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The melting behavior of partial and completg ionolayers on graphite is examined using a Monte Carlo
procedure in conjunction with the multiple histogram method. It is found that vacancies inherent in partial
monolayers, and those thermally induced by out-of-plane motion at or near monolayer completion, are impor-
tant factors in predicting the density dependence of the melting temperature. Calculated at various surface
densities are the melting temperatures, specific heats, order parameters, probability distributions for molecular
positions and orientations, and fluctuations in these quantities. With this information the mechanism of the
melting transition is elucidated, and the temperature and density dependence of the specific heats and order
parameters is explainef50163-18206)00241-X]|

. INTRODUCTION plane herringbone arrangem&n and above they act as
weakly hindered, nearly planar rotors. The melting tempera-
Physiadsorbed adlayers deposited on graphite have prture is observel®?1?224t0 be nearly constant at approxi-
vided an opportunity to examine the melting behavior ofmately 47 K, for 0.2 p<0.8. Forp<0.2, the only measured
nearly two-dimensional2D) systems. This feature has been value forT), is noticeably lower, although there is consider-
exploited both experimentally and theoreticaiy.Most  able uncertainty about its accuracy. F8#0.8, T, rapidly
theories are based upon the notion that melting is promotethcreases with density to a value of approximately 83 K at
by dislocations, vacancies, grain boundaries, impurities, ang=1. This feature is qualitatively common to humerous other
other such imperfections. This is not surprising since theadlayers deposited on graphft& 33
above phenomena deplete the crystalline order that vanishes There have been several calculations directed specifically
upon melting. Much considered among the general thebriesat the melting of N on graphite. Joshi and Tildesfused a
of 2D melting has been the dislocation mediated theory ofmolecular dynamic§MD) simulation with 140 molecules
Kosterlitz, Thouless, Halperin, Nelson, and Youh@ne based upon a rectangular starting configuration in which a
possible outcome involves two second-order transitions. Thetrip occupying half of the MD cell was populated in the
first is from the solid into a hexatic phase where the vectors/3xXv3 structure. Periodic boundary conditions commensu-
connecting molecular mass centers to their nearest neighborate with this structure were imposed in one direction and
exhibit sixfold azimuthal symmetry. The second is from thefree surface boundary conditions in the other. Lennard Jones
hexatic phase into an isotropic fluid. Evidence supportings—12 expressions were used for the W, and N-substrate
this prediction remains controversial. Many other potentials. Image charge and substrate-mediated dispersion
calculationd~*® on model and physical systems have pro-interactions were neglected. They obtained a melting tem-
vided insight into the nature of the melting transition. It is peratureT,,=39 K, but, with the improved modification of
noted that assumptions utilized in various theories can imthe substrate interaction by Carlos and CBlghey predicted
portantly change the interpretation of results. Constraints 045 K. Other experimentS and calculations, such as MD
strict two-dimensionality, neglect of some crystalline imper-(Ref. 37 and renormalization theor, are especially rel-
fections, the suppression of certain degrees of freedom, thevant to this problem.
nature of the boundary conditions, etc., can compromise our In earlier work® we showed that a complete,Nnono-
ability to understand the behavior of quasi-2D systems.  layer, subject to constant surface area boundary conditions,
For N, adlayers deposited on graphite, low-energy elecwould melt at about 85 K. The transition was accompanied
tron diffraction (LEED),**~?° heat capacityl2® neutron  with a sharp increase of translational fluctuations normal to
diffraction?*?® calorimetry?>?®?’ and vapor pressure the substrate plane, despite strong normal forces that bind the
measurement$have provided a fairly detailed description at N, molecules to the substrate. But there was no signature at
adlayer densitiep<1, where the upper limit refers to the melting from fluctuations in the substrate plane. Upon re-
complete monolayer. Ai=1 the mass centers formvdxXv3  placing this boundary condition with one of constant pres-
registered lattice that persists until meltiffgor p<1, scat-  sure, the monolayer melted at 45 K. Unlike the previous
tering datd*?° also shows evidence of the same structurecase, fluctuations normal to the substrate do not signal the
until melting. This strongly implies the existenceiXv3  transition but those in the substrate plane increase sharply at
islands separated by vacancies and voids. Experimental dateelting. Because that work was limited to the response of
supporting this possibility are not, however, exhaustivemonolayers only, these results are directed to calculations to
Nevertheless, recent calculations foy dlusters on graphite partial N, layers with 0.2<p=<1.0. A part of these results
support experiment. AT op=27 K, an orientational order- have been reported in an earlier w4Pkdmong the observa-
disorder transition occurs;?®which is nearly independent of tions was evidence of second-layer promotion n€arat
surface density. Below Tp the N, molecules form an in-  p=1. It is noteworthy that Koch and Abrahé&rdentified an
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increase in second-layer population of Xe atoms with in- The multiple histogram methétlis a straightforward gen-
creasing temperature at>T,,. As will be explained later, eralization of the above-mentioned arguments. If Monte
this feature is important in understanding the dynamics ofCarlo calculations are performedRtdifferent temperatures,
monolayer melting. The goal of this work is to present vari-the normalized probability distribution is

ous results not shown in the earlier work, and interpret them

in terms of physical processes. PB(E)=DB(E)/ EE: D 4(E), 3)

Il. METHOD AND INTERACTIONS .
Zi—1Ni(E)

In selecting a method of calculation for melting over a D4(E)= , 4
range of N surface densities€p=<1, it is important to rec- g a0 exif — (8= B)E+ 1]
ognize that all lattice sites of the complete monolayer argyhere
occupied at low temperatures, and near melting only ther-
mally activated vacancies in this structure are possible. How-
ever, forp<<1, there are more lattice sites than molecules to ; DBi(E):eXF(_ fi). ®)
occupy them. This means that vacancies exist in the adlayer
plane even at the lowest temperatures. To emulate this inf<learly Eq.(5) is simply the partition functiorinormaliza-
portant feature a Monte Carlo method was employed with ation) for P4z (E). The free energieff;}, i=1,2,...R, can be
(N,p,T) ensemble and periodic boundary conditions. Thedetermined self-consistently from Eq®) and (4), or from
number of N molecules in the MC cell that contaims  the intersection of neighboring histogradis;(E)}. That is,
v3XV3 lattice sites isN. Thus, p=N/m. Calculations have
been made g»=1.0, 0.95, 0.93, 0.9, 0.5, and 0.2. For each P (E)/Pg  (E)=exd—(Bi—Bi+)E+(fi—fi )]
densitym is chosen so that proper boundary conditions can o ) —
be satisfied andl is at or near 256. Then-N vacancies are | these distributions overlap, there is one eneEhere
initially introduced by randomly locating them at various Pg(E)=Pg  (E). Then
sites of thev3xv3 lattice. They can appear as point defects _
in an otherwise perfect structure or as an aggregation of va- fi—fi 1=(B8,—Bi+1)E. (6)
;:anues, cal!ed vo_|ds. For each density, caIcuIauon_s are Pe[tis sufficient to determine the sét;} to within an additive
ormed at eight different temperatures. At each point prob- .

. o2 . constant so one value is set equal to zero and all others are
ability distributions are calculated from approximately

5x10P steps, after about half that many are discarded tmeasured with respect to it. It is noted that the multiple his-

minimize initial transients. Each step consists of randorrtl%Ogram method is equal to or better than separate calculations

movement of all Bl degrees of freedom. These distributionsm't'ated at the points studied. When the probability distribu-

are then employed in a multiple histogram metHdd that tions of these points overlap, the gain can be very substan-

. C o tial. As will be described, this is important here because of
facilitates the determination of accurate thermal averages. : ;
the large computational requirements of the problem.

The histogram method takes advantage of the width of the The interactions between,Mnolecules are represented by

probability distribution around a given thermodynamic point N S
L X : . . our site-site fit toab initio results of Berns and van der
to gain information at neighboring points. To see how the, .~ ‘23 ;
90 . S Avoird,™ and the Gordon-Kim electron gas results of
distribution at one point can be used to determine it at an; Safl I . hi . hich includ
other. recall that LaSaf" at small separations. This expression, which includes
' a point charge representation of the electric multipole inter-
P (E)=N(E)/n.=W(E)exd — BE + f 1 actions, has_prove_d to be highly accurate in representing 3D
p(B)=Ng(E)/ng=W(E)exq ~ SE+T], @ N, in the solid, fluid, and gaseous phases over a wide range
where the probability distribution iB 4(E), the temperature of (T,P) 54" including the characterization of solid-solid
is B=(kT) "%, W(E) is the density of states at ener§yand  and solid-fluid phase transitions. Moreover, it has proved
F=f/4 is the Helmholtz free energy. In a Monte Carlo cal- reliable in characterizing Non graphite!®*® including the
culationN4(E) is the number of accepted configurations in orientational order-disorder transiti6h The interaction be-
the intervalE to E+ AE out of ng total configurations. Note tween admolecules and the substrate is composed of several
that in equilibriumP 4(E) peaks at some energy and tails off terms. There is .the overlap—disper;ion intgraction between
away from this value. It is these tails that give information atthe carbon and nitrogen atoms that is described by a Lennard
energies relevant to neighboring poirts Here temperature Jones(6—12 potential. The potential parametetse)=(3.36
is used to identify the thermodynamic points, but other vari-A, 31 K) are those deduced by Steefdt is represented by
ables may be useful alternatives. As pointed out by Ferrera Fourier expansior. The second term in that expansion,
berg and Swendséh,P s (E) is mathematically related to which reflects the periodicity of the substratg-Nteraction,

P(E) by the exact expression is given by the representation of Carlos and Cdln addi-
tion, there are the Coulomb interactions between charges
P (E)= Ps(E)exd —(B8'—B)E] @ representi_ng the Nmultipoles and their image_s induc_ed in _
B SePA(E)exd (— (B —B)E] the graphite substrate, and the substrate-mediated dispersion

expression that depends on the graphite dielectric function
An examination of the numerator shows tf®y (E) is most  and the dynamic polarizability of the Nadmolecules. Cal-
accurate whef3'— g is small andP 4(E) is broad and well  culations forT,(p) are presented using this latter potential
described. Clearly, these are reasonable expectations. term and without, for comparison purposes. All other results
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08 ably and in a nonmonotonical way with changing dengity

] These features reveal information about the dynamics of
melting, and will be discussed in Sec. IV. In Ref. 40, 02
shows similar features as 01, except that there is no high-
temperature tail, indicating the absence \@&Xv3 order
T, above the transition.
] LT ) The calculated specific heat, in unitskg, is shown in
0.3} . " Fig. 2(a) versus temperature far=1.0, 0.95, and 0.93, from

] . R . top to bottom, respectively. In Fig.(l)) are the results for

01

o2 p=0.9, 0.5, and 0.2. The large number of calculated tempera-
0.1 S, i — ture points at each density is a consequence of the multiple
3 , —— histogram method that gives a continuous map of physical
30 40 50 60 70 80 %0 100 properties versus temperature. These results agree well with

T (&) experiment!=2% both qualitatively and quantitatively. For
example, the nonmonotonic change in the specific-heat peaks
FIG. 1. The order parameter 01 vs temperature. The curvesand widths withp are observed both here and in e>_<periment._
from right to left, are for surface densitigs=1.0, 0.95, 0.93, 0.9, Thes_e feature_s expose the character of the Fransf't'on' as will
0.5, and 0.2, respectively. be discussed in Sec. IV. Note that a qualitative figure of the
peaks afp=1.0 and 0.95 are in Ref. 40.

are presented without it. A discussion of this controversial The calculated order parameters and the specific heats all

term is given in Sec. IV. Details and references to all theSignal transitions at virtually identical temperaturég,(p),
interactions are given in Ref. 52. for the various values gb. These values are plotted on Fig.

3 and are shown as solid circles with flags representing the

statistical uncertainty. The other points represent experimen-

tal dat&?2for the melting curve, except the crosses which
The melting transition is signaled by the order parameterdvill be explained later. The calculated transitionsTa{(p)

01 and 02, and the specific heats. A feature in common witt§annot be completely identified as melting just from the spe-

them is that they exhibit nonmonotonic behavior with respecgific heats and the order parameters. For example, an

Ill. RESULTS

to p: commensurate-incommensurate transition, or an amorphous
phase, could show similar results. Thus, several tests were
N 6 conducted to confirm melting. First, a few,Nnolecules
01=6N‘121 < 21 exp(igs: ri)> , (7) were targeted and their trajectories were monitored along the
1= S=

MC sequences. Belowly, they generally fluctuate about
N 6 thgir \f3><f\f3 lattice Isite's, aI'Fhough occk?siorfglyvthe);] would
_ . migrate from one lattice site to another. AboV¥g, these
02=[3N(N=1)] lzfj <§1 exp(|k3~rij)>, ®  molecules migrate easily over the entire surface. Addition-
ally, an examination of the pair-distribution function showed
whereg, andkg are the primitive reciprocal-lattice vectors of distinctv3xv3 peaks belowl,, , and diffuse fluidlike behav-
the graphite surface and th&xv3 structure, respectively. ior above. In the latter case, however, the distribution
Here the{r;} locate mass center positions of theg Mol-  showed some departure from ideal fluid behavior. The cal-
ecules in the substrate,fy) plane, and;;=r;—r;. Note that culated order parameters and specific-heat peaks not only
01 is simply the structure factor evaluated at the primitivepredict accurately the observed melting curve, as shown in
reciprocal-lattice vectors of the substrate. It equals unity if allFig. 3, but their nonmonotonic change in behavior wgith
N, mass centers are statically located over the center of strongly suggests that the character of melting changes as
graphite hexagon and zero if they uniformly sample all po-well. The source of this feature will be discussed in Sec. IV.
sitions. Similarly, 02 is unity for &3Xv3 structure and zero Figures 4—8 show instantaneous configurations of the N
if there is no vestige of it. Figure 1 shows 01 versus tem-mass centers projected onto the substrate plane. The format
perature. The curves are fpr=1.0, 0.95, 0.93, 0.9, 0.5, and is as follows. Figures are shown for five different surface
0.2, from right to left, respectively. There are several note-densities, each at three different temperatures. The tempera-
worthy features. At each density there is a small temperaturires are chosen to be below, near, and above the transition.
interval where 01 reduces rapidly from relatively large val-Each configuration shown is selected from those along the
ues to very small. Thus, at temperatures below this intervaMonte Carlo sequence that are already equilibrated so, in
the probability for locating B centers above the center of that sense, they can be regarded as typical. While the vacan-
graphite hexagons is high, and above it is low. However, theies and other imperfections are somewhat mobile along the
high-temperature tail in 01 indicates that there is some prefsequence at higher temperatures, all configurations for a
erence for the molecules to be over the center of a graphitgiven (p,T) are very similar. Figure 4 shows equilibrium
hexagon, even well above the transition. This is understandtonfigurations forp=1. At T=75 K, some 7 K below the
able since the center of a graphite hexagon is a potentiaftansition, the configuration exhibits predominantly the
energy minimum for a single Nadmolecule. The fluid is v3Xv3 structure, but not perfectly. Some vacancies and dis-
modulated by this minimum. Note that the sharpness of théocations exist in the monolayer plane. As will be discussed,
transition signaled by 01, and other features, vary considethey occur primarily by thermally activated second layer pro-
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FIG. 2. (a) The specific heat vs temperature for surface densitied..0, 0.95, 0.98 from top to bottom, respectivelyb) The specific
heat vs temperature fgr=(0.9, 0.5, 0.2, from top to bottom, respectively.

motion. At T=82 K, very close to the transition, the con- that form. At 47 K, slightly below melting, the voids become
figuration shows a substantial loss of crystalline order andmaller but create local distortions from the otherwise
the number of vacancies and dislocations are increased com3xv3 order. At 55 K structural disorder is evident.
pared to 75 K. At 95 K, some 13 K above the transition, the Figure 7 shows configurations fpe=0.5. We chose for an
disorder is nearly complete. Also, by tagging individual mol- initial configuration a rectangular strip covering exactly one-
ecules and following them along a Monte Carlo trajectory, ithalf the MC cell, with allv3Xv3 sites occupied. Sites in the
is evident that they almost uniformly sample all positions inother half were initially unoccupied. At 35 K the3Xxv3
the substrate plane. order is evident, even near the edges which have developed
Figure 5 shows configurations fe=0.95, where 5% of an uneven boundary. Very near melting, at 48 K, rearrange-
the v3Xv3 lattice sites are initially vacant. As such this sys- ments and disorder are more noticeable. At 56 K, there is a
tem is fundamentally different than the above-discussed cageattern of structural disorder with large voids in between
for the complete monolayer, where no vacancies are intromore densely populated regions. Figure 8 shows results for
duced into the initial state. At 55 K, some 12 K below the p=0.2. At 38 K, aboti 8 K below the transition, a single
transition, the vacancies tend to coalesce into voids, around3Xv3 island is observed. Just above melting at 48 K, the
which are dislocations and other distortions in an otherwiserder has broken down although some clustering between
v3XvV3 structure. At 67 K, very near the transition, the voids large voids is evident. At 55 K, the configuration is similar to
are less pronounced and t1&xv73 order is less distinct than that at 48 K but there is considerably more disorder.
at 55 K. At 80 K, some 12 K above melting, the disorder is In Fig. 9 is the probability distributiof®( ) for the polar
evident and there is not much second-layer promotion. angle 6, which defines the orientation of the, Mholecules
Figure 6 shows configurations fgr=0.9. At 35 K the  with respect to the axis, normal to the substrate plane. For
structural order is very pronounced, even near the large voiddensitiesp=1.0, 0.95, 0.9, and 0.2, the solid and open circles
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FIG. 3. The circles show the calculated melting temperatures vs
surface density and the flags represent the statistical uncertainty.
The square$22] and the triangle$21] show experimental results.
The crosses represent calculations that include the substrate-
mediated dispersion terfiRef. 53 of the adlayer-substrate interac-
tion.

100

represenP(6) for temperature$75, 95 K), (55, 80 K), (35,
55 K), and (38, 55 K), respectively. The two temperatures 80 —
selected for each density span the melting transition. Note g
that the peaks show a propensity for molecules to orient in
the substrate plane, and their width is a measure of the ori-
entational fluctuations about equilibrium. Notable about the
distributions are their wings, particularly at=1.0 and 0.95.

They occur because there is a significant probability for the
N, molecules to be oriented nearly normal to the substrate.
This is easily deduced by plotting the distribution versus

cod rather . Then the abscissa is uniform with respect to 0 20 40 60 80 100
the probability in an orientational interval, as shown fer1 .
in the second of Ref. 39. Temperature is dominant in influ- Density p = 1.0

encing the shape of the distributions, rather than the density
p- Notice that the distributions are not sensitive to the phase g, 4. Typical equilibrium configurations of Amass centers
of the adlayer. ) ~ for temperatures 75, 82, and 95 K,@t1. Units are in A.

The rms fluctuations of the Nmass centers about their

mean positions normal to the substrate plane are shown vefate method used to calculate its strength is not very
sus temperature in Fig. 10. It is given byAz)?)Y2, where  reliable>™>*Moreover, this term must be damped out as the

Az=z—(z). This quantity increases linearly with tempera- electron distributions between two molecules overlap, where

ture and is independent of surface densityTer70 K. The  itis invalid. The character of the damping is unknown. Nev-
paucity of data at higher temperatures f6r0.93 eliminates ertheless, it is prudent to determine the contribution of this
the possibility of predicting its behavior above 70 K but, for €™M to physical properties, if only to gauge the uncertainty

p>0.93, the fluctuations depart dramatically from the low-©f the results. The atom-atom coefficierlgs and Cy; are

temperature linear dependence. There is no evidence that t§@M Ref. 55. All features of the work were unchanged quali-

fluctuations are sensitive to the phase of the adlayer. In pn%at;:/ely, but thert()a \I/verﬁ moﬂest qlégnntdatlvel changes. In Fig.
vious work® it was reported that the normal fluctuations at > I€ €ross symbols show the predicted melting temperatures
p=1 exhibit a cusp aT =87 K. This was an artifact caused VE'SUSP: with the substrate-mediated term included. As can

by a peculiar and incorrect way of definifgA Z)?). be seen, the agreement between these results and experiment

The substrate-mediated dispersion was omitted in Refd€Mains satisfactory.
39 and 40, desplte claims to the contrary. This occurred be- IV. SUMMARY AND DISCUSSION
cause of an unintended alteration of the program. Actually,
use of this correction to the adlayer-substrate interaction cre- The calculated specific heats and order parameters have
ates a problem. It is physically warranted, but the approxigiven the melting temperatures versus surface depsigs
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FIG. 6. Typical equilibrium configurations of Nmass centers

FIG. 5. Typical equilibrium configurations of \mass centers for temperatures 35, 47, and 55 K, @t0.9. Units are in A,

for temperatures at 55, 67, and 80 &0.95. Units are in A.

shown in Fig. 3. The comparison with experiment istransition. Asp decreases from unity, the melting tempera-
good?>?2|t remains to explain the physical features that con-ture decreases rapidly. This can be understood by recogniz-
tribute to this behavior. It is evident that the valueTgf(p) ing that for partially monolayers all lattice sites cannot be
depends upon the number of vacancies in the substrate planecupied. Thus, these vacancies are an intrinsic feature of the
since this is the only thing changed @$s changed. Ap=1  system, even in the absence of thermal activation. The mol-
all sites are occupied at low temperature and there is insufecules near the vacancies, and the voids formed from them,
ficient thermal energy to create them until nearly 82 K, theare less bound than others because their coordination number
melting temperature. The vacancies occur primarily fromis less. Thus, self-diffusion and melting occurs at tempera-
second-layer promotion, as demonstrated in Fig. 5 of Reftures less than gi=1. At p<<0.9, T\,(p) stabilizes at about

40. This creates vacancies and imperfections in the monat7 K, some 35 K below that of the complete monolayer. This
layer that facilitate melting. The role of fluctuations normal result is consistent with the constant pressure calcufftion
to the plane and the second-layer promotions was tested bgr a monolayer, where the Nsurface density responds to a
constraining the admolecules to be strictly two dimensionalchanging thermodynamic environment. At 47 K the adlayer
Melting occurred at 13 K higher with the constraint. Also expands, creating vacancies, and meltsp&0.9 there is no
note that the rms center-of-mass fluctuations about equilibevidence of vacancy creation in the monolayer plane from
rium, normal to the substrate, increase dramatically athermal excitations out of plane, &f,(p) and well beyond.
Tu(p). The in-plane fluctuations show no signature of theThis is supported by the behavior 6fAZ)?)Y2 shown in
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FIG. 7. Typical equilibrium configurations of Nmass centers FIG. 8. Typical equilibrium configurations of Nmass centers
for temperatures 35, 48, and 56 K,@&t0.5. Units are in A. for temperatures 38, 48, and 55 K, @t0.2. Units are in A.

Fig. 10, and from the probability distributiéhof molecular  internal energy. Were this condition maintained, the melting
centers at a distancg above the substrate that shows notemperature would remain at 47 K in the limit of arbitrarily
evidence of second-layer formation. Thus, it is the intrinsiclow surface density. However, as the temperature is in-
in-plane vacancy population that promotes melting at relacreased toward melting, the entropy increases if a distribu-
tively low temperatures. Because of the strong holdingtion of smaller island sizes are formed, thus minimizing the
forces, normal to the plane, the temperature at melting is ndtlelmholtz free energy. This is just the condensation prob-
sufficient to thermally activate significant numbers of vacandem. It has been established thg}, reduces as island sizes
cies. Forp<0.3, experimerit-?? suggests thaf,, lowers be-  decreasé® It is the competition between the internal energy
low 47 K, as indicated by our calculated point @0.2. and the entropy, a$ approached,, that must be under-
However, this conclusion is experimentally supported onlystood.

by a single point ap<<0.2, and it is questionable accuracy. = The character of the specific heats and the order param-
Calculational data is also too sparse to show a trend. As witleters versug give additional insight to the melting phenom-
experimental evidenc®:?® calculation shows that3xv3is-  enon. In particular, the calculated specific heat peaks change
lands form belowT,, and p<1. This is in accordance with in a nonmonotonic way withp, much as observed by
previous calculation§ on N, clusters on graphite. In the experiment!?? Moreover, this feature seems to occur in
limit p—0, N—oo, macroscopic islands are expectedf at many different adlayer systeri$®*? This behavior has
low temperatures because this configuration minimizes thaeever been satisfactorily explained. To understand it, remem-
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FIG. 9. The probability distributio?(6) for the polar angle of
N, orientations with respect to theaxis, normal to the substrate
plane. From top to bottom the surface densities @ré1.0,0.95,
0.9,0.2. The solid and open circles represent temperat(if695
K), (55,80 K), (35,55 K), and(38,55 K), at these densities, respec-

tively.

ber the specific heat is proportional &E/AT at constant

Theta distribution
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FIG. 10. The rms N mass center fluctuations normal to the
substrate vs temperature. The solid circles, open triangles, solid
squares, open circles, solid triangles, and open squares represent
p=(1.0,0.95,0.93,0.9,0.5,0,2respectively.

vacancies in the monolayer plane that facilities melting at
T=82 K. The energy difference between the ordered solid
and the disordered fluid is fairly large, as determined directly
by our calculations. Moreover, since the solid is nearly uni-
form, when the thermal energy is sufficient, melting occurs
over the entire system in a small intervall. This is sup-
ported by the behavior of the order parameters arolypd
Thus, the peak is high and relatively sharp.

For low densitiesp<0.5, the specific-heat peak is also
narrow and even higher than @t1. The key feature is that
large solidv3xv3 patches form at low temperatures, sur-
rounded by a void. The local density is very nonuniform,
with regions withp=1 and others witlp=0. The patch edges
experience no constraint in the lateral direction due to the
void. As a consequence, the behavior of the patches are
much as the monolayer examiriedsing a constant pressure
ensemble, where the surface area can respond to changing
thermodynamic conditions. In that case, the specific-heat
peak was high and sharp, and the transition was first-order-
like. Because the binding energy of the edge molecules is
less than those interior, they melt first, rapidly followed by
the others. That is, when the temperature is sufficient to dis-
associate the edge molecules, the patch expands into the
void. The intervalAT is small over the transition from an
ordered patch to a low-density fluid as evidenced by the or-
der parameters. Moreover, the calculattl is large be-
cause the internal energy of the high-density patch is much
greater than the final-state low-density fluid; see Figs. 7 and
8. For p<<0.2, the above arguments compel us to predict the
specific-heat peaks will be high and sharp.

At intermediate densitie=0.95,0.93,0.9 the solid has
many intrinsic vacancies and small voids as the temperature
approached,, . At this temperature there is not enough ther-

surface area, whef is the internal energy of the adlayer. A mal energy to populate the second layer. Thus, the solid is
small AT leads to a high specific-heat peak height and gartially disordered and nonuniform, as shown by the con-

narrow width, and vice versa. A largeE on transition leads

to a high peak height.

At p=1 the system is uniform with @3Xxv3 solid order

figurations and the order parameters. The calculated differ-
enceAE upon transition from the disordered solid to a dense
fluid, is small. Moreover, molecules near vacancies and

belowT,,, and near melting second-layer promotion createvoids initiate melting at a lesser temperature than those im-
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bedded in the interior of &3Xxv3 region because they are
less bound and have space to fluctuate in a lateral direction.
That is, because of the nonuniform structure of the solid
adlayer near melting, some molecules melt at a lower tem-
perature than others. ThuAT is extended. The result is a
shallow, broad specific-heat peak.

It is important to recognize the quantitative accuracy of
the results depends greatly upon the description of the inter-
actions. The NN, potential is known to high accuraéy;*
but the N-graphite interaction is less reliable. Probably the
substrate-mediated dispersion correctiois of most con-
cern, mostly because of uncertainty in its quantitative accu-
racy. This correction is rather large if the commonly used
parameters are utilized,as was done in this work. Thus,
results compared with and without this term give an approxi-
mate bound in the uncertainty. It was found that there is no
gualitative difference. There were quantitative differences, as
shown in Fig. 3 for the predicted melting temperature, but
even those are not major. It is notable this correction has the
effect of slightly lower the melting temperature for small
and increase it fop=0.9. For N, graphite this term in the
potential is repulsive for all de_ngi.ties. At Io_wit is the edge . FIG. 11. The shallow parabola depicts qualitatively the total
molecules_ of the patch that initiate meltmg. The. potent|alpotential experienced by a molecule due to all neighbors pedr
well experienced by 'Fhose mplecules', In the Ioca! f'el_d of thel'he more narrow parabola shows that potential when the repulsive
others, has a repulsive barrier that inhibits motion into they,psirate mediated dispersion correction is addel=T,— T, is

patch. But there is a shallow barrier to motion toward theihe added temperature required to achieve the same rms fluctuation
void, because of the dispersion part of the potential. Theyith the correction as without.

repulsive mediated dispersion correction contributes by re-
ducing the potential well depth and weakens the long-range
dispersion. Thus, the barrier that inhibits fluctuations away
from the patch decreases and reduces the temperature l%qt-of-plane forces on the n_10|ecu_les and only w_eakly on
quired to initiate melting. The situation is quite different at Whether or not the system is registered. It remains to be
high densities where there are few voids and each molecule©ven how general the arguments of this work are. It should
experiences a local potential with a repulsive barrier whichP€ noted that the term “melting” is used loosely here. At
surrounds the molecule. The repulsive mediated dispersiolfW p, probably sublimation is more appropriate. At high
correction acts to make the walls of the potential well everdensity the high-temperature state is fluid, but it is not an
more repulsive and closer together. This change requirei§leal liquid.
more thermal energy to achieve the same translational fluc- An article?” published while this manuscript was being
tuation Ar of the molecules. A qualitative picture of the processed, uses the molecular-dynamics method to examine
change in the potential is shown in Fig. 11. In simple termsthe distribution of vacancies at various surface densities.
the local field is more localized and the temperature must b&rom this some features of melting were postulated. While
higher before the amplitude of fluctuations is the same as the results are not accurate enough to determine specific-heat
in a less repulsive potential. Thug,, increases. line shapes, many points that are in common between our
We note that a great deal of computational effort waswork®“° and theirs are qualitatively in accord, except the
expended to bring these systems into equilibrium. The probnfluence of the substrate-mediated dispersion correction on
lem is twofold. First, the vacancies are not very mobile andr, . we find that atp=0.2 and 0.5, this correction reduces
require many configurations to go from the initial state o1 py only 2—-3 K. At higherp, the change becomes zero
equilibrium. Second, fluctuation quantities such as the spejpq js positive near monolayer completion. This is quite dif-
cific heats demand high accuracy. This requirement is palgarant than reported by Hanse al®” We conjecture that

gi(;iL::I?réyalrggggsrgr:%;g.g}n%ﬁ)::\,nznrﬂg%E;Sécvlllrhai:r;i;hfecsqﬁ;ar_eie differences occur partially because our statistical uncer-
to detect them. It was essential to utilize the multiple histo- inty s significantly smaller. Also, their work t=0.214

) . and 0.5 is suspect because the number of molecules used is

gram method to improve efficiency and accuracy. For gach . . o
the overlapping probability distributions at eight different small, S%nd size effects surely compromise the quantitative
temperatures were required. Even so, somex2® cpu results
hours were required on an IBM 6000 RISC work station. The
histogram method is truly a valuable tool.

Finally, we note that many adlayer systems on heteroge- ACKNOWLEDGMENT
neous substrates exhibit qualitatively similar melting
curve$?°~33versusp. We expect that the quantitative differ-  This work was supported by U.S.-Polish Joint Maria
ences depend strongly on the relative strength of the in- t&klodowska-Curie Fund Il MEN/NSF Grant No. 94-163.
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