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Thermodynamic study of argon films adsorbed on boron nitride
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We have performed a detailed adsorption isotherm study of Ar on BN for temperatures between 65

and 80 K. The isothermal compressibility of the films was obtained from adsorption data. At mono-

layer coverages, a small isotherm substep is present at melting. We found two isothermal compressibili-

ty peaks in the first layer: a sharp peak, corresponding to the melting substep, and a smaller, broader
peak that occurs at lower pressures. At multilayer coverages we found reentrant layering occurring in

the third and fourth layers of the film. We compare our layering results with predictions for the

preroughening transition. We also found a series of small steps in the isotherms between the second and

third layers and between the third and fourth layers of the film. These small steps are evidence of indivi-

dual layer melting for the second and third layers. Our results at monolayer and at multilayer coverages
are extensively compared to those found for Ar on graphite. We have also performed calculations of the
rare-gas —BN interaction potentials. Our calculations indicate the substrate corrugation is smaller for the
rare-gas —BN systems than it is for the same rare gases on graphite. The implications of this result for
the possible existence of monolayer-commensurate solids on BN are discussed.

I. INTR&DUCTION

Monolayer physisorbed films have been regarded for
years as an important test ground for studies of matter in
two dimensions (2D). Considerable work in experiment,
simulation and theory has been devoted to determining
the nature of monolayer phase transitions, particularly of
melting. ' This is largely the result of attempts to verify
the unusual predictions of the Kosterlitz- Thouless-
Nelson-Halperin-Young theory, which states that melt-
ing can be a continuous transition in 2D. Experimental-
ly, however, it has been found that the majority of 2D
solids melt via first-order phase transitions.

A wide range of phenomena in physical adsorption de-
pend on the relative strengths of the adatom-adatom and
adatom-substrate potentials, particularly for monolayer
films. Calculations for monolayers of Kr (Ref. 5) and Ar
(Ref. 6) on graphite have shown that the amplitude of the
periodic variation of the adatom-substrate potential ener-

gy across the substrate unit cell, i.e., the "substrate corru-
gation, " has a strong influence on the solid phases found
in these systems. The substrate corrugation is related to
the strength of the Fourier component V (g is the 2D
reciprocal-lattice vector of the substrate) of the adatom-
substrate potential V ( r ):

V(r)= Vo(z)+ g V (z)e's
g&0

where Vo is the laterally averaged part of the potential, r
is the vector pointing at the adsorbed atom, and R is its
projection on the surface (the origin is at the surface).

Simulations have shown that the adsorption potential
needs to have large enough Fourier components, V 's, if
a commensurate phase is to be obtained. For Kr on
graphite, substrate corrugation is responsible for the for-
mation of a commensurate solid. For Ar on graphite, re-
cent computer simulations find that the effect of sub-
strate corrugation is more subtle; it is responsible for the
formation of a structure of commensurate patches
separated by domain walls.

In recent years a growing emphasis in physisorption
studies has been placed in multilayer films. Initially, the
focus was on wetting and on the now disproved sugges-
tion of using multilayer films to study surface melt-
ing. ' It is now clear that few-layer films are interest-
ing in their own right. Youn and Hess have recently
discovered in an ellipsometric adsorption study of Ar on
graphite a new phenomenon, called reentrant layering. ''
A reentrant layer is a layer which at low temperatures ex-
hibits sharp adsorption isotherm steps; as the tempera-
ture is increased, a value is reached where the isotherm
steps corresponding to this layer are no longer sharp (this
is what occurs for a layer step measured above the layer
critical point); at even higher temperatures, the layer
steps become sharp again (this is the reentrant layering
region). Above the reentrant layering temperature range,
the layer steps are broad again, Youn and Hess found
reentrant layering in the fourth, fifth, and sixth layers of
Ar films but not in the three layers closest to the graphite
substrate. ' Currently there is no agreed upon explana-
tion for this phenomenon, although it has been suggested
that it might be a manifestation of a preroughening tran-
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sition' in the Ar film. '

Experiments on physisorbed films have been performed
mainly on graphite substrates. Increasingly, other high-
quality substrates are currently utilized. ' ' The availa-
bility of a variety of substrates allows the experimental
determination of effects that different substrate sym-
metries and different values of substrate corrugation have
on phases and transitions within adsorbed films. In the
work reported here, boron nitride (BN) was used as sub-
strate.

Hexagonal BN is isoelectronic to graphite. The hexa-
gons in BN are slightly larger than in graphite (the basal
plane lattice parameter is 2.50 A for BN and 2.46 A for
graphite). ' The interlayer separation on BN is also com-
parable to that in graphite.

We report here on an investigation of Ar films on BN.
We will present the following: (i) results of vapor pres-
sure adsorption isotherms measurements at monolayer
coverages to study the melting of Ar on BN; (ii) calcula-
tions conducted to determine the interaction potential be-
tween rare-gas atoms and the basal plane of BN and a
discussion of the implications that these results have for
the phase diagrams of rare gases on BN; and (iii) results
of vapor pressure adsorption isotherms measured at mul-
tilayer coverages to study the reentrant layering behavior
of multilayer Ar films. Preliminary reports of this work
have appeared in two papers. ' Here we present a
comprehensive and detailed discussion of our results.
Comparisons are made between our results for Ar on BN
and previous experimental and theoretical work for Ar
on graphite.

II. EXPERIMENTAI. SETUP

without breaking the vacuum integrity. After baking BN
in this stainless-steel cell, we placed the cell inside a
liquid-nitrogen container and performed an Ar adsorp-
tion isotherm. Our measurements were concentrated on
a small substep (which is related to monolayer melting, as
discussed below) that is present in the isotherm. This iso-
therm is shown in Fig. 1(a). After the isotherm was
completed, the stainless-steel cell was brought to room
temperature and the BN was exposed to air for approxi-
mately 1 h. The stainless-steel cell was then evacuated
and placed inside liquid nitrogen. Another isotherm was
performed on the air-exposed BN sample, the results are
shown in Fig. 1(b). There is no measurable diff'erence be-
tween the two isotherms, so we conclude that brief expo-
sure to air after baking leaves the BN sample largely
unaffected.

Pressures were measured using 1000- and 10-Torr
MKS Baratron gauges located in the dosing system, and
they were corrected to account for thermal transpira-
tion. In a previous report we had used an incorrect
expression to account for this effect. This has led to some
changes between the values presented here and those re-
ported previously for data at monolayer coverages.

We have determined directly the temperature stability
of our system by monitoring the value for the saturated
vapor pressure of N2 at 61.8 K over a period of 16 h. We
find that the sample cell temperature remains constant to
within 0.003 K over this time period.

The quality of the BN substrate can be evaluated from
the number of layer steps shown in multilayer adsorption
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The BN powder used in our measurements was
manufactured by Union Carbide. It is commercially
available as "HCP grade" BN. The reported specific area
of this powder is 5 m /g. Since no structural studies have
been performed on BN substrates, the monolayer capaci-
ty of the BN powder is less well defined than it is for a
graphite substrate. In this study we have estimated the
monolayer capacity from the lower end of the linear seg-
ment in the isotherm which exists between the beginning
of the second-layer step and the small substep present in
the first layer as measured on a 77.4-K Ar isotherm. This
method probably yields an overestimate of monolayer
capacity.

The BN samples used in most of our measurements
were placed in a quartz tube and baked under a vacuum
of 1 X 10 Torr at a maximum temperature of 770 K for
an 8-h period. After the baking was completed, the
powder was transferred in air from the quartz tube to the
copper sample cell in which the experiments were made.
The time of exposure to air of our powder sample was
less than 20 min. We used different BN samples for the
rnonolayer and multilayer studies.

In order to determine whether or not exposure of BN
powder to air after baking affected the quality of the sub-
strate, we performed for comparison measurements in
which isotherms were determined on powder not exposed
to air. For this purpose we used a stainless-steel cell,
which allowed us to take the powder from 770 to 77.4 K
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FICz. 1. Ar isotherms on BN measured at 77.4 K at coverages
where a weak substep, signaling solidification of the film, is
present in the data. Coverages are given in fractions of one lay-
er (see text for definition of n =1). (a) Data measured on BN
not exposed to air after baking. (b) Data measured on BN ex-
posed to air. The arrows denote a coverage interval of 1% of a
layer.
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bility peaks (which correspond to the layer steps) are
comparable to the values of the compressibility peaks
determined for the layering steps of Kr on graphite.
This is the first time that isothermal compressibility data
has been obtained for physisorbed films on a substrate
other than graphite.

III. CALCULATIONS OF THE RARE-GAS
ATOMS —BN POTENTIALS

s I s I
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FIG. 2. Multilayer adsorption isotherm of Ar on BN at 66.93
K. The first layer is not shown in this data. The coverage is in
units of cm Torr. p is the chemical potential of the film and po
is the chemical potential corresponding to the bulk solid at the
same temperature. The inverse cube power used in the x axis
was chosen to separate more evenly the different layer steps.
Steps for the second, third, fourth, and fifth layers are clear in
the data.

data and from the sharpness of these steps. In Fig. 2 we
display a 66.93-K multilayer adsorption isotherm (the
data start above monolayer completion). Layer steps cor-
responding to the second, third, and fourth layers are
clearly visible in the data, and a step corresponding to the
fifth layer is resolvable. We have calculated the iso-
thermal compressibility of the film from the adsorption
data. The compressibility values for the 66.93-K iso-
therm are shown in Fig. 3. The height of the compressi-
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For the calculation of the rare-gas —BN potential we
utilize a generalization of the method developed by Car-
los and Cole, which yielded an accurate helium-
graphite potential using sums of carbon-helium
Lennard-Jones potentials. It was found that, in order to
fit the data, it was necessary to take into account the an-
isotropy of the polarizability of the carbon atoms on the
graphite basal plane. This method was later extended by
Vidali and Cole (VC) to other rare gases adsorbed on
graphite. The principal effect of taking into account the
anisotropy is an enhancement of the corrugation of the
adatom-substrate potential. The use of the VC method in
our calculations of rare-gas —BN potentials makes com-
parisons with results for graphite as meaningful as possi-
ble.

Following VC, we write the gas-atom-surface poten-
tial energy as a sum of two-body anisotropic Lennard-
Jones interactions U(r):

V(r)=g U(r —r, ),

U(x)=4e[(o. /x)' [1+y„(l——', cos 9)]
—(o /x) [1+y, (1——', cos 8) ]],

where e and o. are the familiar Lennard-Jones energy and
length parameters, x = ~x~, 8 is the angle between x and
the surface normal, and y, and y„are parameters associ-
ated with the anisotropy of the attractive and repulsive
parts, respectively. The anisotropy affects only the
Fourier components of the potential; the laterally aver-
aged part reads

0

F e

00 0
g

~ yO
r

o 0

Vo(z)=(4vrea /A, d )[ —,'(cr/d) g(10,z/d)

—g(4, z/d)],

g(n, x)= g (j+x)
(3)
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FIG. 3. Isothermal compressibility for the 66.93-K isotherm
shown in Fig. 2. The compressibility is in units of m/N; its log-
arithm is plotted on the y axis. There is an isothermal compres-
sibility peak corresponding to each layer step shown in Fig. 2.
The largest isothermal compressibility peak shown corresponds
to the second-layer step; as in Fig. 2, first-layer features are not
shown.

For BN, A =5.43 A and d =3.33 A, while for graphite
A, =5.24 A and d =3.35 A.

The Lennard-Jones parameters were calculated using
the method of the Chang and Crowell model. Follow-
ing Chang and Crowell, the rare-gas —BN interaction
was calculated as a sum of pairwise interactions between
a rare-gas atom and an "effective" atom, (BN),s., at each
hexagon vertex (i.e., in our calculation we do not distin-
guish between a B atom and a N atom). Considering the
nature of the chemical bond and the similarities with
graphite, this approximation should be acceptable.

The anisotropy in graphite arises because of the
different values of the polarizability parallel or perpendic-
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ular to the e axis. y, can be written as

Pi(1+E, /Eii)
3 (1+5) Pii(1+E, /Ei) (4)

where Pj and P~~ are the substrate polarizabilities perpen-
dicular and parallel to the c axis, respectively, E~~ and E)
are excitation energies for optical transitions in the sub-
strate, and E, is an excitation energy for the rare-gas
atom. For rare-gas atoms interacting with graphite,
y, =0.4. y„controls the anisotropy of the repulsive part.
For He-graphite, the value of y„——0.54 was derived
from He-graphite scattering data. In this calculation
we set y„=0, since there are no sufficient data to guide
our calculations for the systems considered here.

In order to determine the Lennard-Jones parameters
for rare-gas —(BN),s. pair interaction, we used standard
rules to combine parameters from rare-gas interactions
with the ones of BN. Chang and Crowell obtained
Lennard- Jones parameters by fitting to experimental
values of interlayer spacing and Young's modulus. We
followed a slightly different procedure. Since their work
(1966), more reliable determinations have appeared in the
literature for both rare-gas interaction parameters and
rare-gas —BN adsorption energies. On the other hand,
Young's modulus is poorly known. We took from the re-
view article of Vidali et al. ' the best determined
ground-state energies for rare-gas —BN systems and used
them to determine the Lennard- Jones parameters.
Different rare-gas —BN systems gave slightly different
values of Young's modulus. We took an average of these
values and recalculated the Lennard-Jones parameters
and ground-state energies. These latter values differ at
most by 1% or 2% from the experimental ones. The new
value of Young's modulus is 36% larger than the one
used in Ref. 29.

To calculate y, for rare gases on BN, we first note that
the electron band structures of BN and graphite have
similarities, both having electrons in the ~ and o. states.
Of course, there are significant differences as well: graph-
ite is a semimetal, since the m bonding and antibonding
bands intersect at the Fermi level, while BN is an insula-
tor.

Because of symmetry rules, peaks in e~ (the imaginary

dielectric function polarized perpendicularly to the c axis)
at about 6.5 and 14 eV can be related to m. ~m and o.~o.
transitions. The characteristic energy E~ is then
Ej =0.25X6.5 eV+0. 75X14 eV=12 eV, where we sup-
posed that roughly one electron in the ~ band and three
electrons in the o. band contribute to the transition. The
characteristic energy EI~ is obtained by examining e~~,

which gives information on the m. ~o. transition (about
9.5 eV). The adatom excitation energy can be taken to be
about the ionization energy (see Vidali and Cole for a
better determination). Except for helium, the average ex-
citation energy can be taken to be 12—15 eV. To deter-
mine the ratio of polarizabilities R, R =P~/P~~~, we follow
the method that Phillips used to estimate R for graph-
ite. We find that R is about 2.5. With these values we
obtain y, =+0.3. Because optical data for BN are not
of the quality of those for graphite, the values of R and

y, are more uncertain.
The results of our calculations are reported in Table I.

V, —V,„ is the energy needed to go from the center of the
BN hexagon to the saddle point (between the B and the N
atoms). V, —V„ is the energy to go from the center of
the BN hexagon to a site on top of the B or N atoms. Re-
ported in Table II are values for the same quantities for
adsorption of rare gases on graphite as evaluated by
VC. From an inspection of the tables, one can see that
while there are only small differences between the well
depths calculated on BN and graphite, the "activation"
energies to move a rare-gas atom across the surface, both
in absolute value and relative to the ground-state energy,
are considerably smaller for the basal plane of BN than
they are for the values for graphite. This result was
somewhat surprising; naively, one expects the potential to
be smoother for graphite, a semimetal, than for BN, an
insulator. A calculation for Kr on BN using a different
approach (Patrykiejew, Jaroniec, and Marczewski ) is in
agreement with the trend found in our calculations.

The fact that for a given adatom the values of V, —V,~
and V, —V„are smaller on BN than on graphite will be
of importance in determining which solid phases can be
exhibited by films of an adatom on these two substrates.
Results from computer simulations for Kr on graphite
have found that in order to stabilize a commensurate
solid layer, a sufficiently large substrate corrugation must

TABLE I. Results of calculations of the interaction between a rare-gas atom and the basal plane of BN. The subscripts s, sp, and
at, indicate the adsorption site (center of the hexagon), bridge site (between B and N atoms), and atop site (on top of either B or N),
respectively. VQ is the minimum of the laterally averaged potential; zQ is the position of the minimum of the laterally averaged poten-
tial; V„V,„,and V„are the values of the potential minima at the specified sites. NA indicates no anisotropy, i.e., y =0; AA indicates
anisotropic attraction, i.e., y =0.3. cr and e are the Lennard-Jones parameters for the interaction of a rare-gas atom with one atom of
the substrate.

Atom

He
Ne
Ar
Kr
Xe

(A)

3.07
3.13
3.46
3.57
3.72

(meV)

1.32
2.60
4.79
5.66
6.73

ZQ
0

(A)

3.06
3.11
3.43
3.54
3.69

VQ

(meV)

19.2
39.6
91.3

116.2
152.0

V,„—V,
(meV)

1.29
2.40
3.03
3.13
3.06

AA

V, —V,
(meV)

1.51
2.81
3.46
3.54
3.44

NA

V„—V,
(meV)

1.44
2.69
3.39
3.50
3.43

AA
V„—V,
(meV)

1.69
3.13
3.87
3.96
3.86
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TABLE II. All symbols have the same meaning as in Table I except that here the substrate is the basal plane of graphite. For an-

isotropic attraction here y =0.4. The results are taken from Ref. 28.

Atom

He
Ne
Ar
Kr
Xe

0
0

2.74
2.80
3.10
3.21
3.36

E'

(meV)

1.40
2.65
6.17
7.38
8.97

ZQ
0

(A)

2.73
2.79
3.09
3.19
3.34

VQ

(meV)

16.5
32.6
94.9

123.3
164.7

NA
V,p

—V,
(meV)

1.89
3.28
5.60
5.86
5.95

AA
V,p

—V,
(meV)

2.32
4.23
6.81
7.16
7.16

NA
V„—V,
{meV)

2.07
3.71
6.21
6.55
6.64

AA
V„—V,
(meV)

2.59
4.66
7.59
7.85
7.85

IV. MONOLAYER RESULTS

In two previous studies of monolayer Ar films on BN,
both adsorption isotherm as well as calorimetric adsorp-
tion measurements were performed. ' Both studies
found a very weak substep in the adsorption isotherm
and a corresponding peak in the enthalpy of adsorption
at the same coverage. These features were interpreted as
signaling a freezing transition as the coverage increased.
A broad peak in the enthalpy of adsorption occurring at
coverages below freezing was also found in one of the
studies; no interpretation was provided for this feature.

Figure 4 shows four adsorption isotherms taken be-
tween 67.94 and 76.93 K. The only noticeable feature in
the data is a small substep corresponding to a coverage
change of no more than 1.5% of a layer. The pressures in
Fig. 4 are scaled by the corresponding values of the pres-
sure at the midpoint of the substep I', . Following the
analysis of previous studies, ' we interpret this small
substep as indicative of the solidification of the Ar film as
coverage is increased. The small solidification step is
displayed in greater detail in Fig. 1.

Our adsorption isotherm data are of sufticiently high
quality to allow the calculation of the isothermal
compressibility of the film. The expression for the two-
dimensional isothermal compressibility KT is

KT = —(1/a) (5)

where a is the area per atom in the film (a = A /X&, with

be used (V &0.6 meV). Thus we expect that Kr should
not be able to form commensurate phases on BN (recall
that V, —V, is —8 Vs and V, —V„ is —9 V ). This
conjecture is in agreement with the results of adsorption
experiments of Kr on BN, ' which found no evidence for
a commensurate-incommensurate transition in this sys-
tem. It would be interesting to see whether computer
simulations for Kr on BN agree with this speculation.
Our results for the substrate corrugation also suggest that
it would be of considerable interest to study on BN other
adsorbates which form commensurate solids on graphite.
The analysis of the situation for Ar films, which do not
form a commensurate solid on graphite, is more compli-
cated. The connection between the smaller corrugation
in the substrate potential for Ar on BN relative to Ar on
graphite and the possible melting mechanisms of Ar films
on these two substrates are discussed in the next section.

3 the total area of the substrate and NI the number of
atoms in the film) and P is the spreading pressure of the
film. The spreading pressure P is not directly accessible
to experiment. However, it is connected to measurable
quantities by the equilibrium condition which holds on an
isotherm: ad/ =vdI'. This expression relates the two-
dimensional film and the three-dimensional vapor that
coexists with it inside the sample cell; U is the specific
volume of the three-dimensional vapor and I' is its pres-
sure. Substituting the equilibrium condition in Eq. (5)
yields

KT = —(1/n v)2 dn
dp

(6)

Here n is the two-dimensional film density (n =N&/A ).
Results for the isothermal compressibility of the

76.93-K isotherm are shown in Fig. 5. The isothermal
compressibility is plotted versus the value of the
chemical-potential di6'erence between the film and the
condensed bulk phase. Two features are clearly visible in
the data: at higher values of the chemical potential there
is a sharp peak (which corresponds to the small isotherm
substep), and at lower values there is a broader, smaller
peak.

To present our results more clearly, in Fig. 6 we plot

1 l I l I I I I
1

I I I

0

IJJ-(3-
bJ

C)

0 0

0.0

0
i t I i t i i I

0.5 1.0
P/Ps

1.5

FIG. 4. Monolayer adsorption isotherms at four selected
temperatures: open circles, 67.94 K; closed circles, 71.97 K;
open triangles, 73.94 K; asterisks, 76.93 K. The pressures are
scaled by the corresponding values of the pressure at the mid-
point of the substep P, . Arrows indicate a coverage interval of
10% of one layer.
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In Fig. 7 we present the pressure P, at the midpoint of
the small monolayer substep plotted as a function of the
inverse of the isotherm temperature. A least-squares fit
to this data yields

1nP, = —( A /T)+B, (7)

I I I I I I t It I I I I I I I I I I I I I I I I I I t I

—NOD —300 —200 —'I OO
—s.) (K)

FIG. 5. Isothermal compressibility for the 76.93-K isotherm.
The x axis gives the chemical-potential difterence between the
film and the condensed bulk solid phase. The sharp compressi-
bility peak corresponds to the small isotherm substep.

the compressibility values obtained after subtraction of a
smooth background contribution obtained by fitting the
compressibility data away from the peaks to a polynomi-
al. Two compressibility peaks are visible for all tempera-
tures displayed. The sharp peak has a height of approxi-
mately 30+5 m/N and its shape and sharpness remain
essentially unchanged with temperature. The broad peak
is always smaller; it becomes sharper as the temperature
is lowered. The separation between the two peaks in Fig.
6 increases as the temperature increases.

I t & I I
1

I
/

1

0

with A =1872.0 K and B =27.773; in Eq. (7) the pres-
sure is expressed in Torr and the temperature in K. If
the melting transition is first order, with solid and liquid
phases coexisting on the surface, the intercept 8 has a
simple interpretation provided that the substep occurs at
constant coverage (this is not the case here, as can be seen
in Fig. 4): B is proportional to the entropy difference be-
tween the coexisting film phases.

If the coverage is fixed, Eq. (7) gives the isosteric heat
of adsorption. The low-coverage value of the isosteric
heat of adsorption is directly related to the adatom-
substrate binding energy. In our case the coverage is not
fixed. However, since the coverage change is not large,
the values for A and B are related to the film's isosteric
heat and to the entropy difference between coexisting film
phases, respectively.

The features of the isotherms and the isothermal
compressibilities of Ar on BN (Ref. 22) are remarkably
similar to those that have been found in a recent adsorp-
tion isotherm study of Ar on graphite: (i) For Ar on
graphite, there is a small substep at melting; the corre-
sponding jump in this case is about 1.2% of a layer. (ii)
The isothermal compressibility for Ar on graphite also
exhibits two peaks, a broad small peak that occurs at cov-
erages below freezing and a sharp melting peak of ap-
proximately 30 m/N in height. (iii) As is the case for Ar
on BN, for Ar on graphite the smaller, broader peak ap-
pears to sharpen as the temperature is decreased. (iv)
The temperature dependence of the pressure at the melt-
ing point is given by an equation of the same form as (7),
with 3 =1955.4 K and 8 =27.426. The value for B is
very close to the B =27.773 value found for Ar on BN.

I I I I 1 & ) I I ) I I I I

O~ a

-80 —60 -40 -20 0 20
LOGio (P/Ps) (K)

0

FIG. 6. Isothermal compressibility values obtained after sub-
tracting a smooth background contribution from the data:
67.94 K (open circles), 71.97 K (closed circles), 73.94 K (open
triangles), and 76.93 K (asterisks). Two compressibility peaks
are visible for all temperatures displayed. The pressures are
scaled by the respective values of the pressure at the midpoint of
the substep P„so that the sharp compressibility peak feature
overlaps for all the temperatures shown. The units for the x
axis are the product of the isotherm temperature times the loga-
rithm of the scaled pressure. The lines drawn through the data
are guides to the eye.

0.012
I » t i I

0.014
1/& (~/K)

FIG. 7. The pressure at the midpoint of the small monolayer
substep P, plotted as a function of the inverse of the isotherm
temperature.
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There is only one qualitative difference in KT found be-
tween these two systems: the separation between the lo-
cation of the two isothermal compressibility peaks, ex-
pressed in terms of the units of Fig. 6, increases with in-
creasing temperature for Ar on BN while it decreases
with increasing temperature for Ar on graphite. Since
no computer simulations have been performed for Ar on
BN, we can only speculate on the origins of this
difference in behavior. It probably reAects differences in
the corrugation in the respective adsorption potentials
for these two systems.

In view of the high degree of similarity that exists be-
tween the melting data for Ar on graphite and Ar on BN,
we will review some of the results for Ar on graphite in
order to gain some insight. The recent isotherm study of
Ar on graphite, besides providing an important element
of high-quality information on the Ar on graphite system
with its compressibility results, has also virtually elim-
inated a longstanding controversy with its reanalysis of
existing structural data. The controversy was centered
on the presence or absence of a sharp feature in the data
near the submonolayer melting transition for Ar on
graphite: A first group of experimental studies [neutron
scattering, x rays, low-energy electron diffraction
(LEED), ' calorimetry, and adsorption isotherms ]
found only broad, smooth features near monolayer melt-
ing for this system, suggestive of a possible continuous
transition. Heat-capacity studies carried out in 1984
found for the first time a sharp but small heat-capacity
peak associated with melting. Approximately 3 K
above the small, sharp heat-capacity peak there was a
broader peak. The existence of any sharp features at
melting was subsequently disputed in higher-resolution
x-ray studies of this system. The recent adsorption iso-
therm study confirmed the existence of a sharp
compressibility peak and a broader peak at lower cover-
ages, both peaks occurring near the melting of monolayer
Ar on graphite. Furthermore, in the isotherm study the
high-resolution x-ray data were reanalyzed by calculat-
ing the temperature derivative of the correlation length
of the solid determined by the x-ray measurements. The
reanalysis showed that also the high-resolution x-ray data
showed a sharp and broad feature associated with melt-
ing. This shows that for Ar on graphite all of the high-
resolution data available, structural and thermodynamic,
exhibit two features near melting; a broad one and a
sharp one.

While the experimental results for Ar on graphite now
appear free of disputes, disagreement remains regarding
interpretations of the nature of the two peaks at melting
and regarding the order of the melting transition for this
system. The heat-capacity study concluded that the
sharp peak was associated with melting, that the transi-
tion was first order and that the higher-temperature
broader peak was due to the gradual loss of order with in-
creasing temperature on a liquid phase strongly
infiuenced by the underlying substrate (as some computer
simulations seemed to indicate). Hence in this interpre-
tation the broader peak did not imply the existence of a
phase boundary. On the other hand, the isotherm re-
sults were interpreted as indicating a continuous phase

transition at the sharp isothermal compressibility peak.
In this interpretation the melting involved a sequence of
two steps, from the solid to a domain quid phase charac-
terized by small solidlike patches separated by domain
walls; the solidlike domains transform into an isotropic
Auid phase gradually, and this process is signalled by the
broad compressibility peaks. Unfortunately, for the Ar
on BN system (as is the case for Ar on graphite) it is im-
possible to determine experimentally without ambiguity
whether the melting transition is weakly first order or
continuous. It is likely, however, that the transition or-
ders of both Ar on BN and Ar on graphite are the same.

Very recently, a computer-simulation study has been
performed for Ar on graphite. It was found that the
substrate corrugation greatly influences the results. At
temperatures below melting, the Ar monolayer forms
patches in which the Ar atoms are in registry with the
substrate; these patches are separated by domain walls.
The domain walls form an ordered lattice at low tempera-
tures. As the temperature is increased, the domain-wall
lattice disorders; this disordering could appear in experi-
ments as the sharp feature mentioned before. As the tem-
perature is further increased, the domain-wall Quid rapid-
ly evolves to a conventional Quid; this process might be
responsible for the experimentally observed broad peak.
While the authors were unable to determine unequivocal-
ly the order of the transition from the simulations, they
established that the transition could be at most weakly
first order.

Because of the similarities in the isotherms and in the
isothermal compressibilities, it is natural to suggest that
the same alternative possible interpretations for the re-
sults which were put forth for Ar on graphite might ap-
ply for Ar on BN. In both explanations for the behavior
of Ar on graphite, however, substrate corrugation is cen-
tral. In one set of simulations it is responsible for the
liquid phase being nearly commensurate. In the other set
of simulations, substrate corrugation is responsible for
the formation of commensurate solid domains separated
by domain walls. We do not know whether the smaller
substrate corrugation which we have found in our calcu-
lations for Ar on BN relative to Ar on graphite is large
enough to produce either the nearly commensurate liquid
of the Abraham simulations or the domain-wall solid of
the simulations of Shrimpton et al. , both for Ar on
graphite. The difference found for the values of the cor-
rugation of the substrate potentials for Ar on BN and on
graphite taken together with the considerable experimen-
tal similarities found between these two systems make Ar
on BN a very intriguing system. It is a very interesting
candidate for computer-simulation studies. Such studies
should be able to provide considerable insight into the
melting mechanism for Ar on BN as well as for Ar on
graphite.

V. MULTILAYER RESULTS

The isotherms for the multilayer portion of this study
start at coverages slightly above the monolayer melting
transition and extend up to the fifth layer of the film. Iso-
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FIG. 8. Second-layer steps: 66.93 K (open circles), 69.93 K
(asterisks), 73.90 K (open squares), 76.94 K (closed circles), and
79.91 K (open triangles). The chemical-potential dift'erence is
relative to the saturated bulk solid value po. The coverage is in
units of cm Torr.

therms were measured at 13 temperatures between 65
and 80 K.

To examine the layering behavior of Ar films on BN,
we present first our results for the temperature evolution
of the second layer; this layer is not reentrant. In Fig. 8
we present portions of isotherms for coverages compris-
ing the region of the second layer for temperatures be-
tween 66.93 and 79.91 K. At the lower temperatures a
clear quasivertical step is present in the data. As the
temperature increases, the steps become increasingly less
vertical. The behavior of the second layer is in agreement
with standard expectations for layering: the sharp layer
steps end at a critical layering point, and for tempera-
tures above this point only broad steps are present; there
is no reentrant layering for the second layer. The ob-
served behavior is also in agreement with the results for
the second layer of Ar on graphite. '

In Fig. 9 we display third-layer isotherm steps for four
representative temperatures. At 66.93 K the third-layer
step is sharp. At 71.00 K the step is much broader and
much less vertical. At 73.90 K the existence of a third
layer is barely resolvable in the adsorption data. At 79.91
K, however, the third-layer step is once again clear and
sharper than it is at either 71.00 or 73.90 K. Broad
third-layer steps are observed between 71 and 77 K. The
resharpening of the third layer begins at 77.96 K, and at
78.94 and 79.91 K the steps are quite sharp. From this
we conclude that for Ar on BN the third layer exhibits
reentrant layering. We note, however, that while the
78.94- and 79.91-K steps are sharp, they are not as sharp
as those at 64.96 or 66.93 K. Third-layer reentrant layer-
ing has not been reported for Ar on graphite; ' howev-
er, evidence for some degree of step resharpening in the
third layer also exists in that case.

A feature that is apparent in the data shown in Fig. 9 is
that the sharp steps in the reentrant layering region
(77.96, 78.94, and 79.91 K) occur at lower values of the
coverage and chemical potential than those found in the
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FIG. 9. Third-layer isotherm steps for four representative
temperatures: 66.93 K (open rhombi), 71.00 K (open circles),
73.90 K (closed circles), and 79.91 K (asterisks). The third-layer
step moves to lower chemical-potential values with increasing
temperature. The 79.91-K step is reentrant: it is sharper than
either the 71.00- or the 73.90-K step. The size of the step at
79.91 K is approximately 2

the value of the step at 66.93 K.

low-temperature layering region. This behavior qualita-
tively agrees with what was found for the reentrant layer-
ing regime in the fourth, fifth, and sixth layers for Ar on
graphite. ' Capillary condensation can be seen in our
isotherms in the fact that the isotherm portions between
layer steps (i.e., the segments where there is considerable
pressure change for relatively small coverage change) are
not horizontal, and become increasingly less so as the
coverage is increased, as can be seen in Fig. 2. Because of
capillary condensation, we cannot unambiguously quanti-
fy how much lower the coverage of the reentrant steps is
relative to the low-temperature sharp steps.

The reentrant behavior of the third layer of the film is
also clear in Fig. 10, which displays isothermal compres-
sibilities for the third layer at seven temperatures. The
results presented here were obtained from direct applica-
tion of Eq. (6); no background contribution has been sub-
tracted from these compressibility data. The values of
the compressibilities measured at the difFerent tempera-
tures have been shifted along the y axis in order to
display them more clearly. The high-temperature reshar-
pening of the steps is quite evident in the compressibility
data: the barely resolvable 73.90-K third layer has the
broadest compressibility peak, while the peaks measured
at 78.94 and 79.91 K are sharper than any of those rnea-
sured between 71 and 77 K.

We have also found reentrant layering behavior in the
fourth layer of the film. In Figs. 11 and 12, we show, re-
spectively, isotherms and isothermal compressibilities for
this layer. Qualitatively, the characteristics which we
have found for the fourth layer of Ar on BN (Ref. 23) are
the same as those seen for the fourth layer of Ar on
graphite. ' The temperature region in which the
fourth-layer steps are broad is between 70 and 72 K. As
is the case for the third layer, the reentrant layer appears
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at lower values of the chemical potential and of the cov-
erage. We should note that, as can be seen in Fig. 12, the
compressibility peaks in the reentrant region, i.e., above
72 K, are as sharp as those seen below 70 K in the low-
temperature sharp step region for this layer. This is
different from what we observed for the third Layer.
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FIG. 11. Fourth-layer isotherm steps: 66.93 K {open circles),
69.93 K (asterisks), 73.90 K (open squares), and 78.94 K (open
triangles) ~ The step moves to lower chemical potentials with in-
creasing temperatures. At 69.93 K the fourth layer is virtually
unresolvable. The height of the reentrant step at 73.90 K is ap-
proximately 2

that at 66.93 K.

FIG. 10. Isothermal compressibilities for the third layer at
seven temperatures: 66.93 K (open rhombi), 69.93 K (closed
squares), 71.90 K (open squares), 73.90 K (closed circles), 77.96
K (closed triangles), 78.94 K (open triangles), and 79.91 K (as-
terisks). To avoid overlap between data at different tempera-
tures, the peaks have been displaced along the y axis. The data
show how the peaks move towards lower chemical potentials as
a function of increasing temperature. The peak for 79.91 K is as
sharp as that for 69.93 K, and sharper than for any other tem-
perature between 71 and 78 K. The peak at 73.90 K is barely
resolvable. The arrow for the 66.93 peak indicates points at
higher values of the compressibility, which have been omitted
for the sake of clarity.

FIG. 12. Isothermal compressibilities for the fourth layer:
66.93 K (open circles), 68.98 K (closed squares), 69.93 K (aster-
isks), 73.90 K (open squares), and 78.94 K (open triangles). To
avoid overlap between data at different temperatures, the peaks
have been displaced along the y axis. The peak for 69.93 K is
barely resolvable. The peaks at 73.90 and 78.94 K are sharper
than that at 68.98 K. The arrow for the 66.93 peak indicates
points at higher compressibility values, which have been omit-
ted for the sake of clarity.

A characteristic shared by the reentrant layering steps
for the third and fourth layers is that when they first ap-
pear, at 78.94 K for the third layer and at 72.95 K for the
fourth layer, the step height for the reentrant layer is
smaller than the height of the layer in the lower-
temperature sharp step region. In Figs. 9 and 11 the
third and fourth reentrant layers are approximately one
half the size of the corresponding low-temperature sharp
layering values. The same behavior was also observed for
the fourth layer of Ar on graphite in the ellipsometric
study. Both on graphite and on BN, the size of the reen-
trant fourth layer step increases for higher temperatures.

The possibility that the reentrant layering observed for
Ar on graphite was a manifestation of a preroughening
transition taking place in the Ar film was suggested by
den Nijs. ' Preroughening is a phase transition which
occurs on crystal surfaces and is signaled by the appear-
ance of a new type of phase, the disordered flat phase. ' '

In the more traditional roughening scenario, a crystal-
line surface is flat at low temperatures; as the roughening
transition temperature is approached, the free energy re-
quired for forming a step on the surface of the crystal
vanishes, and as a result the surface goes from being flat
to having steps and forming a terraced mountain
landscape. This is called the rough phase. In the
preroughening picture a new phase, of characteristics in-
termediate between the flat and the rough, appears; it is
the disordered flat phase. In the disordered flat phase the
surface of the crystal on average remains flat, although it
contains a disordered array of steps. ' Up and down
steps alternate. The average height in the disordered flat
phase is shifted by —,

' relative to the ordered flat phase.
An essential feature of a multilayer film undergoing
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preroughening is a —, layer shift in the average height of
the top layer. '

The question of whether the preroughening scenario is
the explanation for reentrant layering is still open. Some
of our results for Ar on BN offer support for an interpre-
tation of reentrant layering in terms of preroughening.
At the temperature at which a reentrant layer just ap-
pears, the height of the layer is —,

' the height of the value
of the layer at low temperatures. Since preroughening is
a transition occurring on the face of the crystal, the ap-
pearance of this transition in an adsorbed film should be
independent of the substrate used. ' The similarity in the
behavior observed for Ar on BN and on graphite suggests
that this is the case. In a previous paper we had argued
that the fact that we observed reentrant layering in the
third layer was an argument against a preroughening in-
terpretation. This is not necessarily the case; after the
first two layers, the Ar atoms must already know that
they prefer the ABC packing instead of ABA; so, two
layers are enough for reentrant growth. The onset of
preroughening can vary on different substrates. On the
other hand, den Nijs has noted that the suggestion that
the (111) facet of a Lennard —Jones-type solid
preroughens is surprising, because it implies the existence
of an as-yet-unknown reconstructed state, energetically
quite close to the flat phase, which plays a role of parent
state for the disordered Aat phase. '

In addition to layering steps, which are easily identified
as such by the large coverage changes involved in them,
we can also identify in the isotherms a series of smaller
substeps. These small steps are observed at coverages in-
termediate between the second and third layers and be-
tween the third and fourth layers, and we associate them
with melting transitions for the individual layers.

The existence of individual layer-by-layer melting be-
havior has been well documented in Ar on graphite. Evi-
dence for individual layer-by-layer melting for the second
and third layers of the Ar film has been seen in heat-
capacity studies by Zhu and Dash (while the higher cov-
erages investigated in this study are significantly affected
by capillary condensation, results at the lower coverages
are substantially free from this effect). Individual heat-
capacity peaks identified with melting of the second and
third layers of the film were measured. Neutron-
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scattering studies by Larese and Zhang" performed on
bilayer and trilayer films have shown directly the layer-
by-layer nature of the melting. This study showed that
the number of solid layers decreases in layer-by-layer
fashion with increasing temperature, while at the same
time the number of liquid layers increases, also in layer-
by-layer fashion. " Computer simulations by Phillips"
and Cheng and Steele have also found this layer-by-layer
melting behavior.

The existence of a sequence of layer-by-layer melting
transitions forming a zig-zag line between the third,
fourth, fifth, and sixth layers, interconnecting the ob-
served reentrant layering transitions, was suggested in the
ellipsometric study of Ar on graphite. ' The corre-
sponding features were not detected in the isotherms,
presumably because the density change involved in melt-
ing is relatively too small to be observed with this tech-
nique.

In Fig. 13 we display portions of isotherms at 71.00
and 73.90 K in the region of second-layer melting. The
corresponding isothermal compressibilities are shown in
Fig. 14. The data are qualitatively similar to the bilayer
heat-capacity melting data. In the heat-capacity data
there is first a cusp at lower temperatures followed by a
gradual drop at higher temperatures. In the data shown
in Fig. 14 there is a gradual rise to a peak at lower pres-
sures followed by a sharp drop at higher pressures. The
sharp features appear in reverse order in isotherm and
heat-capacity experiments because in the heat capacity
the solid phase is present at low temperatures and in the
adsorption measurements it appears at high pressures, as
was noted in Ref. 38.

Even if no first-order discontinuity appears to be
present in either the isotherm data or in the compressibil-
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FIG. 13. Second-layer melting at 71.00 K (left) and 73.90 K
(right). For the 71.00-K isotherm near the melting region, the
data points are space data intervals closer than 1% of a layer.
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FIG. 14. Isothermal compressibilities corresponding to the
bilayer melting data for the (a) 71.00-K and (b) 73.90-K iso-
therms. The dashed line is a guide to the eye, showing a smooth
background compressibility.
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there is evidence in the computer-simulation studies of
even greater layer promotion ' occurring than for the
second layer, so the cautionary note regarding the deter-
mination of the order of the transition applies even more
strongly here.

In Fig. 16 we present a chemical potential versus tem-
perature phase diagram for the multilayer region of Ar
on BN which encompasses all of our results at once. This
diagram is very similar to that found for Ar on graph-
ite. ' Indeed, the multilayer phase diagrams of Ar, Kr,
and Xe starting from the second layer up are quite simi-
lar to each other, in clear distinction to what occurs with
their respective monolayer phase diagrams, which are all
difFerent. This is a result of the decreasing inAuence of
the substrate in layers above the first.

ity, it is very difficult to extract the order of the bilayer
melting transition. Both the simulations by Phillips and
those by Cheng and Steele have found that layer promo-
tion takes place on Ar on graphite prior to melting.
Cheng and Steele have pointed out that in these cir-
cumstances melting cannot proceed at constant spreading
pressure and, hence, melting signatures would not appear
sharp even if the process were first order.

In Fig. 15 we display isotherm data corresponding to
the third-layer melting region at 69.93 K. Note that a
rather small chemical-potential interval is covered to ob-
serve this transition. For the melting of the third layer
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FIG. 16. Chemical potential vs temperature phase diagram
for the multilayer region of Ar on BN. Open symbols are used
for melting transitions, and closed symbols are used for layering
transitions. Asterisks mark the location of second-layer steps;
closed squares, third-layer steps; closed triangles, fourth-layer
steps; and closed circles, fifth-layer steps. The broad layering
isotherm steps occur in the regions with large negative slope
while the sharp steps occur for regions with near-zero slope.

FIG. 15. Isotherm data corresponding to the third-layer
melting region at 69.93 K. Note the narrow intervals in cover-
age and in chemical potential used in order to measure this sub-
step.

VI. CONCLUSIGN

The results of the adsorption studies presented here for
Ar films on BN clearly show BN to be a very-high-quality
substrate. The degree of substrate homogeneity is attest-
ed to by the number of isotherm steps that can be
resolved as well as by the sharpness of these steps in the
low-temperature layering regime. While BN cannot be
used as substrate in neutron-scattering measurements be-
cause of the large cross section for B atoms, BN may
ofFer some advantages over graphite with other tech-
niques, such as NMR, because it is an insulator.

Our calculations for the rare-gases —BN interaction po-
tential indicate that the substrate corrugation is smaller
for these systems than for the same gases on graphite.
The calculation indicates that the strength of the corru-
gation is too small to form a commensurate solid phase
for Kr (which is indeed not observed experimentally).
Because of these difFerences, detailed experiments and
simulations on adsorbates on BN which form commensu-
rate solids on graphite should yield quite interesting re-
sults.

We have found that a great deal of similarity exists be-
tween the Ar on graphite and the Ar on BN systems,
both at rnonolayer and at multilayer coverages. Mono-
layer melting of Ar on BN shares a large number of
characteristics with monolayer melting on graphite. Un-
fortunately, in neither case is it possible to determine ex-
perimentally without ambiguity the order of the mono-
layer melting transition; in both cases it is either weakly
first order or continuous. The observed similarities at
melting of Ar on these two substrates is somewhat
surprising in view of the difFerence which we have found
between their corresponding substrate corrugations.
Computer-simulation studies for the melting of Ar on BN
should prove to be quite illuminating in this regard.

At multilayer coverages we found reentrant layering in
the third and in the fourth layers of the film. While our
results lend some support to a preroughening explanation
for reentrant layering, the nature of this phenomenon
remains still unresolved. We have found evidence for
layer-by-layer melting in this system for the second and
third layers of the film, a result in agreement with what
was found for Ar on graphite.
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