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Submonolayer molecular hydrogen on graphite: A path-integral Monte Carlo study
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We have used path-integral Monte Ca(RIMC) to simulate molecular hydrogen on graphite at submono-
layer coverage. First we use a flat substrate and we study the first layer for various values of the coverage up
to layer completion. We found that the first layer has a solid-gas coexistence phase at low densities and a
triangular solid phase at and above the equilibrium densjty0.0705 A2, We also determine that the first
layer promotion coverage is at 0.094A in agreement with experiment. Second we introduce the full
H,-graphite interaction, i.e., we include the effects of substrate corrugations. In this case we carry our PIMC
simulations on a variety of systems at and below the 1/3 coverage. We calculate the energy as a function of
coverage, contour plots of the molecule probability distribution, the pair distribution function, the static struc-
ture function and the specific heat. When the substrate corrugation part of the interaction is included we find
that at 1/3 coverage the system is in@x\/3 commensurate solid phase. At coverages below that and at low
enough temperature the system exists in solid clusters surrounded by vapor. At coverages below a critical
density, defining a tricrical point, as the system is heated up these clusters melt into a uniform fluid phase. We
find that below the commensurate density and above the tricritical point, as the clusters are heated up, first they
undergo a transition into a phase where the vapor phase disappears and a commensurate phase with vacancies
arises. This commensurate solid melts at higher temperature into a uniform fluid phase.
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[. INTRODUCTION entire surface. In this coverage range the second specific heat
peak, which appears at higher temperature, is due to the
Molecular hydrogen films adsorbed on the basal planegnelting of this uniform commensurate solid. This is the
surface of graphite display formation of well-defined order-disorder transition of the/3x\3 commensurate
layers’~® The phase diagram and the structure of the monophase. In the immediate neighborhoodpqfa value of the
layer have been investigated by a number of experimentapecific heat critical exponents of 0.33+0.03 is obtained.
techniques, including heat capacﬁfﬁneutron scatterin@‘,ls This value is in excellent agreement with the theoretical
nuclear magnetic resonante,and low-energy electron three-state Potts molel value af=1/3 (Refs. 22-2pas in
diffraction 2021 the case of the helium isotop&sThis phase transition and
Similarly to helium physisorbed on graphite, submono-the tricritical point belong to the universality class of the
layer of molecular hydrogen adsorbed on graphite forms &ree-state Potts model as proposed by AIe_xai"?der.
J3%4/3 commensurate structure due to the graphite surface Apove 1/3 coverage the phase d"’?‘gfam IS more Comp'ex
potential corrugation. When this structure is formed at area?nd includes an incommensurate solid phase, a domain wall

density ofp,=0.0636 A2, the hydrogen molecules occupy
one-third of all the graphite adsorption sites. The diffraction
pattern shows a sharp Bragg peak at the positionk of
=1.703 A1 The phase diagram of molecular hydrogenon |\ /
graphite at and below the 1/3 coveragehere it forms the 0.87
perfect\/§><\/§ commensurate structyres shown in Fig. 1.

At densities below the commensurate dengitythe sharp B e R
Bragg peak remains at the same position. The low tempera- Y313 - phase

1.07 commensurate Y3 x 43 -phase

Coverage

ture low densit)ﬂower thanNOG&C) phase is Composed of 04 R K 2D - gas
J3x+/3 commensurate solid clusters surrounded by vapor; ’

thus, this phase contains the commensurate structure giving

rise to the same Bragg reflection. This phase coexistence is 027 , , , , ,

also supported by the fact that the heat capacity isotherms 0 5 10 15 20 25 30

vary linearly with coverage. As the temperature increases, Temperature [K]

the \/§X\/§ commensurate solid phase melts into a two- g 1. The phase diagram of molecular hydrogen on graphite
dimensional(2D) fluid phase. The melting temperature canfor coverages at and below the 1/3 coverage where it forms the
be determined from the specific-heat single peak. At COVelperfect (3xy3 commensurate structuf®ef. 5. The coverage is
ages above-0.6%. and up top. the specific heat shows expressed in units gf,=0.0636 A 2, the density of the complete
two anomalies. First above a certain temperature of order 103x,/3 commensurate solid. The horizontal dashed lines denote
K, the vapor-phase component disappears and a uniforguts where the specific heat is computed by our PIMC method
J3%+/3 commensurate solid phase with vacancies covers thehich is discussed in the following sections.
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solid and a domain wall fluid phasélThese phases have not empirical potential. We choose the form given by Silvera and
been unequivocally characterized experimentally. Goldmari! for the interaction between two hydrogen mol-
There are already certain theoretical studies of moleculaecules. The Silvera-Goldman model is a reliable potential for
hydrogen on graphite. Ni and Bruéh,using the Hartree- simulations at low temperatures and pressures.
Jastrow approximation and the Lennard-Jones potential, cal- The usual approaéf®® for evaluating the interaction
culated the ground state energy and the nearest-neighbwi(r) of a hydrogen molecule located atwith the graphite
spacing for monolayer solids of Hadsorbed on the basal surface assumes that it can be written as a sum .8CH
plane surface of graphite. Gottlieb and Bri#éH? using a interactions
Jastrow-variational approximation, calculated the energy and
the structure of the commensurate and the domain-wall
monolayer solids of molecular hydrogen adsorbed on graph-
ite. Novacd! calculated the ground state energy and density . o o
of states for theJ§><\/§ commensurate solid phase of mono- The. pair potential) is assumed centered at the equilibrium
layer H, adsorbed on graphite using a self-consistent phonoR0SitionsX; of the C atoms. Crowell and Broffhused the

approximation and investigated the effects of anisotropicf?"owmg anisotropic 6-12 potential to describe the interac-
admolecule-carbon interaction. tion between a hydrogen molecule and a carbon atom on the

In this paper we present our results on submonolayer mgdraphite surface
lecular hydrogen adsorbed on the basal plane surface of
graphite using the path-integral Monte CatRIMC) simu-
lation method. Using the PIMC methfidand a given inter-
action model one can calculate, within only small statistical
errors, the properties of a given number of boson particles 1 1
(of the order of hundred or moyeinclude the effects of +z(1+577)—6—
permutations arising from the particle identity. A detailed '
outline of the application of PIMC tdHe systems can be whered is the angle between the graphitexis and the line
found in Ref. 32. More recently this method has been exjoining the molecule and the carbon atom. The definitions
tended to StUdy quantum films similar to molecular hydrogerand the values of parameters can be found in RefA43
on graphite taking into account strong substrate=3469 A%, 5= P, /P|=3.5 is the ratio of the atomic po-
corrugations>* The PIMC simulation method has already |arizabilities perpendicular and parallel to the graphite ¢ axis
been used to study molecular hydrogen systems. Examplegd for H, graphite. Theocy=3.25 A is a length of the
of such applications are small clusters of parahydrogemyder of the core of the fHgraphite interaction.
molecules;”*° bulk solid molecular hydroge#{,* the pure Following Steel&" and Carlos and Cofe one can write
2D SyStem of hydrogen moleculé%and the surface me|t|ng the hydrogen graphite surface interaction as
of molecular hydrogef?

In this paper we have simulated molecular hydrogen on )
graphite using the semiempirical Silvera-Goldman V(r)=V0(z)+G§0 Ve(Z)expiG-R), ©)
potentiaf*? for the interaction between two adsorbed mol-
ecules. For detemining the full interaction of a hydrogenwhereG is a two-dimensional reciprocal lattice vector that
molecule with the graphite we have used the Crowell-Browncorresponds to the graphite substrate surfaceRan(ix,y) is
modef*? for the H,-carbon interaction and the expansion de-the projection ofr = (x,y,z) on the surface plane.
veloped by Steefé and Carlos and Col&. First we have Crowell and Browft® derived the laterally averaged inter-
considered a flat graphite substrate by taking the laterallyction potential for a hydrogen molecule on the basal plane
averaged potentidignoring substrate corrugationsVe give  surface of graphite and the potential includes explicitly the
a detailed analysis of the full phase diagram of a monolayeanisotropy of carbon atoms in the graphite surface. Using the
of molecular hydrogen on such a featureless graphite subnteraction(2) and the method developed by Stééf they
strate up to first layer completion. However, the substratdind
corrugation plays a fundamental role in the formation of the
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J3%4/3 commensurate solid phase and the other phases mpA [ 3 ol n
which are defined by the presence of the substrate periodic- Vo(Z)=— e g1+ mi(4x)— el T2 )
ity. Therefore, we have used the full interaction and we have 0 0

studied the first layer up to 1/3 coverage. The results of our @)
PIMC calculations for a corrugated substrate are given irwhere hy=3.35 A, the distance between graphite basal

Secs. IV-VIL. planesp,=0.382 A 2, the areal density of carbon atoms on
the graphite surface. The variabbe=z/h, and ¢(n,x)
Il. THE COMPUTATIONAL APPROACH IET;O(] +x) " is a Riemann zeta function.

Using this laterally averaged potential for a hydrogen
molecule on the graphite surface, a WKB method, and the
In the simulation we assume that the folecules can be renormalized Numerov technique, Crowell and Bréivn
represented as spherical particles interacting with a semhave determined the bound state energy levels and compared

A. The interaction potential
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the results with experimental results. The discrepancy be- Before we began our investigation of the adsorption of
tween calculated values and experimental values of the emolecular hydrogen films on graphite, we checked our pro-
ergy levels for the lower lying levels is about 6%. gram using various tests, one of which was the following.
Using the same interactiof2) and following closely the  Crowell and Browf?® calculated the bound state energy lev-
method developed by Steéfeand extended by Carlos and els using the same laterally averaged potential. They solved
Cole®™ one finds the following form for the corrugation ap- the Schrdinger equation using a WKB method and the
plitude: renormalized Numerov technique and they quoted a single
3 Ki(GD) 1 molecule-substrate binding energy of approximately
_ 3 —455 K. In PIMC we can easily compute the single particle
Ve(2)= _AWPSBG(l_ZB(l_ m—, tglltsm binding energyEg to the graphite surface by simulating one
5 hydrogen molecule on graphite. Our calculated valud at
E) < (GZ)) ~0.8 KisEg=—452.6-0.1 K. If this result of our calcu-
2z) ° ' lation is extrapolated to zero temperature it should be low-
5) ered by an amount of the order of 1 K. Any additional small
difference is due to the finite-size substrate used in our cal-
whereK, are modified Bessel functions and culation (we used a 21.03 X24.283 A size substrate
which raises the Kkinetic energy of the KHlmolecule.

X

G\? UgH 7
Z) Ky (Gz)— m(l-F 5

Bo=exp—iG-a)+exp —iG-a,), (6)
wherea; anda, are the positions of two carbon atoms in the ll. FIRST LAYER
unit cell on the graphite surface. WITHOUT SUBSTRATE CORRUGATION

In this section, we neglected the substrate corrugation am-
plitude Vg(z) and used only the laterally averaged portion
Taking the previously mentioned interactions between hyV,(z) of the interaction of a hydrogen molecule with the
drogen molecules and hydrogen-graphite into account wegraphite surface. As shown in the next section, the substrate
have used the same PIMC method developed by Pierce amrrugation amplitude plays an important role on the phase
Manousakis=>3* diagram of the monolayer. Due to the strong influence of
We have carried out two calculations: One is performedhe substrate corrugation potential, the monolayer exhibits a
by using for the interaction of a hydrogen molecule and the\/3x/3 commensurate solid phase at low coverages and un-
graphite, the laterally averaged potential. The results obeergoes a commensurate-incommensurate transition via a
tained with this potential are given in the next section. Information of domain-wall phases at higher coverages.
addition we have included the effects of the substrate corru- We expect that the phase diagram of the monolayer with-
gation by including the term given by E¢5). The results out the substrate corrugation to be similar to that of the pure
obtained with the full H-graphite interaction are presented 2D hydrogen filn?® Helium on a smooth graphite surface
in Secs. IV=VILI. using a laterally averaged potential has been simulated by
In the absence of the substrate corrugation amplitudewhitiock, Chester, and KrishnamacH&riusing Green-
since the total potential is a spherically symmetric pair interfunction Monte Carlo and by Pierce and Manous#kising
action, we use the matrix-squaring method in order to calcuthe PIMC method. The phase diagram of helium on the
late the high temperature density matrix. The value of thesmooth graphite surface is similar to the pure 2D helium
imaginary time step used in this calculation is  fim.*®
=1/(120 K). We have usetl=2 level bisection while the Gordillo and Ceperle¥ studied a pure 2D system of hy-
| =3 level gave too low acceptance ratio in this case. drogen molecules and calculated the total energy per hydro-
In order to simulate the first layer with the substrate cor-gen molecule and the static structure facgk) as a func-
rugation, we have used the so-called semiclassical approxiion of molecular hydrogen coverage. They found a
mation for the expression for smatl (high temperatuseof ~ minimum energy at the coverage=0.064 A 2 where the
the part of the density matrix associated with the aniso- 2D molecular hydrogen film has a solid phase. The static
tropic interaction of a hydrogen molecule with the graphitestructure factor has one sharp peakkat1.7 A~! corre-
surface. Part of our PIMC simulation method is the multi- sponding to a triangular lattice. They also found a fluid phase
level Metropolis method® In the multilevel bisection for p<0.059 A~2.
method it is important to choose the best valué. &f/e have In our simulations we input the total number of particles,
usedl =2 for the calculations with the laterally average po-the area of the simulation cell, and the temperature in each
tential andl=3 for the calculation with corrugations. We run. We kept the size of the simulation cell constant and
have computed expectation values for the total energy, thehanged the total number of particles in order to vary the
static structure factor, the probability distribution, the densitydensity. The size of the simulation cell has been chosen so
profile and the specific heat. To thermalize the system, we¢hat the cell can accommodate the periodic structure of a
typically carried out of the order of 15000 MC steps. After triangular solid phase because we expect that the monolayer
the thermalization process we carried out of the order obf molecular hydrogen has a triangular solid phase just be-
20000 MC steps in order to compute observables. fore the first layer is complete. We have used a rectangular

B. PIMC method
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TABLE I. Energy per hydrogen molecule versus density for the 8

first layer without the substrate corrugation. The simulation cell is
21.03 Ax24.283 A. The number in parentheses gives the error in
the last decimal pla¢s).
6 L
p(A7?) E/N(K) p(A7?) E/N(K)
0.0020 —452.588(61) 0.0705 —477.500(72)
0.0196 —465.045(96) 0.0744 —475.424(41) = 41
0.0294 — 468.698(40) 0.0783  —473.096(27) @
0.0392 —470.111(62) 0.0822 —466.984(17)
0.0490 —472.527(37) 0.0861 —461.206(25)
0.0587 —475.917(23) 0.0881 —456.539(131) 2+
0.0627 —475.893(50) 0.0901 —453.588(17)
0.0646 —476.074(37) 0.0920 —451.467(41)
0.0666 —476.259(30) 0.0940 —450.791(26) -
0.0685 —476.562(5) 0.0960 —444.780(58) 0 0 1 2 3 4
k(&™)
simulation cell with dimensions 21.03 A24.28 A and ap- FIG. 3. Static structure factoB(k) at the coverages 0.0490
plied periodic boundary conditions in they plane. (filled circles and 0.0588open circlesA 2 and atT=1 K. These

We have calculated the total energy per hydrogen molcoverages are in the coexistence region. At the lowest deBgily
ecule as a function of hydrogen coverage at 1 K. The valueBends upward for low values &
for the total energy per hydrogen molecule are given in Table

|. The minimum energy i®,= —477.50(7) K at the equi- phaseqa gas phase and a solid phekas an upward curva-
librium density po=0.0705 A™2. For a pure 2D system of tyre. It is evident from Fig. 2 that the energy values are
hydrogen molecules, the density with the lowest energy pegpove the straight line from zero density to the minimum
hydrogen molecule is 0.064 /&> lower than our result. ~anergy density,. Thus, for densities between zero coverage
This can be easily understood by the fact that confining the, 4 e equilibrium density, there is a solid-gas coexist-
system in strictly 2D increases the kinetic energy due to the, .. region. In the density region abqwethe system is in

add'“o.”a' Z€ro p_omt motion. . a solid phase as demonstrated next.
In Fig. 2 we give the total energy as a function of hydro- We have calculated the structure fac®k) shown in
gen coverage at 1 K. We shifted the total energy by subtract'—:ig 3. At the lowest densityS(k) has a peak atk
ing a value OfN.eO' where_N is the number of hydrogen =1:55.A*1and bends upward ft;r low values lofnstead of
molecules an, IS the minimum energy per hydrogen mol- oing to zero. This indicates that we have a mixture of solid
ecule. As thg solid-gas _coeX|stence_ phase is unstable, ﬂgﬁ’]d gas and that we observe a solid-gas coexistence phase.
total energy in the coexistence region between two Stabl?he static structure factor at the equilibrium coverage is
shown in Fig. 4. It has just a single sharp peak kat
=1.79 A~!. This indicates that the molecular hydrogen ad-
sorbed on graphite forms an equilateral triangular solid
phase. For 2D molecular hydrogen films the static structure
factor at the equilibrium density has a solid structure factor
with also a single sharp peak at a smaller valke
=1.7 A"13% In Fig. 4 we also show the static structure
factor at the promotion density, 0.094 atom/Awhere we
also find a single sharp peak kt=2.07 A% The solid
phase at this density is an equilateral triangular solid phase
and the nearest-neighbor distance of hydrogen molecules is
3.505 A.
We have calculated the pair distribution functians) at
the solid-gas coexistence region, at the equilibrium density,
and well inside the solid region. Heres=|R| is the magni-
: ] : tude of the projection of the distance vector between two
0 0.02 Cfv'gfa o H AE)'OG 0.08 particles onto the plane of the substrate. For the three lower
ge (Hy coverages, the first peaks are located at the same value of
FIG. 2. Total energy as a function of coverage on the smoottS Shown in Fig. 5. This indicates that the average separation
graphite substrate &=1 K. The energy is shifted bixe,, where  distance of nearest neighbor particles in the coexistence re-
N is the number of hydrogen molecules amg= —477.50(7) K, gion is close to the one at the equilibrium coverage. How-
the minimum energy per hydrogen molecule. ever, for densities above the equilibrium coverage the first

Shifted Energy (K)
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FIG. 4. Static structure factoB(k) at the equilibrium density
(open circley and the completion density of the first layéilled
circles and atT=1 K. The peak positions ar&=1.79 and
2.07 A%, respectively.

FIG. 6. The radial distribution functiog(r) at the equilibrium
density (open circley and the completion density of the first layer
(filled circles and atT=1 K. The first peak position moves from
3.759 to 3.379 A.

peak’s position is shifted from 3.759 to 3.379 A as shown in

Fig. 6. they are closer together at nearest neighbor distanegof
In Fig. 7 we give the contour plot of the probability dis- =3505 A. ) i i
tribution for the densityp=0.0294 A 2. As we have dis- From the density profilp(z) we can determine the den-

cussed, for this coverage the system is in the solid-gas coexIly Where the first layer is complete and the second layer
istence region. The figure shows a snapshot of the solid-gag@'ts to form. The density profiles for thr_eze densities are
coexistence phase. The hydrogen molecules form a clust§POWn in Fig. 10. The coverage=0.094 A™2 shows no
which incompletely covers the substrate surface area. Thevidence of promotion. The beginning formation of the sec-
contour plot of the probability distribution at the equilibrium

density is shown in Fig. 8 where an equilateral triangular |\ v ~ , '
solid phase is clearly seen. Figure 9 shows the contour plo 2 @ @ @ @ @
of the probability distribution at the density 0.0940" A Q &) o

The hydrogen molecules also form a triangular lattice and
20

15

a(n

10

Oy = 7= N 7N AN N N

FIG. 5. The radial distribution functiog(r) atT=1 K and at 0 > 10 12
densities 0.0294circles, 0.0490(square and 0.0588diamonds, FIG. 7. Contour plot of the probability distribution at the density
all of which are below the equilibrium density. The first peak is 0.0294 A2 for T=1.0 K. The hydrogen molecules incompletely
located at the same value ofor the three values of the density.  cover the substrate.
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FIG. 8. Contour plot of the probability distribution at the equi-
librium density 0.0705 A2 for T=1.0 K. It forms an equilateral
triangular solid phase.
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FIG. 9. Contour plot of the probability distribution at the
completion density of the first layer 0.0940 Afor T=1.0 K. It
forms an equilateral triangular solid phase.
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FIG. 10. Density profiles af=1 K and for several coverages:
0.094 (solid line), 0.0960(dashed ling and 0.0979long-dashed
line) A 2. The coverage 0.094 & shows no evidence of promo-
tion. The beginning of formation of the second layer is clearly vis-
ible at the higher densities.

ond layer is clearly visible at the densitips=0.0960 andp
=0.0979 A2, Thus, the promotion density is approxi-
matelyp=0.094 A2, which is the same as the experimen-
tal value.

IV. FIRST LAYER WITH SUBSTRATE CORRUGATION

An ideal basal plane of graphite consists of open hexa-
gons with each carbon atom having three nearest neighbor-
ing carbon atoms. The graphite substrate corrugation poten-
tial is relatively strong for physisorption but is short ranged
perpendicular to the substrate. Near the graphite surface the
effect of the substrate corrugation on the phase diagram of
the first layer has to be taken into account. It is well known
that commensurate monolayer solids of helium adsorbed on
graphite are directly related to the substrate corrugation
amplitude Vg(z) of the helium-substrate holding

potential®*4"4%%|n the following three sections, we will
present our results for the first layer when we use a
molecule-graphite potential which includes the laterally av-
eraged potential given by E¢4) and part given by Eq5)
which gives the substrate corrugation.

We have usedr=1/(200 K) in the calculations of this
part. We have implemented a variety of simulation cells that
are appropriate for examining different phase regions of the
phase diagram. We have applied periodic boundary condi-
tions in thex andy directions.

The /3Xy3 COMMENSURATE SOLID PHASE

In order to accommodate the periodicity of the adsorption
sites of graphite and th¢3x/3 commensurate solid phase,
we have chosen the simulation cell with dimensions
=643 ag andy=15 agy,, whereay=2.459 A is the dis-
tance between the centers of two neighboring hexagons on

115409-6
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TABLE Il. Energy per hydrogen molecule versus density for

. . . . . . interaction with the substrate corrugation. The simulation cell is
D @ @ © © @ ( 25.554 Ax36.885 A. The number in parentheses gives the error

in the last decimal pla¢s).

000000 « o

. . . . . . 1.333 0.0318 —470.307(31)

;D @ 1.333 0.0424 —471.983(22)
. . . . . . 2.000 0.0530 —473.328(27)

. . . . . . . 2000 0.0636 —476.879(45)
@ @ 2.000 0.0678 —471.518(25)

. . . . . . . 2.000 0.0721 —468.903(69)
2.000 0.0763 —464.781(67)

)0 0000C = o mne
oeooo0o0o0 "

FIG. 11. Contour plot of the probability distribution at the com-
mensurate solid phase density 0.0636 2Afor T=1.33 K. The
filled circles indicate graphite adsorption sites. Hydrogen molecule:
occupy one-third of all the potential minima. Molecules form a
triangular solid lattice with 4.26 A nearest neighboring spacing.

=0.0636 A 2. In Fig. 12 we give the shifted total energy as

a function of hydrogen molecule density. The energy values
are shifted bye.;,N, whereN is the number of hydrogen
Tnolecules in the simulation. If we draw a line from zero
density to the commensurate solid dengity all intermedi-

ate energy values are above the line. This means that the
&nergy values between zero density and {f#</3 com-
mensurate solid density are unstable and a phase separation
gceurs at these densities. A commensurate solid-vapor coex-
istence phase occurs between zero density and/&e\3
commensurate solid densify,=0.0636 A 2% and is fol-
lowed by the\/3x/3 commensurate solid phaset.

the graphite surface. This cell can accommodate 60 hydrog
molecules at the/3x+/3 commensurate solid density. We

number of particles in order to vary the density. At exactly
1/3 coverage, which corresponds to an areal density of
=0.0636 A 2, we find a\/3x+/3 commensurate solid struc-

ture. In Fig. 11 we give the contour plot of the probability n order to fi.nd out if the first layer has a commensurate
distribution of H, molecules on graphite. The dots denoteSClid-gas coexistence phase andyaxy3 commensurate

graphite-H potential energy minima. Notice that the, H solid phase for our determined coverages, we have computed

molecules occupy one-third of all the possible adsorptiontshi pr'gbak:]ility dis;cribluti.on and :]he Sté;;[ic struk(]:turg faICth
sites and they form a3x 3 solid, (k). For these calculations we have chosen the simulation

At high temperature(above 20 K this commensurate Cell Wwith — dimension x=6y3 ag and y=9ay.

solid melts to a fluid of molecules uniformly distributed on 4000
the surface of graphite. Structure factors and other observ
ables have been calculated and are shown in the following
section. 3000 - >

VI. COMMENSURATE SOLID CLUSTERS
2000 + .
Below the 1/3 coverage and at low temperature we find

that the system exists in a phase consisting®k/3 com- %,
mensurate solid clusters surrounded by vapor. In this coexg 1999 | i
istence phase as the density increases hydrogen molecul@
condense from the vapor phase to this commensurate soli R
structure. 0 I
We have calculated the total energy of the first layer at
practically zero temperature in order to determine the cover-
age range of the commensurate solid-vapor coexistenct 100
phase using the Maxwell construction, which can be used tc
identify the unstable regions.
The values for the total energy per hydrogen molecule are |G, 12. Total energy versus density with the substrate corruga-
given in Table Il for several coverages. The minimum energition. The energy is shifted by a value Nig,, whereN is the num-
per hydrogen molecule igyj,=—476.88-0.05 K and oc-  ber of hydrogen molecules arey=—476.879(45), the minimum
curs at the 3x\3 commensurate solid densitp,  energy per hydrogen molecule.

d Energy (K)

0 0.02 0.04 0.06 0.08 0.1
Density(A?)
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FIG. 14. Static structure fact®(k) at the densities 0.053@ri-
angles, 0.0566 (squarel 0.0636 A2 (circles. The number of
rticles are 30, 32, and 36, respectively.

FIG. 13. Contour plot of the probability distribution at the den-
sity 0.0424 A2 for T=1.0 K. The filled circles indicate graphite
adsorption sites. Hydrogen molecules are located near the potenti‘e)ﬂ;l
minima. The commensurate solid phase is separated from the vapor
phase by a boundary layer. cluster phase, we have computed the specific heat for several

temperatures. The specific heat can be calculated by differ-

In Fig. 13, the contour plot of the probability density is entiating the total energy value with respect to the tempera-
presented for a temperature 1.0 K and for coveraggure. At the melting temperature the specific heat has a maxi-
0.0424 A 2. In this figure, filled circles indicate adsorption mum and a peak in plotting the values of the specific heat as
sites of graphite. We see a commensurate solid phase coex-function of temperature. We have calculated the specific
isting with the gas phase. In Fig. 13 a commensurate solifeat at the densities 0.0281 A and 0.0390 A2 (these
phase is formed in the bottom and a gas phase is formed qBmperature scans are shown in Fig. 1 by the two lower
the top. In this case because the temperature is low the vapgprizontal dotted lines We make use of the simulation cells
phase has no molecules. Notice that as in{Be<y3 com-  with dimensions 42.59 A44.262 A and 38.332 A
mensurate solid phase shown in Fig. 11, hydrogen moleculesc36.885 A, respectively. The values of the total energy per
in the lower part of the periodic substrate of Fig. 13, alsohydrogen molecule are given in the Table lIl. Figures 15 and
occupy one-third of all the adsorption sites of graphite. Thisi6 show the temperature dependence of the specific heat.
demonstrates directly that below 1/3 coverage and at low
temperature the system forms/ﬁx\@ commensurate-solid TABLE lIl. Total energy per hydrogen molecule at the densities

phase surrounded by vapor. 0.0281 and 0.039 AZ. The number in parentheses gives the error

In order to obtain some information on the structure forin the last decimal placs).

each phase, we have calculated the static structure factor

S(k) at the densityp,=0.0636 A 2 of the y3X3 com- p=0.0281 A2 p=0.039 A2
mensurate solid phase and densities bejow The static 1) E/N(K) T(K) E/N(K)
structure factor§(k) are shown in Fig. 14. The first peak for
the three cases shown are at the same position and the peak14 —469.810(80) 6.667 —470.388(50)
heights of the static structure factor increase as the densif:667 —468.845(169) 6.897  —470.081(132)
increases. The peak’s positions ae=1.70 A™! and k 7.143 —467.428(228) 7.143  —469.862(113)
=3.40 Al This means that the phases have {f8x\3  7.692 —466.409(231) 7.407  —469.241(116)
commensurate solid structure and it is exactly what has beeh0 —465.359(214) 7.692 —469.109(89)
observed experimentally by neutron scattering. In thes.333 —463.979(188) 8.000  —468.529(143)
J3%4/3 commensurate solid phase, the nearest-neighb&.091 —460.847(144) 8.333  —467.590(204)
spacing of hydrogen molecules is 4.26 A corresponding td.0.0 —458.263(112) 8.696  —465.993(256)
k=1.70 A~ 1. 11.111 —456.138(140) 9.091  —464.814(271)
For coverages below the3x3 commensurate solid 12.50 —454.301(82) 9.524  —463.079(173)
densityp., the static structure facto®(k) do not go to zero 10.00 —461.799(138)
as k approaches zero. This is due to the fact that the solid 11.111 —459.890(96)
phase has a finite spatial extent due to the phase coexistence 12.500 —457.945(74)
with the gas phase. 14.286 — 455.884(23)

In order to study the melting of the commensurate solid
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6 o TABLE IV. Specific heat at the densities 0.0281 and 0.0390
o H,/AZ2. The number in parenthesis gives the error in the last deci-
°, mal placés).

[

p=0.0281 B/A? p=0.039 H,/A?
4 o %f i T(K) C/Nkg T(K) C/Nkg

{ ]
B e 6.667 1.014197) 6.897 133713
5 ° 7.143 2.978696) 7.143 0.886706)
E .CP 7.692 1.858691) 7.407 2.346613
3 s . 8.0 3.4131024 7.692 0.466613)
2 . e ] 8.333 4.140856) 8.000 1.884546)
Q‘ }‘. o 9.091 4.134313 8.333 2.818746)
I | CI} 0$ 10.0 2.848201) 8.696 4.407003
s 4 2os, e, 11.111 1.918161) 9.091 2.980943
...,-\-"" e . 12.50 1.328117) 9.524 4.008742)
0 ‘ ‘ o« O 10.00 2.687465)

3 8 13 18 23

Temperature (K) 11.111 1.716152
12.500 1.40(B8)
FIG. 15. Specific heat versus temperature at the density 14.286 1.15¢4)

0.0281 A2, The filled circles are the experimental data at the

same density. The results of our calculation have been shifted by

2.8 K along the temperature axis.

to the hydrogen-graphite interaction. Notice, however that

These calculations were performed on a special purpose
32-node 64 processor machiftauilt by one of the authors,
The values used in the figures are given in Table IV. Thesee HRL http://stratos.fsu.edwedicated for more than a
filled circles in the figures correspond to the experimentalear to this calculation. Unfortunately taking the thermody-
specific-heat valués® at the same density. Our estimated namic limit (i.e., studying the dependence of our results to
melting temperatures are lower than the experimental resultghe system size and from that to take the infinite size Jimit
In order to compare our computed specific heat with therequires computational resources far beyond what is realisti-
experimental specific heat, our results have been shifted byally available. However, we expect and we found that by
the amounts of 2.8 and 3.4 K in the temperature axis. Thisncreasing the system size the critical temperature increases
disagreement may be attributed to both finite-size effects andnd this reduces the disagreement with the experiment.

As the temperature increases, the system undergoes a

basic characteristics of the specific heat such as the locatiaransition from a commensurate solid cluster phase to a 2D
of the peak, the peak height and its width and their temperagas phase at the melting temperaftive location of the spe-
ture dependence are well reproduced with no free paraneific heat peak In Fig. 17 we present the contour plot of the

eters. probability distribution at the temperatur@s=6.67 K and
. T=12.5 K at the densityp=0.0396 A 2. At the higher
' temperature all the adsorption sites of graphite are occupied
with equal probability.
VIl. COMMENSURATE SOLID WITH VACANCIES
4r o 0% ] A single peak occurs in the specific heat as a function of
Ei Ge LR temperature at low densities as shown in the previous sec-
2 s
S
g L
w o .
ot d L] i
[ ]
..° §..:°.o. :.o
L ° ‘@: % o.
L ]
L ]
%4 12.4 16.4 20.4

Temperature (K)

FIG. 16. Specific heat versus temperature at the density FIG. 17. Contour plot of the probability distribution at the den-
0.039 A2, The filled circles are the experimental data at the samesity 0.0396 A 2 for T=6.67 K and T=12.5 K. At higher tem-
density. The results of our calculation have been shifted by 3.4 Kperature all the adsorption sites of graphite are occupied with equal
probability.

along the temperature axis.
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TABLE V. Total energy per hydrogen molecule and specific heat ’ o o ’
at the density 0.0519 A2 The number in parenthesis gives the

error in the last decimal pla¢®.

00 - ®00¢
00¢ <000
YOO © 6000/

PHYSICAL REVIEW B65 115409

YO00000O0:¢(
000000 @0
»OO000 6 o ®¢

T(K) E/N(K) C/Nkg 00000000 0000O®© ©6@
1000 0000¢ »)0000 @ 2 @¢

6.667 —472.508(80) 00000000

7.143 —472.244(30) 0.55380 YOO ogoo O ¢

7.692 —471.633(136) 1.11353 DO0® 6000

8.333 —470.812(58) 1.28230

8.696 —470.372(81) 1.21274) VUGN

9.091 —469.387(148) 2.49226) ’OOQOOOOOOOOOOOJ

9.524 —468.502(144) 2.04478 ’@ O @ "} o 00 ¢

10.0 —467.073(172) 3.00@7)) o G O @ @ o o 0

11.111 —464.194(111) 2.59184) ’@ @ ®°°° o ¢

11.765 — 462.897(75) 1.98204) ...

12.50 —461.810(13) 1.47803 00060000

13.333 — 460.784(28) 1.23B7) 10000000¢

14.286 —459.712(32) 1.12@4) N66066000

16.667 —457.166(39) 1.0621) FIG. 19. Contour plot of the probability distribution at the den-

20.0 —453.660(51) 1.0529 sity 0.0519 A2 at various values of temperature. The plots shown

are(a) top row left, T=6.67 K; (b) top row right,T=8.33 K;(c)
bottom row left, T=9.09; (d) bottom row right,T=13.33 K.
tion. At higher coverages below thé3x\/3 commensurate

solid ddens,lty and at_)ove the tncn'(t::;l 6p0||(uvh|;ch corr_]?- than the experimental data for two main reasons. First finite-
sponds to an approximate coverage-dd.6%), the Specific 4, offects tend to reduce the transition temperature. Second

zeat hasot\(l)vglznc’kmzalfles. We CC)ImplIJted thf shpecmc heat at ﬂa)%r H,-graphite interaction potential is somewhat weaker
ensity 0. or several values of the temperature ., ., yhe trye interaction. The potential we used gives a bind-
(this temperature scan is shown in Fig. 1 by the upper dotte

g energy for a single molecule with the substrate of about
line). The total energy per hydrogen molecule and the spe;ge i« \yhich is smaller than the measured value of 48% K.
cific heat are given in Table V. The specific heat as a funCyye computed the probability distribution and the static struc-
tion of temperature is compared to the experlmental[

. i I o factorS(k) at the th diff t regions. In Fig. 19
results ™2 (filled circles in Fig. 18. The transition from the ure factorS(k) at the three different regions. In Fig we

. . _ ive the contour plot of the the probability distribution for
commensurate solid-vapor coexistence phase to the unifor fferent temperature values. Notice that we can identify
commensurate solid phase occurs at ado8iiK and the tran- y

ition f h id ph h h three different phases in this figure: a commensurate solid
sition from the commensurate solid phase o the gas phasg e, phase which forms at low temperature; the contour

occurs at around 10 K. Our critical temperatures are Ioweblot that corresponds t6=9.09 K shows the presence of

4 T
30 ‘ T T
L]
3L -—9oT=133K
e--<+T=91K
= 20 - —eT=67K |
()]
I
g 2 -
2 <
g 7]
n
10 10 R
0 L hd L 1 L
0 5 10 15 20 25 0
Temperature (K) 0 5

k(A™)
FIG. 18. Specific heat versus temperature at the density

0.0519 A2, The filled circles are the experimental data at the
same density.

FIG. 20. Static structure fact&(K) for three different values of
temperature at the density 0.0519° A
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the commensurate solid phase with vacancies; at temperatussing only a laterally averaged potential afiy) another
higher that 10 K for this density we can identify the gaswhere we have taken into account the effects of substrate
phase. The static structure factor is given in Fig. 20. Frontorrugation. For the latter we used a form for thediaphite
this figure it appears that the vacancies are uniformly distribinteraction similar to the Carlos-Cdfepotential for the He-
uted inside the solid. Our simulation indicates that the vagraphite interaction, but appropriate for the-graphite case.
cancy mobility in the commensurate solid is low which In the case of the flat substrate, using the laterally aver-
makes the simulation of this phase difficult because of veryaged potential, we carried our calculations up to a coverage

long relaxation time scales. where the first layer is completed and the next layer starts to
form. We found that the first layer has a solid-gas coexist-
VII. SUMMARY ence phase at low densities and a triangular solid phase at

) and above the equilibrium densijty=0.0705 A 2. We also

Submonolayer molecular hydrogen on the graphite basg|,q 5 layer promotion density of 0.094 & which is in
plane surface is a strongly correlated 2D system where quaiy,og agreement with the experiment. In order to investigate
tum fluctuations are large because of the low moleculaghe commensurate solid formation and structure we need to
mass, weak Van der Waals interactions and reduced dimeRsye into account the effects of substrate corrugations. When
sionality. Nevertheless the system avoids states which are thes 4q that we find that at low temperature below a critical
product Qf guantum fluctuatiqns and. exhibits a phase diadensity the system forms a mixture of a phasey8t<\3
gram which has an analogy in classical 2D systems. HoWgmensurate solid clusters and a vapor phase. Staying be-
ever, to quantitatively understand these phases one needs,lg, wis critical density and by raising the temperature the
use full quantum statistical mechanics. We have _used the|usters undergo melting at a definite temperature giving rise
PIMC method to study the submor)olayer phase diagram ab a specific heat peak. At densities greater that this critical
or below the 1/3 coverage where it forms\/§_><\/§ COM- " density and below 1/3 coverage we find that the specific heat
mensurate solid. We have been able to verify most of th 5 o anomalies as a function of temperature. At low tem-
features of the experimentally determined phase diagram erature the system is in the same mixed phase as in the low
Our approach is limited by the interaction potentials useGyensity region. As the temperature becomes higher than a
and by the finite-size _effects. Due_- to thg fact that we treat a'l:overage-dependent critical temperature, the system trans-
the quantum mechanical effects including the effects of Pa5rms into a single phase, @3x\3 commensurate solid
ticle permutations exactly, we can only simulate systems it yacancies. Above another characteristic coverage-

volving of the order of 100-200 jimolecules. Our ap- yenendent temperature, the commensurate solid melts into a
proach, however, gives direct information on the molecule-

. uniform fluid.
molecule correlations and structures formed on the surface.
We have computed the total energy as a function of cov-
erage, the molecular pair distribution function, structure fac- ACKNOWLEDGMENTS
tors, molecular probability distribution, density profile as a
function of the distance from the graphite surface, and the This work was supported by the National Aeronautics and
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