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N, monolayer and bilayer adsorbed on Ag110 at 15 K: Structure and orientational ordering
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The growth and the structure of an, Nnonolayer and bilayer physisorbed on (A0 at 15 K were
investigated by means of thermal desorption spectroscopy and low-energy electron difftaEin) and
compared with structures determined from interaction potential calculations. I h@hblayer desorbs at 40
K with a desorption energy of 104 1 meV while the bilayer desorbs at 32 K with an energy of73 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.
[S0163-182698)00231-9

I. INTRODUCTION bone phases were evidenced by LEED and neutron scattering
experiments for CO adsorbed on graphitand expected
The structural arrangement of adspetieas been exten- from thermodynamics and potential calculations for CO and
sively studied for rare gas atoms physisorbed on a variety ofi, on boron nitride!® These experimental features were cor-
hexagonaf,* square}® and rectanguldr® substrates. The roborated by numerical approaches including energy minimi-

next step towards more complex systems was to investigatgation a 0 K based on realistic interaction potenti4ls,
the adsorption of nonspherical adsorbates, since in additiogionte Carlo method® and molecular dynamics

to the translational ordering of the molecular centers of massyjmuylations222
the orientation of the molecular axes comes into play. The e adsorption of M on triangular surfaces such as

orientation ordering can give rise to complex structures 'eadAg(lll) has been very recently investigated using LEED

ing to herringbone or pir}whe(al?SImoIecular arrangements angxperiment§.3 The results indicated that at coverages up to
to new types of phase diagramsin recent decades, people the saturated monolayer,,Nlike CO) forms a rotated in-

concentrated particularly on the superstructures formed b ommensurate hexagonal structure, while no additional order
diatomic molecules ()N, CO) adsorbed on relatively smooth gona '
was noted upon adsorption of the second layer. The system

surfaces?! It was shown that the Nquadrupole moment . . ;
plays a crucial role through the lateral interactions in deter-NZ/Ag(lll) was discussed in a general way using

mining major parts of the phase diagram and the correspondfi©lecular-dynamics simulations from the low-temperature
ing phase transitions vs temperature and coverage. orlentat!onally'ordered solid to the melting of the solid by

The adsorption of Bon graphité is known to be a model €omparison with the results on graphife. _
system due to its relative simplicity and to the extensive Aside from the studies on hexagonal substrates, the aniso-
information provided by twenty years of investigation from tropic role of the corrugation was analyzed by considering
both experimental and theoretical studies. Due to the tremerihe adsorption of M on the rectangular Q@10
dous amount of data, there is a broad consensus about thgbstraté>*® Thermal energy atom scatterif@EAS) ex-
interpretation of the phase diagram obtained at different N periments together with interaction potential calculations and
coverages. At low temperature and in the monolayer regimghnolecular-dynamics simulations showed that this substrate
low-energy electron diffractiofLEED) (Refs. 12—15and  exhibits troughs along the dense Cu rows, i.e., [th&0]
neutron diffraction patteri&show the occurrence of a com- direction, in which the N molecules were preferentially ad-
mensurate lattice that may be compressed to a uniaxial irsorbed. At low temperaturéround 20 K, the monolayer
commensurate herringbone lattice. Under further compredorms a high-order commensurate phase with a large oval-
sion N, may form nonplanar herringbone geometries orshaped unit cell that contains seven Molecules. The ori-
pinwheel structures depending on the dbverage and thus entational ordering of the Nmolecules obtained from calcu-
on the magnitude of the lateral interactions. Similar herringdations gives a seven-sublattice pinwheel structure.
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In previous paper$’?8the formation of negative ion reso- 1.0
nancegNIR’s) of N, films adsorbed on A@.10) at 15 K was
investigated by high-resolution electron energy loss spectros-
copy (EELS). Here, we study the growth and structure of the
N, layers on the A¢L10) substrate at the same temperature
by means of thermal desorption spectroscpypS) and
LEED. The experimental data are compared with energy cal-
culations of the structure.

The paper is organized as follows: In Sec. Il we describe
the experimental conditions and we present the TDS and
LEED results. Section Ill deals with the theoretical back-
ground of the interactions and the minimization procedure of
the interaction potential. In Sec. IV we present the results of
the calculations for the single admolecule, monolayer, and
bilayer regimes. The experimental data are compared to the
results of calculations and to other systems in Sec. V. 40
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Il. EXPERIMENTS 0.0- a8

. 20 30_ 40 50 60 70
A. Experimental setup Temperature [K]

The experiments were carried out in a UHV apparatus FiG. 1. TD spectra of mass 28 for exposures from 0.1 to 20.0 L
with a base pressure of aboux30 ! mbar. The chamber of 14N, on Ag(110 at 15 K. The heating rate is 0.5 K/s and the
is subdivided into two levels. The upper level is equippedpartial pressure is calibrated to the desorption rate in ML/s. The
with a cylindrical mirror analyze(CMA) for Auger-electron  inset shows the calibration of the exposure to units of 1 ML.
spectroscopy, a three-grid LEED optic and a quadrupole .
mass spectrometé®MS) for TDS. The computer-controlled @1d 14(N atoms are detected simultaneously for each ex-
EEL spectrometé? is based on 127° cylindrical deflectors posure. The temperature of the sample was calibrated using

and is mounted in the lower level of the UHV chamber. Inthe known desorption energies of multilayers of Ar ang N

in 31
the EELS experiment, the scattering plane was oriented peE_zeroth—order desorption” For exposures less than 05 L,

. . o he TD spectra exhibit a small single desorption peak at 48 K
pendicular to thg110) surface and tilted 45° to thED01] ; . o
direction, defined by the dense Ag rows of the(At0) sub- that could be assigned to adsorption on defects. With in

... _creasing exposure from 0.5 up tdb3. a shoulder develops
strate. For the TDS measurements the sample was positiongdl 1 k that dominates the TD spectra for higher exposures.

at 1 mm in the front of the aperture of the enclosure of therpep, ‘the peak at 40 K saturates at an exposure of about 3.5
QMS. We used constant heating rates of 0.5-2.0 K/s thgt gince the integral of this peak corresponds to the coverage
were controlled by a self-optimizing digital PID temperatureof 1 ML we calibrated the exposures in units of 1 Maee
controller. This controller generates temperature rampghe inset of Fig. L
(starting at 15 K with an accuracy of about 0.138.The For exposures leading to coverages above 1 ML the TD
LEED study of the N layers was taken at sample currentsspectra exhibit a second maximum located at 32 K, which
less than 10 nA in order to avoid desorption or dissociatiorcorresponds to the desorption from the second layer. As ex-
of physisorbed nitroget?: The sample of 8 mm diameter and pected this second layer saturates at about 7 L. For exposures
2.5 mm thickness is fixed on a continuous-flow cryostat andibove 8 L, desorption from the third and higher multilayers
cooled with liquid helium to 15 Kcool-down time from 300  occurs, leading to the occurrence of a peak at 30 K. Finally,
to 15 K less than 2 min The crystal orientation has an the TD spectrum corresponding to 20.0 L displays the dis-
accuracy of 0.1°. The sample is heated by electron impadinct separation of the monolayer, second layer, and
and the temperature is measured using a NiCr/Ni thermomultilayer desorption. The desorption is a zero-order process
couple located at the back of the sample. The sample wagr the multilayers and a first-order one for the monolayer.
cleaned via several cycles of Arions sputteringl keV, 5 Thanks to the linearity of the temperature ramp, we are able
w1A) at 300 K for 30 min followed by annealing at 800 K for to determine the activation energies of desorption at each
10 min. The clean A@10 surface exhibits a sharfix1)  coverage by a leading edge analy$sding edge means less
LEED pattern. than 2% of a monolayer desorbed Figure 2 shows
Arrhenius-plots In(dé/dt) vs —1/T] of the TD spectra. The

B. Results inset shows the desorption energies of the monolayer, the
second layer and the multilayers, respectively. The values of
the desorption energies are 1841 meV for the monolayer,

Figure 1 shows some typical TD spectfiime depen- 73 = 1 meV for the second layer, and 70 1 meV for the

dence of N coveragef vs temperaturetaken for exposures multilayers. From the development of the desorption peaks it
between 0.1 and 20.0 L of Nadsorbed at 15 K. These spec- is obvious that the Nfilms are growing layer by layer.
tra are measured in the temperature range between 15 and
300 K, with a heating rate of 0.5 K/s. The sample was an- 2. LEED results
nealed at 800 K for 3 min between each adsorption- At 15 K, the clean A¢L10) surface exhibits exclusively a
desorption cycle. The partial pressures of the masses 28 (Nsharp (1xX1) LEED pattern. The primitive unit cell of

1. TDS results
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FIG. 4. Geometry of the A@.10 surface with the N admol-

FIG. 2. Arrhenius plot§In(d6/dt) vs —1/T] of the TD spectra. ~ €cule. The substrate is described by a rectangular unit cell of area
The inset shows the desorption energies for the monolayer, bilayef2-89<4.09) A The position of the center of mass of the molecule
and multilayers calculated by a leading edge analysis. is referred to an absolute fram&,(Y,Z) by the vectorR and the

molecule orientation by the Euler angl€s= (¢, 6).

30 " 4  s0 60 7080
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Ag(110 has the lattice constantsig;=2.89 A and ag, ) ~

~4.09 A. Figure 8 (top) shows the LEED pattern of the and the mean area per nitrogen molecid.0 A?) in the

N, monolayer adsorbed on AHLO) at 15 K. Six spots ap- second layer is significantly smaller than in the monolayer.

pear in addition to the substrate spots: in fact, two spots ardlote that we used an electron energy equal to 66 eV at low

superimposed with the substrate reflexes and only four argurrent(<10 nA) in order to not perturb the adsorbed struc-

separately seen. The scheme of the LEED spots is shown B{res: As a result higher-order diffraction peaks that could

the bottom of Fig. &), whereaZ, anda, correspond to the provide additional information on the layer geometry cannot

reciprocal vectors of the A§10 substrate whil@] andaj be observed.

are the reciprocal lattice vectors of thg Monolayer. Based

on the LEED pattern, we propose a unit cell for the real- IIl. THEORETICAL BACKGROUND

space structure, having a parallelogram shape with the lattice

parameters,, = 3.85 A, a,=4.34 A andy=70.5°. The mean , _ _

area per nitrogen molecule in the monolayer is 15.74 A  The interaction potentiaV(R,Q) for the N,/Ag(110

Figure 3b) (top) shows the LEED pattern of the second system is the sum of an intralayer contributdg, and .o.f an

layer of N,. The six observed spots have a hexagonal sym@dsorbate-substrate tefifjs. It depends on the positioR

metry, and they are slightly elongated along the tangentia®f the center of mass and on the orientat@nof the N,

direction. From the LEED pattern, we determine that the uni@dmolecule(Fig. 4). The dominant interactions N, are

cell in the real space is hexagonal whikb,=b,=4.02 A, the quantum dlsper3|on-repuIS|qn contributions supple-
mented by the electrostatic potential. For the quantum inter-
actions, we use the usual pairwise Lennard-J¢h&spoten-

a) b) tial and for the electrostatic term, we choose a distributed
charge description in order to include the effects of the finite
extent of the moleculed/,, can thus be written as

-k - a
VAA:Z 2 2 4€iqu(_)k/2((rlqu) + JipTiq >,

] pg \k=6,12 Fipiq Ameqlipiq

A. Interaction potentials

wherei andj label two nitrogen molecules armglandq are

the interaction sites. For the LJ potential, the sites correspond
to the center of mass of the N atoms. The set of parameters
(en—n.on—n) for the various pairs are taken from the

O literature”® and listed in Table I. For the electrostatic part of
/ N,, a three-point charges distribution model appears to be
O
\ TABLE I. Lennard-Jones parameters.
O Atomic pairs e (meV) o A)
FIG. 3. LEED pattern at a primary energy of 66 ef@ for 1 N-N2 3.14 3.318
ML N, and(b) for the bilayer N on Ag(110 at 15 K. Below each N-Ag 4.227 3.486

LEED pattern are schemes with the reciprocal lattice vecdrs
a3 (of the substrafeandby , b3 (of the overlayer. aX1 model of Murthyet al. (Ref. 33.
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convenient, with two charges equal t60.405 a.u. at the growth in the sense that low temperature is not a sufficient
nitrogen atom sites and one charge equalth810 a.u. at condition for finding the optimized ground state of matter,
the middle of the N-N bond®3* and warming then cooling very slowly the matter will result
The adsorbate/substrate potentials is mainly described in a much better ordered sample. The SA process consists of
by dispersion-repulsion interactions. Additional interactionsfirst melting the system being optimized at a high effective
known as substrate-mediated interactions and electrostattemperature, then lowering the temperature by slow stages
image effect®*®are disregarded because they generally prountil the system freezes and no further changes occur. At
vide weak contributions to the adsorption energy and theyach temperature, the simulation must proceed long enough
did not change the equilibrium configuration of the adlayerfor the system to reach a steady state. Inside each step of
We describeV,s by a LJ form similar to the one used for temperature, a Metropolis algorithm is used. In such an al-
Vapa in Eq. (1), except that the sum is over the sites of the  gorithm, a degree of freedom is given a small random dis-
adsorbed molecules ard is a single index that character- placement and the resulting energy changeis calculated.
izes the substrate atoms. The choice of the LJ form is conwhen AE=<O0, the displacement is accepted, and the dis-
sistent with the expression used for a similar system, i.eplaced configuration is used as the starting point of the next
N,/Cu(110)?>2¢ For this latter substrate, it was shown that step. In the casa E=0, the probability that the configura-
such a potential can well account for the equilibrfdd?3”  tion is accepted is determined by the Boltzmann distribution
and the dynamicaf properties of the M or rare-gas layers. at temperaturd, P(AE) =exp(—AE/KT). If P(AE) is larger
The LJ parametersef_aq,0n-ag) listed in Table | repro-  than a random number uniformly distributed in the interval
duce the available equilibrium data taken from the thermal0,1), then the configuration is accepted,; if not, it is rejected
desorption and LEED experimen{Sec. I). In our calcula- and the original configuration is used to start the next step.
tions, we use the value of the adsorption energy equal to 8By repeating this basic scheme many times, we simulate the
meV. For the perpendicular frequency connected to the vithermal motions of a system in equilibrium with a heat bath
bration of the adsorbate along the normal to the Ag surface at temperaturd.
value of 3.7 meV seems reasonable by comparison with the It should be mentioned here that SA differs from other
measured value for Non Cu110.%° The height of the ni- conventional optimization techniques in that the absolute
trogen molecules above the surface is then about 3 A. Otheninimum search procedure cannot be trapped into a meta-
pairwise potentials have been proposed in the literature istable state since transitions out of a local minimum are al-
order to explain the Nscattering from th€100) or (111) Ag  ways possible at finite temperature. A second important fea-
surfaces. For instance, Tully and co-workéf€ used a ture is the ‘“divide-and-conquer” strategy of the SA
Morse potential in place of the Lennard-Jones term becausalgorithm?® Gross features of the eventual state of the sys-
the repulsive part of this latter potential appeared to be todéem appear at higher temperatures while fine details develop
steep for explaining the collisional ddtaHowever, its ap-  at lower temperatures.
plication to the present NAg(110 system fails because it To solve a peculiar optimization problem by simulated
does not lead to a consistent value of the experimental acdknnealing, several parameters have to be chosen. Firstly,
sorption energy. Note that the present LJ parameters haubere are generic decisions, usually denominated as the cool-
been applied to the NAg(111) system and they appear to be ing scheme, which are common to any SA implementation
successfully transferable to this system. problems. The following parameters must be specified to de-
fine the annealing strategy: the initial;§j and final (T;)
values of temperature, and the rule for decreasing tempera-
B. Minimization procedure ture. Among the tremendous temperature-quenching
The determination of the equilibrium geometry of the ad-Schemes that are given in the literat(ifave chose the most
sorbed molecules is obtained by minimizing the total poten£0mmon one according to KirkpatricR,
tial V=Va+Vag With respect to the B variables which
characterize th&l molecules lying on the Ag.10) substrate. Thi1=aT,. 2
Each molecule has three translationdlY,Z) and two rota-
tional (¢, 6) degrees of freedom connected, respectively, torhe quenching factor: determines the rate of temperature
the positionR of its center of mass and to the orientati@n  drop between two consecutive steps in the SA algorithm. It is
of its molecular axis. WheN is sufficiently small N<5) a  thus directly connected to the number of iterations that are
conventional numerical gradient procedure is used and weequired to ensure the accuracy of the method. Wheis
reach rapidly the absolute minimum Wf For largerN val-  close to zero, then the temperature jumps are too large and
ues, the number of local minima increases drastically and ththe system will freeze in a metastable state. In contrast when
gradient procedure obviously fails. When the adlayer is come is close to 1, the system should undoubtedly reach the
mensurate with the substrate, one can take advantage of tAbsolute minimum of the potential energy, but with the coun-
resulting periodicity and optimize the variables connected tderpart that the CPU time drastically increases. Note that this
the molecules that belong to the unit cell, only. When it isdecreasing rule is consistent with the physical annealing pro-
not the case or when the number of molecules contained iness in the sense that there are large temperature jumps at
this cell is still too large K=5) then statistical approaches high temperature and very small jumps at lower temperature.
are more convenient. The values of the parametess T;, andT;, in this particu-
Simulated annealingSA) is one of these methods that lar case, are equal to 0.8, 500 K, and 9K in order to be
was developed to optimize such systéfh¥ The basic idea sure that we reached the absolute minimum. It should be
is close to the physical annealing scheme applied to crystaloted that the temperature occurring in the SA algorithm is a
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rections. Along thg 001] direction (Y axis) parallel to the
dense Ag rows the corrugation can reach 20 meV while it is
only 6 meV in the[110] direction (X axis). The N, mol-
ecule lies into potential troughs parallel to the dense Ag rows
and it is adsorbed flat on the equilibrium sit¢=90°). Its
axis is slightly tilted(#=70°) when it is adsorbed above the
dense Ag rows. A similar feature is obtained for the azi-
muthal anglep since the molecule is always parallel to the
dense Ag rowg¢e=0°) except above them where it becomes
perpendiculaKe=90°) to the rows. The behavior of this pe-
‘s§§:§§“’ , culiar orientational ordering is mainly due to the corrugation

P experienced by the Nmolecule that is large enough inside
the troughs to hinder the polar and azimuthal rotations of the
molecular axis.

vASimeV)

S

S 2. Monolayer geometry

FIG. 5. Potentiaj_energy ma@nergy in meV for a Sing|e N Then the SA minimization procedure was applled to find
admolecule adsorbed on the @40 surface. The rectangle corre- the most stable structure for tteN, monolayer. Since we
sponds to the unit cell of A410. The lateral positionX andY of ~ have no obvious information regarding the commensurability
the N, center of mass axis are given in reduced units, with respecof the monolayer with the substrate, we considered a set of
to the lattice constardg =2.89 A. 70 N, molecules schematizing the layer in order to be free of

side effects. Two initial configurations were investigated that
control parameter, only, and that it should not be confusegorrespond in fact to two asymptotic situations: The first one
with the physical temperature. for an uncorrugated surface and the second for a highly cor-

Secondly, there are specific decisions that are closely rgugated substrate. In the first configuration, the initial posi-
lated to the system to be solved. Indeed, the efficiency of thgons of the molecules are taken to be those of th&l)

SA calculations depends crucially on the way the neighborplane of the fcc bulk N solid, namely, they are arranged
ing configurations are generated. In practice, several empiraccording to regular triangles with each side equal to 4.0 A.
cal attempts have to be made in order to find the appropriateor the orientations of the molecules a random distribution
conditions. For instance, while, in principle, the absolutewas chosen. In the second configuration, we assume that all
minimum can be reached from any initial configuration of of the molecules lie in the troughs with their axes flat and
the admolecules, this latter one is chosen very carefully irparallel to theg 110] direction (¢=0°), in order to accomo-
order to minimize the CPU time. This time increases signifi-date the rectangular shape of the(At0 surface.

cantly when nonrealistic starting configurations are consid- The minimization procedure starting from these two con-
ered. Moreover, the number of neighboring configurationdigurations converges toward the same stable structure repre-
must be sufficiently large to represent the thermal equilibsented in Fig. ). Regarding the poor periodicity of the
rium of the molecules at temperatufend sufficiently small  structure, we can say that,Morms either a high-order com-

to optimize the running time of the SA algorithm. All these mensurate or an incommensurate phase witli129. Be-
specific decisions will be discussed in the numerical partause of the large corrugation alo¥igthe N, molecules still
(Sec. V). lie in the troughs since the molecule-surface distance is con-
stant and equal to 3.0 A. The average energy per molecule,
equal to 96 meV, can be separated into a large holding con-

IV. NUMERICAL RESULTS 0. o
tribution (76 me\) and a small lateral contributioi20

A. Equilibrium geometries m_e\/). This I_atter value seems reasonable since in the bulk
. nitrogen lattice the lateral energy does not exceed 30 meV.
1. Single admolecule The final distribution of the molecular centers of mass and

A preliminary analysis of the interaction potential be- orientations is drawn in Figs.(6)—6(d). Figure &b) clearly
tween a single N molecule and the Ag.10) substrate gives shows that the structure formed by the centers of mass is
information on the holding contribution and on the corruga-gquasihexagonal. Indeed, one molecule is surrounded by six
tion experienced by the admolecule. Figure 5 displays th&@eighbors at the positiorR=n,a; +n,a, wheren, andn,
potential-energy map experienced by the molecule tha@re integer numbersy anda, [Fig. 6(@] define the primi-
moves above the surface. This map was obtained with théve translation vectors of the unit cell connecting the N
help of a numerical gradient technique by minimizing thecenters of mass. Their lenghas anda, are equal to 3.9 A
holding potentiaV ,s with respect to the perpendicular trans- and 4.4 A, respectively, leading to an average area of 16 A
lation of the center of mass of the,Nnolecule and to the per molecule. As a consequence, each peak occurring in Fig.
molecule orientation. The most stable adsorption site i$(b) defines a particular distan€with a standard deviation
found at the center of the rectangular unit aéibllow site  of about 0.3 A. The second peak around 4.4 A has an inten-
of Ag(110 with an adsorption energy equal to 76 meV, at asity twice as large as the first peak because eagcmdlecule
height of 3.0 A. The substrate is significantly anisotropichas four nearest neighbors located in adjacent rows at a dis-
with large energy differences along the crystallographic ditancea, and two neighbors in the same row at a distaace
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layer and the monolayer are minimized simultaneously since,
(a) e . : P
in principle, this latter could change its equilibrium geometry
o o when a second Nlayer lies above it. We chose the herring-
' bone phase obtained previously to be the starting configura-
tion of the first layer. For the second layer, a hexagonal
o} X
phase where the nearest-neighbor molecules are separated by
’ : O9 4 A was expected to be a reliable structure, close to the bulk
o o nitrogen lattice.
The results of calculations show that the monolayer still
P. forms a quasihexagonal two-dimensional lattice but it is
o) 0 slightly distorted as indicated by the small change of the
, C Py . primitive vector lengths&;=3.9 A anda,=4.2 A). Never-

theless, the average energy per molecule equal to 95.8 meV,

© © is very close to the single-monolayer value. All of the mol-
' L) ecules are now perfectly flat on the surfaée-90°), as if the
o o second layer acted as a “press” on the first layer. The values
of the azimuthal angle do not change=90° and 170},
L L ] indicating that the large substrate corrugation along Yhe
0 ') direction hinders the molecular axes to rotate freely inside

the potential trough.

For the bilayer, two structures are found to be stable at 0
K since they have the same potential energy per molecule
(b) ©) () (78.6 meV. The first structurgFig. 7(a)])_ appears as a dilute
phase because each molecule occupies an average substrate
area of 16 &, only. In this phase, the molecules lie above the
dense silver rows, at an average heightéoA above the
surface. As shown in Fig.(B), the centers of mass of the
! molecules form a quasihexagonal structure with primitive
V translation vectord, andb, having the length®,=4.1 A
y N ' . S B VN andb,=4.2 A. The orientations of the molecules are distrib-

4 7 10 130 B 80 00 M 60 90 120 150 160 uted in a large range of polar angles 8<90° [Fig. 7(c)]

R(A) @ (deg) ¢ (deg) and this second layer does not show any azimuthal orienta-
tional ordering[Fig. 7(d)] in deep contrast with the mono-

FIG. 6. N, monolayer geometry adsorbed on(Ag0. (& Top  |ayer structure. The second structure, represented in Fig.
vie\_/v of the molecgles{b_lack circle$_ adsorbed on the rectangular 8(a), is a more dense phase since the mean area per molecule
lattice Aq'llo) (white c_lrcles) showing the her_rlngbone structure  yacreases to 14.22A Figure 8b) shows that the centers of
;?:La;tteé;??egﬁt::; glt'dethplamé' & an?aZ def'nfe th?n‘ﬁcmrls of mass of the molecules are arranged according to a perfect

A g to the centers of mass of therhblecu es. hexagonal two-dimensional lattice with= b,=4 A. As a
Distribution of the centers of magb), polar anglesy (c) and azi- . .
muthal anglese (d) determined from the simulated annealing result of this Com.paCt StrUCt.ure’ the mo.lecwes form a pin-
method. wheel structure[Fig. 8(c)] with one upright moleculg #

=10°) surrounded by six molecules lying nearly flat on the
The second-nearest neighbors are then at distang&and ~ surface(§=85°). These flat molecules tend to coil around the
az\/§ (respectively, 6.8 and 7.6)AFigure c) shows that pin molecule with successive azimuthal angées30°, 90°,
the molecules remain nearly flat on the surface since a singend 150°, thus forming a well-oriented struct(ifégs. 8a)
peak is obtained a#=80° with a standard deviation of 10°. and &d)]. Examination of Fig. &) shows that the ratio be-
Two typical values occur for the azimuthal anglesat 90°  tween the flat and the pin molecules is about 3, which means
and 170°[Fig. &d)]. These results indicate that the mono- that one flat molecule belongs in average to two wheels.
layer structure can be considered as a “two-in” herringbone
structure where two types of molecules that are nearly per- V. DISCUSSION
pendicular to each othét70°—90°=80°) coexist on the sur-
face. The occurrence of such a preferential orientation for
this herringbone structure was not obvious at all, since the The energy per molecule in the monolayer deduced from
glide planell and its perpendicular homologot repre- TDS experiments is equal to 184 meV. This value agrees
sented on Fig. @] for this structure do not follow a prefer- quite well with the one calculated from our semiempirical
ential crystallographic direction of the substrate but, ratherpotentials(96 me\). Moreover, the mean potential experi-
result from a subtle competition between the holding and thenced by a molecule that belongs to the bilayer is calculated
lateral interactions. to be 78.6 meV and compares very well to the measured
value of 74-1 meV. This latter value is mostly a character-
istic of the N,— N, potential. We can consider that the very

We have investigated the structure of the bilayer by thesmall deviations between the calculated and experimental
same SA technique. The potential energies of both the bivalues of the desorption energies for the first and second

a

o0

A. Comparison with experimental data

3. Bilayer geometry
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FIG. 7. Dilute phase of the Nbilayer adsorbed on A§10). (a) FIG. 8. Dense phase of the,Wilayer adsorbed on A§10. (a)

Top view of the moleculeéblack circles adsorbed above the dense Top view of the moleculeéblack circleg. The dotted lines refer to

Ag rows (dotted line$. The monolayer is not represented in order to the dense Ag rows. The monolayer is not represented in order to
enlight the figureb, andb, characterize the vectors of the unit cell enlight the figureb, andb, characterize the vectors of the unit cell
connected to the centers of mass of themblecules. Distribution  connected to the centers of mass of therhblecules. Distribution

of the centers of mas¥), polar anglesd (c) and azimuthal angles of the centers of mas®), polar angle® (c) and azimuthal angles

¢ (d) determined from the simulated annealing method. ¢ (d) determined from the simulated annealing method.

layers are a direct estimate of the accuracy of the adsorbate- . . .
substrate interactions. These slight differences could be dug€nts and this could be a future goal for us to elucidate this
to disregarded interactions which represent about 10% of thBoint and to give additional information on the, Mrienta-
total energy, i.e., within the margin of error occurring here.tional ordering from the negative-ion resonance restfts.
They could also come from an approximate interpretation oHowever, in order to observe high-order diffraction peaks
the experimental measurements since, in principle, the déhat could corroborate or invalidate their existence, higher
sorption energies in a nonequilibrium process should not dielectron energies are needed that certainly will affect the
rectly be compared to the equilibrium potential values. adsorbed layer.

From the analysis of the LEED pattern at 15 K, the mono- Another theoretical result is the occurrence of two pos-
layer forms a quasihexagonal structure with lattice constantsible stable bilayer structures with different molecular densi-
a;=3.85 A anda,=4.34, A where each molecule has an ties. From the comparison with the LEED pattern, the dense
average area of 15.75%AThe calculations show that the phase, i.e., the hexagonal pinwheel geometry, seems to be
structure of the monolayer is incommensurate or highly comthe most reliable structure for the second layer. In experi-
mensurate with the underlying substrate. They corroboratenents, the N second layer is found to arrange in a perfect
fairly well these experimental features regarding the arrangehexagonal lattice with, = b,=4 A and an average area per
ment of the centers of mass of the molecules since in thanolecule equal to 14 A The equilibrium geometry calcula-
casea;=3.9 A anda,=4.4 A. Moreover, the calculated tions show that the centers of mass of the molecules have
structure of this adsorbed layer exhibits a herringbone phasexactly the same arrangement in this dense phase. Concern-
with two perpendicular glide planes that do not coincide withing the dilute phase, one question remains: whether this
preferential crystallographic directions of the substratestructure is metastable or, in contrast, observable,atdV-
These glide planes have not been evidenced from experérage less than 1 ML. At that time nothing concerning this
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structure was found and further experiments at various temfrom thermodynamic results for CO ang lddsorbed on the
peratures should be of great help. hexagonal plane of BRE Different numerical approaches
The results on the structure and on the adsorption energyicluding energy minimization based on realistic
for N,/Ag(110 can be compared to the very recent LEED potentialst® Monte Carlo method€’ and molecular dynam-
measurementd on the N/Ag(111) system. Indeed, for this ics simulation&-22 were performed on the Mgraphite sys-
triangular substrate, the monolayer heat of adsorption isem, and all support the existence of the compressed herring-
equal to 1034 meV, very close to the value obtained on thehone phases and of a pinwheel phase at monolayer
rectangular surface, and the structure at 40 K is a rotategompletion.
incommensurate hexagonal phase. In contrast, for the bi- Beside the studies on graphite and BN substrates, a dif-
layer, the adsorption energy equal to #BmeV is appre- ferent situation connected to the anisotropic role of the cor-
ciably larger for the triangular than for the rectangular sur-rugation was analyzed when considering the adsorption
face (79 me\). Moreover, the bilayer on Ad11) does not on the rectangular G10) substraté>?® Thermal helium
exhibit order, in contrast with the pinwheel structure formedatom scattering experiments together with interaction poten-
on Ag(110), due probably to the smaller corrugation on thetial calculations and molecular-dynamics simulations re-
denseg(117) face. Such a large energy for the secondadyer  vealed that, in the monolayer regime, thg Molecules re-
is quite surprising when compared to our results ot1A6)  main inside the unidirectional troughs formed by the dense
and to values on graphite, these two latter values being corgu rows of the substrate. These molecules arrange in a quite
sistent. complex high-order commensurate phase with a large quasi-
hexagonal unit cell. This latter one contains sevennol-
_ _ ecules arranged in a seven-sublattice pinwheel structure. In
B. Comparison with other systems that case, the application of the mean-field theory would lead
Nineteen years ago, Harris and Berlinsky, and later Mouto a ratio |V /I'| equal to 2. This value should favor the
ritsen and Berlinsky, used a mean-field théBip study the occurrence of either a pinwheel or a two-out herringbone
orientational ordering of kland D, molecules on the basal structure. In the bilayer, the molecules were arranged in a
plane of grafoil. The molecules experienced, on one handlightly distorted hexagonal structure, but neither the experi-
mutual interactions through the electrostatic quadrupolemental data nor the theoretical investigations succeeded in
quadrupole contribution only, and, on the other hand, theletermining the orientational ordering of the molecules.
homogeneous crystal field due to the substrate leading to the In light of these results, we see that the/Ng(110) sys-
holding potentiaV. . A generic phase diagram was obtainedtem should behave as an intermediate system between nitro-
for which four distinct orientationally ordered phases weregen adsorption on graphite and @10. At monolayer
shown to occur, depending on the temperature and the relgompletion, the larg¢Vc/I'| ratio, equal to about 4, could
tive strength of the holding potentidl- and of the quadru- explain why the nitrogen molecules are flat on the Ag sur-
polar coupling constark (I'=0). In the “two-in” herring-  face and form a two-in herringbone structure. Moreover, the
bone phase stable for large negative valuesVef, the  anisotropic Ag surface tends to constrain the molecules to
molecules were flat above the surfdde=90°) with two pos-  stay inside the troughs along tixedirection. As a result, a
sible in-plane orientations. In the “two-out” phase, the mol- glide plane with a specific orientation that does not coincide
ecules still formed a two-sublattice herringbone structureWith the crystallographic directions of the substrate is found.
but the molecular axes were tilted with respect to the surfacén contrast, in the second,Nayer, the influence of the in-
plane. At smaller but still negativd/c values, a four- teractions with the substrate decreases substantially, leading
sublattice pinwheel structure was obtained for which sixto a value of|V¢/T'| equal to 1.5. In this case, the nitrogen
molecules lying flat on the surface are coiled around a pirmolecules can form either a two-out herringbone structure
molecule. Finally, for positiveV. values, a ferrorotational (dilute phasgor a pinwheel structurédense phagedepend-
phase was obtained with a single tilted molecule per unitng on the coverage rate and on the temperature range, in

cell. very close agreement with our present calculations.
In order to corroboratéor invalidate these mean-field
results for classical molecules, a Iarge number of VI. CONCLUSION
experiments were devoted to molecular nitrogen adsorbed
on the(0001) basal plane of graphite. A well-known particu-  In this paper, we have shown that semiempirical interac-

larity of this hexagonal substate is the generally small corrution potentials can accurately interpret the values of the de-
gation(a few meV, only experienced by small linear admol- sorption energies issued from TDS experiments and the layer
ecules such as Nand CO. Three of the four predicted structures given by the LEED patterns, for the/Ag(110
structures were elucidatél.LEED experiment§~* cor-  system. At this step, the calculations provide more informa-
roborated by neutron diffraction resuftshowed the occur-  tion, especially on the molecule orientations above the sur-
rence of commensurate in-plane and out-of-plane herringface, than the one given by LEED. Resonance electron scat-
bone geometries, depending on the, Ncoverage. tering has been shoWhto be an efficient probe of the
Reinvestigation of the diffraction pattern for this system atmolecule orientation when the observed angular distributions
monolayer completion revealEtthat the signals assigned to are compared to the calculated distributions. The knowledge
the compressed out-of-plane herringbone structure could alsaf the resonance symmetry of the isolateg iNolecule and

be interpreted in terms of a four-sublattice pinwheel struc-of the structure of the layers, together with the selection rules
ture. Similar herringbone phases were found for CO adfor the angular profile, should predict whether a molecule
sorbed on graphité from LEED and neutron signals and stands flat or upright above the surface. Negative ion reso-
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nances have been experimentally investigdteidr the

N,/Ag(110 system and a combination of angular distribu-
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