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Phase boundaries of nanometer scale(2x 2)-O domains on the Cy100) surface
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A scanning tunneling microscopSTM) showed the formation of nanometer sig€x2) domains of
adsorbed oxygen on the QuD0) surface when oxygen coverage is low, though large well-orde{2e 2)
domains were not observed. The STM image of the phase boundaries of these hanomeig>s&eO
domains showed complex zigzag bright lines surroundingc(Be< 2) domains, and the low-energy electron
diffraction pattern of this surface gave a “four-spot” pattern, which can be explained by adfzal2)
domain model[S0163-182606)10127-2

[. INTRODUCTION In this paper, we will give an entirely different structure
for the “disordered” phase of oxygen on Ci00) surface.

So far the structure of oxygen on the (@Q0) surface has The detailed STM investigation revealed that oxygen atoms
been widely investigated by using a variety of surface techadsorb on fourfold hollow sites when the coverage is low
niques over the past 30 years, but it still remains somewhafnq they make minimum size(2x2) domains. However,
confusing. In _the past, two ordered  SUUCUreS, i o5 small domains do not allow a wide area of well-ordered
c(2x2) and (/2 ‘/Z)RA'S.’ had been sug_gested, bqt thec(2><2) structure. The STM image of the surface gives a
low-energy electron diffracticn(LEED) and hlgh-r_esolutlon zigzag structure, and we concluded that the STM image cor-
electron energy-loss spectroscAREELS studies gave responds to the phase boundaries of these small domains.
no evidences for the existence of (@ X 2) structure. As a The phase boundaries of the\(2x y2)R45° structure were
result, it has been accepted that the/2X \2)R45° StruC- 4 observed as a string by the STM
ture is the only ordered phase for the adsorption of oxygen '
on CY100. LEED? HREELS? x-ray diffractior® (XRD),
and scanning tunneling microscdp§ (STM) studies all sug-
gest the (2/2x \2)R45° structure made by a missing-row-
type reconstruction with 0.5-ML oxygen coverage. However, The experiments were carried out in an ultrahigh vacuum
a recent LEED study on Q@00 and stepped Ch(l1l)  apparatus equipped with an STM, a four-grid LEED Auger
surface8 reported that an ordered(2x2) structure was electron spectroscop$AES) optics, an Ar ion gun, and a

IIl. EXPERIMENT

formed without reconstruction for low-temperatu220 ~ quadrupole mass analyzer. The STM used in this study was a
350 K) exposures of oxygen, so that it is not clear yetcommercial Rasterscope-3000 STM from DME Co. All
whether ac(2X 2) structure exists or not. STM images presented here were recorded in the constant

There are also several papers that suggest the existenceafrrent mode at room temperature using a tungsten tip. Typi-
another adsorption phase at lower oxygen exposures. First,
several LEED studies reported a “four-spot” LEED pattern
(e.g., Refs. 9 and 20which is characterized by symmetric
sets of four diffraction beams at around therder positions
expected from &(2X2) phase, such as shown in Fig. 1. A
combined normal-emission photoelectron diffraction and
near-edge x-ray absorption fine structyMEXAFS) study
showed that the local adsorption structure of the four-spot
pattern was different from that of the (2 x \2)R45° struc-
ture, and the four-spot phase might be correlated with a local
disordered phasé. HREELS? x-ray photoemission
spectroscopy? and surface-extended x-ray absorption fine
structuré® (SEXAFS studies also indicated that the oxygen
atoms occupied different adsorption sites at lower coverage,
though they did not observe the four-spot LEED pattern in
their paper. STM studies suggested also the existence of th
disordered phas®® and Jenseet al® explained that the dis-
ordered phase is attributed to local breaking of the Cu bonds
by oxygen, making local roughening of the surface. On the FIG. 1. A four-spot LEED patterfelectron beam energy was 76
other hand, Leibsfereported that the disordered phase in-ev). The sample was prepared by bombardment of the2(2
volved the growth of one-dimensional Cu-O chains ran-x2)R45° surface by~ 50 uC of ~ 350-eV Ar* ions followed
domly in the(001) directions. by annealing to 520 K.
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cal tunneling currents were about 0.6 nA with sample bias
voltages of the-0.06 V.

The CY100 crystal was cleaned by repeated cycles of
Ar * sputtering and annealing at 630 K for 15 min. A surface
covered by a (22 % \2)R45° structure o = 0.5 ML) was
prepared by exposing to 3000—-6000[(3—8 % 10 * Torr
for 8—10 4 of oxygen at~ 520 K. Surfaces with less oxygen
coverage were prepared by two different methods. The first
method was by exposure to a small amount of oxygen at
~ 450 K on a clean QU100 surface. In this method, it was
rather difficult to control oxygen coverage accurately, be-
cause the accurate control of sample temperature and oxyger
pressure was difficult in our apparatus. The second method
decreased oxygen coverage from full coverage in the
(2y2x\2)R45° structure by means of Ar sputtering
(~ 350 eV), followed by annealing. By monitoring sample
current and time, we could control the oxygen coverage with
a good reproducibility. The LEED and STM images of the
surfaces prepared by these two methods gave essentially the
same results, as will be shown below.

a)

lll. RESULTS
A. Local c(2x2) structure

Figure Za) shows a STM image obtained after exposure
to about 25 L of oxygen on a clean (00 surface at- 450
K. As previously observed by Leibsfehe STM image gave
the two structures indicated by 1 and 2 in the figure. The
phase labeled by 1 is a (2x2)R45° structure, which
develops at the step ed@abeled byS) of the upper terrace.
On the other hand, the phase labeled by 2 develops at the
step edge of the lower terrace. Figurd®)2is an STM image
obtained after exposure to 8 L (1x 10~/ Torr for 80 9 of
oxygen on a clean GO0 surface at~ 450 K. The LEED
pattern of this surface showed a four-spot pattern with a
weak (2/2% 2)R45° spot. In this higher-resolution STM
image, the coexistence of the two structures is also observed
on the same terrace, and the zigzag bright lines are observed
in the phase 2 area. These bright lines are mobile during the FIG. 2. (8) An STM image obtained after exposing to about 25
STM experiment at room temperature and change their po- of O, on a clean C(100 surface at~ 450 K (520x 520 A?).
sition from image to image. We found finally some struc- The coexistence of two structurdabeled by 1 and 2 in the figure
tures in the dark area surrounded by the bright lines. That ig$ observed. The structure labeled by 1 is the/ZX \2)R45°
some darker “dents” are observed in the dark area. structure. A single atomic height step is labeled byl$.An STM

We found that similar zigzag STM images also appearimage obtained after exposingte 8 L (1X 107 Torr for 2E}O s)_of
when a low oxygen coverage surface was prepared by spu@Xy9en on a clean G0 surface at~ 450 K (55X 55 A?). Zig-
tering with Art ions. Figures &) and 3b) are the STM zag bright lines are observed in the phase 2 area.
images of the surface with different oxygen coverage, which
were prepared by bombardment of the/@x \2)R45° sur- comparing the two structures, we can determine the relative
face by~ 56 and~ 50 uC of ~ 350-eV Ar* ions, respec- location of the dark dents with respect to the
tively, and were followed by annealing to 520 K. Figur®)3 (2\/2% \2)R45° structure. Since the relative location of the
seems to be essentially the same image as the phase 2 are@bserved (22 \/2)R45° structure to the substrate has been
Fig. 2(b), though the dark dents are resolved more clearlypreviously determinefiso we can deduce the location of the
with a tip in the highest-resolution state. The LEED patternobserved dark dents on the substrate. Figuing i4 the same
of this surface showed a four-spot pattern as shown in Fig. image as Fig. &) where the guidelines represent
The fact that the two different preparation methods gave est\/2x 2)R45° mesh from the (g2X 2)R45° structure,
sentially the same structure suggests that this structure isand the ideal positions of the original Cu substrate atoms
stable structure at this coverage. (open circlg are represented. This image has been corrected

Figure 4a) shows a step site of the same surface as Figfor thermal drift and nonorthogonality of the piezoelectric
3(b), where the zigzag pattern and a small domain of thescanners using the known dimensions of the
(2\/2x \/2)R45° structure coexist on the same terrace. By(2\/2x \2)R45° unit cell. From this figure, it is concluded
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FIG. 3. STM images of the surface with different oxygen cov-

erage, which were prepared by bombardment of the/2(2 FIG. 4. (@ A STM image showing a step site of the same sur-

X \2)R45° surface bya ~ 56 uC and(b) ~ 50 uC of ~ 350-eV  face as Fig. @). A coexistence of the zigzag pattern and a small

Ar* ions, followed by annealing to 520 K(a) 60X60  domain of the (2/2x y2)R45° structure on the same terras

A% and(b) 55x 55 A% The local oxygen coverages are estimated tox 55 A2) are seen. The marked area shows a lotdx 6) struc-

be (a) 0.16 ML and(b) 0.31 ML. The imageb) seems to be essen- tyre, which is shown in Fig. 9(b) The guidelines represent

tially the same image as Fig(l8, though the dark dents are re- (V2% \2)R45° mesh from the (22X \2)R45° structure, and the

solved more clearly. ThZ structure andJ structure are labeled in  jgeg] positions of original Cu substrate atoms are represented by

(b), which are described in the text and Fig. 7. open circles. The positions of dark dents are indicated by black
circles. It is shown that the dark dents locate at fourfold hollow

that the dark dents, which are indicated by black circlesPositions of the original substrate. This image has been corrected

correspond to the fourfold hollow positions of the original for thermal drift and nonorthogonality of the piezoelectric scanners
Cu(100) substrate using the known dimensions of the {2 \2)R45° unit cell.

Taking account of the fact that oxygen atoms at fourfold  The dark area partitioned by bright lines, therefore, should
hollow sites on the NILOO) surface make dark dents in STM pe a localc(2x 2) structure of the adsorbed oxygen, and the
images;* it is reasonable to assume that the dark dents impright lines correspond to the boundaries of the antiphase
aged on the 000 surface are also assigned to oxygendomains of the locab(2x2) structures. By counting the
atoms adsorbed on the fourfold hollow sites of thgXD®  number of dark dents in Fig.(8), the oxygen coverage of
surface. this area is estimated to be 0.31 ML, which is lower than that
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FIG. 5. Guidelines are extended from the{1) substrate mesh
in the image shown in Fig.(8). The positions of oxygen atoms are
indicated by white circles. It is shown that the oxygen atoms locate
at fourfold hollow sites. This image has been corrected for thermal
drift and nonorthogonality of the piezoelectric scanners using the
(1X1) unit cell.

of the (22X \/2)R45° structure f = 0.5 ML). Hence, we
believe that the bright lines are caused by neither the oxygen

atoms nor the adde€Cu-O) strings, but are just domain * * *
boundaries. It has been reported that the boundaries of the
antiphase(2X 2) domains on the N10O surface were also Cu o Cu

observed as protruding liné3Since the oxygen atoms of the ) .
c(2% 2) are mobile at room temperature, the bright lines are FIG. 6. The bias dependence of the STM image for the same
mobile during the STM experiment. area cor_respondlng to the lower half of FigaB The sample _blas

Figure 3a) is a STM image of the surface with less oxy- Voltage is(@ —20 mV and(b) —60 mV. (c) and (d) are height
gen coverage than that of Figl8. This image was obtained Profiles along the lines i) and (b), respectively, which are pass-
with a special tip condition, which gave an atomic resolution"9 f70ugh an oxygen atom along t@01) direction. In(a), oxy-
for the (1X 1) substrate area. With this tip condition, the gen atoms are imaged as dark dents similar to Fhose in H{gs. 3

. and 4a). On the contrary, irfb), oxygen atoms are imaged as small

areas around the oxygen atoms are 'maged as dark squargamps in dark squares, which may be analogous phenomena as
and the oxygen atoms themselves are imaged as small bumpgs. o4 in Fig. @).
in the dark squares. The guidelines extended from the
(1Xx1) substrate mesh are shown in Fig. 5, where the posin Figs. 3b) and 4a). On the contrary, in Fig. ®), oxygen
tions of oxygen atoms are indicated by white circles. Thisatoms are imaged as small bumps in dark squares, which
image has been corrected for thermal drift and nonorthogomay be analogous phenomenon as observed in K. 3
nality of the piezoelectric scanners using thex(ll) unit  From these images, it is confirmed that the two different
cell. The oxygen atoms again locate at the fourfold hollowimages, dark dents and small bumps, reflect the same struc-
sites. The oxygen coverage in this image is estimated to bgire. It should be pointed out that the brightness of the im-
~ 0.16 ML. It is worth mentioning that many oxygen atoms ages around oxygen atoms strongly depends on the sample
occupy the next-nearest-neighbor sites of other oxygen abias voltage. This fact suggests that the Cu atoms around
oms in the dark squares even at this low coverage. oxygen atoms have some special electronic state, which is

Figure 6 shows the bias dependence of the STM image famuch different from the clean surface.
the same area corresponding to the lower half of Fig).3 The STM images shown in Fig.(® or 4a were ob-
The sample bias voltage is20 and—60 mV in Fig. §a)  tained with a special tip condition. In many cases, the dark
and @b), respectively. The height profiles along the lines indents could not be resolved as in FigbBor 4(a) and only
Fig. 6(a) and &b) are shown in Fig. @) and &d), which are  the bright lines were imaged. Even though the dark dents
passing through an oxygen atom along {8@1) direction. cannot be resolved, however, we can deduce that the ob-
Because this change was reversible with the change of biaerved bright lines are not addé€u-O) rows but phase
voltage, this change was not caused by the tip effect. In Figoboundaries as follows. The bright short lines alof@1)
6(a), oxygen atoms are imaged as dark dents similar to thoseirections are connected at right angles and make the two
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FIG. 7. A schematic model of the phase boundaries based on

part of the STM image shown in Fig.(t3. The positions of Cu 0 % 0000:0000:000-:0
atoms are indicated by the small dots. The open circles represent t 0Q % 00000000000
oxygen atoms on hollow site, and t_he dark and light gray square ..‘ 0 000° 000 o000
represent antiphasg(2x2)-O domains. TheZ structure andU + ..‘ ‘..' P 1N ‘... + ..
structure of the phase boundaries are indicated, and the distanc +
between the two corners are definedlaandl,. Thel, always ::’:8::‘::::2::.’
takes a value of integral multiple @, andl, is always an odd X ...‘.. * ... ".
half-integral multiple ofa,, where thea, is 2 multiple of the ’ ‘ .
lattice constant of clean (41) surface and th& is an integral .‘. G .... X ...‘ ‘..
06000000087 908+
+ + +
local structures. One is th& structure and the other is the 0+00+-000 0004 %000
indicated in Fig. (B). but the Z i + 00000000000 %00
U structure, indicated in Fig.(B), but theZ structure is
predominant. That is, antiphase local domains make esse 00+000+:000 ¢ 000¢ 90

tially the Z structure. If, however, the three directions of one
domain are surrounded by the antiphase domainUtls&ruc-
ture boundary appears. The schematic models for these two FIG. 8.(a) A STM image of a surface after exposing+036 L
structures are shown in Fig. 7. As indicated in the figure, th@f Oz on clean C@00 surface at- 470 K (70x 70 A%). A zigzag
distances between the two corners defined,aand |, are bright line along the (001) direction is observed in the

distinctive by a rule as thé, always takes a value of an (2V2X \/E)R45: structure. Domains A and B are the
integral multiple ofa, andl, is always an odd half-integral (212X \2)RA5° structures where the missing rows are elongated

f S e long[001] and[010] directions, respectively. Guidelines show that
multiple of hat is,| ,=nay andl,=(n+ 3 where the 2°N9
ultiple of &, that is,[,=na, a d u=(n+3)a,, where the the bright line is the phase boundary of the/@x \/2)R45° struc-
8 is a y2 multiple of the lattice constant of the clean tures. Structure models of (2x 2)R45° unit cells are also indi-
(1x1) surface anch is an integral value. This rule was '

biished he all | b d di b cated to show that the positions of oxygen atoms are an antiphase
established on the all iImages observed, and it cannot be €Xslation between one side of the bright line and the other §iléA

plained by the added-row model. possible structure model of the bright line on the/2x 2)R45°
structure. White circles, gray circles, and small black circles repre-
B. Phase boundaries of 242 x y2)R45° structure sent the first- and second-layer Cu atoms and oxygen atoms, respec-

. ) ) tively. The position of bright line is represented by a thick line.
Increasing the oxygen coverage results in the formation of

a (212X \2)R45° structure, which has been accepted as a

missing-row-type reconstruction with 0.5-ML oxygen cover- ence between A and B is only the direction of the missing Cu
age. Figure &) is a STM image of a surface after exposing atom rows, so the oxygen atoms are in in-phase arrangement.
to ~ 36 L of O, at ~ 470 K. A zigzag bright line is ob- [See the structure model shown in Figb8] The direction
served in the (22 \2)R45° structure. Both domain A and of missing rows can easily switch to the other direction by
domain B are the (ﬂx \/§)R45° structures although the changing the location of Cu atoms, so the domain intercon-
images in A and B are different where the missing rows areversion between A and B takes place at room temperature.
elongated alon§001] and[010] directions, respectively. The A bright string observed in Fig.(8) reflects undoubtedly
difference in the image is probably due to the anisotropy othe phase boundary of the (22X \/2)R45° structures as the
the tunneling tip. Similar phenomenon have been also reguidelines show. Note that the positions of oxygen atoms
ported previously. It should be pointed out that the differ- exhibit an antiphase relation between one side of the bright
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such as shown in Fig.(B) was obtained for the two equiva-
lent domains. This simulated pattern is similar to the four-
spot LEED pattern observed in Fig. 1. The structure model
shown in Fig. 9a) has ac(4 X 6) periodicity, which is one of
the typical local structures appearing in the STM imddes
instance, this structure appeared in a part of Fig)]4Cal-
culations of many other structure models, which have local
¢(2X2) domains and domain boundaries consistingZof
structures, give similar four-spot patterns. The observed
four-spot LEED pattern of the real surface is considered to
be a sum of these local structures.

B. Comparison with previous papers

Until Mayer, Zhang, and Lynhpointed out that an or-
deredc(2X2) structure is absent by LEED study, it had
been believed that an orderefRx2) phase might exist at
low coverage. Considering our results presented above, some
of these studies of thg(2xX 2) phase might be performed on

b) . . . a surface on which a “local'c(2X 2) phase presented here
and a (2/2x \/2)R45° phase coexisted. In fact, azimuthal
. anisotropy in the core-level x-ray photoemisstrangle-
. . . . resolved secondary-ion mass spectroscdpyhotoelectron
. . diffraction,'® SEXAFS!® and NEXAFS(Ref. 20 studies on
the “c(2x2)" surface all lead to the conclusion that oxygen
. . . atoms occupy fourfold hollow sites, though the height of
oxygen from the Cu plane was varied from 0.0 to 1.5 A
. . depending on the methods.
. . . Wouttig, Franchy, and Ibach performed a detailed study of
. . oxygen on C@00 surface using HREELS, LEED, and
AES? From the LEED study, they found that a disordered
. . phase was formed below a critical oxygen coverage of
6.= 0.34, and an ordered (2 \2)R45° phase started to

FIG. 9. (@ One of the assumed structure models, which havedevelop above thé.. This result is consistent with our re-
local (2% 2) domains and domain boundaries consisted sfruc-  sult, that an oxygen coverage of the locé2 X 2) phase is
tures. This model has&4x 6) periodicity.(b) The result of kine-  about 0.31 ML. Below thé,, they observed two vibrational
matic simulation of LEED pattern of this structure. The results ofmodes at 300 and 345 cm by HREELS. We presume that
two equivalent domains are superimposed. these loss peaks are responsible for the/Z2 \2)R45°

structure and the local(2X 2) structure, respectively.
line and the other side. A possible structure model is shown Asensioet al!! studied this system by normal-emission
in Fig. 8(b). Furthermore, careful measurements of the lengttphotoelectron diffraction and NEXAFS and concluded that
of bright lines revealed that the “integer and half-integerthe |ocal structure of oxygen for the four-spot pattern is dif-
rule” of Z andU structure is also applicable to the bright ferent from that for the (2x 2)R45° structure. Figure
lines on the (2/2x \2)R45° structures. This is further evi- 10(a) shows their photoelectron diffraction data of the four-
dence that the bright lines are the phase boundaries of agpot pattern structure, which gives the two strong peaks at
tiphase domains. low energy but gives no clear structure at the higher ener-

gies. Asensicet al. explained the absence of structure at the

IV. DISCUSSIONS higher energies by a kind of disorder structddgnamic or
static Debye-Waller effegt or by the coexistence of more
A. Four-spot LEED pattern than one local site. They tried to explain by assuming the

A Cu(100) surface such as shown in Figlb3 consists of  coexistence of two sites of adsorbed oxygen: One is a simple
many nanometer size(2x2) domains. As these domains hollow site, and the other is an off-hollow site, in which the
consist of two antiphase domains, they make no long-rangexygen is displaced 0.13 A from the hollow site. Figures
order. However, as mentioned above, the boundaries consiéf(c) and 1@d) are the theoretical simulations for these sites,
of mainly theZ structure. Hence, the zigzag boundaries haveand they explained that the summation of these two spectra
a tendency to run along011) directions as a whole, as Will lead to a near cancellation of the high energy modula-
shown in a model in Fig.(@). As a result, the(2 X 2) spots tions. However, we would like to assume that they might
are split along th¢011) directions, which results in giving a perform the measurement on a surface on which the
four-spot LEED pattern such as observed in Fig. 1. (2y2x \2)R45° structure and the local(2x2) structure

In fact, if we assumed some local structures such as indicoexisted, as in Fig. 2. Comparing their experimental spec-
cated in Fig. 99), a kinematic simulation of LEED pattern trum of the (2/2% \2)R45° structure[Fig. 1Qb)] with a



54 PHASE BOUNDARIES OF NANOMETER SCALE(2x2)-O ... 2173

Ni(100 surface, it has been suggested that the nnn is repul-

(a)four-spots sive and the third nearest neighbor is weakly attractive for
(exp.) the adsorbate-adsorbate interaction.
Though some attractive interaction exists on the nnn sites
on CY100) at low coverage, there is a strict limitation of the

size of the locak(2x2) domains. By examining many im-
(b)(2V2xV2) ages like Fig. &) or 4(a), small domains consisting of about
(exp:) four oxygen atoms seem to be stable.
At present, we have no definitive explanation why the
(2% 2) domains cannot extend to large domains and the zig-

zag phase boundaries are observed as protrusive lines in the
(°)'(1§;',2‘_';' STM image. One possibility is that the large2 x 2) domain
: may be unstable, which induces a driving force for the

missing-row reconstruction when the area of a local small
(2X2) domains exceeds a critical value. Another possibility
is that the phase boundaries themselves stabilize the docal
(2% 2)-0O domains so that the nanometer size domains in-
crease to elongate the phase boundaries.

(d)off-hollow
(calc.)

O 1s Photoemission Intensity (arb. units)

1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
Photoelectron Kinetic Energy (eV) V. CONCLUSIONS

FIG. 10. (a),(b) Experimental O & photoelectron diffraction The structure of oxygen on the QDO surface was in-
spectra recorded at normal emission fréanfour-spot pattern and vestigated by STM. The STM images showed the formation
(b) (2\/2x \2)R45° structures(c), (d) Theoretical simulations for of nanometer size(2x2) domains of the adsorbed oxygen
occupation of(c) a simple hollow site andd) an off-hollow site. ~ on the C100 surface when oxygen coverage is low,
These spectra are taken from the work of Asemgial. (Ref. 1J). though large well-ordered(2x2) domains were not ob-

served. The STM image of these phase boundaries of these
calculated spectrum of the simple hollow site moffélg.  nanometer size(2x 2)-O domains showed complex zigzag
10(c)], the high-energy ranges of these spectra are out dright lines surrounding the(2x2) domains. The LEED
phase with each other. Thus it is reasonable to reinterpret thgattern of this surface gave a four spot pattern, which can be
spectrum of four-spot structuf€ig. 10a)] as the summation explained by a locak(2x2) domain model. The phase
of these two spectra. boundaries of (22 \2)R45° structure were also observed
as a string by the STM.

C. Interaction between oxygen atoms
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