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N2 monolayer and bilayer adsorbed on Ag„110… at 15 K: Structure and orientational ordering
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The growth and the structure of an N2 monolayer and bilayer physisorbed on Ag~110! at 15 K were
investigated by means of thermal desorption spectroscopy and low-energy electron diffraction~LEED! and
compared with structures determined from interaction potential calculations. The N2 monolayer desorbs at 40
K with a desorption energy of 1046 1 meV while the bilayer desorbs at 32 K with an energy of 736 1 meV.
The LEED pattern of the monolayer corresponds to a parallelogram structure. For the bilayer a hexagonal
structure was found. An energy minimization procedure based on simulated annealing algorithm gives adsorp-
tion energy values very consistent with the experimental data for the monolayer and bilayer. It shows, further-
more, that the monolayer geometry corresponds to a herringbone high-order commensurate phase while the
second layer displays two isoenergetical structures: a relatively dilute herringbone phase and a dense hexagonal
four-sublattice pinwheel structure. This latter structure has the symmetry observed in the LEED pattern.
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I. INTRODUCTION

The structural arrangement of adspecies1 has been exten
sively studied for rare gas atoms physisorbed on a variet
hexagonal,2–4 square,5,6 and rectangular7–9 substrates. The
next step towards more complex systems was to investi
the adsorption of nonspherical adsorbates, since in add
to the translational ordering of the molecular centers of ma
the orientation of the molecular axes comes into play. T
orientation ordering can give rise to complex structures le
ing to herringbone or pinwheel molecular arrangements
to new types of phase diagrams.10 In recent decades, peop
concentrated particularly on the superstructures formed
diatomic molecules (N2 ,CO) adsorbed on relatively smoot
surfaces.11 It was shown that the N2 quadrupole momen
plays a crucial role through the lateral interactions in de
mining major parts of the phase diagram and the correspo
ing phase transitions vs temperature and coverage.

The adsorption of N2 on graphite1 is known to be a mode
system due to its relative simplicity and to the extens
information provided by twenty years of investigation fro
both experimental and theoretical studies. Due to the trem
dous amount of data, there is a broad consensus abou
interpretation of the phase diagram obtained at different2
coverages. At low temperature and in the monolayer regi
low-energy electron diffraction~LEED! ~Refs. 12–15! and
neutron diffraction patterns16 show the occurrence of a com
mensurate lattice that may be compressed to a uniaxia
commensurate herringbone lattice. Under further comp
sion N2 may form nonplanar herringbone geometries
pinwheel structures depending on the N2 coverage and thus
on the magnitude of the lateral interactions. Similar herrin
PRB 580163-1829/98/58~7!/4111~9!/$15.00
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bone phases were evidenced by LEED and neutron scatte
experiments for CO adsorbed on graphite17 and expected
from thermodynamics and potential calculations for CO a
N2 on boron nitride.18 These experimental features were co
roborated by numerical approaches including energy mini
zation at 0 K based on realistic interaction potentials19

Monte Carlo methods20 and molecular dynamics
simulations.21,22

The adsorption of N2 on triangular surfaces such a
Ag~111! has been very recently investigated using LEE
experiments.23 The results indicated that at coverages up
the saturated monolayer, N2 ~like CO! forms a rotated in-
commensurate hexagonal structure, while no additional o
was noted upon adsorption of the second layer. The sys
N2 /Ag~111! was discussed in a general way usi
molecular-dynamics simulations from the low-temperatu
orientationally ordered solid to the melting of the solid b
comparison with the results on graphite.24

Aside from the studies on hexagonal substrates, the an
tropic role of the corrugation was analyzed by consider
the adsorption of N2 on the rectangular Cu~110!
substrate.25,26 Thermal energy atom scattering~TEAS! ex-
periments together with interaction potential calculations a
molecular-dynamics simulations showed that this subst
exhibits troughs along the dense Cu rows, i.e., the@110#
direction, in which the N2 molecules were preferentially ad
sorbed. At low temperature~around 20 K!, the monolayer
forms a high-order commensurate phase with a large o
shaped unit cell that contains seven N2 molecules. The ori-
entational ordering of the N2 molecules obtained from calcu
lations gives a seven-sublattice pinwheel structure.
4111 © 1998 The American Physical Society
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In previous papers,27,28the formation of negative ion reso
nances~NIR’s! of N2 films adsorbed on Ag~110! at 15 K was
investigated by high-resolution electron energy loss spect
copy ~EELS!. Here, we study the growth and structure of t
N2 layers on the Ag~110! substrate at the same temperatu
by means of thermal desorption spectroscopy~TDS! and
LEED. The experimental data are compared with energy
culations of the structure.

The paper is organized as follows: In Sec. II we descr
the experimental conditions and we present the TDS
LEED results. Section III deals with the theoretical bac
ground of the interactions and the minimization procedure
the interaction potential. In Sec. IV we present the results
the calculations for the single admolecule, monolayer,
bilayer regimes. The experimental data are compared to
results of calculations and to other systems in Sec. V.

II. EXPERIMENTS

A. Experimental setup

The experiments were carried out in a UHV appara
with a base pressure of about 5310211 mbar. The chambe
is subdivided into two levels. The upper level is equipp
with a cylindrical mirror analyzer~CMA! for Auger-electron
spectroscopy, a three-grid LEED optic and a quadrup
mass spectrometer~QMS! for TDS. The computer-controlled
EEL spectrometer29 is based on 127° cylindrical deflecto
and is mounted in the lower level of the UHV chamber.
the EELS experiment, the scattering plane was oriented
pendicular to the~110! surface and tilted 45° to the@001#
direction, defined by the dense Ag rows of the Ag~110! sub-
strate. For the TDS measurements the sample was positi
at 1 mm in the front of the aperture of the enclosure of
QMS. We used constant heating rates of 0.5–2.0 K/s
were controlled by a self-optimizing digital PID temperatu
controller. This controller generates temperature ram
~starting at 15 K! with an accuracy of about 0.1%.30 The
LEED study of the N2 layers was taken at sample curren
less than 10 nA in order to avoid desorption or dissociat
of physisorbed nitrogen.12 The sample of 8 mm diameter an
2.5 mm thickness is fixed on a continuous-flow cryostat a
cooled with liquid helium to 15 K~cool-down time from 300
to 15 K less than 2 min!. The crystal orientation has a
accuracy of 0.1°. The sample is heated by electron imp
and the temperature is measured using a NiCr/Ni ther
couple located at the back of the sample. The sample
cleaned via several cycles of Ar1 ions sputtering~1 keV, 5
mA! at 300 K for 30 min followed by annealing at 800 K fo
10 min. The clean Ag~110! surface exhibits a sharp~131!
LEED pattern.

B. Results

1. TDS results

Figure 1 shows some typical TD spectra~time depen-
dence of N2 coverageu vs temperature! taken for exposures
between 0.1 and 20.0 L of N2 adsorbed at 15 K. These spe
tra are measured in the temperature range between 15
300 K, with a heating rate of 0.5 K/s. The sample was
nealed at 800 K for 3 min between each adsorpti
desorption cycle. The partial pressures of the masses 282)
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and 14~N atoms! are detected simultaneously for each e
posure. The temperature of the sample was calibrated u
the known desorption energies of multilayers of Ar and2
~zeroth-order desorption!.31 For exposures less than 0.5 L
the TD spectra exhibit a small single desorption peak at 4
that could be assigned to adsorption on defects. With
creasing exposure from 0.5 up to 3.5 L a shoulder develops
at 40 K that dominates the TD spectra for higher exposu
Then, the peak at 40 K saturates at an exposure of abou
L. Since the integral of this peak corresponds to the cover
of 1 ML we calibrated the exposures in units of 1 ML~see
the inset of Fig. 1!.

For exposures leading to coverages above 1 ML the
spectra exhibit a second maximum located at 32 K, wh
corresponds to the desorption from the second layer. As
pected this second layer saturates at about 7 L. For expos
above 8 L, desorption from the third and higher multilaye
occurs, leading to the occurrence of a peak at 30 K. Fina
the TD spectrum corresponding to 20.0 L displays the d
tinct separation of the monolayer, second layer, a
multilayer desorption. The desorption is a zero-order proc
for the multilayers and a first-order one for the monolay
Thanks to the linearity of the temperature ramp, we are a
to determine the activation energies of desorption at e
coverage by a leading edge analysis~leading edge means les
than 2% of a monolayer desorbed!.32 Figure 2 shows
Arrhenius-plots@ ln(du/dt) vs 21/T# of the TD spectra. The
inset shows the desorption energies of the monolayer,
second layer and the multilayers, respectively. The value
the desorption energies are 1046 1 meV for the monolayer,
73 6 1 meV for the second layer, and 706 1 meV for the
multilayers. From the development of the desorption peak
is obvious that the N2 films are growing layer by layer.

2. LEED results

At 15 K, the clean Ag~110! surface exhibits exclusively a
sharp ~131! LEED pattern. The primitive unit cell of

FIG. 1. TD spectra of mass 28 for exposures from 0.1 to 20.
of 14N2 on Ag~110! at 15 K. The heating rate is 0.5 K/s and th
partial pressure is calibrated to the desorption rate in ML/s. T
inset shows the calibration of the exposure to units of 1 ML.
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Ag~110! has the lattice constants:aS152.89 Å and aS2
54.09 Å. Figure 3~a! ~top! shows the LEED pattern of th
N2 monolayer adsorbed on Ag~110! at 15 K. Six spots ap-
pear in addition to the substrate spots: in fact, two spots
superimposed with the substrate reflexes and only four
separately seen. The scheme of the LEED spots is show
the bottom of Fig. 3~a!, whereaS1* andaS2* correspond to the
reciprocal vectors of the Ag~110! substrate whilea1* anda2*
are the reciprocal lattice vectors of the N2 monolayer. Based
on the LEED pattern, we propose a unit cell for the re
space structure, having a parallelogram shape with the la
parametersa153.85 Å,a254.34 Å andg570.5°. The mean
area per nitrogen molecule in the monolayer is 15.742.
Figure 3~b! ~top! shows the LEED pattern of the secon
layer of N2. The six observed spots have a hexagonal sy
metry, and they are slightly elongated along the tangen
direction. From the LEED pattern, we determine that the u
cell in the real space is hexagonal withb5b15b254.02 Å,

FIG. 2. Arrhenius plots@ ln(du/dt) vs 21/T# of the TD spectra.
The inset shows the desorption energies for the monolayer, bila
and multilayers calculated by a leading edge analysis.

FIG. 3. LEED pattern at a primary energy of 66 eV:~a! for 1
ML N2 and~b! for the bilayer N2 on Ag~110! at 15 K. Below each
LEED pattern are schemes with the reciprocal lattice vectorsa1* ,
a2* ~of the substrate! andb1* , b2* ~of the overlayer!.
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and the mean area per nitrogen molecule~14.0 Å2) in the
second layer is significantly smaller than in the monolay
Note that we used an electron energy equal to 66 eV at
current~,10 nA! in order to not perturb the adsorbed stru
tures. As a result higher-order diffraction peaks that co
provide additional information on the layer geometry cann
be observed.

III. THEORETICAL BACKGROUND

A. Interaction potentials

The interaction potentialV(R,V) for the N2/Ag~110!
system is the sum of an intralayer contributionVAA and of an
adsorbate-substrate termVAS. It depends on the positionR
of the center of mass and on the orientationV of the N2
admolecule~Fig. 4!. The dominant interactions inVAA are
the quantum dispersion-repulsion contributions supp
mented by the electrostatic potential. For the quantum in
actions, we use the usual pairwise Lennard-Jones~LJ! poten-
tial and for the electrostatic term, we choose a distribu
charge description in order to include the effects of the fin
extent of the molecules.VAA can thus be written as

VAA5(
i , j

(
p,q

S (
k56,12

4e ip jq~2 !k/2S s ip jq

r ip jq
D k

1
qipqjq

4pe0r ip jq
D ,

~1!

where i and j label two nitrogen molecules andp andq are
the interaction sites. For the LJ potential, the sites corresp
to the center of mass of the N atoms. The set of parame
(eN2N ,sN2N) for the various pairs are taken from th
literature33 and listed in Table I. For the electrostatic part
N2 , a three-point charges distribution model appears to

er,

FIG. 4. Geometry of the Ag~110! surface with the N2 admol-
ecule. The substrate is described by a rectangular unit cell of
(2.8934.09) Å2. The position of the center of mass of the molecu
is referred to an absolute frame (X,Y,Z) by the vectorR and the
molecule orientation by the Euler anglesV5(w,u).

TABLE I. Lennard-Jones parameters.

Atomic pairs « ~meV! s ~Å!

N-Na 3.14 3.318
N-Ag 4.227 3.486

aX1 model of Murthyet al. ~Ref. 33!.
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convenient, with two charges equal to20.405 a.u. at the
nitrogen atom sites and one charge equal to10.810 a.u. at
the middle of the N-N bond.33,34

The adsorbate/substrate potentialVAS is mainly described
by dispersion-repulsion interactions. Additional interactio
known as substrate-mediated interactions and electros
image effects35,36are disregarded because they generally p
vide weak contributions to the adsorption energy and t
did not change the equilibrium configuration of the adlay
We describeVAS by a LJ form similar to the one used fo
VAA in Eq. ~1!, except that the sum is over theip sites of the
adsorbed molecules andjq is a single index that characte
izes the substrate atoms. The choice of the LJ form is c
sistent with the expression used for a similar system,
N2 /Cu(110).25,26 For this latter substrate, it was shown th
such a potential can well account for the equilibrium25,26,37

and the dynamical38 properties of the N2 or rare-gas layers
The LJ parameters (eN2Ag ,sN2Ag) listed in Table I repro-
duce the available equilibrium data taken from the therm
desorption and LEED experiments~Sec. II!. In our calcula-
tions, we use the value of the adsorption energy equal to
meV. For the perpendicular frequency connected to the
bration of the adsorbate along the normal to the Ag surfac
value of 3.7 meV seems reasonable by comparison with
measured value for N2 on Cu~110!.39 The height of the ni-
trogen molecules above the surface is then about 3 Å. O
pairwise potentials have been proposed in the literature
order to explain the N2 scattering from the~100! or ~111! Ag
surfaces. For instance, Tully and co-workers40,41 used a
Morse potential in place of the Lennard-Jones term beca
the repulsive part of this latter potential appeared to be
steep for explaining the collisional data.42 However, its ap-
plication to the present N2/Ag~110! system fails because
does not lead to a consistent value of the experimental
sorption energy. Note that the present LJ parameters h
been applied to the N2/Ag~111! system and they appear to b
successfully transferable to this system.

B. Minimization procedure

The determination of the equilibrium geometry of the a
sorbed molecules is obtained by minimizing the total pot
tial V5VAA1VAS with respect to the 5N variables which
characterize theN molecules lying on the Ag~110! substrate.
Each molecule has three translational (X,Y,Z) and two rota-
tional (w,u) degrees of freedom connected, respectively
the positionR of its center of mass and to the orientationV
of its molecular axis. WhenN is sufficiently small (N<5) a
conventional numerical gradient procedure is used and
reach rapidly the absolute minimum ofV. For largerN val-
ues, the number of local minima increases drastically and
gradient procedure obviously fails. When the adlayer is co
mensurate with the substrate, one can take advantage o
resulting periodicity and optimize the variables connected
the molecules that belong to the unit cell, only. When it
not the case or when the number of molecules containe
this cell is still too large (N>5) then statistical approache
are more convenient.

Simulated annealing~SA! is one of these methods tha
was developed to optimize such systems.43,44 The basic idea
is close to the physical annealing scheme applied to cry
s
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growth in the sense that low temperature is not a suffici
condition for finding the optimized ground state of matte
and warming then cooling very slowly the matter will resu
in a much better ordered sample. The SA process consis
first melting the system being optimized at a high effect
temperature, then lowering the temperature by slow sta
until the system freezes and no further changes occur
each temperature, the simulation must proceed long eno
for the system to reach a steady state. Inside each ste
temperature, a Metropolis algorithm is used. In such an
gorithm, a degree of freedom is given a small random d
placement and the resulting energy changeDE is calculated.
When DE<0, the displacement is accepted, and the d
placed configuration is used as the starting point of the n
step. In the caseDE>0, the probability that the configura
tion is accepted is determined by the Boltzmann distribut
at temperatureT, P(DE)5exp(2DE/kT). If P(DE) is larger
than a random number uniformly distributed in the interv
(0,1), then the configuration is accepted; if not, it is rejec
and the original configuration is used to start the next st
By repeating this basic scheme many times, we simulate
thermal motions of a system in equilibrium with a heat ba
at temperatureT.

It should be mentioned here that SA differs from oth
conventional optimization techniques in that the absol
minimum search procedure cannot be trapped into a m
stable state since transitions out of a local minimum are
ways possible at finite temperature. A second important f
ture is the ‘‘divide-and-conquer’’ strategy of the S
algorithm.43 Gross features of the eventual state of the s
tem appear at higher temperatures while fine details dev
at lower temperatures.

To solve a peculiar optimization problem by simulat
annealing, several parameters have to be chosen. Fir
there are generic decisions, usually denominated as the c
ing scheme, which are common to any SA implementat
problems. The following parameters must be specified to
fine the annealing strategy: the initial (Ti) and final (Tf)
values of temperature, and the rule for decreasing temp
ture. Among the tremendous temperature-quench
schemes that are given in the literature,45 we chose the mos
common one according to Kirkpatrick,43

Tn115aTn . ~2!

The quenching factora determines the rate of temperatu
drop between two consecutive steps in the SA algorithm.
thus directly connected to the number of iterations that
required to ensure the accuracy of the method. Whena is
close to zero, then the temperature jumps are too large
the system will freeze in a metastable state. In contrast w
a is close to 1, the system should undoubtedly reach
absolute minimum of the potential energy, but with the cou
terpart that the CPU time drastically increases. Note that
decreasing rule is consistent with the physical annealing p
cess in the sense that there are large temperature jum
high temperature and very small jumps at lower temperat
The values of the parametersa, Ti , andTf , in this particu-
lar case, are equal to 0.8, 500 K, and 10212 K in order to be
sure that we reached the absolute minimum. It should
noted that the temperature occurring in the SA algorithm
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control parameter, only, and that it should not be confu
with the physical temperature.

Secondly, there are specific decisions that are closely
lated to the system to be solved. Indeed, the efficiency of
SA calculations depends crucially on the way the neighb
ing configurations are generated. In practice, several em
cal attempts have to be made in order to find the appropr
conditions. For instance, while, in principle, the absolu
minimum can be reached from any initial configuration
the admolecules, this latter one is chosen very carefully
order to minimize the CPU time. This time increases sign
cantly when nonrealistic starting configurations are cons
ered. Moreover, the number of neighboring configuratio
must be sufficiently large to represent the thermal equi
rium of the molecules at temperatureT and sufficiently small
to optimize the running time of the SA algorithm. All thes
specific decisions will be discussed in the numerical p
~Sec. IV!.

IV. NUMERICAL RESULTS

A. Equilibrium geometries

1. Single admolecule

A preliminary analysis of the interaction potential b
tween a single N2 molecule and the Ag~110! substrate gives
information on the holding contribution and on the corrug
tion experienced by the admolecule. Figure 5 displays
potential-energy map experienced by the molecule
moves above the surface. This map was obtained with
help of a numerical gradient technique by minimizing t
holding potentialVAS with respect to the perpendicular tran
lation of the center of mass of the N2 molecule and to the
molecule orientation. The most stable adsorption site
found at the center of the rectangular unit cell~hollow site!
of Ag~110! with an adsorption energy equal to 76 meV, a
height of 3.0 Å. The substrate is significantly anisotrop
with large energy differences along the crystallographic

FIG. 5. Potential-energy map~energy in meV! for a single N2

admolecule adsorbed on the Ag~110! surface. The rectangle corre
sponds to the unit cell of Ag~110!. The lateral positionsX andY of
the N2 center of mass axis are given in reduced units, with resp
to the lattice constantaS 52.89 Å.
d
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rections. Along the@001# direction ~Y axis! parallel to the
dense Ag rows the corrugation can reach 20 meV while i
only 6 meV in the@110# direction ~X axis!. The N2 mol-
ecule lies into potential troughs parallel to the dense Ag ro
and it is adsorbed flat on the equilibrium site~u590°!. Its
axis is slightly tilted~u.70°! when it is adsorbed above th
dense Ag rows. A similar feature is obtained for the a
muthal anglew since the molecule is always parallel to th
dense Ag rows~w50°! except above them where it becom
perpendicular~w590°! to the rows. The behavior of this pe
culiar orientational ordering is mainly due to the corrugati
experienced by the N2 molecule that is large enough insid
the troughs to hinder the polar and azimuthal rotations of
molecular axis.

2. Monolayer geometry

Then the SA minimization procedure was applied to fi
the most stable structure for thezN2 monolayer. Since we
have no obvious information regarding the commensurab
of the monolayer with the substrate, we considered a se
70 N2 molecules schematizing the layer in order to be free
side effects. Two initial configurations were investigated th
correspond in fact to two asymptotic situations: The first o
for an uncorrugated surface and the second for a highly
rugated substrate. In the first configuration, the initial po
tions of the molecules are taken to be those of the~111!
plane of the fcc bulk N2 solid, namely, they are arrange
according to regular triangles with each side equal to 4.0
For the orientations of the molecules a random distribut
was chosen. In the second configuration, we assume tha
of the molecules lie in the troughs with their axes flat a
parallel to the@110# direction ~w50°!, in order to accomo-
date the rectangular shape of the Ag~110! surface.

The minimization procedure starting from these two co
figurations converges toward the same stable structure re
sented in Fig. 6~a!. Regarding the poor periodicity of th
structure, we can say that N2 forms either a high-order com
mensurate or an incommensurate phase with Ag~110!. Be-
cause of the large corrugation alongY, the N2 molecules still
lie in the troughs since the molecule-surface distance is c
stant and equal to 3.0 Å. The average energy per molec
equal to 96 meV, can be separated into a large holding c
tribution ~76 meV! and a small lateral contribution~20
meV!. This latter value seems reasonable since in the b
nitrogen lattice the lateral energy does not exceed 30 m
The final distribution of the molecular centers of mass a
orientations is drawn in Figs. 6~b!–6~d!. Figure 6~b! clearly
shows that the structure formed by the centers of mas
quasihexagonal. Indeed, one molecule is surrounded by
neighbors at the positionsR5n1a11n2a2 wheren1 and n2
are integer numbers.a1 anda2 @Fig. 6~a!# define the primi-
tive translation vectors of the unit cell connecting the N2

centers of mass. Their lenghtsa1 anda2 are equal to 3.9 Å
and 4.4 Å, respectively, leading to an average area of 162

per molecule. As a consequence, each peak occurring in
6~b! defines a particular distanceR with a standard deviation
of about 0.3 Å. The second peak around 4.4 Å has an in
sity twice as large as the first peak because each N2 molecule
has four nearest neighbors located in adjacent rows at a
tancea2 and two neighbors in the same row at a distancea1.

ct
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4116 PRB 58C. RAMSEYERet al.
The second-nearest neighbors are then at distancesa1A3 and
a2A3 ~respectively, 6.8 and 7.6 Å!. Figure 6~c! shows that
the molecules remain nearly flat on the surface since a si
peak is obtained atu580° with a standard deviation of 10°
Two typical values occur for the azimuthal anglesw, at 90°
and 170°@Fig. 6~d!#. These results indicate that the mon
layer structure can be considered as a ‘‘two-in’’ herringbo
structure where two types of molecules that are nearly p
pendicular to each other~170°290°580°! coexist on the sur-
face. The occurrence of such a preferential orientation
this herringbone structure was not obvious at all, since
glide planeP and its perpendicular homolog@not repre-
sented on Fig. 6~a!# for this structure do not follow a prefer
ential crystallographic direction of the substrate but, rath
result from a subtle competition between the holding and
lateral interactions.

3. Bilayer geometry

We have investigated the structure of the bilayer by
same SA technique. The potential energies of both the

FIG. 6. N2 monolayer geometry adsorbed on Ag~110!. ~a! Top
view of the molecules~black circles! adsorbed on the rectangula
lattice Ag~110! ~white circles! showing the herringbone structur
characterized by the glide planeP. a1 anda2 define the vectors of
the unit cell restricting to the centers of mass of the N2 molecules.
Distribution of the centers of mass~b!, polar anglesu ~c! and azi-
muthal anglesw ~d! determined from the simulated annealin
method.
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layer and the monolayer are minimized simultaneously sin
in principle, this latter could change its equilibrium geome
when a second N2 layer lies above it. We chose the herrin
bone phase obtained previously to be the starting config
tion of the first layer. For the second layer, a hexago
phase where the nearest-neighbor molecules are separat
4 Å was expected to be a reliable structure, close to the b
nitrogen lattice.

The results of calculations show that the monolayer s
forms a quasihexagonal two-dimensional lattice but it
slightly distorted as indicated by the small change of
primitive vector lengths (a153.9 Å anda254.2 Å!. Never-
theless, the average energy per molecule equal to 95.8 m
is very close to the single-monolayer value. All of the mo
ecules are now perfectly flat on the surface~u590°!, as if the
second layer acted as a ‘‘press’’ on the first layer. The val
of the azimuthal angle do not change~w590° and 170°!,
indicating that the large substrate corrugation along theY
direction hinders the molecular axes to rotate freely ins
the potential trough.

For the bilayer, two structures are found to be stable a
K since they have the same potential energy per molec
~78.6 meV!. The first structure@Fig. 7~a!#! appears as a dilute
phase because each molecule occupies an average sub
area of 16 Å2, only. In this phase, the molecules lie above t
dense silver rows, at an average height of 6 Å above the
surface. As shown in Fig. 7~b!, the centers of mass of th
molecules form a quasihexagonal structure with primit
translation vectorsb1 and b2 having the lengthsb154.1 Å
andb254.2 Å. The orientations of the molecules are distr
uted in a large range of polar angles 60°<u<90° @Fig. 7~c!#
and this second layer does not show any azimuthal orie
tional ordering@Fig. 7~d!# in deep contrast with the mono
layer structure. The second structure, represented in
8~a!, is a more dense phase since the mean area per mole
decreases to 14.2 Å2. Figure 8~b! shows that the centers o
mass of the molecules are arranged according to a pe
hexagonal two-dimensional lattice withb15 b254 Å. As a
result of this compact structure, the molecules form a p
wheel structure@Fig. 8~c!# with one upright molecule~u
510°! surrounded by six molecules lying nearly flat on t
surface~u585°!. These flat molecules tend to coil around t
pin molecule with successive azimuthal anglesw530°, 90°,
and 150°, thus forming a well-oriented structure@Figs. 8~a!
and 8~d!#. Examination of Fig. 8~a! shows that the ratio be
tween the flat and the pin molecules is about 3, which me
that one flat molecule belongs in average to two wheels.

V. DISCUSSION

A. Comparison with experimental data

The energy per molecule in the monolayer deduced fr
TDS experiments is equal to 10461 meV. This value agrees
quite well with the one calculated from our semiempiric
potentials~96 meV!. Moreover, the mean potential exper
enced by a molecule that belongs to the bilayer is calcula
to be 78.6 meV and compares very well to the measu
value of 7461 meV. This latter value is mostly a characte
istic of the N22N2 potential. We can consider that the ve
small deviations between the calculated and experime
values of the desorption energies for the first and sec
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layers are a direct estimate of the accuracy of the adsorb
substrate interactions. These slight differences could be
to disregarded interactions which represent about 10% of
total energy, i.e., within the margin of error occurring he
They could also come from an approximate interpretation
the experimental measurements since, in principle, the
sorption energies in a nonequilibrium process should not
rectly be compared to the equilibrium potential values.

From the analysis of the LEED pattern at 15 K, the mon
layer forms a quasihexagonal structure with lattice consta
a153.85 Å anda254.34, Å where each molecule has a
average area of 15.75 Å2. The calculations show that th
structure of the monolayer is incommensurate or highly co
mensurate with the underlying substrate. They corrobo
fairly well these experimental features regarding the arran
ment of the centers of mass of the molecules since in
casea153.9 Å and a254.4 Å. Moreover, the calculated
structure of this adsorbed layer exhibits a herringbone ph
with two perpendicular glide planes that do not coincide w
preferential crystallographic directions of the substra
These glide planes have not been evidenced from exp

FIG. 7. Dilute phase of the N2 bilayer adsorbed on Ag~110!. ~a!
Top view of the molecules~black circles! adsorbed above the dens
Ag rows~dotted lines!. The monolayer is not represented in order
enlight the figure.b1 andb2 characterize the vectors of the unit ce
connected to the centers of mass of the N2 molecules. Distribution
of the centers of mass~b!, polar anglesu ~c! and azimuthal angles
w ~d! determined from the simulated annealing method.
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ments and this could be a future goal for us to elucidate
point and to give additional information on the N2 orienta-
tional ordering from the negative-ion resonance results.27,46

However, in order to observe high-order diffraction pea
that could corroborate or invalidate their existence, hig
electron energies are needed that certainly will affect
adsorbed layer.

Another theoretical result is the occurrence of two po
sible stable bilayer structures with different molecular den
ties. From the comparison with the LEED pattern, the de
phase, i.e., the hexagonal pinwheel geometry, seems t
the most reliable structure for the second layer. In exp
ments, the N2 second layer is found to arrange in a perfe
hexagonal lattice withb15 b254 Å and an average area pe
molecule equal to 14 Å2. The equilibrium geometry calcula
tions show that the centers of mass of the molecules h
exactly the same arrangement in this dense phase. Con
ing the dilute phase, one question remains: whether
structure is metastable or, in contrast, observable at N2 cov-
erage less than 1 ML. At that time nothing concerning t

FIG. 8. Dense phase of the N2 bilayer adsorbed on Ag~110!. ~a!
Top view of the molecules~black circles!. The dotted lines refer to
the dense Ag rows. The monolayer is not represented in orde
enlight the figure.b1 andb2 characterize the vectors of the unit ce
connected to the centers of mass of the N2 molecules. Distribution
of the centers of mass~b!, polar anglesu ~c! and azimuthal angles
w ~d! determined from the simulated annealing method.
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structure was found and further experiments at various t
peratures should be of great help.

The results on the structure and on the adsorption en
for N2/Ag~110! can be compared to the very recent LEE
measurements23 on the N2/Ag~111! system. Indeed, for this
triangular substrate, the monolayer heat of adsorption
equal to 10364 meV, very close to the value obtained on t
rectangular surface, and the structure at 40 K is a rota
incommensurate hexagonal phase. In contrast, for the
layer, the adsorption energy equal to 10666 meV is appre-
ciably larger for the triangular than for the rectangular s
face ~79 meV!. Moreover, the bilayer on Ag~111! does not
exhibit order, in contrast with the pinwheel structure form
on Ag~110!, due probably to the smaller corrugation on t
dense~111! face. Such a large energy for the second N2 layer
is quite surprising when compared to our results on Ag~110!
and to values on graphite, these two latter values being c
sistent.

B. Comparison with other systems

Nineteen years ago, Harris and Berlinsky, and later M
ritsen and Berlinsky, used a mean-field theory10 to study the
orientational ordering of H2 and D2 molecules on the basa
plane of grafoil. The molecules experienced, on one ha
mutual interactions through the electrostatic quadrupo
quadrupole contribution only, and, on the other hand,
homogeneous crystal field due to the substrate leading to
holding potentialVC . A generic phase diagram was obtain
for which four distinct orientationally ordered phases we
shown to occur, depending on the temperature and the
tive strength of the holding potentialVC and of the quadru-
polar coupling constantG(G>0). In the ‘‘two-in’’ herring-
bone phase stable for large negative values ofVC , the
molecules were flat above the surface~u590°! with two pos-
sible in-plane orientations. In the ‘‘two-out’’ phase, the mo
ecules still formed a two-sublattice herringbone structu
but the molecular axes were tilted with respect to the surf
plane. At smaller but still negativeVC values, a four-
sublattice pinwheel structure was obtained for which
molecules lying flat on the surface are coiled around a
molecule. Finally, for positiveVC values, a ferrorotationa
phase was obtained with a single tilted molecule per u
cell.

In order to corroborate~or invalidate! these mean-field
results for classical molecules, a large number
experiments11 were devoted to molecular nitrogen adsorb
on the~0001! basal plane of graphite. A well-known particu
larity of this hexagonal substate is the generally small co
gation~a few meV, only! experienced by small linear admo
ecules such as N2 and CO. Three of the four predicte
structures were elucidated.10 LEED experiments12–14 cor-
roborated by neutron diffraction results16 showed the occur-
rence of commensurate in-plane and out-of-plane herr
bone geometries, depending on the N2 coverage.
Reinvestigation of the diffraction pattern for this system
monolayer completion revealed15 that the signals assigned t
the compressed out-of-plane herringbone structure could
be interpreted in terms of a four-sublattice pinwheel str
ture. Similar herringbone phases were found for CO
sorbed on graphite17 from LEED and neutron signals an
-
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from thermodynamic results for CO and N2 adsorbed on the
hexagonal plane of BN.18 Different numerical approache
including energy minimization based on realist
potentials,19 Monte Carlo methods,20 and molecular dynam-
ics simulations21,22 were performed on the N2/graphite sys-
tem, and all support the existence of the compressed herr
bone phases and of a pinwheel phase at monola
completion.

Beside the studies on graphite and BN substrates, a
ferent situation connected to the anisotropic role of the c
rugation was analyzed when considering the N2 adsorption
on the rectangular Cu~110! substrate.25,26 Thermal helium
atom scattering experiments together with interaction pot
tial calculations and molecular-dynamics simulations
vealed that, in the monolayer regime, the N2 molecules re-
main inside the unidirectional troughs formed by the den
Cu rows of the substrate. These molecules arrange in a q
complex high-order commensurate phase with a large qu
hexagonal unit cell. This latter one contains seven N2 mol-
ecules arranged in a seven-sublattice pinwheel structure
that case, the application of the mean-field theory would le
to a ratio uVC /Gu equal to 2. This value should favor th
occurrence of either a pinwheel or a two-out herringbo
structure. In the bilayer, the molecules were arranged i
slightly distorted hexagonal structure, but neither the exp
mental data nor the theoretical investigations succeede
determining the orientational ordering of the molecules.

In light of these results, we see that the N2/Ag~110! sys-
tem should behave as an intermediate system between n
gen adsorption on graphite and Cu~110!. At monolayer
completion, the largeuVC /Gu ratio, equal to about 4, could
explain why the nitrogen molecules are flat on the Ag s
face and form a two-in herringbone structure. Moreover,
anisotropic Ag surface tends to constrain the molecules
stay inside the troughs along theX direction. As a result, a
glide plane with a specific orientation that does not coinc
with the crystallographic directions of the substrate is fou
In contrast, in the second N2 layer, the influence of the in-
teractions with the substrate decreases substantially, lea
to a value ofuVC /Gu equal to 1.5. In this case, the nitroge
molecules can form either a two-out herringbone struct
~dilute phase! or a pinwheel structure~dense phase! depend-
ing on the coverage rate and on the temperature range
very close agreement with our present calculations.

VI. CONCLUSION

In this paper, we have shown that semiempirical inter
tion potentials can accurately interpret the values of the
sorption energies issued from TDS experiments and the la
structures given by the LEED patterns, for the N2/Ag~110!
system. At this step, the calculations provide more inform
tion, especially on the molecule orientations above the s
face, than the one given by LEED. Resonance electron s
tering has been shown47 to be an efficient probe of the
molecule orientation when the observed angular distributi
are compared to the calculated distributions. The knowle
of the resonance symmetry of the isolated N2 molecule and
of the structure of the layers, together with the selection ru
for the angular profile, should predict whether a molec
stands flat or upright above the surface. Negative ion re
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nances have been experimentally investigated27 for the
N2/Ag~110! system and a combination of angular distrib
tion calculations based on the layer structure determine
this paper and of the electronic angular emission profile
N2 will be discussed in a companion paper46 to test the ac-
curacy of the angle dependence of the interaction potent
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