PHYSICAL REVIEW B VOLUME 59, NUMBER 23 15 JUNE 1999-I

Structure of Cu(115): Clean surface and its oxygen-induced facets
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Cu(00)) vicinal surfaces facet when exposed to O. We have studied this processbt5Cwhich trans-
forms from a clean surface 104} and {113 facets, using surface x-ray diffraction. The (CL5 surface
exhibits a complex interlayer relaxation accounted for by basic elasticity theory; the vertical displacements of
the three surface atoms are found to correlate with those of the subsurface atoms directly below. The
O/Cu104) facets do not, as previously proposed, involve any missing Cu rows, but the top three rows are
expanded away from the bulk; the Cu-O chains which stabilize this surface are similar to those present on other
O on Cu reconstructions. The O/Cu(113)3) facets are significantly disordered, with stripes about 8 A
wide running parallel to the atomic step§0163-182699)01224-3

I. INTRODUCTION thin films!’ One notable exception is that of O/Qd2),
which forms several reconstructions depending on experi-

The structures of many crystalline surfaces are affected bynental conditions, none of which have the Cu-O-Cu chain
the adsorption of foreign speciéssometimes undergoing feature!®
minor rearrangements to accommodate the adsorbed atoms Unlike these low-index surfaces, most high-index Cu sur-
or molecules, in other situations undergoing major transforfaces do not form stable reconstructions, but rather facet
mations. Some adsorbed species induce highly organized rethen exposed to oxygen. Most @01 vicinal surfaces
constructions, while others form incommensurate overlayerdorm O/Cu104) facets:®~?’ Of course, to maintain the sur-
Yet others can destroy the inherent reconstructions formethce’s macroscopic orientation, other facets must form across
on clean surfaces, such as the well-known case of H othe surface as well, such &01} for the faceting of C(L06)
Si(001)(2x 1) 2 In other cases, surface adsorbates lead notRef. 27 and Cy108.%° In this report we discuss the
to additional order, but to disorder such as surface alloying>-induced faceting of Qd15), in the temperature range
(exhibited in certain metal-on-metal systemssurface 200—400°C, which forms facets witt{104), (014), and
roughening, or even amorphization. Under appropriate cir{113 orientations. Since they are crystallographically
cumstances, faceting, the breaking up of a flat surface intequivalent, we implicitly include the O/Q014) facets in the
large-scale terraces with particular crystallographic orientafollowing discussions of O/Gui04) unless stated otherwise.
tions, can occur. Whether the driving force is primarily This paper describes the surface structure of these facets as
short-range chemical forces, a longer-ranged charge-densityell as that of the clean Q15 surface. Elsewher&*®we
wave? or surface stress reductidrthe system attempts to described the kinetics of the faceting process as observed by
reach an equilibrium state which minimizes the surface free-ray diffraction.
energy. Before moving on to the crystallographic structure of the

Here we report on structures formed by the influence oftlean and faceted surfaces, we comment on the ability to
oxygen on high-Miller-index copper surfaces. The recon-observe facet structures using surface x-ray diffraction. Crys-
structions formed by O on low-index Cu are already welltal truncation rodSCTR’s) occur because a surface breaks
known, and were reviewed in Ref. 6. On(@0), O forms a  the periodicity of a bulk crysta’ A facet is a small area of
2x 1 reconstructiohat low coverage and e(6x 2) recon- the surface with a particular crystallographic orientation
struction at higher coveradeOn Cu001), O induces only a which does not correspond to that of the macroscopic sur-
2\2x\2 reconstructioh (although other superstructures face. Yet it is still a surface, and the intensity of a CTR can
had preliminarily been reported as discussed in Ref.A9  be calculated in the usual wiy
common structural feature of these reconstructidis the

formation of Cu-O chains on these surfaces. The O atoms are 0 2
fourfold coordinated, with all O-Cu bond lengths about 1.85 | o E Fexp—ing-c)| «|F|?— .
A . These features are conspicuously similar to the charac- n=—e 4 sirf(q- ¢/2)

teristics of bulk cuprite, &0, except the O atoms of these

reconstructions are not centered in Cu tetrahéli@. on  When applying Eq(1) to a facet, the unit cell is chosen such
Cu(11)) induces a more complex series of reconstructionshat the lattice parameteris perpendicular to the facet plane
which are rotated relative to the substrate, yet are comparablénstead of the bulk surface plane, as is the case for an un-
with the structure of bulk Ci0(111) planes™'? Recent faceted surfage The scattered intensity from one single
studies of O/Cu(102)(21) have also found evidence for facet will be small, proportional to the area of the facet. But
Cu-O-Cu chains on this surface, although that structure hai§ many facets of a given orientation are present on a surface,
not been fully determinetf** Similar structures have also the scattering from their CTR’s will add incoherently and the
been found in the oxidation of Cu alloy surfat&®and Cu intensities become large enough to be observed.
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FIG. 1. (a) Schematic real-space model of one faceted pyramid, L
as observed with STM in Ref. 26. The surface normals of 10d), —-0.04 e O -
(014), and(113 facets are shown. The vertical scale is significantly 5.80 5.90 A ?‘SSU) 6.10 6.20
exaggeratedb) Schematic reciprocal-space diagram of CTR’s due
to the three facets in)aThel=const plane below the bulk Bragg
peak is the plane of Fig.(B).

h-k plane
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FIG. 2. (a) A cross section through reciprocal space above the
(603),15 bulk point, atl=4. The three spots are located at the
intersection of thd =4 plane and the CTR’s of the three facets

The scanning tunneling microscof$TM) images of Re- formed by exposing O to GQul19), as labeled. Na(119 rod is
iter and Taglauéf show that the facets formed by exposing Visible ath=6 andk=0, indicating the surface is entirely faceted.
Cu(115 to O produce three-sided pyramids across the surtb) The same mesh scan, but now below the Bragg pealk at
face; each side igat least moderately well-ordered with Each spot is now on the reverse side of ¢h&5 CTR position.
well-defined orientations ofL04), (014), or (113). One such
pyramid is diagrammed in Fig.(4). The three facets are In labeling the axes for the bulk surface and the two facets
clearly distinguishable in the original micrographas are discussed in this paper, we follow standard surface science
the high degree of atomic ordering on tfi04 facets and practice of labeling the surface normal as thaxis. In the
the relative disorder on th@ 13 facets. surface plane, we chooseparallel to the steps on these

We have observed CTR’s from these three facets wittvicinal surfaces, and-x pointing toward an upward step.
surface x-ray diffraction, as demonstrated in Fig. 2. FigureThus our choice of coordinate system changes for each sur-
2(a) is a cross section through reciprocal space at constafi@ce. The coordinates, y, andz are given in units of the
perpendicular momentum transfier q- c. The plane is thus appropriate surface unit cell.
parallel to the(115 surface withl (in this case slightly

greater than that o.f the bulk Bragg peak. This surface was II. CLEAN CU (115 SURFACE STRUCTURE
prepared by exposing €ll5 at 300°C to~20-L O, (1 L
= 1 Langmuir= 10 ® Torrsed. No longer is this surface Ideal CY11H is a regularly stepped vicinal surface of

(115 oriented; if it were, a CTR would pass through the Cu(001). Compact step notatidh describes its structure as
center of this plot ah=6 andk=0 (see below. Instead, the 3(001)x(111), meaning the surface is composed{@dL
plot cuts through three rods, all of which are angled towarderracegthree atoms longseparated by111)-type (closed-
the bulk peak and perpendicular to the plane of their particupacked steps along thg direction. The angle between the
lar facet. On the lower side of the Bragg peak, the peaks hael15] and [001] directions is 15.8°. Figure 3 illustrates the
reversed positions, as shown in FigbR Figure 1b) depicts  bulk-terminated C(115 surface, highlighting the three in-
the constant-plane cutting through the three CTR's, whére equivalent atomic sites on the surfaayhich all have dif-
is less than that of the bulk peak. The well-defined orientaferent coordination numbers. Atoms on the step si®sn(
tions of the facets permit structure factors to be measurefiig. 3) have seven nearest neighbors, while atoms at the
along the rods of each facet; the crystallographic analyses dérrace site¢T) have eight, and atoms at the corner sit€s
these facets are in Secs. Il and IV below. have ten. All other atoms are in fully coordinated “bulklike”
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FIG. 3. Bulk-truncated structure of a clean, ideal(ic®) sur-

face.zis the surface normax runs perpendicular to the steps in the 0 plane. Shaded circles represent Bragg points, labeled in stan-

surface plane, angis parallel to the surface stefsnd perpendicu- dard fcc unitglower, italicy and 115 surface unit@ipper, straight

lar to the page The surface atoms thus have small vertical separa- : . .
tions, accounting for the small interlayer spacinig = 0.696 A). Axes for standard fcc orientatioashed and for 115 surface ori

Atoms at the surface are labeled according to their location at thgntatlon(solld) are in bold. The narrow, tilted lines represent 115

step ©), on the terrace), or at the corner below the next st) Crystal truncation rods. Note that this figure is rotated from Fig. 3.

(Refs. 32 and 3) Subsurface atoms are labeled according to the . . . . .
surface atom above them and their defithatoms below the sur-  tive Vertical position of an atom in layercompared with an

face (along the column of similar atoms atom in layeri +1 can be defined as

FIG. 4. Reciprocal space map for a ftt5 surface, in thek

sites. In the centered orthorhombic surface unit cell, each Az 8diiv1 (Z—2Zi+1)— 29
atom at §,y,z) has a crystallographically equivalent atom at = = :
(x+3,y+3,2), in units of the surface unit cell.

Because of the high Miller indices of this surface, the, ig the vertical position of the atom in the coordinates of the

r_eciprocal space notation is rather complicated. The geomely rface unit cell, and, for the €145 surface unit cell, the
ric transformations between standard fcc coordinates ang interlayer spacingy= 2. Use ofAz instead oféd, ;. ;
7" i i,i

(11.5) surface coordinates are given by the following mat”'emphasizes that atoms on vicinal surfaces may not be di-
ces: rectly above the atom in the next layer down.

4

Zy dpuik Zy

A. Previous work on Cu(115

) Work on the clean G115 surface originally focused on
the stability of this stepped surface, rather than the crystallo-
(115) fec graphic structure. Time-of-flight helium atom scattering in
-1 -1 5 Ref. 33 determined that this surface dasst undergo a
roughening transition, as previously thought. Energy analysis
was essential to this experiment, given the large amount of
5 —-27 —1 inelastic scattering from this surface at high temperatures.
Low-energy electron diffractiofLEED) has been per-
~57 5 21 -1 ' 3 formed on C@119, and is interpreted as a complex
foc 2 0 5 I (115) multilayer relaxatior?* The measured relaxation between the
_ ) first and second lattice planesAs, /zo=—13.2%, and re-
with lattice parametera=13.281 A ,b=2.55 A, andc  |axations continued to the sixth layer. Table | lists the results
=18.78 A . Thus the (111). bulk Bragg peak is now in-  of this experiment. Although the fractional chante, /z, is
dexed as (603)s, as shown in the reciprocal-space map ofyery |arge, the actual atomic displacement is not so dramatic
Fig. 4. Bragg peaks are separated by 27 reciprocal-lattice  since, as mentioned abow, is relatively small.
units. That is, there are other Bragg peaks at (6,Q;3@)nd This LEED analysis considered only vertical displace-
(6,0,29 .15, although these peaks are far beyonddhange  ments in the atomic relaxations, but a full crystallographic
accessible by this experiment. On the other hand, the inteanalysis should allow lateral displacements as well. Since no
layer spacing is deceptively smaldt,,,,=0.696 A, since reconstruction was observed in either in-plane direction, we
there are 27 layers of atoms per unit cell. Atoms in adjoiningexpect on symmetry grounds that atoms remaip=aé or 3
planes have, of course, significant lateral separation, as seégray or black circles in Fig.)3 The lack of mirror symmetry
in Fig. 3. in the x direction allows, in general, for atoms to relax in this
For vicinal surfaces, it is more natural to describe verticaldirection. LEED is typically more sensitive to interlayer dis-
displacements in terms of interatomic separafiprojected placements and surface x-ray diffraction to lateral displace-
onto thez axig) than to speak of interlayer spacings. For ments, so perhaps the LEED data could be sufficiently fit
atoms in adjacent “layers” which have horizontal separa-without including lateral displacements in the surface model.
tions much larger than their vertical separations, the concept The structure of C{115 was studied theoretically by
of interlayer spacing is less meaningful. Ttigangein rela-  Loisel et al®® using tight-binding calculations, by Ham-
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TABLE I. Interlayer relaxations of Q15 as determined by LEED experimeriief. 39, tight-binding
calculations(Ref. 35, energy-minimization calculationdkef. 39, embedded-atom calculatioiiRef. 37,
and surface x-ray diffractiofpresent work Reference 37 and the present work also explicitly include lateral
displacements.

Percent relaxationAz; /z,), determined by:
tight-binding ~ energy minimization embedded atom

LEED calculations calculations calculations surface x-ray
Layer (Ref. 39 (Ref. 35 (Ref. 36 (Ref. 37 diffraction
1 —-13.2 -8.0 —12.7 —9.46 —-15.4
2 -6.1 -5.1 —10.3 —7.87 +8.1
3 +5.2 +7.0 +10.8 +8.76 -1.1
4 -0.1 -3.3 -6.3 -4.19 -10.3
5 +2.7 -3.1 —4.04 +5.4
6 +3.44 -0.7
7 —1.67 -6.9
8 -1.14 +3.6

monds and Lynden-Béfi using energy minimization calcu- mean-square amplitude. These results appear consistent with
lations, and by Tian and Rahm&rand Durukanoglu, Kara, He-atom scattering experimefitswhich mapped out the
and Rahmat{ using the embedded-atom method. All meth- surface-phonon-dispersion curves of (C16) and found a

ods found a qualitatively similar relaxation pattern in thelow-energy longitudinal mode at the zone boundary.
interlayer spacing, withz, /z, not as extreme as determined
by LEED:* results are shown in Table I. More recent em-
bedded atom calculatioffsare in very good agreement with
Refs. 32 and 37. Furthermore, Rahman and co-wotkéfs In order to determine the surface structure of L), we
found a common characteristic in several(@Q) vicinal  have performed a surface x-ray diffraction experiment at
surfaces: the vertical displacements of subsurfbegklike) ~— beamline X16A of the National Synchrotron Light Source,
atoms follow the trend set by atoms of the topmost layerBrookhaven National Lab. The surface was prepared by
The displacement of the surface atoms are repeated inwarg§emical polishing, then by cycles of sputtering with 1-keV
with an exponentially decaying scale factor. Multilayer re-Ar" ions and annealing to 550 °C, until terraces on the sur-
laxations of this sort are common in surface structure, buface were=700 A , asdetermined by the width of the crystal
vicinal surfaces present a complication: for (C15), each truncation rods. The structure factorB,), derived from
atom is almost vertically aligned with the atom of ttierd integrated intensities of diffractometef scans, were cor-
layer below it (besides an offset of in y). Tian and rected for Lorentz and polarization factors and the variation
Rahmari’ used the vertical displacements of the top atomsOf the illuminated area on the surface. 123 structure factors
Az, (wherem=S, T, or C, the three surface sites defined in along five crystal truncation rodfswere measured at room

Fig. 3 to describe the displacements of the lower atoms: temperature using 8.5-keV x rays. Structure factors for nega-
tive | are achieved through inversion symmetry using the

Az o =Azpexd — ky(n—1)]. (5) Friedel relationF,, = Fr., and crystallographically equiva-
lent structure factors were symmetry averaged together using
n is the depth of the atom beneath the surféeig. 3), and  plane groupom: Fp=F due to mirror symmetry iry.
Kkm IS an exponential decay factor. The form of E§).is the Figure 5 displays the structure factors measured from the
general solution of the Poisson equation, which will be theCu(115 surface. The dashed line represents the calculated
exact solution in the limit of continuum elasticity theory. scattering from a bulk-truncated Cii5 surface; the only
Although Ref. 32 did not consider lateral displacements, Reffitting parameters are an overall scale factor, a roughness
37 did, finding that the trend of E@5) approximately holds. parameter, and one isotropic Debye-Waller factor. The ideal
The small displacements ddid not follow any such trend. bulk truncation made a reasonable preliminary fit, but the
Durukanoglu, Kara, and Rahndralso calculated the sur- data had clear oscillations which called for a model with
face phonon spectrum of C1L5 and similar C(001) vici-  atomic displacements and additional Debye-Waller factors
nal surfaces, finding highly anisotropic thermal vibrations atfor the surface atoms. On this vicinal surface, the most gen-
the surface. The in-plane phonon modes perpendicular to theral model has many atoms with independent displacement
steps were particularly softened, resulting in a large Debyeparameters, e.g., 14 free displacement parameters for the top
Waller factor inx for the step atomgsymbol Bf; the sub- seven layers of atom@ll of these atoms being close to the
script represents direction and the superscript identifies theurface. Refining such a model produced a physically unrea-
atom). Calculated vibrational amplitudes xfor terrace and  sonable fit: the distance from ato&(the step atomto any
corner atoms were progressively smaller, reflecting theiof its nearest neighbors was greater thah &., compared
greater coordination. Vibrational amplitudesyinvere nearly ~ with the bulk bond length of 2.965A ; the Debye-Waller
identical for theS, T, and C atoms, and ire the trend was factor for this atom also had a large, negative valwaich
reversed fromx, with the corner atoms having the largest has no physical meanipgOther interatomic distances on

B. Present experiment and results
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1000F a) 11 Rod 3 TABLE Il. Refined parameters for the final model of @5),
as described in the text, yielding’=1.40. Structure factors calcu-
lated from this fit are the solid lines in Fig. Ax; is the displace-

100¢ A 3 ment of atomi from its bulk-lattice-defined position in units of the
surface unit cellAz; is the vertical displacement of atgnfrom the
10 atom at the next deepest site compared to the bulk displacement, as
100 defined in Eq(4).
Vertical Lateral Debye-Waller
10 displacements displacements factors
1000 Azglzo=—0.154 Axs=—0.0009 B '=7.6 A
Az7/zy=+0.081 Axy=—0.0011 By, =3.3 A?
100 Azclzg=—-0.011 Axc=—0.0075 BS2=1.9 A
(k=0.4) Axs,=0.0035 BbUk=0.55 A2

—
o

1000 ¢ . _ . . .
inward, towards its neighbors, in agreement with the LEED

experiment® The fit was not very sensitive to the decay
parameter, sa& was fixed at 0.4, as suggested by the numeri-
cal calculations and simple force-constant model of Ref. 32.
As predicted by calculations of the phonon spectrum of
the Cu115 surface’’ an anisotropic Debye-Waller factor
for the surface atoms significantly improved the fitting. In-
- stead of attempting a detailed comparison with the results of
Ref. 37, we limited the number of Debye-Waller factors to
i | the minimum needed to obtain a satisfactory fit. We found
9 -6 -3 0 3 6 9 that four such parameters were sufficient: two anisotropic
¢ (RLU) Debye-Waller factorgone for thex direction, and one foy
andz) shared by atomS andT; one isotropic factor shared
FIG. 5. Structure factors of the five crystal truncation rods ofpy atomsC and S2; and a value oB,,,=0.55 A for all
clean Cu119). Circles represent data points, the dashed line is a figther atoms. Additional Debye-Waller parameters did not re-
for an abrupt bulk termination, without atomic displacements org it in an improved fit.
multiple Debye-Waller factorsy®=2.47); and the solid line is the In addition to the above parameters, our model included a
best fit as described in the texy{=1.40). (2 (11) rod, whose roughness factor based on the geometrical model of
bulk peak is at=5. (b) (20) _rod, whose bulk peak is &t 10. (c) roughness? The best fit yieldegB=0.51, a large value even
éigl)( ir;)c;ﬂvlhg S(‘Z )b(lgla?eriz"ivit;ezuﬂi) ésgk) igogé:\';g?se bulk for a metal. However, this,. like the large _vaIuesA?ii 1z, .
was due to the very small interlayer spacing of this surface;
the root-mean-square roughness was only 1.44 A .

100

Structure Factor (arb. units)

10

10

1

this surface became less tha2 & . We conclude that this The low symmetry of this vicinal surface produced many
model provided too many degrees of freedom for the availatoms near the surface which had crystallographically inde-
able data. pendentx and z coordinates. Simply allowing these coordi-

To attempt a more realistic description of the(Cl5)  nates to vary independently did not produce a physically
surface, we developed a model which included fewer freeealistic fit, but a restricted model assuming elastic interac-
parameters combined with some physical insight. This modetions did. One effect of including Ed5) is to limit unreal-
limited all vertical displacements to the form of B§). Thus  istic interatomic distances; most of the refined distances in
an arbitrary number of atoms was allowed to relax in zhe the model ranged from 2.49 to Z.R . Prevention of unre-
direction and be described by only four parameters: zhe alistic interatomic distances can also be addressed by adding
displacements of the step, terrace, and corner atakzg,( an “energy cost” to the goodness of fit parameter. That is,
Az;, andAzc respectively and one decay factot, using  bond lengthgor also bond angledar from bulk values add
the definitions of Eq(5).32*"In practice, we allowed vertical to the x? of a model, ensuring a preference for realistic in-
displacements to the 15th layer of atoms, and used one conteratomic distances. This procedure has been empibyed
mon « instead of separate decay factors for §id, andC  the solving of complex reconstructions on semiconductor
atomic columns. surfaces using the Keating model of interatomic potentfals.

In addition to these vertical displacements, displacement®n the other hand, Eg5) is, to some extent, an oversimpli-
in x for the top four atoms and four Debye-Waller factors fication of the true multilayer displacements. Surface atoms
were needed to model the surface satisfactorily. The valuewill likely relax with some deviation from an exponential
of the refined parameters are listed in Table II, resulting in adecay, which this model does not take into account. A more
fit to the data ofy?=1.40 and graphed as the solid line in complete structure determination would require data from a
Fig. 5. The simple constraint of E¢5) was apparently suf- greater range of reciprocal space, implying a higher x-ray
ficient to constrain the model and still explain the observa-energy. Unfortunately, more energetic x rays than those used
tions. As expected, the step atom is significantly contracteéh this experiment would cross the G« adsorption edge,
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resulting in a high fluorescence background and making ac®/Cu(104) facets of Cy108 as missing thesecondCu row,
curate integrated intensities more difficult to measure with-based on one low-resolution STM image. Knight, Driver,
out an energy-sensitive detector. and Woodruff’ reinterpreted that image as more likely miss-
ing the fourth row of Cu, consistent with their higher-quality
images of O/C(L04) formed by faceting of C{106). Reiter
. STRUCTURE OF O/CU (104 FACETS and Taglaué?f interpreted their images of O/C104) from
_ the faceting of C(IL15) as missing the fourth Cu row.
A. Previous work on O/Cu(104)
Unlike Cu(1) surfaces, C{104) is a(001) vicinal sur- B. Present experiment and results
face with (010)-type steps, i.e., 4(108(010) in compact
step notatiorf* The first four rows of atoms are all exposed
to the surfacdi.e., have reduced coordinatiprihe steps are
not close packed, resulting in a surface which is not expecte
to be thermodynamically stabfé Upon exposure to oxygen,
however, this surface is known to become extremely st&ble.
The O/C{104) orientation is so strongly preferred that many
nearby C(001) vicinal surfaces tend to form O/CL04) fac-
ets when exposed to O. Formation of O(D0¥) facets has

In order to determine conclusively the surface structure of
0O/Cu104), we have performed surface x-ray diffraction on
Epe (104 [and equivalent014)] facets. The faceted surface
was prepared by exposing the clean(Tib surface(pre-
pared as described in Sec. I) Bo ~50-L O, at 308°C.
Faceting was observed with the x rays, as described in Ref.
28, until (104), (014), and(113) facets had formed.

For this preparation, the coherence lengthxifperpen-

dicular to the stepson the (104) facets was approximately

been observed by O dosing of many Cu surfaces, including . . o
26 24 24 23 22 00 A, as judged by CTR half-widths; i the coherence
Cul119,”” Cully,” Cu1,1,13, " Cul,1,16,~ Cul102), length was approximately 700 A. These lengths on(fHe)

27 25,24 23 :
Cu106,” Cu(108), and CL{41£.3)' As ment.|on(.ed facets were approximately 300 A inby 1000 A iny. These
above, other facets must also form in order to maintain, on

average, the macroscopic orientation of the surface dimensions varigd with preparation conditiofis e., tem-

Due t,o the(010 orientation of the steps of thél04 perature, @ partial pressure, total Odose. All structure
surface, the lateral separation of Cu step atémsng a step factor measurements were performed after O dosing had
is 3 61'/3\ This exposes gaps along the step edges whic%nded and the sample had been cooled to room temperature.
prov.ide én ideal adsorption site for O, since 1.85 A The crystal truncation rods arising from these facets were
(~3.61 A /2) is the Cu-O bond length in gm and in éev- no longer perpendicular to the Qui5 surface, but instead
eral O-induced Cu reconstructioHsin fact. the O-Cu-O lin-  €2ch set of rods were perpendicular to the facet plane from

. X .. which they arose, as shown in Fig. 1. Tti04) and (014
ear chains which form along these steps are often consider , L ,
the stabilizing building block of the O/Cu(001)(2 R's are not parallel to the plane of Fig. 4; #t1d3 CTR's

are in this plane, but are tilted 25.2° frof@01]. To index
éfgétrucct)iécniglm)(% 1), and O/Cu(11®(6X2)  hese rods, we switched frofi15 surface notation to the

. ; _ notation of the particular facet. Operationally, this was ver
Despite the importance of th@04) surface in the O on P P 4 4

easy to achieve by appropriately relabeling all of the align-

Cu system, a full structural determination has not been peryant reflections in the diffractometer’s orientation matrix.

formed, and studies to date remain ambiguous. Algra, Suufryg reciprocal-space transformation from standard fcc units
meijer and Boer§? using low-energy ion scattering, found to the (104) surface units is given by

only one type of O adsorption site in (04 for low O

exposures, concluding that,@dsorbs dissociatively into the h 4 0 1\ /H

hollow sites of the steps. A photoelectron diffraction study

by Thompson and Fadl&yconfirmed that O resides at the K =1 0 1 0jfkj, (6)
twofold step sites at low exposure, but at higher coverage I (104) -1 0 4 L/ e

also occupies #001) terrace site, as proposed by Perdereau

and Rhead® More recently, Robinson, Vlieg, and Feffer OF. inversely,

hypothesized that O would sit in the hollow sites of the first H 4 0 -1 h

and third Cu rows, and that the fourth Cu row would be

missing; the(001) terraces on the vicinal surface then have a K =17 0 17 O K (7)
structure similar to the @2x.2 reconstruction of L 1 0 4]\

O/Cu001). In the 2\/2x /2 reconstruction, the O atoms are fec (104)

fourfold coordinated; if O atoms sit at the center of the firstWith this transformation, (113}=(603),15=(401),4.

and third-row hollow sites ofinrelaxedCu(104), then the O Bulk peaks for the(104) surface are separated inby 17
atoms in the third row have five Cu neighbarslessthe  reciprocal-lattice units, and are connected by CTR’s perpen-
fourth Cu row is removed. Rutherford backscattering anddicular to the(104) surface. In this tetragonal unit cef,
channeling experimerts*®were not able to directly observe =c=14.90 A andb=3.615 A .

O on the C(104 surface, but did find a large outward ex-  Since the average surface orientation, across many facets,
pansion of the top atomic layers 6f0.3 A. A missing row s still (115), |=0 no longer represents the plane of grazing
was not needed to interpret this data, yet the data were coifrcidence or exit for the x rays relative to tfig04) planes.

sistent with the third or fourth row missing. For some rods, measurements can be made with the grazing
Several STM studies have examined the structure oincidence geometry fdr<<O. In other cased~O0 is inacces-
O/Cu104) facets formed by exposing various ©01) vici- sible. But for most of thd <0 measurements in Fig. 6, we

nal surfaces to O. Lloyd and Woodrtfnitially labeled the  use the inversion symmeth¥ | = |Fral-



15 452 D. A. WALKO AND I. K. ROBINSON PRB 59

|
©
|
~
|
o
|
w
|
-
-
o
|
@

100 _\\ T T T T T T ] T T T T T T
' a) 02 Rod ] " b) 20 Rod
100}
~ < 7')\
\\ :‘:
~ - ;::
~ =
10 1 1 1 1 1 1 FD’ 10 1 1 1 1 1 1
1 2 3 4 5 6 7 8 [ -1 4} 1 2 3 4 5 6
) ¢ (RLU) s
'-:" T T T T Rt
5
£ 1000} c) 31 Rod & 1000
5 5 5 i
orel -
el (]
[
&
5 100 ¢
] E
© 100E 3
[ N
~ P iy
]
-
-3 10E
S 10 i
[
4+
wm

1000

100 ¢

0
¢ (RLU)

FIG. 6. Structure factors of the five CTR’s of O/Q04) facets. Circles represent data points; the dashed line is a fit for an abrupt bulk
termination, without atomic displacements or multiple Debye-Waller factgfs-37.3); and the solid line is the best fit as described in the
text (x>=5.5). (a) (021) rod, whose bulk peak is &t=0. (b) (201) rod, whose bulk peak is &t=8. (c) (311) rod, whose bulk peak is at
I=-5.(d) (510) rod, whose bulk peak is &= 3. (e) (80) rod, whose bulk peak is &= —2.

Along with structure factors from O/QU0O4), we mea- rods. Instead, our best fit to the data is a model althiows
sured the structure factors from the crystallographicallypresentand O atoms in the hollow sites of the first réstep
equivalent O/C(014) facets, finding, as expected, that dataedge and third row(terrace. The displacements of the at-
from both facets agreed well. Therefore, to achieve a bettedms in the first five rows are listed in Table Ill, with calcu-
data set we averaged the measurements from the two facd@ed structure factors displayed as solid lines in Fig. 6. Ex-
together, along with the symmetry equivalents from eacteluding the O atoms from the model, while refining the same
facet. In all, we measured 319 structure factors using 7.9aumber of Cu displacements, results ig‘avalue more than
keV x rays, which symmetry average to 127 data poitite ~ double that of our best model.
average agreement is 5.2%long the five inequivalent rods In our model of the surface, the first three rows of atoms
shown in Fig. 6. relax upwards, away from the bulk. The average spacing

The structure factors along each truncation rod aréetween atoms in the top three rows and atoms in lower
strongly modulated, indicating a drastic modification of thelayers increases by 9%, fully consistent with ion channel-
surface structure away from a simple bulk truncatiepre-  ing studies'® With the first three rows expanding away from
sented as dashed lines in Fig. @lthough the oscillations the bulk, the comparison with the O/Cu(001)2x y2)
may be suggestive of a missing row, no such structure coulduperstructure®® remains partially valid, even without the
be found that simultaneously fits the oscillations on all fivefourth row absent. Apparently, the expansion of the first
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TABLE lll. Refined parameters for the O/Ci04) surface struc- TABLE IV. O-Cu bond lengths for the two O adsorption sites
ture, resulting iny?=5.5. Displacements are in fractions of the on CU104), with uncertainties of about 0.04 A, based on refined
surface unit cell. For Cu atoms, displacements are relative to bulkatomic coordinateg¢Table Ill). In contrast, if the surface Cu atoms
inferred positions. Displacements for O atoms are relative to the Cwere unrelaxed and the O atoms were centered in the hollow spot of
atoms of the same layébesides the displacement fin y). Un-  the step or terrace, thethy.c, would be 1.807 A for each bond
certainties for Cu atom displacements are2x 10 2 for Az, length in the table.
~1x10"3 for Ax;, and about twice that for O atoms.

O-atom site Cu location  dgc, (A) Coordination
Atom  Layeri Az AX; Debye-Waller factors
step(row 1) row 1 1.855 2
0] 1 +0.028 —0.003 ~0 row 2 2.410 1
0] 3 +0.015 +0.016 ~0 row 5 2.540 1
Cu 1 +0.025 —0.0157 1.8 & terrace(row 3) row 2 1.847 1
Cu 2 +0.019 +0.0125 1.8 & row 3 1.837 2
Cu 3 +0.023 +0.0022 1.8 & row 4 1.842 1
Cu 4 - +0.0046 0.55 & row 6 2.420 1
Cu 5 - +0.0036 0.55 &

1.85 A from the adjoining Cu step atoms, but the.4 A
three rows carries a lower energy cost than removing th@om the next nearest Cu atoms. Cu-O chains, without the
fourth row. A side view of the relaxed structure is shown infourfold coordination of O, are thus the main feature at this
Fig. 7. O site. Table IV details the nearest-neighbor Cu-O bond

One notable result of this analysis is that the facets arQQngths resumng from our fit. This strong asymmetry in
within error, completely smoothyo?=0=0.1 A, as might  binding sites is not too surprising; on this stepped, vicinal
be expected from the stability of the O/@04) facets. That surface, the O adsorption sites should not be degenerate as
is, on the length scale of the facets, the steps on the surfagge the sites on the symmetrical2x 2 surface. The steps
are straight(unkinked and unbunched, in agreement with on this vicinal surface produce the asymmetry in O adsorp-
the micrographs of Reiter and Taglad@Besides a Debye- tion sites observed in this work and previous studféSwe
Waller factor for the bulk Cu atoms dy,=0.55 &%, the  expect this asymmetry, not present on idéabn-miscut
Cu atoms of the first three rows had a separate factoip/cy(001)(2/2x \/2), significantly affects any rehybridiza-
Bsurace= 1.820.2 A2 The refined Debye-Waller factor of tion of Cu-O bondé4’ This should be apparent in valence-
the O atoms was zero within error bars. In all, four displacehand spectroscopy and in any future theoretical calculations

ment parameters were used for O atoms and eight for Cihich compare the total energies of the various @10¢)
atoms. Due to the fewer electrons in O than in Cu and thgyrface structure models.

correspondingly smaller form factor, the positions of the O

atoms are determined with slightly lower certainty than the

Cu positions. Despite this model's excellent ability to repro- IV. STRUCTURE OF O/Cu(113(3x1) FACETS

duce the modulations o_f the structurt_a factor_ along all five A. Previous work on O/Cu(113)

rods, the goodness-of-fit parameter is relatively largeé:

=5.5. We feel this is due not to any deficiency in the model, In contrast with the heavily studied O/C04) system,

but to an underestimation of the systematic errors associaté@ry littte work has been published regarding O(C18),

with the highly reproducible data. The? test weights each and most of that has concentrated on (&3 facets pro-

data point with the inverse square of the error, yielding aduced by exposing G115 to oxygen. STM images by

high goodness-of-fit measure even for good fits to data wittReiter and Taglauét show a moderately disordered struc-

small uncertainties. ture on the(113) facets, with stripes about two atoms wide
We do find one striking dissimilarity with the running parallel to thg direction. These stripes appear to be

O/Cu(001)(2/2x \2) structure, in that the two O sitém  Separated by about four monatomic((l:;B) steps; however,

the first and third rowsare inequivalent. The O in the third Vvariations in stripe width and separation are clearly visible

row (terrace sitgis fourfold coordinated with bonds 1.84  across the larger area scans. Along a stripe, atoms appear to

A to the Cu atoms in the second, third, and fourth rows; this?€@ grouped in “blocks™ about three atoms long, with gaps

is almost a planar structure quite unlike the O coordinatiorPetween the blocks about 1.6 A wide. Occasional bright

on the 2/2x /2 structure or in bulk C40. The O in the first spots on the blocks were interpreted_ as “superatoms” el-
row (step-edge sités only twofold coordinated: it is located evated~0.8 A above the other atoms in the block. Based on

the separation of stripes, length of blocks, and relative posi-
tions of neighboring “superatoms,” Reiter and Taglauer de-
scribed this surface as@(12X 7) reconstruction.
Milne*® also observed the formation (¥13 facets due to
O adsorption on two vicinal Cu surfaces. Electron micros-
copy indicated that O adsorption caused(¥lb) to form
FIG. 7. Side view of refined O/Gu04) surface structure. Bolder (305 and (113 facets, and reflection high-energy electron
atoms are in theg=0 plane, while the lighter atoms are in tge  diffraction determined that O caused @W2 to facet to
=1 plane. O atoms have a smaller diameter than the Cu atoms. (223 and(113 orientations®® No structure was proposed for
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these facets, and as they appeared only occasionally, the) 100 T

were likely metastable. During Qdosing on a single crystal | a) 11¢ 11000 vl (i) 7/3’1’6_
Cu(113 surface, Fu and Somorfdiobserved (2x 1) re- %

construction for O coverages of 0.4-0.5 ML, which reduced
to 1x1 at higher coverages. Two nondegenerate O adsorp-
tion sites were identified based on desorption asymmetries,
but no structural study was performed. e 10
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B. Present experiment and results
The disordered nature of the O/Qd3) facets precluded
the possibility of a full crystallographic analysis, yet, as Fig.
2 clearly shows(113 CTR’s were present in our data; the
surface was, to some degree, flat and ordered. Following the

o))
o
T

4100

Structure Factors (arb. units)
[ -2
o o
o

10

o

100

procedure of Sec. lll B for the case of O/Q04), we mea- 3100 -l D 13/3’0’5_
sured structure factors along six CTR’s, which symmetry s
averaged to four, including those shown in Fig&)88(c). 3100 501 &y
Furthermore, we found a>31 reconstruction, indicating an o5l § %
ordered superstructure i but not in y Figures &d)—8(f) {10 ARl

plot structure factors along three fractional order rods, while _5 1 23 _1 1 '3 s

the full set of in-plane|(|=1), third-order structure factors t (RLY) t (RLU)
are shown in Fig. &). Care was taken during measurement g) "In—plane” fractional order structure factors
to exclude contamination from third-order harmonics in the L o@ ¥ o © @@% ©o ©0oOXo -
x-ray beam; such features were much narrower and more
intense than the superstructure rods, and therefore straight
forward to isolate. In all, 300 structure factors were mea- ~ ;| ¢ o c 0¥ o o O*@O 0 o -
sured, symmetry averaging to 218 inequivalent points with " .

-

& (RLU)

an average agreement of 5.9%. The conversions betweer ° ! 2 h(gw, 6
standard fcc coordinates arniil3 surface coordinates are
given by the matrices FIG. 8. Structure factors from rods of O/(13) facets. Circles

represent data points; dashed lines, the fit for an abriit bulk
termination; and solid lines, the best fit as described in the text.
1 (a)—(c) Structure factors from integer-order CTR’s. Bulk peaks are
located at(113), (205), and (401). (d)—(f) Structure factors from

0 K 8 third-order rods. Note that the vertical axes(af—(c) are logarith-

L mic, while those of(d)—(f) are linear.(g) Structure factors for in-
(113) fec plane third-order reflectiongl{<1). On the left are shaded semi-
circles whose radii are proportional to the measured structure
factors, with the hollow, outer semicircles representing the error
bars. On the right are values calculated from the best fit. Asterisks
H 3 —11 -1 h represent points where CTR’s pass through the surface plane.

NP N W
I

and

=~

K =—|3 11 -1 (9)  the stripes did not have well-defingdralues. The complete
L 2 0 3 | absence of superstructure reflectionskiragreed with our
fec (113) interpretation of the STM images, that the stripes had no
with resulting lattice parametem=28.477 A, b=2.556 A, long-range order in thg direction. Our model attempted to
andc=11.989 A. account for the disorder iy by performing an incoherent
Since all third-order rods are presefiiot just sh+k averaggsumming of inte_nsitie)gc_)ver two m(_)del surfaces. In
equal to an integer the 3< 1 reconstruction was noncen- each surface, the atomic positions were |den_t|ca_\l except for
tered. Thus eactbulklike) layer of the surface contained six three Cu atoms, which exchanggdalues. That s, if for one
symmetry-inequivalent atoms. The modulation of the frac-Model surface, one “disordered” atom was located at
tional order rods in Figs. @)—8(f) indicated multilayer re- (x,02) then, for the other, the atom was at,{,z). This
laxations were also important in the structure of this reconimodel is an obviously limited attempt at treating the sur-
struction. The refinement of this many atomic positionsface’s disorder, and ignores the variations in stripe width
presents a daunting task even for a well-ordered surface; thebserved by STM?® The significant disorder on this surface
disorder made a complete crystallographic description unfeamakes it unlikely that any “superatoms” would be at well-
sible. defined crystallographic sites; attempts to refine positions of
While our model does not determine all atomic positionsadditional atoms on top of the stripes were unsuccessful.
on this surface, it does succeed in describing some features Like the O/Cy104) facets, described in Sec. Il B, which
of these facets. We indeed found that a model containingvere smooth as measured by x rays, the O/Cu(118Y(B
stripes of Cu atoms fit the data best, in agreement with théacets had8=0=*0.01, using the geometrical model of
STM work?2® However, the STM also showed the atoms inroughness described in Ref. 30. One Debye-Waller factor of
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Stripe the conclusions which could be drawn. For a more complete
understanding of O/GQ@13, other surface science tech-
nigues, each with its own advantages and limitations, must
be applied to this system.

ac(lxl) a(3x1)
Cu atoms: O atoms: V. CONCLUSION
Qy=0 °yzo 2 In this r we have presented thr rf tructur
Oy=05 oy=05 lis paper we have presente ee surface structure
Oy=0and 0.5 »x determinations, of a clean vicinal surface and of two oxygen-

covered facets. While the determination of the QID4)

FIG. 9. Side view of the refined O/Cu(113)%3) surface facet structure demonstrates the power of surface x-ray dif-
structure. O atoms have a smaller diameter than Cu atoms. Theaction to detect subsurface atoms, the determination of the
thickness of the atoms shows whether they are located inythe Cy(115) surface structure and the O/Cu(113)3) facet
=0 or 3 plane, or bothto model the disorder on the surfacghe  structure demonstrate the more common situation, of the
bottom two rows of atoms are unrelaxed from their bulk positions.need for multiple, complimentary surface science techniques

(theoretical as well as experimentdb describe a surface
B=0.5 A? sufficed for all atoms; this model is not detailed fully. In the case of O/Cu(113)(81), additional work re-
enough for the relatively fine effects of additional Debye-mains on both preparation and analysis of this disordered
Waller factors. Based on interatomic distances, three atomSructure before a Comp|ete description can be reached.
per unit cell were tentatively identified as O, with the appro- e expect that our results for the O/Q04) facets
priate form factor used in calculation of the best fit. In theshould also describe the structure of bulk O/t single-
refinement of the atomic positions, 19 Cu atoms were a'crystal surfaces. As discussed in Ref. 28, QADd) is one
lowed to relax from their bulk-defined positions, besides thepf the most stable O-covered Cu surfaces, and the formation
three O atoms and the three Cu atoms “disordered’y.in  of O/Cu(104) facets appears to drive the faceting of this sys-
Figure 9 is a side view of the refined positions of the atomgem. It is conceivable that these facets may, in fact, be closer
in our disordered stripe model. The structure factors calcuig the lowest-energy structure of O on (@04 than even
lated from this model are shown with the data in FIgS 8. O/CL(]_OAD from bulk Sing|e Crysta|s_ Bulk Crysta|s may be

The goodness of fit parameter for the disordered stripgampered by misorientation, impurities, or incomplete O ad-
model isy?=7.9; while certainly leaving room for improve- sorption, while the facets are less susceptible to such limita-
ment, this was the best achievable given the disorder on thgons. In our preparation we are, in effect, growing {464
surface. Most of the disagreement is associated with theubstrate along with its surface.
third-order rod measurements rising and falling more |n contrast, the113 facets are formed primarily because
abruptly than the model predicts. This is a symptom of anhe surface must maintain its macroscofii¢5 orientation.
oversimplified model: deeper layer displacements are neederhese facets are significantly disordered and likely strained.
to increase the modulation, but would introduce many addijndeed, the reconstruction formed by O on a T8 single
tional fitting parameters. It is not clear that such a procedurgrystal is supposedly quite different from the disordered
would produce reliable results. We expect our refined posistripes observed on the facét$® Nevertheless, now that
tions are the result of the ensemble average naturally pekeveral structures of O on Cu surfaces have been experimen-
formed by diffraction across many unit cells. Since the structally determinedand several other surfaces have been found
ture of the stripes is expected to varyyifidue to the blocks to be unstablg the time is ripe for theoretical work to more

and possible “superatoms” observed with STIRef. 26],  completely describe the interactions of oxygen with both flat
the positions of the atoms beneath the stripes are also likelynd stepped Cu surfaces.

to vary withy. The results of the simple disordered stripe
model picks out the laterally averaged position of each atom.
Applying surface x-ray diffraction to O/CQu13 facets
has helped elucidate the structure of these facets. Specifi- We would like to thank H. Meyerheim for use of the
cally, a noncentered:81 reconstruction was observed, and Cu(115) crystal, and E. Vlieg and D. P. Woodruff for helpful
the measured data were most consistent with a disorderatiscussions. This research was supported by NSF Grant No.
stripe model. However, the disordered nature of this surfac®MR 93-15691. The NSLS is supported by the U.S. Depart-
precluded a full crystallographic analysis, therefore limitingment of Energy under Grant No. DE-AC02-98CH10886.
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