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Simulation of an order-disorder transition in monolayer N,/NaCl(001)
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Monte Carlo simulations of Nmolecules physisorbed on a N&@)1) surface show that at low temperature
a monolayer forms an ordergr{2< 1) structure which, upon heating, undergoes a continuous order-disorder
phase transition around 25 K. This transition is characterized by a logarithmically divergent heat capacity and
the formation of pairs of counter rotating vortices.

The study of phase transitions and critical phenomena &aimes for energy and order parameter equilibration thus mak-
solid surfaces has been of interest both experimentally anithg a quantitative analysis of their critical behavior difficult.
theoretically for some tim&In part this is due to the promi- In partial contrast to earlier theoretical w8rn Ising-type
nent role that fluctuations play in two-dimensional systemssystems, recent computational wdHuggests that molecules
and the variety of transitions that arise. One of the morecannot have an electrostatic multipole moment lower than a
intriguing theoretical predictions made for a two-dimen-quadrupole for the short-range Ising results to hold. This
sional system is the existence of a symmetry class whosknding suggests that the above problem may be circum-
critical exponents are nonuniveréalOne of the systems vented if a homonuclear diatomic molecule such asiN
obeying this kind of behavior is th¥Y model with cubic  substituted for CO so that only quadrupole-quadrupole inter-
anisotropy. In the limit of infinite anisotropy the four state actions (~r~°) are present. As with CO/NaCl, the,kNaCl
clock model with Ising behavior and exponents is recoveresgystem exhibits epitaxy so that, as determined by induced IR
whereas in the limit of zero anisotropy the Kosterlitz- in the monolayer cas€,a nitrogen molecule occupies every
Thouless K-T) model occurs. The few experimental sys- adsorption site and a uniform film is formed. Other than
tems that fall into this categohdeal with chemisorbed sys- differences in details such as transition temperature and mo-
tems that show small deviations from Ising behavior. Inlecular tilt angle, these two systems should behave similarly
order to further test this theory, it is useful to have otherso that spectroscopitand HAS studies of the CO/NaCl sys-
experimentally relevant systems which exhibit this phenomiem can serve as a guideline for work op/NlaCl and vice
ena so that values for the critical exponents may be detexersa for computational work.
mined from either experiment or computer simulations. In  In this paper we report on a set of Metropolis Monte
particular, it would be advantageous to examine system€arlo(canonical ensembjsimulations of the Bl/NaCl(001)
where the anisotropic surface potential was weaker than isystem intended to examine the monolayer structure and pos-
the case of chemisorption so that stronger deviations fronsible existence of a phase transition. These simulations pre-
the Ising values and elements EFT behavior might be dict that at low temperatures a monolayer of nitrogen mol-
observed. ecules forms an ordere@(2x1) structure which, upon

Through the use of MC simulations the CO/Né&II1) heating past 25 K, undergoes an order-disorder phase transi-
and CO/LiK001) systems have been identifigtas falling  tion. In the disordered phase the long-range orientational or-
into this class. The phase transition in the former system wader among molecules is destroyed although residual short-
originally observed experimentally via polarized infraredrange order persists in the form of small ordered domains
spectroscopyand helium atom scatteringdAS).° The low-  and pairs of counter rotating vortices. A sharp peak in the
temperature ordered phase was found to havg(2x 1) heat capacity is also observed.
structure with two molecules per unit cell that converts to an The potentials and methods used are the same as those
orientationally disordere@(1x 1) structure above the tran- used in simulatations of the CO/NaCl and CO/MgO
sition temperature. Monte Car(®IC) simulations have pro-  systems:*2The molecule-molecule and molecule-surface in-
vided details of the ordered monolayer structure and succesteractions employed the two-body approximation and used
fully reproduced the transition to the disordered state athe Tang-Toennies and Buckingham potentials for the atom-
temperatures around 30—35 K. It was argued that these phasm and atom-atom nonelectrostatic interactions, respec-
transitions are of interest because they fall into the univertively. The values of the coefficients used in these potentials,
sality class of theXY model with cubic anisotropy and hence which were obtained from empirical and semiempirical
should have nonuniversal critical exponehis., their val-  methods, are similar to those of the CO/NaCl, CO/LiF, and
ues depend on the relative strengths of an anisotropic exte6O/MgO system&*!2and will be presented in a later paper.
nal potential(provided by the substratend the molecule- The electrostatic interactions are mediated by point dipoles
molecule interactions. Unfortunately, the CO monolayerof strength 1.288 D assigned to each of the two nitrogen
systems may not computationally provide as clean a test aitom sites. The atomic dipoles were aligned along the N
this theory as one might hope because of the presence oftend axis pointing towards each other so as to reproduce the
permanent, albeit weak, dipole moment on the CO moleculeexperimental molecular quadrupole morniéntof ©=
Dipolar interactions £r %) can lead to long relaxation —1.41DA and yield a molecular dipole moment of zero.
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The molecules were taken as rigid bodies and allowed trans- 40 -
lations in all directions and rotations around the carbon atom.
These moves were generated randomly and subjected to the
usual Boltzmann weighted acceptance criterion. The ampli-
tudes of these moves were adjusted on the fly to maintain a 30
50% acceptance rate. One cycle consisted of every molecule
attempting a move. The coordinate system used to describe
the positions of the molecules on tti@01) surface is the
same as that used in Refs. 3 and 12. The origin is located on
an anion site in the plane of the surface with fendy axes
running along thg1,—1,0] and[1,1,0] crystallographic di-
rections, respectively, and with tizeaxis set perpendicular to
the surface. A polar anglé (tilt with respect to the surface
norma) and an azimuthal angle (angle between the axis

and the projection of the molecular axis onto the plane of the
surface are defined in the usual way.

Using the steepest descent method for energy minimiza- 40
tion, it was determined that when a single Molecule is
adsorbed on Na@O0l) it sits perpendicular to the surface
(i.e., the polar angl®@ is zerg with the bottom nitrogen atom
at a height of 2.65 A above the Naon. The orientation of a
single molecule for the temperature range 1-50 K was ex- Q
amined through MC simulations which yielded a uniform =
distribution in the azimuthal angle and a Gaussian-like dis-
tribution centered or=0° for the polar angle. In other
words, the molecule remained perpendicular to the surface
with no preferred azimuthal orientation. The surface binding
energy was—2.88 kcal/mol, in agreement with the experi-
mental values corrected to 1'R.

To simulate a full monolayer of Nan ensemble of 400
molecules was placed in the NaCl surface potential. Periodic
boundary conditions in the lateral direction were imposed as
well as a cutoff radius of 16.5 A for the AN, interactions.

MC simulations were run for 0.6—2.0 Mcycles at various A
temperatures over the range 1-60 K. To ensure equilibration x(4)
of the system the first 0.2 MCyCIes. were d@scarded at low FIG. 1. An overview of a typical configuration of 100, Mol-
temperatures with the number of discards increased to 0.5, s at 1 K(top panel and 30 K (bottom panel The nitrogen

Mcycles in the _vicinity OT the phase tr_ansi'.[ion. Statistical 31oms closest to the surface are shown as black and the upper ni-
data for the variables of interegtnergy in this casewere  5qen atoms as gray. Clockwigeounterclockwisg vortices are
collected for the last 0.6—1.5 Mcycles of each run with thegenoted by the soligdashed circles.

longer runs being necessary near the transition temperature. _ o _

At all of the tested temperatures the molecules were on avand counterclockwise directions, respectively, are formed by
erage tilted from the surface normal by 29° and displaced offluartets of neighboring molecules and appear in disordered
of the Na site by 0.15 A in the direction of the tilt. The regions both below and above the transition temperature. The
constant average molecular tilt indicates the transition is of0l€ of these vortices and whether their presence is an indi-

the order-disorder type in contrast to the,/diaphite Cator ofK-T type behavior has yet to be determined. .
system'* where a change in molecular tilt leads to a first- The destruction of orientational order is further shown in

order transition. Fig. 2, where the azimuthal angle distributions are plotted for

At temperatures below 25 K the monolayer adopts an azi_several temperatures. The distributions are sharply peaked at

thall deredp(2x 1 tif lectrio.t Ut +90° at low temperatures and broaden as the temperature
muthally ordere P ).an nerroelectric-type  SuCluré ;. - eases. Around 25 K the distribution becomes uniform
with two molecules per unit cell. An overview of this struc-

; ; X - indicating a loss of long-range azimuthal order and signaling
ture is shown in the top panel of Fig. 1. As in the case of the; ansition to a disordered phase. However, minor residual

CO/NaCl system, this structure consists of rows of moleculegeaks atp~0,+90, 180, are still observed dt=30K. As

that have the same azimuthal orientation but with adjacengne might expect, this overall behavior is similar to that of
rows oriented in the opposite direction. A snapshot of thehe CO/NaCl system with differences occurring in the de-
disordered phase aboW is shown in the bottom panel of tails, such as the values of the transition temperature and tilt
Fig. 1. Although long-range azimuthal order has been lostangle.

some degree of short-range order remains in the form of To confirm that the transition is truly of the continuous
small ordered domains with th&(2X 1) structure and pairs type and thus exhibits critical behavior, the temperature de-
of counter rotating vortices. The vortices, highlighted by thependence of the energy and heat capaCityere examined.
solid and dashed circles denoting rotations in the clockwis@he energy curve displayed a continuous sigmoidal shape
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FIG. 2. The azimuthal angld¢) distribution for T=10K 35
(dashed, 20 K (dotted, and 30 K(solid).
throughout the phase transition. No evidence of a discrete 2.8 T T
jump in energy at the transition was found. The heat capac- -5 -2

- 3
ity, shown in Fig. 3, was calculated from the energy fluctua- ln(I(T—TC)/Tcl)
tions and displays a characterisiadivergence with a peak
at T,=25.3K. This value is comparable to the transition FIG. 4. The heat capacity as a function oftjn{he solid(open
temperaturé27 K) of an orientational transition observed in Circles are for temperatures belo@bove T.. The solid circles
the Ny/graphite systerﬁ‘.‘ Away from the transition tempera- span the temperature range 22-25.1 K frc_)m right to left while the
ture the heat capacity approaches its baseline valug(,5 OPen circles span 25.5-28 K from left to right.
which is consistent with each molecule having five degrees o
of freedom &,y,z,6,4) contributing to the total potential and B"=B :_0'613, for the four.-state Cl,OCk model. In
energy. We conclude that the transition is indeed continuoud;19- 4 the heat capacity as a function oft)nis plotted for
To the best of our knowledge, the form of a divergence infémperatures above and beld for the N,/NaCl001) sys-
the heat capacity for th¥Y model with cubic anisotropy is (€M In both cases there is a linear dependende i In()
unknown. Owing to the fourfold symmetry imposed by the that can be expressed as
substrate, the transition might be similar to that of the four-
state clock model and exhibit Ising-like behavior. The heat
capacity will then have a logarithmic divergence of the form
C/R=—AIn(t)+B, wheret=|(T.—T)/T.| is the absolute
value of the reduced temperatufejs the gas constant, and

A and B are nonuniversal constants which have the samahere the background heat capacity off2iS shown explic-
values abové+) and below(—) T., e.g.,A*=A"=0.989 itly and the errors iPA~ andB~ are 0.004 and 0.015, re-

C /R=-0.250I1t)—0.087+2.5 for T<T,,

C*/R=-0.247Int)—0.1314+-2.5 for T>T,,
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spectively. Note that within these error limits the amplitude
Ais the same above and below the transition temperature. As
may be inferred by the offset of the two heat capacity lines in
Fig. 4, the values of the interce®s" are not the same above
and below T.. This difference might be due to the
anisotropy® of the molecular interactions which would af-
fect the value oB~ but notB™ due to the averaging of the
molecular orientations in the disordered phase. The error as-
signed to the intercepts is large because they are sensitive to
the value ofT; used to construct the reduced temperature.
Preliminary results from a 3600 particle system indicate that
the heat capacity still diverges logarithmically and givgs
=25.1K,A”=0.250, andB~ = —0.212 with the caveat that
these values are extracted from runs of only 0.2 Mc/s in
length preceded by an equilibration period of 0.1 Mcycles.
The decreasél%) in T, with an increase in size is expected
for a finite system with periodic boundary conditiofisThe
value of A™ is unchanged and is thus possibly insensitive to
finite-size effects wherea8~ changes significantly. For
comparison, recent heat capacity measurements of the CO/
graphite system give values &f=0.340 andB=0.157 for

the head-tail disordering transitibhat T,=5.18 K while

FIG. 3. The heat capacity as a function of temperature. The peawork on the pinwheel to disorder transitidrat T,=35.2 K
occurs afT;=25.3K.

found values ofA=0.940 andB=0.344.
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In conclusion, it is predicted that ;Nadsorbed on the parameter, susceptibility, and correlation length. Investiga-
(001) face of an NaCl crystal will form an epitaxial mono- tions on larger systems are currently underway in the hope of
layer of tilted molecules §=29°) with an orderedp(2  extracting these values and will be reported upon in the near
X 1) structure containing two molecules per unit cell at tem-future. The predictions presented here can be tested experi-
peratures below 25.3 K. Above this temperature the monoMentally via low-energy electron diffraction, HAS, induced
layer is predicted to undergo a continuous transition into aAR’ and heat capacity measurements.

azimuthally disordered phase. The transition should exhibit a Financial support came from the Natural Sciences and

logarithmic divergence in the heat capacity and might haveéEngineering Research Council of Canada and computational
nonuniversal values for the critical exponents of the ordesupport from SGI/CRAY.
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