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Selective adsorption and structure formation of N2 on the nanostructured Cu-CuO stripe phase
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The adsorption of nitrogen molecules on the nanostructured Cu(110)-Cu(110)-(231)O surface was studied
both experimentally using He atom diffraction and thermal desorption spectroscopy as well as theoretically
using a semiempirical potential approach. The substrate~referred to as the Cu-CuO stripe phase! provides a
unique template for studying the adsorption, structure formation and desorption on narrow terraces~stripes! of
alternating Cu~110! and Cu(110)-(231)O areas, whose width can be varied systematically by the amount of
preadsorbed oxygenQO . The adsorption of N2 on the Cu-CuO stripe phase occurs in a selective and sequential
manner according to the hierarchy of the available binding sites. The molecules are first adsorbed in a lattice
gas phase on top of the CuO stripes, followed by the formation of a dense monolayer phase on the bare Cu
stripes. Finally, additional molecules are adsorbed on the CuO stripes leading to a compression of the lattice
gas phase. We find a substantial influence of the finite size of the stripes on the ordering of the adlayer of N2

as compared to the adsorption on extended terraces of the homogeneous surfaces of Cu~110! (QO50) and
Cu(110)-(231)O (QO50.5), respectively. On large Cu stripes (QO,0.1), a pinwheel structure for the N2

monolayer is found to be stable, whereas a (433) compressed phase is observed on large CuO stripes (QO

.0.38). For stripe widths below 30–50 Å (0.1,QO,0.38), the diffraction signatures from the orientationally
ordered commensurate phases disappear in the experiment as well as in the calculated structure factors. The
calculations reveal that the original structures become disordered as a result of the confinement of the N2 layer
and the strong pinning of the adlayer to the step edges separating neighboring Cu and CuO stripes. The
orientational order appears to be particularly sensitive, whereas the local positional order and the preferred
adsorption sites of the molecules are essentially preserved.

DOI: 10.1103/PhysRevB.66.085414 PACS number~s!: 68.43.2h, 68.55.2a, 61.18.Bn
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I. INTRODUCTION

The presence of steps or point defects on the surfac
known to strongly influence the nucleation and growth
deposited atoms or molecules. The preferential nucleatio
step edges on regularly stepped~vicinal! surfaces can, in-
deed, be used to grow well-ordered ‘‘quantum wires’’
single atomic lines with a well-defined lateral arrangem
and orientation enforced by the regularity of the substr
steps.1–3 On the other hand, flat surfaces may undergo
spontaneous self-ordering during chemisorption, such a
the case of oxygen adsorption on Cu~110! ~Ref. 4! or atomic
nitrogen on Cu~100!.5,6 As a result a stripe@one-dimensional
~1D!# or square~2D! array of regularly shaped domains sep
rated by uncovered, bare Cu areas is formed in the subm
layer coverage regime. These patterns are quite regular
thermodynamically stable. In addition, the two alternati
types of domains are chemically different and subsequ
adsorption may occurselectivelyon either of the two. Such
nanostructured surfaces thus provide ideal templates to s
the influence of the finite domain size on the adsorpti
binding, and structure formation of atoms and molecules7,8

For the present case, we have studied the adsorptio
molecular nitrogen on the nanostructured Cu-CuO str
phase. As shown previously,4,8 the adsorption of submono
layer amounts of oxygen (QO,0.5) and subsequent annea
ing results in the formation of a regular array of alternati
CuO and bare Cu~110! stripes. The CuO stripes are elo
0163-1829/2002/66~8!/085414~11!/$20.00 66 0854
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gated islands with monatomic height of the well know
Cu(110)-(231) ‘‘added’’ row phase.9 The stripes are com
posed of individual Cu-O rows running along the@001# di-
rection which are separated by two Cu lattice constants al

the @11̄0# direction. It has been shown that the width of th
CuO and Cu domains as well as the periodicity of the str
phase can be varied systematically over in the nanom
range by simply changing the oxygen coverageQO.8 The
stripe phase represents the equilibrium morphology of
surface and forms as a result of the relaxation of the surf
stress. Its stability and the variation of the stripe width a
periodicity with the oxygen coverage can be understo
quantitatively within the framework of continuum elastici
theory.10

In previous investigations we have studied the adsorp
of nitrogen molecules on the bare Cu~110! substrate and on
the fully covered Cu(110)-(231)O surface, respectively. O
Cu~110!,11 the N2 molecules tend to stay within the potenti
troughs running along the@11̄0# direction, i.e., parallel to
the close packed Cu atomic rows. At the same time,
molecules seek to arrange themselves in their natural b
hexagonal arrangement. As a result, a high-order comme
rate (1

4
3
1) phase is formed in which the N2 molecules are

ordered in a quasihexagonal array with a ‘‘pinwheel typ
orientational order. As derived from the model calculatio
each unit cell contains seven N2 molecules: six of them lay
flat on the surface coiling around a central ‘‘pin’’ molecu
©2002 The American Physical Society14-1
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which stands upright on the surface.11

In contrast, the large corrugation imposed by t
Cu(110)-(231)O surface was shown to force the centers
mass of the N2 molecules to stay inside the troughs betwe
the Cu-O added rows along the@001# direction. As a conse-
quence, N2 molecules adopt the rectangular structure of
reconstructed surface forming a (231) phase in which the
molecules are spaced at 2a55.1 Å along @11̄0# and at a
distance larger or equal than 2A2a57.2 Å along@001#.12,13

At these large distances, the lateral interaction betw
neighboring molecules is close to zero and the adlayer
haves like a lattice gas. At higher coverages the adlaye
compressed along the@001# direction and additional mol-
ecules adsorb between the potential troughs. The model
culations reveal that the (433) phase contains eight mo
ecules per unit cell. Four molecules are adsorbed inside
troughs between the Cu-O rows with their axes lying flat
the surface and nearly parallel to the rows, while the rema
ing four molecules are adsorbed flat above the Cu-O ro
and oriented approximately parallel to these rows.12,13

In the two limiting cases (QO50 andQO50.5, respec-
tively! the N2 surface density at monolayer completion
approximately the same (.0.07 Å22), whereas the shape o
the unit cells, the internal molecular arrangement, and
orientation of the N2 molecules are completely differen
Furthermore, the binding on the two substrates are quite
ferent: On the CuO surface the heat of adsorption per m
ecule ranges from 12566 meV in the lattice gas phase t
9466 meV in the compressed (433) phase,12 whereas in
the (1

4
3
1) phase on Cu~110! it amounts to 10566 meV.11

The aim of this paper is to study~i! the adsorption/desorptio
scenario in the presence of the hierarchy of the binding
ergies and~ii ! the influence of the lateral confinement im
posed by the finite domain sizes on the structural orderin
the molecules. We use thermal He atom scattering and t
perature programmed desorption~TPD! to characterize the
adsorption/desorption behavior and He atom diffraction
determine the adlayer structures as a function of the dom
size. Then, we compare the experimental data to minim
energy calculations using realistic potentials to describe
substrate-adsorbate and the adsorbate-adsorbate interac

In Sec. II, we present the experimental data on
adsorption/desorption kinetics and the adlayer structure
N2 adsorbed on the Cu-CuO stripe phase. Section III
scribes the main aspects of the calculation, especially
implementation of the particular morphology of the Cu-Cu
stripe phase. The numerical results are presented in Se
and are compared to the experimental observations.

II. EXPERIMENTAL DATA

A. Setup and preparation

The experiments were performed in the He scattering
paratus described in Ref. 14. The Cu-CuO stripe phase
prepared by exposing the clean Cu~110! sample to oxygen a
elevated surface temperature between 500 and 600 K.
exposures,10 L corresponding to oxygen coveragesQO
,0.5 a regular array of (231) ‘‘added row’’ reconstructed
08541
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CuO stripes separated by uncovered Cu areas is obtain4

As an example, Fig. 1 shows an STM image and a schem
model of the stripe phase forQO50.25. The width of the
CuO stripes~l! and of the bare Cu areas~L! and, hence, the
overall periodicityD5 l 1L of the Cu-CuO ‘‘stripe phase’’
along the@11̄0# direction are unique functions of the oxyge
coverage.8 Experimentally, the stripe phase can easily
characterized by He diffraction profiles recorded along

@11̄0# direction. The long-range order of the stripe pha
which acts as a nanometer scale diffraction grating lead
sharp satellite peaks around the specular reflection. The s
ing between these satellite peaks yields the periodicityD.
From the known oxygen coverageQO the CuO stripe width
is obtained asl 52QOD. Due to the stability of the Cu-CuO
stripe phase its structure and long-range ordering is not
fected by the adsorption of weakly physisorbed molecu
Indeed, after desorption of the adlayer the He diffracti
pattern of the original stripe phase is fully recovered. T
offers the intriguing opportunity to study the influence of t
finite size of the Cu and CuO domains on the adsorption
structural properties of physisorbed molecules in compari
to the case of the homogeneous Cu~110! and Cu(110)-(2
31)O surfaces.

For the present investigation the Cu and CuO domain s
~stripe widthsL and l, respectively! were varied systemati
cally by using different oxygen precoverages. The selec
coverages and the corresponding values for the widthsl, L
and for the stripe phase periodicityD are listed in Table I.

B. Adsorption of N2 on the stripe phase

Molecular nitrogen was adsorbed from the gas phase
the formation of ordered monolayer structures was mo
tored using He diffraction. To study the adsorption proce
the variation of the peak heights of the~0,0! specular beam
and of the~1/2,0! diffraction peak were recorded as a fun
tion of exposure@Fig. 2~a!#. Due to the low He reflectivity of
the highly corrugated CuO stripes, the specular intensity

FIG. 1. STM image recorded at room temperature~a! and sche-
matic representation~b! of the Cu-CuO stripe phase forQO50.25.
According to Table I the average CuO stripe width isl 531.4 Å
~corresponding to about 6–7 Cu-O chains per stripe!, and the over-
all periodicity isD562.8 Å, which is roughlyp525 times the Cu

lattice spacing ofa52.55. X and Y define the@11̄0# and @001#
directions, respectively.
4-2
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SELECTIVE ADSORPTION AND STRUCTURE . . . PHYSICAL REVIEW B66, 085414 ~2002!
mainly sensitive to the adsorption on the bare Cu stripes
contrast, the~1/2,0! diffraction peak is characteristic of th
oxygen induced (231) reconstruction and, hence, only se
sitive to the adsorption on the CuO stripes. Monitoring the
two intensities thus provides complementary information
wherethe adsorption takes place during N2 exposure.

The adsorption curves depicted in Fig. 2~a! reveal a strong
decrease of the~1/2,0! diffraction peak up to an exposure o
about 0.8 L at which point all CuO stripes appear to
covered by nitrogen molecules. At the same time, the spe
lar intensity also decreases but eventually reaches a l
maximum at around the same exposure of 0.8 L where
still 70% of its initial value. Only upon further exposure do

TABLE I. Periodicity D of the Cu-CuO stripe phase and wid
of the Cu-O stripes~l! and Cu stripes~L! as a function of the
oxygen coverageQO . These values were calculated from a fit
Vanderbilt’s theory which gives an excellent interpolation of t
experimental data~Ref. 8!. Also indicated are the number of un
cellsNCuO andNCu of the respective N2 superstructure which would

fit on the CuO and Cu stripes along the@11̄0# direction. Values in
bold face indicate that the corresponding superstructure diffrac
peaks were, indeed, observed experimentally.

QO D ~Å! l ~Å! L ~Å! NCuO NCu

0.12 92.0 22.1 69.8 2 6-7
0.19 67.6 25.7 41.9 2-3 4
0.2 66.1 26.4 39.6 2-3 4
0.22 64.0 28.1 35.8 3 3-4
0.25 62.8 31.4 31.4 3 3
0.32 69.4 44.4 25.0 4 2-3
0.34 74.4 50.6 23.8 5 2
0.37 86.2 63.8 22.4 6 2
0.42 130.4 109.6 20.9 10-11 2

FIG. 2. Peak intensities of the~0,0! ~squares! and of the~1/2,0!
~circles! He diffraction peak recorded~a! during adsorption of N2
on the Cu-CuO stripe phase at a surface temperature of 25 K
~b! during desorption of the N2 monolayer when applying a linea
heating rate of 1 K/s. The Cu-CuO stripe phase was prepare
adsorption ofQO50.32 of oxygen, corresponding to an area
64% being covered by CuO stripes ofl 544.4 Å width and stripe
periodicity D569.4 Å. The dotted lines in~b! indicate the tem-
peratures at which the N2 desorption takes place on the clea
Cu~110! surface and on the completely covered Cu(110)-(231)O
surface, respectively.
08541
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the specular intensity drop to zero indicating the compl
coverage of the Cu stripes. The consecutive decrease o
~1/2,0! and of the specular intensity suggests an adsorp
scenario in which the nitrogen molecules are first adsor
on the CuO stripes and, when the preferential sites are
occupied, adsorption on the bare Cu stripes takes place.
that the surface temperature in this experiment is 25 K. T
temperature appears to be high enough for the physiso
nitrogen molecules to diffuse freely across the surface
search for an energetically most favorable adsorption site
other words, molecules impinging on a bare Cu stripe
able to reach a nearby CuO stripe where they will stick u
it is completely covered.

This selectiveadsorption scenario is corroborated by t
desorption experiment depicted in Fig. 2~b!. After adsorption
of a monolayer of N2 on the same stripe phase (QO50.32) a
linear temperature ramp with a heating rate of 1 K/s w
applied and the variation of the He intensities of the~0,0!
and ~1/2,0! diffraction peaks were recorded. It is easily re
ognized in Fig. 2~b! that the desorption first takes place fro
the bare Cu~110! areas~corresponding to the increase of th
specular intensity at around 35 K!. Only later, at about 42 K,
the N2 molecules desorb from the CuO stripes, leading to
sudden increase of the intensity of the half-order peak
the complete recovery of the specular peak. The desorp
sequence is just reversed to that of the adsorption in
2~a!. The higher desorption temperature is clearly related
the larger binding energy of the N2 molecules on
Cu(110)-(231)O as compared to the bare Cu~110!
surface.11,12 For comparison the desorption temperatu
~steepest intensity rise! for the bare (QO50) and for the
completely oxygen covered Cu~110! surface (QO50.5) are
indicated in Fig. 2~b! by the dashed and the dotted lin
respectively.

For a more quantitative analysis of the adsorption proce
Fig. 3 shows the N2 adsorption curves recorded at 25 K o
Cu-CuO stripe phases with different amounts of preadsor
oxygenQO and, hence, different surface fractions 2QO cov-

n

nd

by

FIG. 3. N2 adsorption curves on the Cu-CuO stripe phase w
different oxygen precoverage:QO50.20 ~squares!, QO50.25
~circles!, QO50.32 ~triangles up!, QO50.37 ~triangles down!, QO

50.42 ~diamonds!. The inset shows the position of the local max
mum of these curves, i.e., the exposure required to cover the
stripes with N2, as a function of the oxygen precoverage.
4-3



f N
th

a
d
to

L
re

th
e
tio
om
is

ep

a

u
o

e
,

a

en
o
on
.
n
t
w

flu

n

d
re

ip
a
d
C
ie
d

a
r

the

is
e
hort
ed
er-
e
ear-
ual
mit
cture
f-
re-

er-

ks
ces

ed

ty
es

to
toms

gen
ined

P. ZEPPENFELDet al. PHYSICAL REVIEW B 66, 085414 ~2002!
ered by CuO stripes. As in Fig. 2~a!, the maximum of the
specular intensity occurs when the selective adsorption o2
on the CuO stripes is complete. In the inset of Fig. 3
corresponding exposures are plotted as a function ofQO.
The straight, linear relationship between these exposures
the CuO surface fraction confirms the initial, selective a
sorption of N2 on the CuO stripes. The amount required
cover a fully oxygen covered Cu(110)-(231)O surface
(QO50.5) can be extrapolated from the data to be 1.3
This value is much smaller than the amount of 2.8 L requi
for monolayer completion and saturation of the (433)
phase.12 On the other hand, 1.3 L corresponds exactly to
amount for completion of the (231) lattice gas phase. W
may, therefore, conclude that the first step in the adsorp
on the stripe phase consists in the formation of an unc
pressed~lattice gas! phase on the CuO stripes. Once th
phase is saturated, adsorption proceeds on the bare
stripes. In fact, as will be shown later, only in a third st
~after the Cu stripes have been covered with nitrogen!, mol-
ecules are again adsorbed on the CuO stripes leading to
final compression of the adlayer into a compressed ph
similar to the (433) phase on the Cu(110)-(231) surface.
Indeed, this three-step selective adsorption scenario is q
consistent with the hierarchy of the adsorption energies
125, 105, and 94 meV for the (231) gas phase on CuO, th
(1

4
3
1) phase on Cu, and the (433) phase on CuO

respectively.11,12

C. Structure of N2 on the stripe phase

An intriguing question is to what extend the position
and orientational ordering of the N2 molecules is affected by
the finite size of the Cu and CuO stripes. As already m
tioned, the structure, intermolecular arrangement and the
entation of the molecules is known to be quite different
the Cu~110! and the Cu(110)-(231) surface, respectively
The unit cells of the (1

4
3
1) and (433) monolayer phases o

Cu and CuO, respectively, are rather large. Depending on
oxygen coverageQO the stripes may accommodate a fe
unit cells of the original structures, only~see Table I!. In
addition, the step edges along the@001# directions separating
neighboring Cu and CuO stripes could have a marked in
ence on the ordering of the adsorbed molecules.

He diffraction was used to investigate the ordering a
structure formation during adsorption of N2 on the stripe
phase. In particular, the appearance of the most intense
fraction peaks of the (1

4
3
1) phase observed on the ba

Cu~110! surface11 and of the (0,m/3) diffraction spots char-
acteristic of the (433) monolayer structure of N2 on the
completely oxygen covered Cu(110)-(231)O surface were
monitored as a function of coverage and for different str
widths.15 The results are summarized in Fig. 4. The pe
intensities of the two reference structures were normalize
the intensities measured on the homogeneous Cu and
surfaces, respectively. No significant diffraction intensit
from either the (1

4
3
1) nor the (433) phase can be observe

for intermediate oxygen coverages 0.2<QO<0.3, i.e., for
stripe phases where the width of the Cu and CuO stripes
smaller than about 50 Å~see Table I!. On the other hand, fo
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lower ~higher! oxygen coverages where the Cu~CuO! stripe
widths exceed 50 Å the same diffraction patterns as on
homogeneous surfaces are obtained.

As indicated in Table I the ‘‘critical’’ stripe width above
which the (1

4
3
1) and (433) structures can be observed

such that at least 5–6 N2 unit cells of the respective phas
can be placed on the Cu or CuO stripes along the s

@11̄0# direction. Since the diffraction intensities are expect
to decrease significantly with decreasing number of coh
ently scattering N2 unit cells, it cannot be excluded on th
basis of these diffraction experiments whether the disapp
ance of the diffraction signal is simply related to the event
decrease of the peak intensity below the detection li
rather than to the actual disappearance of the superstru
itself. To decide between ‘‘coherence’’ and ‘‘finite size’’ e
fects, model calculations were performed which are p
sented in Sec. III.

Figure 5 shows the diffraction profiles for three charact
istic situations:~i! large Cu stripes (QO50.12), ~ii ! equally
sized, small Cu and CuO stripes (QO50.22), and~iii ! large
CuO stripes (QO50.42). As already mentioned, the (1

4
3
1)

phase is observed in case~i! and the (433) phase in case
~iii !. Note, however, that the intensity of the diffraction pea
is much smaller than for the adsorption on extended terra
on the Cu~110! and the Cu(110)-(231)O surface,
respectively.11,12

Although no N2 related superstructure peaks are obtain
in case~ii ! above, an interesting diffraction profile@Fig. 5~c!#
was obtained after adsorption of 0.8 L ofN2 in this case. The
profile reveals the known satellite peaks4 around the integer
diffraction peaks~0,0! and ~1,0! with a spacing ofDQ
52p/D50.1 Å21 expected for a stripe phase periodici
D564 Å. In addition, however, another series of satellit
with twice this spacing has emerged around the~1/2,0! peak
at Q51.23 Å21. Consequently, these satellite peaks point
a change in the surface morphology as seen by the He a

FIG. 4. Peak intensities~recorded at 25 K! of the most intense
N2 superstructure diffraction spots of the (1

4
3
1) phase~open circles!

and the (433) phase~filled circles! recorded from the N2 mono-
layer adsorbed on the Cu-CuO stripe phase for different oxy
precoverages. The intensities are normalized to the values obta
for the homogeneous Cu and CuO surfaces,QO50 andQO50.5,
respectively.
4-4
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which is induced by the adsorption of N2. The new period-
icity corresponds to a spacing ofD/2. Since an actual modi
fication of the original stripe phase structure by the wea
physisorbed N2 molecules can be excluded, we interpret th
change as a modification of the electronic corrugation u
N2 adsorption which is actually sensed by the He atoms

Two observations have helped to understand this pecu
phenomenon in more detail.~i! The new satellites and
hence, a period ofD/2 is only observed if the oxygen pre
coverage is in the range 0.2,QO,0.3, i.e., if the Cu and
CuO stripes have about equal widths.~ii ! The satellites have
the highest intensity if the N2 exposure is just about~but
slightly above! the amount required to completely cover t
CuO stripes. In fact, the appearance of the new sate
peaks can also be identified in the adsorption and desorp
curves~Fig. 6! as a small intermittent rise of the~1/2,0! peak
intensity. The offset by about 0.2 L with respect to the lo
maximum of the specular peak indicates that also a few s
on the bare Cu stripes have already been occupied. The o
is consistent with the amount needed for the complete de
ration of the lower step edges between the Cu and the C
stripes. This strongly suggests that the step edges pla

FIG. 5. He diffraction profiles recorded after adsorption of2
on the Cu-CuO stripe phase with different oxygen precover
QO50.12, 0.22, and 0.42~from top to bottom!. ~a! and ~b! were
recorded after adsorption of a complete monolayer~3.2 L! of N2 at
25 K along the (1

4
3
1) symmetry axes rotated by 13.3°~a! and

70.5° ~b! against the@11̄0# direction. ~c! and ~d! were recorded

along the@11̄0# and@001# directions, respectively, after adsorptio
of 0.8 L of N2 at 25 K which corresponds to an exposure sligh
beyond the intermediate maximum of the adsorption curve~see Fig.
3!. ~e! and~f! were recorded after monolayer saturation~2.4 L of N2

at 25 K! along the@11̄0# and @001# directions, respectively.
08541
y

n

ar

te
on

l
es
set
o-
O
an

important role in producing the diffraction signature. Indee
for QO;0.25 the spacing between these steps is most reg
and equalsD/2.

As a result, we propose the following explanation: T
adsorption of N2 on the CuO stripes appears to smoothen
electronic corrugation related to the oxygen induced
31) reconstruction such that the main contrast in the surf
morphology seen by the He atoms is dominated by the c
tribution of the step edges—at least within the relevantQ
range aroundQ51.23 Å21.

Monitoring the peak intensity of the diffraction peak
characteristic of the compressed (433) phase on the CuO
stripes as a function of coverage, provides the final proo
the selective adsorption scenario. As an example, Fig
shows the He intensity of the specular~0,0!, the ~1/2,0!, and
the ~0,1/3! peaks during adsorption of N2 on the Cu-CuO
stripe phase withQO50.42. As discussed in Sec. II B th
specular and half order intensities reveal the completion
the (231) lattice gas phase at around 1.1 L and the sub
quent adsorption on the bare Cu stripes. Finally, at aro

e

FIG. 6. Intensities of the~0,0! ~squares! and of the ~1/2,0!
~circles! He diffraction peak recorded~a! during adsorption of N2
on the Cu-CuO stripe phase at a surface temperature of 25 K
~b! during desorption of the N2 monolayer when applying a linea
heating rate of 1 K/s. The oxygen precoverage wasQO50.25,
where the widths of the Cu and CuO stripes are exactly eq
Similar curves with a characteristic intermittent intensity rise~ar-
rows! were obtained for oxygen precoverages in the range
,QO,0.3.

FIG. 7. He intensity of the~0,0! ~open squares!, the ~1/2,0!
~open circles!, and the~0,1/3! ~filled squares! diffraction peaks dur-
ing adsorption of N2 at 25 K on the Cu-CuO stripe phase wit
QO50.42. Note the sudden rise of the~0,1/3! intensity characteris-
tic of the (433) phase, marking the final compression of the2
monolayer.
4-5
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1.8 L, a sudden rise of the~0,1/3! peak intensity is observed
indicating the formation of a dense (433) phase on the CuO
stripe phase. As already mentioned, this three-step sele
adsorption scenario reflects the decrease of the adsor
energies from 125 to 105 and 94 meV associated with
(231) gas phase on CuO, the (1

4
3
1) phase on Cu, and th

(433) phase on CuO, respectively.11,12

D. Temperature programmed desorption

We have explained the selective adsorption of N2 on the
Cu-CuO stripe phase in terms of the hierarchy of the ads
tion energies within the different phases on the CuO and
stripes. Indeed, the He intensities recorded during ther
desorption@see, e.g., Fig. 2~b!# reveal a pronounced differ
ence in the respective desorption temperatures. Rather
measuring the He diffraction signal from the remaining a
layer the desorbing molecules can be detected directly
mass spectrometer. Such temperature programmed de
tion ~TPD! traces are shown in Fig. 8 for various initial N2
coverages on three different stripe phases@QO50.13 ~a!,
0.23 ~b!, and 0.42~c!#. In the monolayer range~desorption
temperatures above 30 K! three distinct desorption peaks ca

FIG. 8. Temperature programmed desorption~TPD! traces for
different N2 exposures at 20 K on the Cu-CuO stripe phase with~a!
QO50.13, exposures between 0.24 L and 6 L,~b! QO50.23, expo-
sures between 0.44 L and 8 L, and~c! QO50.42, exposures be
tween 0.41 L and 8 L.
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be distinguished. They can be associated with the desorp
from the (433) phase on CuO~1!, the (1

4
3
1) phase on Cu

~2! and the (231) gas phase on CuO~3!. The desorption
occurs in the reverse order as the adsorption, with the h
temperature peak~3! corresponding to the most strong
bound N2 species on the CuO stripes. Note that with incre
ing oxygen precoverage the desorption peaks~1! and~3! be-
come more pronounced whereas the N2 /Cu peak ~2! de-
creases. This is, indeed, expected if the peaks~1! and~3! are
both related to N2 molecules adsorbed on the CuO stripes
just in different phases.

III. CALCULATIONS

A. Geometry of the Cu-CuO stripe phase

A model of the Cu-CuO stripe phase is shown in F
1~b!. For the bare Cu~110! surface, we consider a discret
rigid substrate with lattice parametera52.55 Å. The unit
cell is rectangular with primitive vectors of lengtha andA2a
and the interplanar distance is equal toa/2. The
Cu(110)-(231)O substrate is modeled by adding a well o
dered (231) CuO slab above the previous Cu~110! substrate
according to the added row model of the oxygen induc
reconstruction of the Cu~110! surface.9 Whereas the latera
symmetry and the Cu-O arrangement is well established,
relative heights of the oxygen and copper atoms with resp
to the Cu~110! substrate have been a subject of controver
Here, we adopt the parameter values given in Ref. 13,
tained by fitting the adsorption properties of Xe and N2 on
Cu(110)-(231)O. The so determined height of the oxyge
atoms with respect to the Cu added rowsdO520.21
60.10 Å and the height of the topmost Cu interlayer d
tanced1251.6060.05 Å are close to the average of the va
ous experimental values ofdO520.0960.14 Å and d12
51.5460.06 Å, respectively.13

The Cu-CuO stripe phase is described by a regular
quence ofn<p/2 CuO added rows in a (231) arrangement
located on top ofp<pm Cu rows@Fig. 1~b!#. The maximum
value pm has been chosen to be large enough to excl
finite size errors and sufficiently small to reduce computat
time. The corresponding oxygen coverageQO, stripe widths,
and periodicity are related to the valuesn and p via QO
5n/p, D5pa, l 52na, andL5(p22n)a. The two limiting
cases, the bare Cu~110! surface and the fully oxygen covere
Cu~110!-(231)O surface are obtained forn50 and n
5p/2, respectively.

B. Interaction potentials

The interaction potentialV(R,V) between the N2 mol-
ecules and the Cu and CuO domains is the sum of an in
layer contributionVAA and an adsorbate-substrate contrib
tion VAS. It depends on the positionR of the centers of mass
of the N2 molecules and on the orientationV of their mo-
lecular axes. The dominant interaction terms inVAA are the
quantum dispersion-repulsion contribution supplemented
the direct electrostatic quadrupolar interactions. Screen
effects due to the substrate mediated contributions on b
quantum and electrostatic potential have been shown to
4-6
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main negligible and unable to change the structural prop
ties of the N2 layer.12 The quantum interactions are describ
by pairwise Lennard-Jones~LJ! potentials, whereas a distrib
uted charge description over molecular sites is used for
electrostatic term. A three point charge distribution mo
was shown to be adequate for N2, with two charges equal to
-0.405 a.u. located at the center of each nitrogen atom
one charge equal to10.810 a.u. at the N2 center of mass.11

The adsorbate-substrate potentialVAS contains dispersion
repulsion terms similarly described by Lennard-Jones fo
and electrostatic interactions when necessary~i.e., on the
CuO domains!. The close expression of the interaction p
tential and the set of parameters used are given in R
11–13. The ionic chargesq for the Cu and O species withi
the Cu-O added rows were taken to be equal to10.8e and
20.8e, respectively,13 whereas the Cu atoms in deeper laye
do not bear any charge.

IV. NUMERICAL RESULTS AND DISCUSSION

A. Low coverage regime

In a first step, we determine the equilibrium adsorpti
energy of a single N2 molecule on several characteristic sit
of the Cu-CuO stripe phase for different configuratio
(p,n). We use a conjugate gradient minimization proced
to calculate the potential minima with respect to the bind
distance and to the molecular orientationV5(u,w) of the
N2 molecule. For stripe phase configurations (p,n) contain-
ing more than two CuO rows (n>2), we find that the mos
stable site is located on the CuO stripe at a bridge site
tween two oxygen atoms belonging to adjacent CuO ad
rows. At this site, the binding energy is 121 meV, the m
lecular axis lies flat on the surface (u590°) and is parallel to
the CuO chains (w590°). On the Cu stripes, the N2 mol-
ecule lies flat inside the Cu troughs with its axis along

@11̄0# direction of these troughs and the binding energy
clearly weaker~83 meV!.

The corrugation experienced by a single N2 molecule
moving along the@11̄0# direction~Fig. 9! is the same as fo
the two extended surfaces11,12 except at the boundary be
tween the Cu and CuO stripes. Along this direction, i.
perpendicular to the CuO rows, the corrugation is rather h
on the CuO stripes~55.0 meV! in contrast to only 4 meV on
the bare Cu stripes. The influence of the step edge form
the boundary between the two stripes is short ranged, ext
ing over two lattice constants, only. On the upper step e
~CuO stripe!, the N2 molecule experiences a barrier of 6
meV, i.e., an additional step edge barrier of 5 meV, to
scend onto the bare Cu stripe. At the lower step edge
molecule is trapped in a well with a depth of 104 meV. T
site at the lower step is more stable than a Cu terrace sit
away from the step due to the increase of the coordina
number, but smaller than on the CuO stripe. The fact that
binding energy at the step edge is intermediate between
binding energies on the bare Cu and the CuO terraces re
from the competition between two contributions:~i! an en-
hanced attraction from the dispersion contribution toVAS due
to the larger coordination number vs~ii ! a repulsive contri-
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bution originating from the electrostatic interactions betwe
the N2 molecule and the CuO added rows. The binding e
ergy at this site is only slightly more attractive than anoth
configuration~100 meV! where the N2 molecule still lies flat
on the surface but with its molecular axis orientedalong
rather than perpendicular to the step edge. As shown be
the occurrence of two nearly equivalent sites with perp
dicular orientations of the molecular axis will be of gre
importance for the structural ordering of the N2 adlayer.

B. Monolayer coverage regime

The above results on the adsorption of a single N2 mol-
ecule are used to choose the best strategy to determine
adsorption properties of the N2 monolayer on the stripe
phase. In fact, it is rather difficult to find the N2 molecular
density for such a complicated surface geometry. Here
consider that the monolayer coverage is reached when a
tional molecules prefer to adsorb above the first N2 layer
instead of being directly bound to Cu or a CuO added ro
As a result, the area per molecule in the first layer ran
between 14 and 16 Å2 which is of the same order as th
values typically obtained for N2 adsorbed on other substrate
such as Pt, Ag, or graphite.16–20 Note that the so determine
monolayer coverages are based on interaction potent
only, and the values could slightly change if thermodynam
arguments were considered.

FIG. 9. Potential energy profileVAS experienced by a N2 mol-

ecule moving along the@11̄0# direction on a stripe phase withn
56 CuO rows and a periodicity ofp530 Cu rows (QO50.2, l
530.6 Å, D576.5 Å). The length scale is given in units of the C
lattice parametera52.55 Å. Also shown are the two possible co
figurations of an N2 molecule at the step edge with slightly differe
binding energies.
4-7
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The equilibrium geometry ofN adsorbed molecules is ob
tained by minimizing the total potentialV with respect to the
5N variables which characterize theN molecules adsorbed
on the Cu-CuO stripe phase. Each molecule has three tr
lational (X,Y,Z) and two rotational (u,w) degrees of free-
dom attached respectively to its center of massR and to its
orientationV. For sufficiently largeN, the conjugated gradi
ent procedure fails and statistical techniques are more
venient. Simulated annealing~SA! has been shown to be on
of the most efficient methods for optimization in su
systems.21 It prevents the system to be trapped in loc
minima and ensures to obtain a reliable equilibrium confi
ration. For details on the SA method and its algorithm,
reader is referred to Ref. 19. We have defined perio
boundary conditions along the CuO stripe direction in or
to prevent finite size effects which could introduce frust
tion in this direction. A too large density of N2 molecules in
the defined box could also lead to artificial structures. Th
precautions were taken for all (p,n) surfaces. Typically, a
box of (65 Å336 Å) containing about 200 molecules wa
a good compromise for obtaining a reliable equilibrium co
figuration at a reasonable CPU time. The starting configu
tions for the N2 molecules were the (1

4
3
1) pinwheel phase on

the Cu domain and the (433) phase on the CuO stripe
Additional molecules were introduced near the Cu/CuO s
edges to obtain the optimum N2 density. In order to charac
terize the positional ordering of the N2 molecules on the
CuO and on the bare Cu stripes we have calculated the
structure factors

F j~k!5
1

Nj
U(

n51

Nj

exp~ ik•Rj !U2

for the N1 molecules adsorbed on the CuO stripes (j 51)
and for theN2 molecules adsorbed on the bare Cu strip
( j 52). The wave vectorsk were chosen to lie within the
Cu~110! 2D reciprocal unit cell. Finally, the correspondin
polar and azimuthal orientations of the N2 molecules were
determined by plotting the angular distributionsg(u j ) and
g(w j ), respectively.

1. N2 on large CuO stripes„QOÐ0.38…

In Fig. 10, we show a snapshot@Fig. 10~a!# and the cor-
responding structure factor@Fig. 10~b!# obtained for N2 ad-
sorbed on large CuO stripes. ForQO50.38, i.e.,n510 and
p526, the structure factor of the complete monolayer clea
exhibits spots that are characteristic of a (433) phase. In
this case the N2 adlayer adopts the same structure as on
extended terraces of the Cu(110)-(231)O surfaces.12,13 In
fact, this phase has a (233) periodicity if only the N2 cen-
ters of mass are considered but slight changes in the2
orientations increase the unit cell by a factor of 2 along

@11̄0# direction. This feature has already been discusse
Refs. 12,13. A close examination of the snapshot in F
10~a! further reveals that the (433) unit cell contains eight
molecules, half of them located above the Cu-O added r
and the other half within the troughs between these ro
The position of the molecular centers of mass is almost
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same as for an infinite CuO terrace. The angular distributi
show that the molecules lie flat on the surface (u590°) with
their axes oriented parallel to the Cu-O rows, along the@001#
direction (w590°). On the narrow adjacent Cu stripe, n
long-range N2 ordering occurs whereas the molecules s
remain inside the troughs formed by the close-packed
rows. Yet, the preferred lattice sites and the short-range
sitional ordering on the two stripes is rather insensitive to
confinement and the presence of the step edge. Only
pinwheel orientational ordering on the bare Cu area app
to be suppressed almost completely. As expected from
potential corrugation~Fig. 9!, the influence of the step edge
is of short range and only the positions and the azimut
orientations of the molecules closest to the step edge
significantly altered. The adsorption energies on the la
CuO terraces are the same as those obtained on the exte
CuO substrate, namely, 122 meV for the lattice gas struc
and about 100 meV for the additional N2 molecules adsorbed
on the CuO stripes for the compressed (433) phase.12 As a
result, theaverageadsorption energy in the compressed
33) phase amounts to 102.5 meV per molecule.

2. N2 on large Cu stripes„QOÏ0.1…

The other limiting case where the N2 molecules are ad-
sorbed on large Cu areas and correspondingly narrow C
stripes (p528, n52, QO50.07) is represented in Fig. 11

FIG. 10. ~a! Snapshot of the N2 monolayer adsorbed on th
(p,n)5(26,10) Cu-CuO stripe phase. Black circles correspond
oxygen atoms, small dots to Cu atoms, and pairs of large w
circles represent N2 molecules ~total number of molecules:N
5226). ~b! Structure factor obtained by considering only the m
ecules adsorbed on the CuO stripe. The spots are characteris
the (433) phase.
4-8
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Figure 11~a! shows that no long-range order exists on t
narrow CuO stripes. The lateral arrangement is neverthe
consistent with the preferred lattice sites obtained in the p
vious section for a single N2 molecule in the vicinity of the
step edge. The orientations of the molecules are again m
more sensitive. Indeed, the distributions of the polar and
muthal angles are quite broad:u590°620° and w580°
640°, respectively. Above the wide Cu stripe, the snaps
in Fig. 11~a! and the structure factor@Fig. 11~b!# associated
with this phase show that the pinwheel arrangement obta
on the extended Cu~110! terraces11 is clearly present on a Cu
stripe of about 60 Å wide. Also the same well ordered (1

4
3
1)

superstructure as in the case of N2 adsorbed on the bar
Cu~110! surface11 is obtained. The unit cell contains six mo
ecules lying flat on the surface which coil around one upri
molecule. Since the orientation of the unit cell is obliq
with respect to the@001# direction of the step edge, we con
clude that its influence is not strong enough to modify
overall translational symmetry of the adlayer. In fact, t
influence of the step edge extends over two to three Cu
tice sites, only. In the vicinity of the step, the molecul
centers of mass are shifted from their position in the id
pinwheel lattice and, in particular, the molecular orientatio
are appreciably perturbed. Indeed, the proportion of pin m
ecules is reduced from 1/7 in the ideal case to about 0
since the supposed pin molecules are likely to tilt down
u590° in the vicinity of the step due to the presence of

FIG. 11. ~a! Snapshot of the N2 monolayer adsorbed on th
(p,n)5(28,2) Cu-CuO stripe phase~total number of molecules
N5221).~b! Structure factor obtained by considering only the m
ecules adsorbed on the Cu stripe. The spots are characteristic o
(1

4
3
1) phase.
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two step wells with flat molecular orientation~see Fig. 9 and
Sec. IV A!. On the other hand, the azimuthal distributio
g(w) is not strongly affected by the step edge since the th
privileged directions (w530°,90°, and 120°) remain nearl
unchanged and the equipartition of the molecules in the th
directions is preserved. The average binding energy per2
molecule on the large Cu stripes is found to be 114 meV@the
same as on the extended Cu~110! surface#. On the narrow
CuO stripe the average energy in the (433) phase become
106 meV, a value slightly larger than on the extended
races of the Cu~110!-(231)O surface~102.5 meV!. The
small increase is due to the lateral interaction with the m
ecules adsorbed on the neighboring Cu stripe at the bot
of the step edge.

3. N2 adsorption in the intermediate case„0.1ËQOË0.38…

The situation where the CuO and Cu stripes have com
rable width is shown in Fig. 12 forp526, n56, and thus
QO50.23. On the CuO stripe, the centers of mass of
molecules are slightly displaced along the@001# direction
with respect to the ideal positions in the (433) phase@Fig.
12~a!#. In fact, some spots in the (433) reciprocal lattice
@Fig. 12~b!#, namely, the~0,1/3! and the~0,2/3! spots, are
strongly attenuated or even disappear completely. On the
stripe the snapshot shows a reduced translational order
the absence of a pinwheel type orientational order. This
corroborated by the lack of significantly intense peaks in
structure factor@Fig. 12~c!#. Nevertheless, the centers o
mass, remain inside the potential troughs along the@11̄0#
direction, and tend to respect their natural hexagonal
rangement. On the CuO stripes, the average N2 adsorption
energy is equal to 120 meV in the lattice gas phase and 1
meV in the (433) compressed phase. On the Cu stripes,
binding energy is equal to 109 meV. It should be noted t
the pinwheel structure becomes a metastable phase w
binding energy per molecule slightly lower~104 meV per
molecule! as compared to the orientationally disorder
phase~109 meV!.

V. COMPARISON WITH EXPERIMENTAL DATA
AND DISCUSSION

From the analysis of the adsorption on the Cu-CuO str
phase, we find that the binding energies per molecule
only slightly affected, except for the molecules adsorbed
the lower step edges on the Cu stripes~Fig. 9!. For instance,
the average binding energy per molecule on a Cu stripe
width L514a536 Å ~Sec. IV B 3! amounts to 109 meV as
compared to 114 meV on the extended, bare Cu subst
Likewise, the binding energy per molecule in the distort
(433) phase on a small CuO stripe~106 meV, see Sec
IV B 2! is similar to the one calculated for the compress
N2 monolayer on the Cu~110!-(231)O surface ~102.5
meV!. In the low coverage regime the (231) lattice gas is
stable with a binding energy per molecule of about 120–1
meV on large CuO terraces, and the binding strength is
duced by a few meV in the immediate vicinity of the upp
step edge, only~Fig. 9!.

the
4-9
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This nicely supports the experimental results and the
sorption scenario inferred from the adsorption, diffractio
and thermal desorption measurements. Indeed, the hiera
of the binding energies is confirmed in the calculation an
appears that the Cu-CuO stripe phase can be viewed
template on which the adsorption and desorption proceed
a well definedselectiveway: ~i! the N2 molecules will adsorb
on the CuO stripes which provide the strongest binding s
~120–125 meV! until a dense lattice gas is formed.~ii ! Prior
to the compression of this phase, however, it is energetic
favorable to cover the Cu stripes with a N2 monolayer~109–
114 meV!. ~iii ! Finally, molecules are again adsorbed on t
CuO stripes leading to the formation of a slightly disorder
(433) phase~102.5–106 meV!. Hence, the correspondin
energy bias associated with the transitions~i!,~ii ! and~ii !,~iii !
can be calculated to be of the order ofDE.11 and 8 meV,
respectively. These values should be compared to those

FIG. 12. ~a! Snapshot of the N2 monolayer adsorbed on th
(p,n)5(26,6) Cu-CuO stripe phase~total number of molecules
N5201).~b! and~c! structure factors calculated by considering t
molecules adsorbed on the CuO and the Cu stripes, respective
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mated from the measured binding energies on theextended
substrates,12 namely, DE51252105520 meV and 105
294511 meV, respectively.

Regarding the relative stability of the (433) and pin-
wheel phases as a function of the Cu/CuO stripe widths,
have plotted in Fig. 13 the maximum values of the~0,1/3!
and the (3,0)N2

superstructure spots~Fig. 5!, characteristic of
these two phases. The result should be compared to the
perimental data shown in Fig. 4. At low oxygen covera
(QO,0.2), corresponding to a CuO stripe widthl<25 Å,
the ~0,1/3! spot can no longer be observed. The reverse s
ation is obtained for the (3,0)N2

spot, which disappears a

aroundQO50.25, i.e., if the Cu stripes become narrow
than about 30 Å.

This behavior is in qualitative agreement with the diffra
tion data summarized in Fig. 4, although the measured in
sities appear to be more affected by the finite domain s
than predicted by theory. In particular, the critical stri
width below which either of the two phases can no longer
detected is about 50 Å, i.e., almost twice as large as in
calculation. Of course, a quantitative comparison of
structure factor~calculated within the simple kinematic ap
proximation! and the measured He peak intensity is not p
sible. In fact, the dynamic nature of the scattering proc
should be taken into account as well as the presence of s
leading to strong diffuse scattering. Also, the presence
surface imperfections, such as kinks along the step ed
could significantly deteriorate the long-range ordering.

From the snapshots in Figs. 10–12 we may infer that
translational ordering of the (1

4
3
1) and the (433) phase on

the Cu and CuO stripes, respectively, is rather well ma
tained. No new superstructures with entirely different u
cells appear even on rather narrow stripes. The translati
disorder is most apparent for the (1

4
3
1) phase, especially in

the vicinity of the lower step edge. More importantly, th
orientational ordering of the molecules appears to be q
sensitive to the presence of the step edges. Again, thi
most pronounced on the Cu stripes, where the pinwheel
dering is completely suppressed on narrow stripes. T

.

FIG. 13. Variation of the calculated peak intensity of the~0,1/3!
and ~3,0!N2

peaks connected, respectively, to the (433) structure
on CuO and to the (1

4
3
1) pinwheel phase on Cu as a function of th

oxygen coverageQO .
4-10
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stronger influence on the (1
4

3
1) pinwheel phase of both the

translational and the orientational order can be rationali
as follows:~i! the bottom step edge is the only place whe
the binding energy is strongly altered. Figure 9 reveals
additional attractive well of about 20 meV and a possib
second adsorption site.~ii ! The orientation of the high sym
metry axis of the (1

4
3
1) phase is not parallel to the@001#

direction of the confining step edges. It is conceivable t
such a ‘‘symmetry frustration’’ might have a strong influen
on the long-range ordering.

VI. CONCLUSION

The Cu-CuO surface turns out to be a convenient temp
to study the influence of step edges and severe lateral
finement on the adsorption and the structure of physisor
N2 molecules. The combined experimental and theoret
approach allows a detailed analysis of the adsorption s
nario and insights in the driving forces at the atomic sca
We find that the adsorption and growth of a complete mo
layer proceeds in three steps:~i! adsorption into a lattice ga
phase on top of the CuO stripes,~ii ! adsorption on the Cu
stripes, and~iii ! compression of the lattice gas phase on
CuO stripes. Thisselectiveadsorption is energetically driven
r

t.

G

e
r

G
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the energetically most favored sites being occupied first. T
(1

4
3
1) and the (433) structures of the N2 adlayer on Cu and

CuO, respectively, are influenced by the finite size of t
stripe width and, most importantly, by the presence of
step edges. With decreasing stripe width, the phases bec
increasingly disordered, with the long-range orientational
der being particularly sensitive. Yet, the main structural fe
tures, such as the adsorption sites and the local configura
at the center of the stripes are preserved. The disorder
pears to be more pronounced in the experiment than
dicted by theory. Possibly, step-edge defects~kinks! and un-
certainties in the potential corrugation at both sides of
step edge could be responsible for the remaining discr
ancy. In this context, experiments probing the local energ
and structural properties of the adsorbates and first princi
calculations of the adsorption properties in the vicinity of
step edge are needed in the future.
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