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LOW ENERGY ION SCATTERING STUDY OF OXYGEN ADSORPTION ON A Cu{loO} SINGLE 
CRYSTAL SURFACE 
Part I: Surface characteristics 
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The surface characteristics of the oxygen-covered Cu( 100) surface have been studied using Low Energy Ion Scattering. The results 

indicate that already at the second adsorption stage (LEED: (fi X fi)R45’ - 0 structure) two essentially different oxygen positions 

are involved. There are some indications that in the third adsorption stage (LEED: (6 X2@)R45”-0 structure) oxygen 

mcorporation into the selvedge takes place. The structure in the azimuthal distributions of O- recoil ions is in accordance with two 

essentially different oxygen positions, possibly at the positions as proposed by Onuferko and Woodruff: in this model oxygen is 

nitially adsorbed into 2-fold bridge sites 1.4 A above the surface and subsequently incorporated into 4-fold sites in the first copper 

iurface layer. 

After oxygen exposures in the second stage a copper surface that is not reconstructed is observed. 

1. Introduction 

Despite many efforts during the last two decades, the 
position of adsorbed oxygen atoms on a Cu{ 100) surface 
has still not been unambiguously determined [l-17]. 
With LEED the following sequence of patterns is ob- 
served (see also table 1): 

stage A : for low exposures ( - 0.08 Pa. s) a so-called 
“four spot” pattern, corresponding to an “oblique 
net” with vectors along the [OSl] and the f017] direc- 
tions in four different orientations [l-3,9]. This struc- 
ture was not observed by some authors [5,13]. In all 
cases an increasing background was observed in this 
adsorption stage, indicative of disordered adsorption. 

- stage B: for higher exposures ( - 0.1 Pa. s) the four. 
spot pattern changes into the (fi X &)R45” - 0 
structure. 

- stage C: at room temperature this structure changes 
gradually into the (fi X 2fi)R45’-0 structure for 
somewhat higher exposures ( - 0.3 Pa. s). Instead of 
the latter structures different LEED patterns were 
observed in some studies (see table 1) 
It is now generally assumed that the (6 x &)R45O 

--. 0 structure corresponds to 0.5 monolayers; some 
authors assume that the fully developed (a x 

2~‘z)R4Y - 0 structure corresponds to 0.75 mono- 

layers [13b]. From work function measurements (6~) 
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and Auger-spectroscopy (AES) it is deduced that oxygen 
incorporation in the selvedge occurs at stage C [7,9,133. 

In the past a number of possible positions have been 
put forward for the adsorbed oxygen atoms (see table 
I). From this list of proposed sites it becomes clear that 
the problem of finding the position(s) of adsorbed 
oxygen atoms is far from being solved. 

2. Experimental 

The apparatus consists basically of a stainless steel 
ultra high vacuum chamber, pumped by a 500 I/s 
turbomolecular pump via an LN, trap, which also con- 
tained a Ti-sublimation unit (base pressure 2 X lo-* 
Pa). The ion source was differentially pumped to a 
pressure of about 2 x lop6 Pa. The electron-impact 
source and lens system are described elsewhere [25]. An 
electrostatic double flat-plate energy analyser, described 
elsewhere [19,26,27], was used. This analyser could be 
rotated around the surface in the plane defined by the 
incoming beam direction and the surface normal. The 
angular resolution in this plane was 4’. The energy 
resolution was 4%. 

The crystal was mounted in a target manipulator, 
which has been described elsewhere [23]. With this 
manipulator the polar angle of incidence $ and the 
azimuthal angle Q could be varied between 0” and 
about 370” within an accuracy of 0.2”. Both rotations 
were computer-controlled, which made it possible to 
measure automatically a complete 9-4 picture (“photo- 



Table 1 

Proposed surface characteristics for Cu{ 100) + O,, 

Ref. Technique Proposed adsorption sites, reconstruction, 

situation in the surface region 

Exposure 

(Pa.s) 

Stage A. “Four-spot pattern” (oblique structure): it is assumed that no reconstruction takes place during this stage 

[II LEED 2-fold bridge + 4-fold sites: 19,,, = 0.5 0.01-0.08 

PI LEED spot size oxygen in domains of about 100 A diameter 0.01 

131 among others LEED no structure was found that could explain all 0.01 

features of the observed LEED pattern 

[91 “four-spot pattern” is explained by phase/antiphase splitting of some 

spots of the (subsequent) (fi x &)R45” - 0 structure 

Stage B. Cu{ lOO)(fi x &)R45” - 0 structure (in literature also referred to as p(1 X 1) or c(2 X 2) structure): IV,,, = 0.5 

131 

[561 

[71 

191 
Ull 

[W 
1141 

[151 
116,171 

1301 

LEED 

LEED intensity analysis 

ARPES a) 

LEED 

angle-resolved 

SIMS 

angle-resolved XPS 

LEED intensity analysis 

ARPES ‘) 

LEED, LEIS 

LEED intensity analysis 

unstable structure (transition between four- 

spot and (fi x 2fi)R45’ - 0 structure 

alternate oxygen and copper atoms in the first 

surface layer; expansion (5%10)s 

no reconstruction 

4-fold sites; no reconstruction 

4-fold sites 1.2-1.5 A above the first copper 

surface layer 

4-fold sites in the first surface layer 

oxygen adsorption above the copper surface 

4-fold sites 

initial adsorption into 2-fold bridge sites 

1.4 A above the surface and subsequent 

incorporation into 4-fold sites in the first 

copper surface layer (mixed (6 x fi)R45’ - 0 

and (fi x 2fi)R45O - 0 structure) 

4-fold sites, 1.8 A above the copper surface 

0.01-0.4 

0.08 

i 0.3 

0.1 

0.16 

0.16 

> 0.03 

0.13 

0.13 

Stage C. Cu{ lOO)(& X 2fi)R45’ - 0 structure (in literature also referred to as (2 X 4)-45” or (2 X 1) structure) 

[1,21 

[31 

[51 

I7,91 

181 

[91 
116,171 

LEED, 6~ 

LEED 

LEED 

ARPES @, LEED. 

angle-resolved AES 

LEED, 6+ 

penetration of oxygen into the crystal and re- 

arrangement of the copper atoms of at least the 

top two atomic layers 

two domain orientations 

a (2 X 2) structure was found, probably due to 

a different target preparation 

incorporation of oxygen and rearrangement of 

copper atoms 

no reconstruction 

oxygen incorporation into the selvedge 

see stage B 

> 0.24 

0.08 

0.4-0.8 

0.8 

> 0.3 

0.08 + annealing 

0.5 

a) ARPES = angle resolved photo electron spectrosopy. 
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Fig. 1. Diagram of the first and second surface layer of a Cu(100) surface. 
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gram” [21,22]). We define the azimuthal direction of 
incidence with respect to the [Oil] azimuthal direction 
(see fig. 1). The crystals were heated by placing an 
infrared heater in front of the crystal. The temperature 
was measured at the back of the crystal by a platinum 
resistance thermometer. 

r I I 

4 keV Ne+-O/Cu(lOO) 

9=220 rpz0” Q=45” 

3. Target preparation 

/ : 
/ 

O- RECOIL 

I I 

I I 
/ ( 
I I I / 

The Cu{lOO} single crystals were supplied by the 
late Dr. B. Knook (Kamerlingh Onnes Laboratory, 
Leiden). After the orientation of the 5N single crystal 
rod had been checked by Laue X-ray back-reflection, 
disc shaped samples with a diameter of 3 mm were 
spark-cut. The crystals were mechanically and electro-lap 
polished just before they were mounted in the target 
manipulator. The surface was further cleaned in vacuum 
by cycles of annealing (800 K) and sputtering (4 keV 
\Je+ ions at a small incidence angle) until polar distri- 
butions of backscattered ions showed no surface irregu- 
larities, except for possible steps that are present due to 
J slight misorientation of the crystal surface (see ref. 
1241). The sample that was used was cut with an ap- 
proximate deviation of the (100) plane of 0.7”. 

I_, _wj \ 
1 2 3 4 

ENERGY (keV 1 

Fig. 2. Energy spectra for an oxygen-covered Cu(100) surface at 

I$ = 0” ( - [Oil]). 

angles of incidence. The maximum shift appeared to be 
so small that all azimuthal distributions could be mea- 
sured with a fixed detection energy. We estimate that 
the error in the intensities, measured in this way, is at 
most 10%. 

4. The “visibility” of adsorbed oxygen atoms 

In energy spectra that were recorded for the inci- 
dence direction along the surface [Oil] direction ( $J = 0’) 
at specular reflection with $ = 22” three oxygen-related 
.signals are clearly visible (see fig. 2). Apparently the 
oxygen atoms are not shadowed in this direction. If the 
azimuthal direction is changed to the [loo] direction 
( C#I = 45’) the O- peak is less pronounced than it was at 
0 = 0” but clearly visible (see fig. 3). In the spectrum for 
positive ions a broad peak is observed, in which the O+ 
recoil peak and the Ne+ ] 0 reflection peak cannot be 
distinguished. It is worth noting that a similar broad 

peak was observed for the O/Cu{llO) surface, if com- 
parable directions of incidence and detection were used. 
(This peak causes the sharp black spot in the O+ recoil 
photogram of the oxygen-covered Cu{llO} surface in 
refs. [21,22].) The nature of this broad peak is not yet 
completely understood, but certainly multiple collisions 
are involved. It is found that the transition from the two 
w.ell-separated peaks for + = 0” to the broad maximum 
for + = 45” takes place gradually via a shift of the O+ 
recoil peak to lower energies and a shift of the Ne+ ] O,, 
reflection peak to higher energies. Therefore it is not 
meaningful to measure azimuthal distributions if the 
selected energy is fixed at either the O+ recoil peak or 
the Ne+ 1 Oa, reflection peak. 

A photogram of the O- recoil intensity for an 
oxygen-covered Cu{lOO} surface (stage B) is shown in 
fig. 4. A considerable O- intensity is measured for all 
directions of incidence, including the directions where 
shadowing or blocking occurs (see also fig. 5). These 
shadowing zones are white in the photograms, because 
of the limited number of grey-shades available. It ap- 
pears difficult to interpret azimuthal distributions and 
photograms for { 100) surfaces: 
_ the range of azimuthal incidence directions that con- 

tains all information is only 45”. 
_ If a superstructure with a lower symmetry is formed 

which is present at the surface in domains with a 
different azimuthal orientation, then shadowing of 

4 keV Ne+- O/Cu (100) 

qJ=220 Ip:45” Q=45” 

O-RECOIL 

Ne+,Ofl, 

I I 

1 2 3 

ENERGY (keV) 

The O- peak on the other hand showed only a small Fig. 3. Energy spectrum for an oxygen-covered Cu(100) surface 

shift towards higher energies for + = 45O or for small at Cp = 45” ( - [OOl]). 
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4KeV Ne- 0 on Cu(100) 

q$= 2x10-5 Pa 

iw 
0” 45” 9o” 

AZIMUTHAL ANGLE 9 

Fig. 5. Azimuthal distribution of O- recoil ions. The curves (i;, 
and @ are plotted to scale: a) 4 = 7”, b) 4 = 24”. 

only part of the atoms may take place, leading to 
shallower shadow dips. If oxygen is adsorbed at 
equivalent sites at the surface, which are not equiv- 
alent to the incoming beam direction (for instance 
the [Oil] bridge position), shadowing of only part of 
the oxygen atoms will take place. 

It is clear that if reconstruction of the surface takes 
place or if oxygen atoms are adsorbed at essentially 
different sites, the interpretation of the angular distribu- 
tions becomes very problematical. 

Nevertheless it appears possible to draw a number of 
conclusions from the azimuthal distributions of O- 
recoils, if it is assumed that the oxygen-covered Cu 
surface is not reconstructed (or only by small displace- 
ments of the copper atoms). The justification for this 
assumption will be given in sect. 5. 

From the large shallow shadow zones around 9 = 
45”, centred around $5 O”, it can be concluded that 
part of the oxygen atoms are adsorbed at the four-fold 
hollow site near the surface level. The high background 
intensity of O- recoil ions in this zone, together with the 
lack of sharp shadow zones at suitable incidence direc- 
tions make an accurate determination of this oxygen 
position impossible. This four-fold site must be located 
at approximately the height of the first copper surface 
layer, which is in agreement with the oxygen position as 
proposed by Onuferko and Woodruff [16] an Godfrey 

and Woodruff [17]. The fact that a substantial number 
of oxygen atoms is still visible in the large shadowing 

and blocking area around cp = 45” already is an indica- 
tion that more oxygen atoms are adsorbed at essentially 
different sites. 

The shadow dip that is observed in the O- recoil 
photogram (fig. 4) at cp = O”, 4 = 22” can be explained 
either by shadowing by oxygen at a location above the 
surface of the oxygen atoms at the fourfold hollow site 

or by shadowing by copper atoms of oxygen at a site 
beneath the (110) surface strings. The site above the 
surface appears to be the most likely one, because there 
is no shadowing observed in other incidence directions 
and because of the relative high O- recoil intensity that 
is observed at small elevation angles of incidence. If we 
assume that the oxygen is indeed adsorbed above the 

surface, then the site proposed by Onuferko and 
Woodruff [16] and Godfrey and Wood~ff [17] seems to 
be the most likely possibility: the two-fold bridge site at 
approximately 1.4 A above the first copper surface 
layer. The shadow dip at 9 = 0”. I$ = 22” is then caused 
by shadowing by oxygen at the two-fold site of oxygen 
that is located at the fourfold site at a lateral distance of 
3/2 x 2.56 A. 

The dip at 4 = O”, 4 = 22” became less pronounced 
for larger exposures. Although this may in principle be 
explained by a changing electron attachment probabil- 
ity for various incidence angles with coverage, it can 
much more simply be explained by a changing ratio of 
the coverages 8, and 6z for the respective sites. In a 
subsequent paper we shall report the results of an 
exploratory study on the variation of 3, and 8, with 
exposure [28]. 

5. The characteristics of the first two copper atom layers 

Definite conclusions regarding any possible oxygen 
position can only be drawn if the geometry of the 
oxygen-covered CuflOOf surface is known. In order to 
determine any possible changes in the location of the 
copper atoms, we studied several polar and azimuthal 
distributions of the Ne (Cu reflection yield, for a clean 
and oxygen-covered copper surface. An overall picture 
of these surfaces is presented in the photogram of fig. 6. 

A set of typical azimuthal distributions is given in 
fig. 7 (The intensities for clean and oxygen-covered 
copper are not to scale.) The adsorption of oxygen 
resulted in the following changes in the angular distri- 
butions: 
a) an overall decreasing intensity by about a factor of 

two, 
b) a larger decrease of the intensity for directions where 

deeper layers are visible, 
c) a small increase of the intensity in the shadowing 

dips for the main c~stallo~aphic surface directions. 
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6 KeV Ne+- Cu (100) 

2 4#5O 9’0’ 

AZIMUTHAL ANGLE ‘Q 

Fig. 5. Upper: photogram of a clean Cu(100) surface (Ne+ 1 Cu reflection yield). Lower: photogram of an oxygen-covered Cu(100) 
surface (Po, = 8 X Km4 Pa). 

The decreasing intensity can be explained as usual, by 
the increasing neutralization probability due to the pres- 
ence of oxygen at the surface, (In preliminary measure- 
ments using reflected neutrals, which were not energy- 
analyzed. practically no differences were observed be- 
tween angular distributions of the clean and oxygen- 
covered Cu(100) surface.) Although the structure in the 
azimuthal dist~but~ons for the oxygen-covered surface 
became less pronounced, due to the effects mentioned 
above, the width and position of all shadow dips re- 
mained practically unaltered. This strongly suggests that 
the oxygen-covered Cu(100) surface (stage B) is not 
reconstructed. However, from the increased intensity in 
the shadow zones it can be concluded that some of the 
copper atoms are less neatly arranged at the surface. We 
have measured a similar effect on the other low index 
copper surfaces; the most pronounced increase of the 
“background” intensity was found for the oxygen- 
covered Cu{ ill} surface, both when using Net and O- 

backscattered particles. Niehus [29] observed an in- 
creased intensity in the shadow zones of He’, back- 
scattered from oxygen-covered Cu{lll), whereas a de- 
creasing intensity was observed for random incidence 
directions. It seems unlikely that the observed surface 
roughening of these oxygen-covered copper surfaces is 
caused by ion-beam induced damage, because the surface 
roughening is also “visible” after low ion doses at small 
angles of incidence. (If the mobility of copper atoms is 
reduced in the vicinity of oxygen atoms, the thermal 
annealing of damage sites would become less effective.) 

It should be noted that the angular distributions are 
always measured in a dynamical situation: the actual 
oxygen coverage is determined by the oxygen flow and 
the number of desorbing oxygen atoms. If the adsorp- 
tion or incorporation process is governed by a mecha- 
nism in which the copper atoms are temporarily re- 
moved to a somewhat higher position (see e.g. refs. [3,9]) 
this might result in an average number of displaced 
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Fig. 7. Set of azimuthal distributions of the Ne’ 1 Cu reflection intensity, for a clean and oxygen-covered Cu(100) surface; @$ = 9”. 
@4=130, Q$=31”, @I)=530 

copper atoms, depending on the partial oxygen pressure 
and on the ion beam intensity. 

6. Conclusion 

On the basis of angular dist~butions of O- recoil 
ions, we concluded that at least two essentially different 
oxygen sites are involved at stage B. These sites may 
well be the sites as proposed by Onuferko and Woodruff: 
the 2-fold bridge site 1.4 A above the copper surface 
and the 4-fold hollow site at appro~mately the height 
of the first copper layer. The oxygen-covered Cu(lOQ) 
(at stage B) surface is not reconstructed, except for a 
certain surface roughening. 

It is very difficult to obtain more information on the 
basis of ~muthai ~strib~tions, because of the four-Fold 

symmetry of the surface. More information on the ad- 
sorption process can be obtained by studying the kinet- 
ics of the U,/Cu{ lOO> system while using signals with a 
different sensitivity for oxygen at different locations. 
The results of an exploratory study by our group in this 
field will be published in a subsequent paper. 

This work is part of the research program of the 
Stichting voor Fundamenteel Onderzoek der Materie 
(FOM) and was made possible by financial support 
from the Nederlandse Organisatie voor Zuiver 
Wetenschappel~k Onderzoek (ZWO). 
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