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Oxygen-induced reconstructions on C(211)
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The chemisorption of oxygen on the vicinal @d1) surface and the subsequent reconstructions have been
studied by means of He-atom scattering, spot profile analysis—low-energy electron diffraction, scanning tun-
neling microscopy, and Auger-electron spectroscopy. At temperatures below 250 K oxygen adsorbs without
any pronounced ordering whereas at elevated temperatures above 300 K the surface starts to reconstruct and
the formation of double steps occurs. Several ordered superstructures have been identified that depend on the
thermal activation. The double steps are thermally stable up to 800 K. Experiments for very low oxygen
coverages indicate that the reconstruction starts initially at the step edges and involves later subsurface oxide
formation. Preliminary measurements for a regularly kinked surface reveal a similar oxygen-induced recon-
struction.[S0163-1828)10439-3

. INTRODUCTION (Cu,Pt,Rh,Nj.571% On the other hand, for the more open
stepped surfacele.g., (100 or (110 oriented terracgsan
Knowledge of the detailed processes of surface oxidatiomxygen-induced facetting appeats*These phenomena are
is of key importance for an understanding of corrosion. attributed to the small difference in the surface free energy
Moreover, the metal oxidation is of interest for a number ofbetween the low indexed surface and the vicinal surface,
technological processes in the fabrication of metal-insulatocompared to the relatively large binding energy of the oxy-
interfaces(e.g., metal-oxide-semiconductor technolpgA gen (i.e.,, >4 eV), which adsorbs predominantly at the
particular interest in copper oxides has been stimulated bgteps>!®
the recent progress in the metal-oxide-based high-temper- In the present study we have investigated the oxygen-
ature superconducto?s. induced reconstruction of the 11 surface. As shown in
Previous studies of the oxidation of QiM0) and Cy111) Fig. 1(a) the bare C(R11) surface consists of three-atom-
(Ref. 4 surfaces revealed a small initial sticking coefficientrows-wide (111) terraces separated by monoatomic steps
s(0) for oxygen. Considering(0) as a measure for the re- running along the close-pack¢@11] direction with a dis-
activity of a substrate with respect to a certain adsorbate th&ance of 6.25 A. The chemisorption of oxygen on this par-
more open surfacde.g., Ci110] appear to be much more ticular surface and the subsequent double step reconstruction
reactive since their sticking coefficent is by two orders ofat room temperature was first observed in a pioneering x-ray
magnitude higher than for the close packed(Xdd) sub-  photoelectron diffractiofXPD) and low-energy electron dif-
strate[ s(0)=10"2 ands(0)=0.2 for Cu111) and C{110, fraction (LEED) study by Thompson and Fadl&yThey
respectivelf]. For all low indexed copper surfaces complex demonstrated that on the reconstructed surface the oxygen
oxide superstructures were observed that are sometimes inecupies fourfold hollow sites at the bottom of the double
terpreted in terms of bulk-terminated copper oxide surfacesheight steps.
Vicinal surfaces can be used as model systems to study the Here we report on a refined study of the coverage and
influence of atomic defectdike vacancies and stepen the  temperature dependence of the oxygen-induced reconstruc-
chemisorption and oxidation on ‘“real” surfaces. The steptions and their activation, which was carried out by means of
density on such highly ordered regularly stepped surfaceble-atom scattering(HAS), spot profile analysis LEED
can be controlled by their macroscopic orientatiae., by  (SPA-LEED, scanning tunneling microscop{&TM), and
the choice of the angle with respect to the low indexed terAuger-electron spectroscofAES). From the combination
race. However, studies of surface chemical reactions on amf the complimentary diffraction and microscopy techniques
atomic scale are further complicated by possible adsorbatérformation about the periodic and local oxygen superstruc-
induced reconstructions that have been obtained for a nunture are deduced. The low oxygen coverage STM mea-
ber of adsorbate systems. Especially, for regular steppesurements, especially, reveal information about the initial
metal surfaces with close packéd.g., fc€111) oriented  steps of the oxidation. Additional SPA-LEED measurements
terraces an oxygen-induced transition from monatomic tdor the CuU532) surface, which is basically a regularly kinked
double-height steps has been obtained for various metal®11) surface, indicate that oxygen-induced double step
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the steps’/ Moreover, high-resolution inelastic He-atom
scattering has been used to study the phonon dynamics of
these surfaces and to determine the nature of step-localized
phonon mode&?

The SPA-LEED measurements were carried out in a sepa-
rate UHV apparatus, which is described in detail in connec-
tion with a previous study of cesium adsorption on(ZLL)
and Cy511) surfaces? For the present study LEED patterns
for electron energies between 40 and 200 eV have been re-
corded with a resolution of up to 100 pixels per Aand a
beam current of 80 nA. Depending on the gate time and
image size the recording of each pattern took 5—30 min. The
dynamical range of the LEED system amounts t8. 10

The scanning tunneling microscope experiments were
performed with a low-temperature STM operated at 30—100
K.2 Its capability to resolve single CO molecules or lead
atoms adsorbed on the @11) surface and their controlled
manipulation has been demonstrated in several previous
studies?’~2The STM images were taken for tunneling cur-
rents between 100 pA and 5 nA. The bias voltages given in
the paper refer to the sample voltage with respect to the tip.

The copper samples which have been oriented and pol-
ished to within*£0.1° of the desired orientation were pre-

FIG. 1. (a) Hard-sphere model of the Q1) surface. The unit pared in all three UHV systems by repeated cycles of
cell is marked by a dashed lingn) SPA-LEED pattern recorded at  a,+_jgn sputtering(750 e\) and subsequent annealing to
Ts=90 K from the Ci211) substrate £=76 eV). (c) A 1000  gng K After several cycles no further narrowing of the He-
*1000 A STM-topograph recorded frorp the bare(Z1i) surfape atom and/or electron diffraction peaks were achieved and
at T,=80 K. The inset shows an atomically resolved STM 'Mage - ontamination levels of less than 1% of a monolayer were
(55130 A) measured &,=40 K. In both cases a voltage of 0.2 found in the recorded Auger-electron spectra
V was applied, the tunneling current amounted to 0.1 and 1 nA for The oxygen exposure was carried out by .backfilling the
the large image and the inset, respectively. "9 -

sample chamber to a pressure of 50" ° mbar. To distin-
guish between coverage dependence and thermal activation
of the reconstructions the surface was first exposed to oxy-
gen at a crystal temperature of 100 K and afterwards heated.

describe briefly the various techniques used in this study. | h |
Sec. Il we recall first the structural characterization of the'N® Samples were dOSE’S to oxygen exposures between 0.05
and 100 L (1 1=1X10"° mbars).

bare Cuy211) surface and then report the observed oxygen<
induced reconstructions on @1.1). This section closes with

formation takes place also for this type of surface.
The paper is organized in the following way. First we

a presentation of results concerning the clean and oxygen . RESULTS

covered C(5_32) surface. I_n Sec. IV we summarize th_e re- A. Bare Cu(211) surface

sults and discuss them in the context of the stability of ) ) ]
stepped surfaces upon oxygen chemisorption. Before reporting on oxygen experiments we recall briefly

the results of the structural characterization of the bare
Cu(211) surface to illustrate the various techniques em-
ployed in this study. The SPA-LEED patteffig. 1(b)] re-

The present HAS, SPA-LEED, and STM experimentsflects the rectangular shape of the nonprimitive surface unit
have been carried out in three separate UHV setups. Since &€ll, which contains three atoms denoted by 1, 2, and 3 in the
of these machines have been described in connection withard-sphere model in Fig.(d. Figure Za) shows a typical
various studies on the clean and adsorbate coverédl@u HAS angular distribution re&orded along the direction per-
surface they are mentioned here only briefly. pendicular to the step edgéd.11] azimuth. As in the SPA-

Basically, the HAS apparattfsallows the angular and LEED pattern the distance between the diffraction peak
time-of-flight resolved detection of thermal energy He atomsmaxima reflects substantial features of the surface geometry,
scattered from the surface. The energy of the nearly monoelin this particular case the distance between adjacent step
ergetic He beamAE/E<2%) is determined by the super- edges. In contrast to LEED, the large azimuthal anisotropy of
sonic nozzle temperature and can be varied betwEen the surface corrugation at the steps governs now the scatter-
=10-100 meV. In-plane He-atom diffraction scans are reing process and causes very intense HAS diffraction peaks
corded by rotating the sample with respect to the incidenfor scattering perpendicular to the step edges compared to
He-atom beam. Extensive measurements of the He diffradhe weak diffraction peak intensities observed for the azi-
tion intensities for the clean €211 and Cy511) surfaces muth direction along the step edgésFrom a quantitative
were reported in a previous study and have been comparexhalysis of both, the SPA-LEED and the HAS experiments
with close-coupling scattering calculations to determine thehe excellent order of the @Q211) surface up toTs
lateral corrugation of the He-surface interaction potential at=350 K has been determin&dand is well corroborated by

Il. EXPERIMENTAL SETUP
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FIG. 2. (a) HAS angular distribution recorded along thEel1] direction. The intensity of the scattered He atoms is plotted as a function
of the incident anglé®; (see inset The vertically dashed line indicates the “terrace specular conditidh’<25.75°, see text (b) Drift
spectrum measured from the bare(Z10) surface. The variation of the terrace specular intensity is plotted as a function of the scattering
vectorK, . The latter is parallel to th€l11) direction in the geometry of the measurement illustrated in the ifgefame aga) but for a
Cu(21)) surface exposeatl L O, and annealed td,=750 K. (d) Same agb) but for a surface treated by,@s described ic). All scans
were recorded af =100 K.

STM measurements. Typical STM topographs recorded ainal was chosen for recording the spectrum. This assures the
low temperature €100 K), as shown in Fig. (), display scattering vectoK to be parallel to the terrace normjan-
large, more than 500-A-wide terraces consisting of nearldicated by a vertically dashed line in the inset of Fig)2
perfectly ordered step edges running along[®&l] direc- ~ Which is oriented along thel11) direction: K=K (111).
tion. Closer inspection of the atomically resolved imageFrom the separatiodK, (111) between adjacent intensity
[shown as inset of Fig.(&)] confirms the existence of undis- Maxima, the step heigtt [see Fig. 20)] can be easily cal-
turbed(i.e., kink freg step edges over distances of more thanculated using the formuld=27/AK,(111). The deter-
125 A as well as the excellent correlation between adjacernined value ofh=2.03(+0.05) A is in very good agree-
step edges. At this point we note that, in contrast to thenent with the expected interplanar bulk separatiom@f;,
behavior at low temperatures, at room temperature copper2.08 A. The absence of any intermediate maxima and the
kink atoms are mobile. Enhanced mobility of step edge atlow diffraction intensity at the out-of-phase conditions indi-
oms has been extensively studied for several stepped coppeites the absence of larger step heights.
surface® and affects significantly the behavior of adsorbed The STM line scans perpendicular to the step edges reveal
atoms on this surface. a corrugation amplitude of aboutA . A similar value of
Moreover, from the He-atom scattering information aboutabout 0.5 A was determined from an analysis of extensive
the average vertical order of the samfile., the step height He-atom diffraction intensity measurements in the frame of
distribution can be deduced. In formal analogy of the LEED close-coupling scattering calculatiohsThe corrugation am-
I(V) curves the intensity of the HAS specular peak is re-plitudes probed in both techniques are thus significantly
corded as a function of the incident wave vetidf k; and smaller than thgeometriccorrugation amplitude of 1.47 A.
the resulting intensity variation can be attributed to construcThis might be explained by the comparable large distance of
tive and destructive interference between He atoms scatterdde He-atom turning point and tip-surface distance of several
from various height levels of theurface (in contrast to A and/or by possible charge redistribution at the steps mainly
LEED, where these intensity variations are predominantlygoverned by the Smoluchowski effé€t.
caused by the bulk layer stacking at the surfadetypical
example of such a HAS “drift” measurement is shown as a
function of the size of the scattering vector along thé&21)
direction, K, (111), together with the kinematics of the ex- ~ Figure 2c) shows a HAS angular distribution for the di-
periment in Fig. 2b). The recorded intensity is not corrected rection perpendicular to the step edgekl1] azimuth taken
for the decrease of the incident He flux with increasingfrom the C211) surface exposedtl L O, at T;=100 K
nozzle temperature and thus with increaskg(111). An  and subsequently annealedftg=750 K. Compared to the
incident angle of®,=25.75° with respect to th€11) nor-  clean surfacdFig. 2@] new, half-order diffraction peaks

B. Oxygen-induced reconstructions of C{211)
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appear indicating a doubling of the distance between adja- top view
cent step edges. The corresponding drift spectrum for the
oxygen exposed surfadéig. 2(d)] reveals also additional
intensity maxima on half-integer positions showing the pres-
ence of regularly diatomic step heights on the surface.
Whereas the evaluation of the angular scan alone cannot
completely rule out alternative structure models, such as, for
example, missing-row-type reconstructions, the drift spec-
trum provides an important and decisive piece of information
about the resulting step structure: ap &posure as small as
1L (even 0.5 L, as it will be demonstrated beloand sub-
sequent annealing t6,=500 K is already sufficient to in-
duce a well-ordered double step reconstruction of the entire
Cu(21]) surface. The observed doubling of the step heights
and the separation between step edges as well, denoted by
Cu(211)(2X% 1) in this paper, is in excellent agreement with
the model suggested previously by Thompson and Fadley.
According to their model the GA11)(2X 1) surface is com-
posed of(111) terraces consisting of five-atom rows wide
terraces separated by double steps formed by sthal)
facets, as illustrated in Fig.(8.

The comparable half-widths of the HAS diffraction peaks
in the angular distributions and drift spectra of the single and
double stepped surfaces in Fig. 2 suggest the preservation of
the excellent long-range order of the @01) surface after
the reconstruction. The shape of the background in Rig). 2
with a maximum ad;~25° is interpreted as a rainbow pat-
tern. In contrast to the entirely step-edge dominated diffrac-
tion from the clean C211) substrat¥’ [Fig. 2(a)] the larger
terrace width of the reconstructed surface gives now rise to
an additional contribution to the diffraction intensity along
the (112) terrace specular direction. This effect was first ob-
served by Lapujoulao!e and Lefﬁyn HAS experiments for_a FIG. 3. (@ Top and side view of a hard-sphere model of the
Cu(?ll). surface which .CO.nSIStS of four-atom—rovys-W|d(a_ morphology of the unreconstructed, single stepped surfapper
(loq)lorlented terrac:esf similar to the. present S|tua_t|on. Th'spart) and the reconstructed @11)(2x1) surface(lower par} to-
additional feature provides further evidence for an intact andiether with the corresponding unit ceftiashed lines The hatched
undisturbed terrace structure of the (211)(2X1) surface gjrcles illustrate schematically the atoms that are shifted upon the
and thus supports the proposed structure model that the 0Xyaconstruction(b) Top and side view of a hard-sphere model of the
gen preferentially occupies fourfold sites at the step edgegxygenc(2x2) super structure. The small, black circles indicate
and that the terraces are oxygen fré@ low oxygen cover-  the location of the oxygen atoms at the step sites.
ages[see Fig. )]

In view of the very complex oxygen induced facetting — _
observed for several vicinal copper surfat&@the stability ~example ¢3) and (3 3), indicate the existence of an ordered
and long-range order of the (@11)(2Xx 1) reconstruction has super structure on the surface that can be straightforwardly
motivated us to investigate the aspects of oxygen adsorptioientified as ac(2X2) structure with respect to the
on Cu211) more in detail as a function of temperature andCu(211)(2x1) substrate. Figure 3 shows an arrangement of
coverage using SPA-LEED, STM, and HAS. oxygen atomgblack circle$ that coincides with &(2X2)

Figure 4 summarizes a series of SPA-LEED patterns fronstructure. According to Ref. 6 the oxygen atoms adsorb in
the oxygen covered GR11) surface recorded for loWl L) step sites as shown in Fig. 3. This figure suggests, further-
and high oxygen exposurés5 L), respectively, after differ- more, an oxygen concentration £0.08 on C(211)(2X1).
ent thermal treatments. For the low oxygen coverages &urther heating al =650 K results in a gradual splitting

(1x1) SPA-LEED pattern with a gradual increased back-uf the (%5 and equivalent spotfFig. 4(b)]. These spots
ground due to disordered adsorbed oxygen persists for an, ich after annealing the sample fg=750 K as shown

nealing temperatures below,=250 K. Staring from i, rig 4(c). The latter pattern corresponds to the HAS angu-
TAo=300 K weak additional peaks on thé(), (33) and lar distribution and drift spectrum shown in FiggcPand

equivalent positiondcf. top of Fig. 4a)] appear in the 2(d). The absence of additional spots along fB&1] direc-

SPA-LEED images. After heating up f6,=450 K a well tion resulting from the adsorbed oxygen under this condition
ordered SPA-LEED pattern emerges as shown in Figl.. 4 is attributed to a disordered arrangement of the remaining
Spots at the(30) or (31) position are in accordance with O atoms along the step edges of the reconstructed
the double-step reconstruction. The remaining peaks, fo€u(211)(2x1) surface. The analysis of the one-dimensional
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tion is in good agreement with the oxygen coverage of

al
(00)(50)(10) o 0#=0.08 expected for the double step reconstructe@Cl)
® -0 e -0 surface. Heating the surface after exposing to 0.5-2 L to
T a1 temperatures above 800 K for several minutes results also in
(ﬁ, a2 ®eee . a broadening of the half-order peaks along fh&l] direc-

tion. The corresponding HAS angular distributions show a

(01) (11) reduction of the half-order peak intensities by an order of

1L0 L &) ® 15L0 LA magnitude compared to the integer peak intensities, which
2 2 indicates a gradual decay of the double steps and a return to
-~ . ] e - IF 91 single steps. From the AES measurements after heating a
I_(OO)("O) ¢ -I . . . .
| | [T.=450K |(00)(10)| signal ratio ofl 4/I cu=0.05 was derived correspondlng_ to an
vl e I N |- oxygen concentration of 2% on the surface. Thus a minimum
" oxygen concentration of 3—5% is required to stabilize the
| (o) | l((ﬁ). | double steps. Thompson and Fadley reported a lower expo-
R N B a) | Pl b ol 1d) sure limit for the reconstructionf@ L O,.° We note, how-
. - o & e s . e s - o ever, tha_t _they studied the room-temperature behav_ior with-
(00) (10) |T =650 K| (00) (10) ogt explicit thermal aqt|vat|on, which .m|ght explc_al_n the
different values. Assuming a constant sticking coefficient for
- tee £ s - & o 0 - 8 very small oxygen coverages the initial sticking coefficient
°-<'-:; ©9) 09 can be estimatédfrom the minimum exposure to achieve an
%]3 A oo -0 . b) rre v @ e) entire double step reconstruction and the corresponding oxy-
— % gen coverage and values sﬁol)~0.5 ands(0)~0.18 have
> e 0009 00) (10 been determined for adsorption at 100 and 300 K, respec-
(00) (10) [T,=750 K] (00) (10) tively.
” " BRI I Significant changes in the adsorption behavior occur if the
_ oxygen exposure is increased by about an order of magni-
(09) v e (T) . tude. This can be inferred from the series of SPA-LEED
b ot S (¢)] f) patterns for 15 L @ shown in the right panel of Fig. 4.
Whereas at low temperatures only a gradual increase in the
AKgylA™] background signal with oxygen exposure was observed, new

extra spots appear after annealing to 300 K and a complex

FIG. 4. Sequences of SPA-LEED patterns recorded from 0Xydlffractlon pattern emerges after annealing the sample to
gen covered O@11) surfaces. The imagéa)—(c) and(d)—(f) were ~ 1a=450 K which is illustrated schematically in Fig(d}.
measured after initial exposurd & L O, and 15 L Q, respec- PartiCU|ar|y in the vicinity of the half-integer spofe.g.
tively, at T.=90 K and annealing for 5 min at three different tem- (30)] additional peaks appear, indicating the existence of a
peraturesT, denoted in the figure. All scans were takenTat  large periodicity along thg011] direction. By carefully com-
=90 K and an electron energy B=76 eV. Schematic and mag- paring different SPA-LEED images taken from this structure
nified diagrams of the peaks observed in the sections mark&l in neither shifting nor splitting of single spots as a function of
and (d) are presented at the top of the figure. The large circlesincident electron energy over the range from 50 to 165 eV
correspond to peaks observed from the bare substrate. The smalias observed. Thus, decomposing of the surface into pref-
circles illustrate additional features in the patterns induced uporered facets as reported for Gu1) (Ref. 13 can be ruled
oxygen adsorption. out. Upon further heating to temperatufes=600 K again

the already known sharp(2x 2) patterns appedsee Figs.
SPA-LEED scans along tl[é.ll] direction revealed compa- 4(e) and(f)], which are typical for long-range ordering rather
rable half-widths for the integer and half-integer peaks. Thushan facetting.
the remarkable long-range order of the step edges demon- Thompson and Fadley obtained for oxygen exposures
strated already in Fig.(&) is not significantly disturbed by above 40 L at room temperature a strong increase in the
the reconstruction into diatomic steps. LEED background intensity, which they interpreted as a

For oxygen exposures ranging from 0.5d.3 L O, very  gradual facetting of the GR11) surface® In contrast we
similar results were obtained. In contrast, for exposures besbserved always the same ordered LEED pattern for
low 0.5 L O, a considerable broadening of the half-integerlow-temperature oxygen exposures ranging from 15 to 100 L
peaks along thgl11] direction and the appearance of streaksand subsequent heating. This result suggests that at low
in the LEED patterns was observed indicating an uncomtemperature§100 K) the oxygen saturation is reached al-
pleted reconstruction even upon heating to temperatures asady for exposures below 100 L and further that at room
high asT,=750 K. Thus the lower exposure limit for the temperature the reconstruction is already thermally activated
oxygen stabilized C@11) double step reconstruction and thus the onset of three-dimensional oxide formation
amounts to 0.5 L. Accompanying AES measurements of thés likely.
peak-to-peak intensities of the oxygen KLL peak at 503 eV  Accompanying HAS and STM measurements provide fur-
(Io) and copper LMM peak at 920 eM {,) reveal a ratio ther interpretation of the SPA-LEED image in Figda All
lo/1c,=0.11 that corresponds to an oxygen concentration obbserved spots can be explained by a coexistence of a struc-
only 5% on the surface. We note that this oxygen concentrature with a relatively large unit céfl and the above intro-
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FIG. 6. (8) STM topograph of the Q@11) surface exposed
AKp A1) to 20 L O, and annealed td,=500 K. (b) Profile recorded along
the [111] direction marked in(@). (c) As (b), but along[011] . (d)

FIG. 5. HAS angular distribution along tfi@11] direction. The ~ As (a) but annealed tor,=700 K. (e) Profile recorded along
Cu(211) surface was exposed to 12 L,@nd annealed tar,  the[11l] direction marked ir(d). (f) As (e), but along[011]. Both
=450 K. The measurement was takenTat 100 K for an inci- ~ STM images were measured B§=40 K.
dent wave vector ok;=9.1 A~1. The upper panel shows the sec-
tion marked by a dashed rectangle in the bottom panel on a differedf€flects the occurrence of diatomic stesee Fig. 3 The
wave-vector scale. periodicity of 5.1 A observed along the step edge direction

[Fig. 6(b)] is expected for a twofold superstructure. In addi-
ducedc(2x2) structure, which persists upon annealing totion this structure is clearly modulated by another periodicity
higher temperaturdsee Fig. 4e) and 4f)]. The above men- of about 33-3 A, which is in good agreement with the dif-
tioned large unit cell implies a periodicity of about 36 A fraction measurements.

(which corresponds to 14 nearest-neighbor Cu-Cu distances Moreover, a comparison of the STM images for the clean
along the step edgen the surface. More instructive is the [Fig. 1(a)] and oxygen-covered Q211) surface[Fig. 6(a)]
inspection of the corresponding HAS angular distributionindicates that due to the oxygen adsorption the corrugation of
Fig. 5 recorded from_a similarly prepared @@1) surface the terrace is increased. On some terraces in the STM image
along the step edgég)11] direction. From the separation of shown in Fig. 6a) three bright bumps can be identified,
adjacent diffraction maximésee blow up in the upper panel which are aligned at an angle of 60° with respect to the step
of Fig. 5 again a real space distance of about 35 A is deteredges. From previous detailed experiments it has been con-
mined. In this context we point out the moderate corrugatiorcluded that such bright spots observed in the STM upon
along the step edges inferred from the small diffraction pealoxygen adsorption are attributed to metal atdiSince dif-
intensity relative to the specular peak. In contrast to thatferent oxidation states can also result in different electronic
HAS angular scans taken from several oxygen superstrusurface configurations the oxygen adsorption on terraces at
tures on R(D00) and Cy100 surfaced*?reveal diffrac- larger exposures cannot be decisively confirmed by STM.
tion peak intensities of the same order of magnitude as th&hese additional features disappear after annealing at tem-
specular peak and thus a substantial corrugation of thperatures off ,=700 K and the terraces appear smoother as
oxygen-covered surface. Therefore the significant smalleshown in Fig. §d). The remaining double step structure is
corrugation in the present case favors an incorporation of thextremely well ordered, besides the protrusions in the left
adsorbed oxygen in the step edges, e.g., the formation gfart of the image Fig. @), which are probably due to impu-
Cu-Cu-O chains, or the occupation of subsurface adsorptiority atoms and the terraces. The regular size of the double-
sites, giving rise to a gradual long-range modulation with thestep terraces is again confirmed in the STM profile in Fig.
observed periodicity. This picture is further corroborated by6(f). The comparison of both images in Fig. 6 reveals also a
the STM topograph depicted in Fig(éd which shows a 50 reduction of the corrugation along the step edges by a factor
x50 A section of the C{211) surface exposed to about 20 L of three upon annealing the oxygen covered surface and thus
0O, and subsequently annealed T@=500 K. Again the confirms the “smoothing” obtained already in the He-atom
measured distance of 12.5 A between adjacent maxima in thdiffraction. In addition to the remaining periodicity of about
profile recorded perpendicular to the step edges, Fig, 6 5.1 A [Fig. 6(e)], which agrees well with the corresponding
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Piid FIG. 8. SPA-LEED pattern of the cledn) and oxygen-covered
80 100 (d) Cu(532 surfaces recorded for an electron energy of 163 eV. To
X [A] illustrate the LEED pattern the schematic diffraction patterns are
also shown below. The pane{s) and (f) show a top view hard
sphere of the clean @532 surface and a structure model for an

FIG. 7. STM topographs of GALD covered by low amounts of oxygen induced double step reconstructed33@) surface.

oxygen.(a) 0.05 L O,, annealed tol,=200 K. (b) 0.4 L O,,
annealed tal ,=300 K. (¢) Line scan along a double step as indi-
cated in(b). neighbor distancesi.e., 38 A. A closer inspection of the

line scan identifies this overstructure as a phase skip in reg-
SPA-LEED patterndFigs. 4e) and 4f)], there is still a istry with respect to the substrate of one copper neighbor
modulation along the step edges of about 37 A. distance.

Further insight in the onset of the reconstruction pro-
cessis provided by the STM topographs shown in Fig. 7. The
image in Fig. 7Ta) was measured after exposing the sur-
face to only 0.05 L @ at T;=200 K. The surface is rough To study the influence of surface kinks on the oxygen
and disordered. There are no ordered reconstructed areseraction additional LEED measurements of the oxygen ad-
or double step structures as observed in the other imagesorption on a regularly kinked/stepped (682 surface were
The interpretation of the image is that oxygen is randomlycarried out. The hard sphere mod&p view) in Fig. 8(c)
incorporated in the Q@11) surface and single copper illustrates that this surface structure can be derived from
atoms are removed from the step edges and appear as tGe(211) [cf. Fig. 1(@)] by periodically introducing kinks in
white spots in the image. The situation changes completelthe close-packed step edges of that surface. Whereas the
when the surface is exposed to oxygen at room temper:l1ll) terrace structure of both surfaces is almost identical.
ature. Figure {b) shows a topograph of the (A11) surface The SPA-LEED pattern recorded from the clean(%32)
after exposure to 0.4 L oxygen at room temperature. At leassurface presented in Fig(é reveals sharp LEED spots and
four long perfect double step rows protruding from thea low background signal similar to the patterns of(Zif)
unreconstructed surface can be identified. The inset showsf. Fig. 1(b)] confirming a well-ordered substrate at tem-
two adjacent single step edges belonging to the unrecorperatures studied herd <350 K). As it can be infered
structed substrate “growing together” to form a double from the schematic pattern of the SPA-LEED imddeg.
step row. 8(b)] a considerably greater number of diffraction spots is

The line scan taken along an isolated double $teg.  expected for this surface. Since most of these peaks vanish
7(c)] row clearly shows, apart from a twofold.e., 5.1 A due to out-of-phase conditions, SPA-LEED patterns mea-
periodicity, already a long-range periodicity of 15 coppersured at about ten different electron energies and results of

C. Oxygen-induced reconstruction of C{532)



PRB 58 OXYGEN-INDUCED RECONSTRUCTIONS ON Ga1l) 13231

calculations based on a kinematical model were carefullyoxygen on the(001) terrace® In strong contrast to these
compared. This analysis undoubtly corroborates (thel) terrace driven types of reconstructions of the vicinal copper
(i.e., bulk-terminatedstructure of the bare @532 surface (001) surfaces the double step reconstruction of(21d)
and confirms the assignment of the crystallographic direcstudied in this work seems to be entirely governed by the
tions and the spots shown in Fig. 8. step edges. This can be confirmed by a comparison of the
A different SPA-LEED pattern was observed after ex-oxygen coverages required to induce the respective recon-
posing the surface to 15 L fOat T;=100 K and subse- stryction: Whereas the facetting of the (611) surface is
quently annealing 1d,=500 K as itis demonstrated in Fig. ohtained for critical coverages of 0.34 ML and higiethe
8(d). After comparison with other SPA-LEED images re- cy211) reconstruction was already found for coverages be-
corded at different electron energies facetting of.the surfacgyeen 0.05 and 0.1 Mi(see also Ref.)6 This behavior can
can be ruled out. Moreover, similar to @11) the bright and e aitributed to the smaller mass transport, which requires
sharp LEED spots suggest an astonishingly high order alsgy, ihe reorientation of every second step row in order to
of this kinked surface after oxygen adsorption. A precise, pjeye the double step formation and which is corroborated
analysis of the SPA-LEED pattern allows the completion Ofby the appearance of double steps already at very low oxy-
the reciprocal space of the oxygen-induced structure as it i@en coverages.

illustrated schematically in Fig. (). Assuming again a ~ o the double step reconstruction of the(Z1) surface
double step type of reconstruction a structure mgsgiebwn studied here over a wide range of oxygen exposures and

in Fig. 8(f)] is suggested that is consistent with the stacking,nnea|ing treatments the appearance of a super structure with
of the different copper layers and the obtained surface peria moqylation of about 33—38 A in addition to the twofold
odicity. Within this model the oxygen induces not only a v qen structure along the step edges was observed, which is
doubling of the step-edge separatibre., the terrace width e preted in terms of a stressed Cu-Cu-O chain. Recently, it
is enlargedl as for Cu211) but also a “doubling” of the )5 heen claimed, that oxygen superstructures consisting of
kinks as it can be easily seen by comparison of the structurg_c,.g chains are the energetically preferred configuration
models. of the oxygen atoms on several Cu surfates! Within this
general picture it can be speculated that the incorporation of
IV. DISCUSSION AND CONCLUSIONS the oxygen atoms in the step edges of thegcm) surface as
observed in this work leads to the formation of the desired
Compared to the rather small initial sticking coefficient of Cu-Cu-O chains rather than a complicated reconstruction of
oxygen on the close packed (1) surfacg s(0)=0.001 at  the (111) terrace as reported for the (11) surface where
room temperaturé? a dramatically larger value of more only locally O-Cu-O configurations have been fodfidhus
than two orders of magnitude is observed for theZld)  the terrace is virtually unaffected upon oxygen adsorption
surface[s(0)~0.2]. Similar large differences for the initial and remains intact even after the completion of the recon-
sticking coefficient were reported for the adsorption of oxy-struction.
gen on the stepped C341) [s(0)=0.3=0.02(Ref. 13] and The formation of the observed highly ordered double step
the corresponding teracce surface(@i) [s(0)=0.01(Ref.  structure requires a certain mobility of complete Cu-O com-
4)]. This demonstrates the initial adsorption of the O atomslexes. Initially the mobile Cu-atoms are trapped on ran-
on steps and illuminates the importance of such chemicalljomly adsorbed oxygen atoms and this nucleus starts to
active sites for gas-surface reactions. grow very rapidly by adding other Cu and O atoms and
After oxygen exposure of as little as 0.5-1 L and sub-incorporating the underlying steps. Later the entire Cu-O
sequent annealing above room temperature th€2Xl  double steps need to be rearranged in order to achieve the
surface undergoes a reconstruction and forms double stefgeng-range double step order. Double steps have shown re-
Heating to 450 K is sufficient to achieve an entire surfacecently to be considerably more mobile on (6l1) than
reconstruction. Additional annealing to 650 K causes asingle steps?
smoothing of the lateral corrugation along the step edges A possible driving force for the double step reconstruction
that is attributed to an oxygen incorporation. At the sameis the minimization of the surface free energy, which favors
time no evidence for remaining oxygen on the doubled terthe extension of111) terraces® Recently, Hecquet and Sal-
races was observed in the STM measurements for the iranon obtained in a molecular dynamics calculation of the
duced reconstruction for oxygen exposues below 15 L. Theurface energy an unstability for @11) with monatomic
double step structure remains thermally stable up to 800 Ksteps®® In contrast to the Gi11) surface that is rather sta-
The gradual decay at higher temperatures might be attributegilized by monoatomic steps the @11) surface is energeti-
by oxygen diffusion into the bulk and/or thermal Cu-O dis- cally stabilized by double steps.
sociation and desorption which results in an oxygen dilution The oxygen induced reconstruction of the (822 sur-
at the surface. face [which can be regarded as a kinked(Z11) surfacg
Although the C511) and Cy211) surfaces have a simi- reveals, besides the double steps, also a very regular kink
lar step edge distantetheir oxygen induced restructuring is super structure along the step edges. This is probably stabi-
completely different. For the Q&11) surface a decomposi- lized by the repulsive kink interaction that causes also a re-
tion into (410 and metastabl¢311) facets with remaining markable regular ordering of the clean surface. The forma-
monatomic stegs has been observed starting above a criti-tion of oxygen-induced and thermally stable double steps
cal oxygen coverage and at elevated temperat(ires Ts  provides an interesting way to produce well-ordered regular
>350 K).'? The occurence of this reconstruction coincidessurfaces with terrace widths of more than 10 A. Usually the
with the onset of the (22X \2)R45° structure induced by preparation of such surfaces is hampered because vicinal sur-
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faces become less stable with increasing terrace widths due
to the roughening of the step edges. Thus these reconstructed
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