Direct-space view of the faceted O/Qd5) surface

only one pyramid shown for clarijy (b) Reciprocal-space view . N . S . .
;rognd themzlllk) = (603),,5 bulk é}:ég)g poinF: The gTR’s are observed in this time. This behavior is consistent with a ran-
. .

formed from the facets shown ita): their orientations are deter- dOm disordering of the steps on this surf&e& soimilar to
mined by scans in tha—k plane. Experimental STM images and that observed for O on Chk0) vicinal surfaces? Indeed,

reciprocal space maps by surface x-ray diffraction are shown iffalculations by Jeong and Weékpredicted that step fluc-

Refs. 31 and 21, respectively. tuations should increagand step stiffness decrease, relative
to an isolated steor a vicinal surface undergoing spinodal
lIl. EXPERIMENTAL METHOD decomposition.

) ) _ o Quite suddenly, however, the O-decoratedX1®) sur-
~ This series of experiments was performeditu at beam-  face destabilized and nanoscopic facets began to form. Two
line X16A of the National Synchrotron Light Source, changes, occurring simultaneously, marked this transforma-
Brookhaven National Laboratory, on the five-circle UHV tign: the abrupt appearance of the O{0¥) and O/C(014)
diffractometef®® The starting surface, clean (u15), was CTR’s, and a gradual shift of thé115 CTR towards the
freshly prepared for each O-dosing experiment by sputtering; 13) orientation. We index the intermediate facet asr(11
with 1 keV Ar" ions followed by annealing to 550 °C. The jth n representing the continuum of well defined but non-
sample temperature was then slowly lowered to a desiregingular orientations betwegh15) and(113), since the CTR
point (200 °C to 400 °C), and QL5 crystal truncation  remained moderately narrow but was not oriented along any
rods(CTR’s) (Ref. 8§ were measured to verify that the sur- pigh-symmetry direction. The tilting of the (@] CTR re-
face was clean, ordered, and free of other facejsvés then  syited from a shift in facet orientation away frohl5) to-
admitted into the chamber through a leak valve at a constarfard a more densely stepped surface. The gradual motion of
partial pressure Ro,=2x10"° Torr to 1.5<10° TorT).  the peak is shown for three dosing experiments in Fig. 3. The
Figure 2a) presents a schematic view of one facet pyramid(h, 0, 0.6 scans shown in Fig. 3 are a direct measure of facet
on the resulting surface. CTR’s from the faceted surface arerientation, since all of the rods pass through the (6Q3)
shown in Fig. 2b). bulk peak. The qualitative differences that arise with chang-

To observe the faceting process with diffraction, we con-ing temperature are discussed below.

tinuously performed scans while dosing progressed. We By repeating the O dosing experiments at many tempera-
scanned near the (603} bulk Bragg peak, but close to the tures and pressures, we found a wide range in the time delay
surface planel(=0.6) to enhance surface sensitivifin this  between initiation of @ dosing and the commencement of
paper, we will work in(115) surface units, witth andk in faceting, as shown in Fig.(d). Instead, we found that the
the surface plane, andnormal to it. Thus, the (603)s amountof exposed @, i.e., dose rather than exposure time,
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FIG. 3. Selected scans through (QIfacet CTR’s during face- 4r ]
ting, for three representative temperatures. These scans are per-
formed below the (603) 5 bulk peak, ak=0, | =0.6 in units of the 2r ]
115 surface unit cell. The vertical dashed line indicates(1Hg) . ] . . . .
peak position §=6.0), while the dot-dashed line marks ttEL3) 00 05 1 1S 2 25 13 35
peak position = 6.28). Scanning proceeded from left to right, the P, (102 Torr)
2

same direction as peak motion, resulting in a slight broadening of
the peaks(a) T=389 °C; faceting did not cease at tfel3) orien-
tation. (b) T=340 °C; faceting proceeded smoothly frqiil5 to
(113. (c) T=260 °C; faceting occurred discontinuously frgfri5)
to (113). In contrast to this behavior, tH&04) facet's CTR exhibits
no changes in position, simply growin@ith increasing doseat
the exact(104) position for all temperatures investigatske Figs.
8(c)—8(d)]. dose. Since the temporal evolution of the faceting surface

was observed to depend on cumulative €posure(rather
was the critical factor to initiate faceting. For the entire rangethan exposure timein the following sections we will plot
of pressures and temperatures studied in these experimeng)y changes to the facets againgtddse instead of exposure
faceting began after an exposure of 954 L of oxygen, as time. This will normalize experiments performed at different
shown in Fig. 4b). The “starting dose” is defined as the O, partial pressures. Faceting was typically completed after a
dose at which th€115 CTR peak developed a clear shoul- total dose of 30 to 40 L independent of temperature or pres-
der on the higha side. An alternative definition of “starting sure (except for the highest temperatures, as described be-
dose” could be the exact dose at which 1€4) facet CTR  low), but the time scales could range from minutes to hours
first appeared. That definition is less practical to employ; thejepending orP..
change in positionor line shapg of an existing peak is :

easier to observe than the appearance of a new peak out 86 : : : 92
. : S nsistent with STM micrographs taken by Taglageal.
the diffuse background. However, we find the two defmmonsat 210 °C as a function of dose: After an exposure of 10

E?: 2be|-) svcﬁg\l;a\llveemlor;joect\/\t”r:rc:r(]earTS-e};’J:TS;(;rgzg1 ?:nTt'R Lijr?tc:;qrst‘ia}'myL, the CU115) surface was somewhat disordered and a mod-
ties [shown in Fig. 8)—8(d)] back to zero intensity. erate fraction of the surface area was faceted. The surface
In our measurements, the starting dose could be most aldlas completely transformed {@04), (014).’ and(ll(_%) facets
curately determined when changes in surface morpholog} fter a 30'!‘ exposure%?although facet sizes CO’;“”“ed evolv-
were the slowest, i.e., at lower,(partial pressures. This ng after h'ghef dqs A folloyv-gp STM study showe.d
accounts for the larger error bars associated with the highdP@t facet density increased with increaspg,, further evi-
pressures of Fig.(®); other experiments at even higher par- dence that faceting began by O-limited nucleatire.,
tial pressures cannot be included in Fig. 4 because facetigygher Po, leads to more nucleation sites and thus more
occurred too quickly to accurately determine the startingfacets.

FIG. 4. Plots of(a) elapsed time andb) O, dose at which
faceting began, which turns out to be a dose of 9.6 L. The beginning
of faceting is defined as the point at which ttEL5 facet peak
began to move towardd.13).

The observation that faceting began after a 9.6-L dose is
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The observed behavior of tH&04) and (014) facets dif- 6.40 [ .
fered significantly from that of the (1) facets. The CTR'’s a) T = 389°C 12
associated with th¢104) facets were always found at the 6301 < [113] position —{go
exact (104) orientation, never shifting position. The04) 6.20 .
CTR peaks did gain intensity, reflecting the spread of these 16
facets across the surface until the 1§l facet ceased evolv-  ~ &.10 30
ing; this behavior of th€104) facets was consistently found ;é
for all temperatures studied. Tti#13) facets, as mentioned g *° 1‘08°
above, did not form abruptly; furthermore, their evolution £ 6.30 i
was strongly temperature dependent. In Secs. IV B through~ 1°° =
IV D, we describe the behavior found for each temperature g 6.20 ,GOE
regime. S 2

é 6.10 30 ©
g
B. Medium-temperature (113 facet formation E 6.00 ‘ oo &

We first discusq113 facet growth in the medium tem- £ 6-300— . 10/'_k_g¢_22ﬁ‘—,; ?090

perature regime (310 *€T=<370 °C), since the phenom- E e) T = 260° C

enon was most straightforward here. For all experiments per-— 620 dg°
formed in this temperature range, the sequence of peak

profiles is qualitatively similar when scaled to dgbeit not, 6.10 —3°
as discussed above, timelust as thg104 facet peak ap- VAL 1.
peared, th¢115) peak shifted in the- h direction away from D 20 30 20 0
its original position ofh=6, as seen in Fig.(8). In some Dose (Langmuir)

dosing experiments, the (&)l peak begins as a clear shoul-

der on the side of thel15) peak; this behavior is seen easiest FIG. 5. Positions of (1) facets shown in Fig. 3 during dosing.

at low temperatures but occurs in all temperature regime The radius of the symbol is proportional to the height of the facet
P P 9 Speak. The left axis gives peak position in 115 reciprocal lattice

No Iateral_ _peak shift was ever ObserVEdkah? Change_ in units, and the right gives the angle of the facet frd@h5) [which is
peak position inh corresponded to a change in the orl-enta-gl450 for (113]. In (a) and (b) (T=389 °C and 340 °C, respec-
tion of the (11) facet, withn changing smoothly from five el circles represent the position of the (d1facet peak as it
to three in this temperature regime. To better visualize thenanges smoothly t6113 (and beyond, forT=389 °C). In (c)
eVO|UtI0n Of the (1ﬂ]) facetS, the facet pOSItIOﬂS from F|g 3 (T: 260 °C)‘ pentagons refer to tmﬁlS) peak position7 diamonds
are plotted against Qexposure in Fig. 5. Peak positionn  to the (11) peak, and triangles to tha13 peak.

for a givenl (the left axes of Fig. bis a direct measure of

facet orientation; thus, the facet's angular deviation from C. High-temperature (11n) facet formation

(115 can be shown on the right axes. The symbol size in this
figure reflects peak height from Fig. 3.

In this middle temperature regime, the (1facet peak
was moderately broader than the initidl5 peak but re-
mained sharp, reflecting a well defined yet continuousl
changing orientation as th&04) and(014) facets grew. The
widths of the (1h) peaks are given by a combination of the
facet size, the small range of facet orientations, and instr
mental resolutionincluding the effect of scans being per-
formed along the direction of peak motion, see Fig.The
shifting of the (11h) orientation was due to a gradual bunch-
ing of steps on the (1) facets, with the average step sepa-
ration changing from 6.64 Afor Cu(115] to 4.24 A [for
Cu(113)]. This mode of step formation may help explain the
structural disorder found on the O/Cu(113}3) facets The formation of (113 facets at low temperaturesT (
(see Refs. 21 and 31 =310 °C) differed significantly from the previous cases. Af-

Once faceting concluded and tkEL3) peak had formed, ter a dose of~10 L, the{104 facets formed suddenly, as
we found that the size of the facdtaversely proportional to  above, but the (1) facet did not smoothly shift in orienta-
the CTR widthg tended to be greater at higher temperaturegion, as seen in Fig.(8). The (11) peak clearly began as a
(as long asT<370°C). This is seen in the significantly shoulder to th&115) peak, but did not proceed continuously
broaden(113 peak afT =260 °C[Fig. 3(c)] compared to the ton=3. It moved less than halfway to tti&13) position and
(113 peak atT= 340 °C[Fig. 3b)], even though the initial then dropped in intensity while the 13 peak abruptly ap-
(115 peaks at the two temperatures were about equal ipeared. In sharp contrast to the results at higher tempera-
width. Similar results on the final facet size have been quantures, no well-defined peak was observed for the range of
tified with STM3 orientations around=6.2, or angles=4° from (115. In-

The beginning of the faceting process at high tempera-
tures (T=370 °C) is qualitatively similar to the medium-
temperature regime. The change in orientation through the
(11n) facets was continuoushe scans in Fig. (&) are not
yequally spaced in timethe difference is that the peak con-
tinued well past th€113) position. Even after a dose of 100
L, the orientation of the facet continued to progress away
Yrom (119, although the rate of peak motion had slowed
considerably. In terms of the Wulff plot, this behavior dem-
onstrates the complete removal of a cusg 3, as dis-
cussed in detail below.

D. Low-temperature (113 facet formation
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stead,two peaks were present for part of the dosing time;librium as the surface undergoes spinodal decomposition
thus, the faceting surface at lower temperatures consisted ffiom (115) to (104), (014), and(113) facets. While the oxy-
coexisting domains of113) and (1) orientations, with the gen in vapor form is not in equilibrium with the oxygen
(113 facets growing at the expense of the ) Tacets. This  adsorbed on the surface, we argue that the surface morphol-
behavior does not necessarily indicate an increase in the susgy is always in equilibrium for a given oxygen coverage.

face free energy of some (i)l orientations; rather, as de-  Several observations show that adsorbate-induced face-
tailed in Sec. V A, it is due to a decrease in the surface freging in this system is not merely a kinetic effect. First of all,
energy at(113. Sec. IV A demonstrates that, for all temperatures and pres-

The (113 CTR did not change orientation once the (11 sures investigated, faceting begins after a nonzera@e,
facet had disappeared, but a moderate increase in intensity., after a certain amount of oxygen had adsorbed onto
and narrowing of width was typically observed. This effect, Cu(115. A kinetically activated process would likely be ob-
more pronounced at lower temperatures, reflected the slogerved to begin immediately, or would exhibit a temperature-
ordering that took place on this moderately disord&redr-  dependent time delay, rather than a temperature-independent
face. The ordering was slowest and least complete at loweslose delay. Second, continued oxygen adsorption was essen-
temperatures, where surface diffusion was slowest. No cotial for faceting to continue. As described in Sec. IV E, the
responding effect was observed for tfi®4) CTR’s, which  removal of Q from the vacuum chamber immediately
did not seem to change in intensity or width once then)11 caused the facets to decompose; a kinetic effect might cause

facet peak disappeared. facet evolution to stall without ©but would not reverse the
process. We also note that the role of oxygen is not primarily
E. Reversal of faceting that of a surfactant, i.e., to increase the mobility of Cu ada-

toms; previous experimerits** have demonstrated the high
mgbility of Cu on Iow-symmetr_y Cu surfaces without oxy-
even when oxygen gas was removed from the chamber. Fads! present, and at substantially lower temp_eratures. _The
ets decomposed only upon annealing at 500 °C, at Whicﬁxygen,.then,_ change; the surface free energies of various
point O desorption from the fully faceted surface becamefacet orientations, forcing the surface to undergo spinodal

A : . decomposition as O coverage increases.
significant. We also performed a few experiments wherein The primary effect of O on the QU5 surface, then, is

the O supply was cut off after faceting had begun, but We"to lower the surface free energy of 04 facet, which

before(113) facets had formed. Specifically, during a dose at Its i . h ; f the WUIFf plot. A
T—263°C andP, —8x10-° Torr, the G supply was cut U ts in an increase to the anisotropy of the Wulff plot. As
2 ) ) discussed in Sec. Il, faceting can become energetically favor-
off when the (1b) peak had reachedl=6.08; faceting did  gple for a sufficiently anisotropic Wulff plot, despite the ac-
not continue or even cease, butimmediatelyersedrevert-  companying increase in surface area. In the present series of
ing to the(115 orientation without the development of any experiments, O/GL04) facets were observed for all faceting
other facets. Thigl15) surface was moderately well ordered, temperatures and Opartial pressures; these facets formed
as judged by CTR intensities and widths, but was not aghryptly and were never misoriented. Therefore, we con-
good as a freshly preparédl19 surface. In another case, O ¢|yde that formation of O/Qd04) facets drives the faceting
dosing in the high-temperature regim@ =389 °CPo,  of the Cu115 surface, consistent with previous studies on
=1.5x10"8 Torr) was cut off with the (14) peak ath Cu(115 and other C(D02J) vicinal surfaces. The stability of
=6.36[namely, just after the last scan in Figag; reversal this facet has been attributed to its structural similarity to a
of orientation was again immediate, and we note that thisegularly stepped version of the O/Cu(001)@x \2)
surface showed no tendency to stabilize at the3) facet,  surface’® this concept may be tested rigorously now that the
but continued back toward415. The immediate reversal of O/Cu(104) structure is knowA?!
facet formation is directly attributable to oxygen desorption. Once the O/C(104) facets begin to form and grow, the
But as a surface with multiple, crystallographically inequiva-(11n) facets must evolve in order to maintain a macroscopic
lent facets is not well suited for a quantitative study of de-(115) orientation. Therefore, O/CL15) facets cannot remain
sorption kinetics, this series of experiments was not pursuedn the surface, but it does not necessarily follow that these

Once the(113 facets had formed and surface evolution
had ceased, we observed that the faceted surface was sta

further. facets become intrinsically unstable. Boulliaet al?® ob-
served a weak LEED pattern fronill5 facets after
V. STABILITY AND EVOLUTION OF FACETS O-induced faceting of Q17 at high coverages and low

temperatures (200 °C). O/Cil5 could thus be locally
stable but, like orientatioB® in Fig. 1, be overwhelmed by
The real-time experiments described in Sec. IV dramatinhearby orientations with much lower surface free energies.
cally demonstrate the sensitivity of the O/CL5) faceting The evolution of the (1) facet orientation is thus driven
process to substrate temperature andi@se, but its relative by the growth of th€104) facets, essentially via step bunch-
insensitivity to Q partial pressure. From these results, weing. That is, as th€104) facets grow, the (1) facets must
are able to describe the relative stabilities of a number ofilt farther and farther from(115 in order to maintain an
orientations near the O/C145) pole and determine the long- overall (115 orientation for the macroscopic surface. This
time evolution of the faceting surface. Such results are postilting involves a significant amount of mass transport of Cu
sible because the surface structure remains, locally, in equatoms at and near the surface, which in this UHV experiment

A. Equilibrium surface-free energies of facets
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104 115 (11n) CTR 115
position: a)
high T
a) n=5
\ ‘ 113
b>H )
ﬂ\h\b— medium T T
113
c) n=5 ‘
¢)
113
e) - nnears3

FIG. 6. Proposed dose-dependent Wulff plots for orientations

between(115 and(104) [or equivalently(014)], with dose increas- FIG. 7. Proposed Wulff plots for O/Cu(h) in three tempera-
ing from (a) to (e). The thin black line is the surface-free energy, ture regimes.(a) T=370°C; (b) 310 °CsT=<370°C; (c) T
while the thicker grey line is the equilibrium crystal shape. Broken<310 °C. Thin black line: Surface-free energgssumed constant,
grey line represents facets that do not appear on the equilibriurexcept for temperature-dependent cusps (Bt3 and (115)].
crystal shape. Thicker, grey line: Equilibrium crystal shape. The angular separa-
tion of the (115 and (113 directions and the depth of thd15)
occurs by surface diffusioigrather than bulk diffusion or cusp are greatly exaggerated for visibility.

evaporation conden_satl)JnThe details of this evqluuon, tation of the (1h) facet tracks the depth of tHA04) cusp:
however, are sensitive to the surface free energies of th : S .

: . . the time dependence of the facet evolution is described be-
O-covered (1m) facets. Figure 5 displays the contrasting

behaviors of (1) facet evolution in the three temperature low in Sec. V B. With a simple geometric construction based
. ) A ; P on Fig. 6, we can compare the surface free energies of the
regimes; the faceting is driven by the changing surface fre

energy of(104), with the temperature variations determined?lod') and(119 orientations {104 and y115, respectively at

by the changing surface free energy (a3. To present the point where th¢115) facet becomes unstable. With,ss

concisely the variations in surface free energy with oriental€PreSeNting the angular width of the missing orientations,

tion and temperature, we propose two sets of Wulff plots _ _ _
around the(115) pole for the O on Cu system. 7104~ C0miss Y115~ 0-9807115, ©
First we present schematiosedependent Wulff plots since in this cas®,s—=11.4°, the angle betwedi04) and
for orientations betweefl04) and(115 in Fig. 6. Increasing (115. We emphasize that E@3) is valid only at the very
O, exposure progresses from Figgal6to 6(e). Figure &a) point at which faceting begins, a dose of 9.6 L.
shows a Wulff plot for clean Cu, with a cusp @tl15), de- The dose-dependent Wulff plots presented in Fig. 6, for
noting that facet’s stability, but no cusp @i04), although a  orientations betweeril04) and (115), are independent of
tiny one could in principle exist there. Clean @04 is a  temperature, since the early stage of faceting was uniform for
relatively unstable facet that disorders easily. Intermediat¢he range of temperatures covered in this study. However,
orientations have much higher Miller indices and no ex-Figs. 3 and 5 demonstrate a significa@mperaturedepen-
pected tendency for stability. Figuregoband &c) are Wulff ~ dence to the Wulff plots of orientations betwegrl5 and
plots for O, coverages between 0 and 9.6 L; although a cusg113), which we display in Fig. 7. In proposing these (1)1
may be present afl04), at first it is not deep enough to Waulff plots, we assume the surface free energy of these ori-
induce a stable facdFig. 6(b)]. Next, even when &104) entations does not vary with coverage for doses over 10 L,
facet is stabléFig. 6(c)], the (104 cusp is not deep enough i.e., once the (11) orientations have appeared. For all tem-
to overwhelm the cusp dil15). At a sufficiently high cov-  perature regimes, the surface free eneygy, can be consid-
erage, the(104) facet indeed overwhelms th@15 facet ered constant for 5n>3. The nonzero cusp dl15 re-
[Fig. 6(d)], forcing the latter to change its orientation slowly moves (1h) orientations, withn very close to 5, from the
towards (113 as G coverageland the depth of thé104) equilibrium crystal shape; this small range of missing orien-
cusp further increase§Fig. 6(e)]. Thus, the average orien- tations is more clearly present in the low-temperature experi-
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ments[Fig. 3(c)] than at higher temperaturfBigs. 3a) and  area covered by104) facets, and the (1) facet orientation
3(b)]. While we expect a small, residuéll1b cusp at all can be related to the relative sizes of {1®4) and (1h)
temperatures, we note that its depth as pictured in Fig. 7 ifacets, as described below. As we use these parameters, we

severely exaggerated. will explicitly enumerate the necessary assumptions that are
The main difference between the Wulff plots of the high- used in deriving scaling relations.
and medium-temperature regimes is fex 3. For high tem- We first analyze dynamic scaling based on the orientation

peraturedFig. 7(a)] there is no apparent change in the sur-of the (1) facets in the middle- and high-temperature re-
face free energy froom>3, allowing the orientation to gimes. The relative area of thd04) facets based on the
smoothly move further and further away frofhl5 as the (11n) facet orientation can be evaluated by employing the
(104) cusp grows deeper. But for medium temperatfifég.  laws of conservation of projected surface area and of macro-
7(b)], a tiny cusp seems to exist@tl3), and the surface free scopic orientatiofi® We takeS,y4/S;5to be the surface area
energy ofn<3 is greater than that fon>3; this has the of the (104) facets|projected onto th¢115) surfacg relative
effect of stabilizing the(113 surface and halting facet to the starting115) area. As detailed elsewheteS,;o,/S; ;5
growth even if thg(104) cusp continues to deepen with time. can be expressed in terms of the () facet orientation, or
The extent to which the surface free energy increases for equivalently in terms of, the position(in reciprocal lattice
<3 is not measurable here since we do not observe thesmits) of the (11n) peak at a given (as in Fig. 3, where
orientations in this temperature range. A cusp must exist a& 0.6). However, two conditions must be met in order for
(113 for medium temperatures, since removal of oxygenS,,,/S;;5 to be a useful scaling parameter: first, the entire
from the chamber did not lead to tli&13) facets decompos- surface must be faceting at about the same rate; second, the
ing. However, the depth of th@13) cusp must be very small area covered by the faceting pyramids must remain constant
since we were not able to observe a range of missing orierduring a dosing experiment. The first condition requires that
tations around113), as we were able to do at low tempera- only well-defined(104), (014), and (1h) facets be found on
tures. the surface while faceting occurs, with no other facet present.
In the low-temperature regimgFig. 7(c)], a relatively  This has been experimentally verified for the middle- and
deep cusp is definitely present(atl3), which causes a large high-temperature faceting regimes, as described in Secs.
range of orientations to disappear from the equilibrium crys4v B and IV C. It is clearly not met in the low-temperature
tal shape. The origin of this cusp is likely to be thex(B) regime(Sec. IV D), since the distribution of (I1) orienta-
reconstruction observed for O/CL13.?! The range of miss- tions becomes bimodal about halfway through the faceting
ing orientationgwith angles up to 6° fronf113)], was con-  process wher{113 facets appear. The second condition is
stant from 200 °&T<310°C but disappeared above needed to ensure th&,,/S,;5is a measure of the growing
310 °C. The abrupt disappearance of the missing region isize of the (104) facets, instead of a changinmumber of
indicative of a first-order phase transition in the surface fre€104) facets. Although some small amount of ripening prob-
energy at 310 °C, i.e., the near disappearance of the cusp #&bly occurs, we observed thg04) facet peak to always
raising the temperature from Figs(cY to 7(b). We hypoth-  cease evolving when the (a)l facet reached113. This
esize that this phase transition may coincide with the reproves that the€104) facets grow in size mainly at the ex-
moval of the (3<1) orientation at 310 °C. As above with pense of the (11) orientation, not at the expense of other
Eq. (3), a simple geometric calculation allows us to deter-(104) or (014) facets. Any scaling in the middle temperature
mine the surface free energy of th&l3) cusp at low tem- regime will, of course, be abruptly truncated when then)11
peraturey,;3 compared with the surface free energy of afacet reache§113 and ceases evolving.

nonsingular point along (I y3, (constant for 5n>3): The results of scaling based on (f)1orientation are
shown for two experiments in Figs(88—8(b). The normal-
Y113~ COSOnmiss Y110~ 0.995y 11, (4)  ized areaS,y,/Ss is plotted against dose for typical dosing

since 6, is about 6° forT<310 °C. Again, we note the experiments at medium and high temperatures. These experi-
ISS " ' . .

scale of Fig. 7 is exaggerated for clarity, and that the cusp df'€nts were performed at different but relatively low-oxygen

(113 is much deeper than the cusp (al5. The range of partial pressures, since slower changes in morphology could

missing orientations atL15) is at most 1°[see Fig. &)]. be traced with higher resolution. In addition, we have plotted

_ ° the best fits of logarithmiglog(t—ty)] and power-lawf (t
Thus, <0.001 at 260 °C, and even smaller at : 0 -
highery tlénmpz.\i;iures. i —t0)?] scaling over the later stages of faceting. The “start-

ing dose” t, (see Sec. IV A and Fig.)4dwas included as a
fitting parameter, since it could not be measured precisely.
We find that both scaling forms produce very good fits to the
Beyond the preceding description of the orientational de-available data, with the fits being of essentially equal quality.
pendence of surface free energies, the measurement of fadairthermore, for the power-law fits, there is a rather large
orientation vs @ exposure can explore the dynamic scalingrange in the fit to the exponert, from 0.11 to 0.25. The
of the facets as they undergo spinodal decomposition. Twbmited information that can be derived from these fits is
order parameters can be used to describe the state of tidérectly due to the relatively short time spans over which
faceting surface and present complementary information ofaceting occurs: faceting is abruptly truncated when the
the complex process of facet growthy,, the intensity of (113 facet is reached, necessarily limiting the fittable range
the (104 CTR at a given point, can be related to the surfaceand the ability to discriminate between alternative models.

B. Dynamic scaling of facet growth
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Although the scaling in Figs. (8—8(b) was performed
with respect to calculated area of tfE4) facets, these re-
sults essentially represent the growth of the facets in linear
size. That isS;ps<LyL, whereL, andL, are the length and
width of the (104) facets(with x perpendicular to ang par-
allel to the{010)-type steps on this surfagebut the evolu-
tion of S;p4/S115 mainly reflects the evolution df, . This is
because(104) facet growth is anisotropic: a given facet
grows very quickly along it$010)-type rows(parallel to the
O-Cu-0 rows, but much slower across the rows. While the
widths of the(104) CTR’s were quite broad ix, the widths
in y were much narrowe(indicative of longer-ranged order
and were not observed to change while faceting occiffred.
Therefore, the evolution df, finished rapidly, and the facets
grew in area mainly by the increaselin. Such growth rate
anisotropies have been previously observed experimetitally
and theoretically?

As a separate measure of the size of (h@4) facets, we
have investigated the evolution bfy,, the scattered inten-
sity at a point on th€104) CTR. Specifically, in Figs. @) —
8(d) we plot the peak intensityabove backgroundat the
point (5,1,1.06)y, against dose. For several experiments in
the low- and middle-temperature regimes, the intensity is fit
about equally well by either logarithmic or power-law scal-
ing (with exponentp’). Again, this scaling only occurs up to
the point at which thé¢113) orientation is reached and face-
ting ceases, whereupdny, saturates. We note that the evo-
lution of |40, with dose is smooth and gives no sign of the
discontinuities of the (1d) evolution at low temperatures
[in, e.g., Fig. 5c)]. Although the mix of (1) and (113
orientations prohibited reliable calculation $fy4/S;15in the
low-temperature regime, we can usg, to study dynamical
scaling for those experiments.

The CTR intensityl 1o, can be related to the number of
(104 facets on the surfadd; and to the average length and
width of the facets I, andL,, respectively by

| 104¢UF 104N (LyLy)", 5

and will be a useful scaling parameter if it varies only with
facet length. As we argued abowe; andL, changed little in

the later stages of facetirfgue to the uniform faceting rate
across the surface and to the anisotropic growth of 10d)
facets, respectively Furthermore, we assume thHaiy,, the
structure factor of th€104) CTR at the point of measure-
ment, is constant during faceting. That is, the surface struc-
ture of the(104) facets does not change, due to their greater
stability (which drives the spinodal decomposition of the sur-
face in the first place Thus, | 194 varies as I,)", with r

exposure. In all plots, circles are measurements; solid and dashed1 in the resolution limit, and=2 in the particle-size
lines are best fits to logarithmic and power-law scaling, respecbroadening limit. Unfortunately, the experimental situation is

tively. (a)—(b) Scaling by projected area ¢£04) facets.(a) Dosing
with experimental conditions off =336 °C and Po,=2X 1078
Torr. The resulting power-law fit yieldsp=0.17+0.04. (b) T
=340 °C, Po,=3x10"° Torr; ¢=0.26+0.02.(c)—(d) Scaling by
intensity of (104 CTR (c) T=260 °C, P02:8>< 10°° Torr; ¢’
=0.33£0.03. (d) T=340°C, Po,=3X 10°° Torr; ¢'=0.38
+0.03. Further data are presented in Ref. 87.

likely somewhere in between:<lr <2. As such, the power-
law exponents fitted in Figs.(8§-8(d) are equal tog¢’
=r¢. Takingr =2 gives the lower bound ap; the average
value for ¢, with this assumption, is then 0.16, which is
consistent with scaling b$s04/S;15. On the other hand,
=1 is consistent with logarithmic scaling bf , butr=2 is
not (sincel 194 could not be fit as a square logarithm
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If we combine the results of the power-law scaling of mined by the depth of the Wulff plot’s cusp @t04) relative
S104/S115 and 114, then the best estimate of the exponentto (115. The gradual deepening of th&04) cusp with Q
(given the limited range of dynamic scaling for each dosingdose explains all features of the time dependence of the face-
experimenkis 0.17+0.03. This low value is consistent with ting process, including the delay of about 10 L before face-
other faceting experiments* performed on other, very dif- ting begins. On the other hand, the temperature dependence
ferent low-symmetry surfaces. We emphasize, however, thef the O/Cy113) orientation’s surface free energy deter-
difficulty in differentiating power-law scaling with small ex- mines the complicated evolution of the facets alongn(11
ponents from logarithmic scaling. Logarithmic scaling would The low symmetry of this faceted surfagee., three-sided
be consistent with one-dimensional diffusibmnd with dif-  pyramids with only two crystallographically equivalent
fusion lengths that grow with the facet siZkeither of which  sides certainly complicates the faceting process, but the
could be expected for faceting on this vicinal surface. How-+temperature-dependent Wulff plot along (}lis clearly an
ever, as noted above, the faceting process as a whole scalefect subordinate to the dose dependendd @4). Relative
more with Q dose than with time alone. The limiting factor values for the surface free energy were presented for orien-
in the dynamical scalingwhether as a power law or as a tations that are separated by a range of forbidden orienta-
logarithm is, then, the depth of th€l04) cusp as a function tions.
of time. The depth of this cusp is determined by the rate of Two independent parameters are sensitivé1l@) facet
incorporation of Q onto the surface, which is directly pro- size, and thus, to the dose dependence of the surface free
portional to the availability of oxygen, i.e., the partial pres-energy of O/C@L04). The dynamic scaling of these param-
sure of Q. The mass transport required for the surface toeters was not unambiguously resolved but was either loga-
maintain its equilibrium shape as a function of dose occursithmic or power law with a small exponent, in either case
on relatively shorter time scales. This conclusion cannot beeflective of slow facet evolution. We have proposed that the
drawn from a single measurement, but is seen in the pressutiene evolution for this case of adsorbate-induced faceting is
dependence of the experiments discussed in Sec. IV A. Thignited, and thus governed, by the rate of decrease of a par-
one experiment that provides a direct comparison of scalingjcular orientation’s surface free energy. The depth of the
by S104/S115 and |94 (T=340 °C) gives moderately differ- cusp at(104), i.e., the stability of O/C(L04) facets, increases
ent values forg:0.26[Fig. 8b)] vs 0.19[Fig. 8(d)], respec- with O, exposure; thus, the timescale of this faceting mecha-
tively. This difference is greater than the fitted uncertainty,nism is set by adsorbate incorporation rather than being lim-
and could be an indirect argument for logarithmic fitting. Butited by surface-diffusion kineticéthe more commonly as-
it is as likely due to a breakdown in the assumption that sumed case for facet growtht would be interesting to see
=2, that facet diffraction is at the particle-size limit, is in whether other faceting experiments, e.g., O-induced faceting
error; a smaller value af would raise the resulting value of on other Cu high-index surfaces, have time scales set by
¢ from 0.19. changes in the equilibrium crystal shape, and thus, yield

similar time (or dos¢ dependencies.

VI. CONCLUSION
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