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Microscopic structure and transitions in xenon multilayer films

James M. Phillips
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~Received 30 July 1997!

We report a computer simulation analysis of the growth and structural transitions in the first few layers of an
adsorbing film. Recent high-resolution adsorption isotherms, heat capacity, and diffraction experiments show
remarkable detail in the growth of microscopically thin films. The sharpness of adsorption isotherm steps or the
magnitude of their derivative is a measure of the changes in the compressibility of the film during layering. Our
computed isothermal compressibilities scale consistently with the corresponding steps in experiments. By these
direct observations of equilibrium structures, our study shows these transitions are due to the details of the
two-dimensional phase diagram of the top few layers of the film.@S0163-1829~97!01748-7#
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INTRODUCTION

Physical adsorption experiments on simple multilay
films continue to pose questions with the occurrence of
expected transitions and structures. The thermodynamic
microscopic origins of these transitions present a formida
challenge to recent attempts to generalize and model gr
ing films. Our aim has been to understand the structural c
sequences of the microscopic interactions between adso
pairsu2(r ) with each other and with the substrateu1(z). The
relative strengths of these interactions vary widely with
choice of adsorbate and substrate combinations. Experim
and simulations over a variety of systems may well cont
the roots to a systematic explanation of the observations

For films of just a few atomic thicknesses, the adsorb
structures are microscopic assemblies of atoms and m
ecules whose character is between a purely two-dimensi
~2D! and typical 3D systems. In this unusual anisotropic
vironment, sequences of single layers of film are depos
one by one on small smooth facets of single-crystal sol
This subject has a rich history teaching us valuable lesson
the thermodynamics of physical boundaries. For many
cades, basic and applied studies of adsorption1 have contrib-
uted to our understanding of the gas/solid interfaces.2,3 Ad-
vances in the statistical mechanics of adsorption4 have
brought about even broader developments in the fundam
tals of interfacial dynamics.

Our efforts are centered on a particular set of experime
that appear to contradict the orthodoxy that has gro
around the decades of useful experiments and theoretica
forts. Recent heat-capacity studies5–12 clearly demonstrated
that quite different phase transitions were present in th
thin physisorbed films. We have since come to underst
that a process of layer-by-layer melting occurs that accou
for many of the observed transitions. There are others
resist clear interpretation. A comprehensive understandin
the microscopic details of transitions driven by the layer
mode growth of a film prove to be elusive. Although th
seeds of an understanding are clear in the work of Suter
co-workers,13,14 the impact of the ellipsometry studies of a
560163-1829/97/56~24!/15938~9!/$10.00
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sorption isotherm by Youn and co-workers15,16 brought a
particular question to the forefront. They named this ph
nomenon ‘‘reentrant layering.’’ The effect of regainin
sharpness to adsorption isotherm steps at higher tempera
was then observed by several others.17–19 The problem was
addressed in a formal theory by den Nijs and co-workers20–22

and by a mean-field approximation23–25 Our purpose in the
sections that follow is to present a more detailed descrip
of these thermodynamic and structural questions. We
report the results from an extensive computer simulat
study of these systems and our recent compressibility m
surements for xenon on graphite as evidence of our poin
view.

FUNDAMENTALS

The contemporary experimental data are of su
quality5–8,11,13–15,18,19,26–29that the interpretation of subtletie
has forced a rethinking of the multilayer growth process.
assist in the interpretation of the experimental detail n
available, it is helpful to review the basic structure
multilayer phase diagrams.

Inside the vertical range of the adsorption potential, film
grow with increasing chemical potentialm at a constant tem-
perature. Experimental control of chemical potential
achieved by controlling the 3D vapor pressure. The therm
dynamic criterion for a film ofi layers to coexist with one o
i 11 layers was derived by Bruch and co-workers30–32 and
applied by Bruch, Unguris, and Webb30 and Phillips.33 The
positions in the multilayer phase diagram defining a layer
transition~an isothermal step! are

m i5m i 11 , f i5f i 11 . ~1!

On an isotherm, the increasing chemical potential rai
the spreading pressuref stressing the film until a compres
sional limit30 is reached. The definition of spreading pressu
times the area per molecule is

fA5E @pT~z!2pzz~r !#dr , ~2!
15 938 © 1997 The American Physical Society
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56 15 939MICROSCOPIC STRUCTURE AND TRANSITIONS IN . . .
where pT is the transverse component andpzz the vertical
component of the pressure tensor.3 At this limit, it is thermo-
dynamically more favorable for the adsorbing atoms to
side in the next higher layer. Changes in the single-part
vertical distribution function indirectly show the changes
the film’s state of stress. The gradient of the adsorption
tentialu1(z) weighted with the vertical densityN(z) is equal
to the zz component of the intermolecular pressure ten
Izz.3,4 The solution of

]Izz

]z
52N~z!

]m1~z!

]z
~3!

demonstrates this point.
Heat-capacity experiments measure the change in the

tropy of a sample and changes in the isotherm measure
thermal compressibility.2 The Bruch criterion @Eq. ~1!#
coupled with the derivative of the adsorption isotherm d
gives a firm basis for understanding layering phenome
The adsorption isotherm is in this way a measure of
isothermal compressibility. We monitor the compressibil
~bulk modulus! in our simulations to obtain a relative me
sure of the sharpness of the isothermal steps. This rela
ship

kT
2152kTS ] lnp

]A D
T

, ~4!

with A the area per molecule, has since been applied to
eral different systems.2,13,14,17,18,34–36Dash gives an acces
sible derivation.2 These relationships@Eqs. ~1!–~4!# provide
the basis for understanding the nature of simple layer
transitions. The numerical derivative of the experimental
sorption is a composite of several ‘‘compressibilities’’ of th
film. There are several components of the pressure te
active in the film growth. To the extent that the top of t
film is undergoing the most dramatic changes, the exp
mental compressibility measurement is a sensitive indic
of the 2D phase changes in the growth front of the film.

In the simulations, we monitor the virial theorem and
fluctuations to monitor the 2D pressure and the bulk modu
given by the formulas

F

rkT
511

3

2N K (
k, j

r i j

]

]r i j
S 2

1

kT
u2~r i j ! D L ~5!

and

B

rkT
5

3

2
1

3

2

F

rkT
1

1

4N
XK (

i , j
r i j

2 ]2

]r i j
S 1

kT
u2~r i j ! D L

2H K F(
i , j

r i j

]

]r i j
S 1

kT
u2~r i j ! D G2L

2K F(
i , j

r i j

]

]r i j
S 1

kT
u2~r i j ! D G2L J C, ~6!

wherer is the number density. Equation~6! is important; its
change in value from one edge of a 2D coexistence to
other will indicate the relative sharpness of the step. We
this criterion to determine the ‘‘resharpening’’ of the four
step in the 137-K isotherm of xenon on graphite and the th
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step of the 145-K isotherm. The values of Eq.~6! and the
structural distribution functions from the simulations just b
fore and just after a transition is our best determination of
nature of the isotherm profiles.

We have tried to follow these principles in designing o
simulation algorithms and in the analysis of the experimen
data. In the adsorption of microscopically thin films, a stro
substrate holding potential drives the growing adsorbate e
tically through a sequence of compressional limits~coexist-
ence regions!. The phase at the top of the film is depende
upon the temperature and the values of the layer triple
critical points.

ISOTHERM PROFILES

In the first four to five layers closest to the substrate,
phases of the topmost layer of the film may resemble th
of a monolayer. Within this growth region there are fo
basic events that can occur during an adsorption isoth
experiment. These intralayer transitions are the analogou
those observed in monolayer systems. This pattern persis
long as the film thickness remains in the effective range
the substrate holding potential. Beyond these several la
this 2D topology of the phase diagram is not experimenta
resolvable. Figure 1 is a schematic diagram~coverage with
temperature! of a typical 2D system. These phase diagra
are topologically the same as the density versus tempera
plot from a traditional 3D equation of state. In the tradition
3D phase diagram~pressure, volume, and temperature! the
solid-liquid coexistence region rises in slope with press
~or chemical potential!. The slopes of the lines representin
these regions are given by the Maxwell relation

S ]m

]T D
N

52S ]S

]ND
T

. ~7!

The greater the change in the state of disorder in a gi
transition, the steeper the slope of the corresponding lin

FIG. 1. Schematic representation of a typical 2D phase diag
in coverage (X) with temperature (T). Path (a) represents a solid-
on-solid layering that passes through the 2D solid-vapor coex
ence region~a sharp step!. Path (b) represents the condensation
a layer of liquid by passing through the 2D vapor-liquid coexisten
region~a more rounded step!. Path (c) represents the layering of
hypercritical fluid by passing above the 2D critical temperature~a
ramp!. Path (d) represents the ‘‘freezing’’ of a liquid layer by pass
ing through the 2D liquid-solid coexistence region~a kink!.
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15 940 56JAMES M. PHILLIPS AND JOHN Z. LARESE
the phase diagram. In Fig. 2 the slope of the lines for pa
(a) – (d) illustrate this relationship in terms of the entropyS
~disorder! of the transition associated with that path. There
a clear theme to the structure of vapor pressure isothe
illustrated in many of the early monolayer studies.1,37,38 At
low temperatures, path (a) crosses the 2D-solid–2D-vapo
sublimation region of the layer. This usually results in
sharp isotherm step. In this process, the 3D vapor is ads
ing onto the top of the film and a coexistence condition ex
ending in the growth of a solid layer to the top of the film
When the temperature exceeds the 2D triple point for t
layer, path (b) crosses the 2D liquid-vapor region. In th
coexistence region~condensation!, the layering is in the form
of a 2D liquid. The pattern of the isotherm is a progressiv
more rounded step. The length of the vertical rise is less t
in path (a). Path (c) follows an isotherm at a higher tem
perature than the 2D critical point. The layer deposition is
the form of a 2D hypercritical fluid, i.e., there is no 2
condensation within the growth front. The form of the is
therm profile is more of a ramp. There may be an inflect
point, but there will not be a vertical portion to the isother
The mobile fluid does not condense but remains a sin
phase right up to the 2D-liquid–2D-solid coexistence lin
Path (d) produces a short kink in the isotherm. The den
liquid freezes under the increasing spreading press
~Clausius-Clapeyron equation!. These features are all quit
well defined by the monolayer data given in the early pap
in the contemporary era of physisorption.37–39 The
thermodynamic14 and the diffraction experiments13 of Suter
and co-workers on the krypton/graphite system and the w
of Larese and co-workers26,28,29on the argon/graphite system
confirm quite clearly this basic pictures of events. Insofar
experimental conditions allow,an adsorption isotherm cut
ting across the multilayer phase diagram will have a profi
made up of a sequence of these four possible features (

FIG. 2. Typical representation of rare gas on graphite multila
phase diagram in Gibbs free energy~chemical potential! with tem-
perature. The crossings (a) – (d) are the same as in Fig. 1. Th
lower-temperature vertical isothermal path shows the sequenc
transitions followed by our Xe/graphite study atT5137 K. The
higher-temperature path shows the sequence of transitions se
our study of theT5145 K isotherm.
s

s
s

b-
s

t

y
n

n

n
.
le
.
e
re

rs

rk

s

ep,

rounded step, ramp, and kink). It is also important to note
that a remnant of this pattern persists at high temperature
the i th layer in a film ofi 11 layers. The top of the film is a
highly mobile dense vapor that with sufficiently increas
coverage solidifies the buriedi th layer of the adsorbate. Ou
simulations show that the interfacial atoms are quite mob
vertically as well as horizontally. The horizontal nature
the experimental lines@see Eq.~5!# is ample evidence tha
the terminal phase of the layering tier~i th! is solid. To our
knowledge, experimental data have not yet resolved
higher-temperature sequence of layering transitions wh
the layering tier is buried under two or more layers of flu
Within a given coexistence region the compressibility of t
layering tier remains very large until the denser phas
boundary is reached. At this boundary, the large and sud
change in the compressibility occurs. Hence the step in
isotherm appears. The larger the density difference betw
the two 2D phases~vapor/liquid, liquid/solid, or vapor/solid!,
the larger the compressibility change and the higher the
tical portion of the isothermal step.

Our primary attention has been in the first few laye
which are strongly affected by the substrate-induced str
The lattice-gas or restricted solid-on-solid~RSOS! model is
only qualitative in this narrow region because it cannot ha
a compressibility. Its area per atom does not change w
increasing spreading pressure. Spreading pressure
chemical potential are the thermodynamic variables defin
layer coexistence@Eq. ~1!#.

Above we described the intralayer phases and transit
insofar as refined experiments can distinguish. As the fi
thickens, the single-layer portion of the phase diagram m
be preempted by capillary condensation of bulk adsorbat
the substrate is less than perfect. Even without the onse
capillary condensation, the thicker the film becomes
closer chemical potential approaches that of the bulk va
for the adsorbate. More and more layer coexistence reg
are crowded into a narrowing range of the chemical pot
tial. In experiments and simulations it becomes increasin
harder to determine the 2D coexistence regions. Additio
difficulties arise when the temperature is raised; desorp
makes the control or measurement of coverage diffic
Based on numerous experiments,6,7,11,13–16,18,19,27–29,40,41we
show a schematic of a typical multilayer phase diagram~see
Fig. 2!. For rare-gas adsorbates and graphite substrates,
systems scale to very similar multilayer phase diagrams q
well with corresponding states. We will make our gene
statements relative to this picture. None of the experime
are able to cover such an extensive range of variables.
represents a qualitative model of what might be expecte
one or more experimental difficulties did not prove limitin
The xenon data16,41 are perhaps the most resolved and t
system we will refer to in the detailed discussion of the o
simulation results. In comparing Figs. 1 and 2, notice tha
Fig. 2 a single-layer region is a side view of the 2D diagra
depicted in Fig. 1. The paths are lettered the same in b
Path (a) is crossing the coexistence~layer sublimation line!
for a sharp vertical step. Path (b) is the 2D liquid-vapor
coexistence region~the slightly rounded step! and path (c) is
the deposition of a layer of hypercritical fluid~ramp!. Path
(d) is the kink produced when a deposited liquid lay
freezes under compression. Note the situation at higher t
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56 15 941MICROSCOPIC STRUCTURE AND TRANSITIONS IN . . .
FIG. 3. Plot of the derivative of the experimental 137-K isotherm reported by Zhang and Larese~Ref. 41!. The changes in this composit
of the isothermal compressibility are shown by the peaks in the plot as the film goes through the layering sequence~growth!. The higher and
sharper the peak, the more vertical and greater the step observed in the adsorption isotherm~Refs. 16 and 41!. The data show first the very
sharp step of the solid second layer followed by the condensation of the rounded step of the liquid third layer. This is followed qu
the freezing of the third layer under a liquid fourth. The reappearance of the sharp step is the freezing of the fourth step under an
fifth layer of liquid.
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peratures, where the top of the film is more than one leve
fluid and the part under this liquid growth front solidifies in
a solid layer. The film has ascending columns of solid, o
liquid layer, two liquid layers, and so on. In fact, it is clear
the data29,41,42 that the accommodation region between t
solid-on-solid column at lower temperatures and the o
layer of the liquid-on-solid column slopes backward in t
low-temperature direction. This becomes crucial to the
derstanding of what is going on in the ‘‘reentrant layering
or ‘‘resharpening of isothermal steps’’ process. The resha
ening behavior is quite pronounced in the 135-K and hig
isotherms for xenon. Figure 3 plots the numerical derivat
of the 137-K isotherm by Zhang and Larese.41 The five fea-
tures are in sequence: the second-layer sharp step, the
layer fluid, the freezing of the third layer, and the ramp o
composite fourth and fifth layers of dense fluid and the fre
ing ~resharpened step! of the fourth layer under the fluid
fifth. The return of the path-(a) type crossings~sharp steps!
for higher layers under a layer of fluid is observed in t
higher narrow peak in the compressibility. This is in t
‘‘resharpened’’ path of Fig. 2. The changes in the film stre
from the simulation results correspond to the compressib
measurements from the experimental adsorption isothe
In the 137-K isotherm of xenon on graphite by Youn, Men
and Hess,16 the first sharp step is the coexistence of so
layer 2 forming on solid layer 1. This is followed by
rounded step of a fluid coexistence region in layer 3, i
layer 3 goes down as a 2D fluid, which is followed immed
ately by a ‘‘kink’’ showing the freezing of the third layer b
compression. A ramp is next, where additional fluid is d
posited. A solid layer 4 forms under the liquid growth fro
with a sharper layering transition. A series of addition
identical steps form in rapid succession for layers 5 and
f

e

e

-

p-
r

e

ird-

-

s
y
s.

,

.,

-

l
6.

Beyond this the chemical potential is so close to the bulk t
the experiments have difficulty following the growth. Figu
4 is the plot of the 2D virial@Eq. ~5!# for the 137-K isotherm.
The sequence of changes in the transverse stress in
sample show how the film is experiencing different levels
compressibility. Any local maximum is qualitative since w
are not able to sit perfectly atop a given transition. The
cation of the peaks or mounds in coverage is quantita
within the limits of the finite-size effects of our simulation

FIG. 4. Results of the dimensionless spreading pressure
coverage from our simulations@Eq. ~5!#. Consistent with the Bruch
layering criterion~1!, the lateral stress builds up in the film as
layer is completely populated and the filling of the next layer b
gins. The location in coverage of the peaks is quantitative, but
maxima of the peaks are qualitative. It is not possible to find
exact number of atoms in the finite system that produces the m
mum of the experimental thermodynamic limit.
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FIG. 5. Same as experimental data in Fig. 3 except forT5145 K. At this temperature the second layer is initially a 2D liquid in contr
to the same peak at 137 K. The reappearance of the sharp peaks occurs one layer thinner than in the 137-K isotherm. Again, th
solid under an additional layer of liquid.
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Figure 5 is the numerical derivative of the 145-K isothe
by Zhang and Larese. The features in sequence are the
ond layer of liquid, the freezing of the second layer, t
deposition of the third and partial fourth layers of den
fluid, and the freezing~resharpening! of the third layer under
the fourth fluid. The additional peaks are the resharpe
fourth under the fifth fluid and the resharpened fifth und
the sixth fluid. Our simulation results and the scattering d
of Zhang and Larese41 are consistent with theses interpret
tions of the data.

RESULTS

Our Monte Carlo simulation methods are describe in p
vious papers,17 so we omit the description. Although man
different thermodynamic conditions could be used to dem
strate the structural and thermodynamic changes occurrin
a growing film, we base our explanation of these events
certain pivotal xenon-on-graphite isotherms. These ads
tion experiments show all of the possible layering pa
available to the film in the first few layers of growth abo
the substrate. Our reasons for this choice are due to the
high resolution of the experimental data. The xenon-
graphite isotherms taken by Youn, Meng, and Hess42 and by
Zhang and Larese41 are of such quality that the subtletie
needed are clearly present. In the same paper41 Zhang and
Larese present x-ray-diffraction profiles detailing the str
tures of these films. In this paper, we present the microsc
nature of the sequence of ‘‘steps’’ observed in experime

The 137-K isotherm in Fig. 3~Refs. 41 and 42! shows a
sharp step for the growth of the second layer upon the
followed by a rounded rise as the third layer condenses
the top of the film. This rounded step is closely followed
a small sharp rise or kink. Then a series of lower but qu
sharp vertical steps reappear, which with Youn and He
argon experiments15 would have seemed to contradict co
ventional wisdom on layering transitions. The same unus
ec-
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reappearance occurs in all of the higher-temperature
therms up through 150 K.41 The 145-K isotherm is very in-
teresting in that this sequence of events occurs for a film
layer thinner. The numerical derivative of the adsorption is
therms is a measure of the changes in a composite isothe
compressibility or its reciprocal, bulk modulus@Eq. ~6!#.
These changes reflect, in part, the nature of the coexiste
region given by the isotherm step. Figure 3 is a plot of t
numerical derivative of the 137-K isotherm taken by Zha
and Larese.41 Figure 4 shows the results of our simulatio
for the 2D virial@Eq. ~5!# for the 137-K isotherm. Figure 5 is
the plot of the numerical derivative for the 145-K isother
measured by Zhang and Larese.41 These plots are a series o
peaks whose height and sharpness reflect the changes i
compressibility of the film as it grows.

Our computer simulations for these same conditions g
a clear picture of the nature of the film before and af
leaving these transition coverages. The first large peak
Fig. 3 is over two decades in height and results from the fi
sharp step in the experimental isotherm. Figure 6 is a plo
the 2D pair distribution functions of each layer in the sim
lation as the second layer of the film passes through its o
2D solid-vapor coexistence region. The change in the dim
sionless bulk modulusB/rkT taken in the simulation is 95
for this step. It should be noted that we needed to add at
to the simulation until there were enough to virtually com
plete the second layer before the solid locked in. As the fi
further thickens, the third layer is adsorbed on top of the n
two layers of solid. The 2D phase on top of the film is no
a fluid. Figure 7 shows that the third layer is fluid and sna
shots of the top layer show the fluid to be largely conden
clusters suggesting a 2D liquid-vapor coexistence. T
change in the ensemble-averaged bulk modulus for the
teaus in this region is 15 followed by a 12. This layer pas
through a 2D liquid-solid region at only34 of a layer~see Fig.
7!. The dense fluid freezes near the coverageX52.75 ML.
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56 15 943MICROSCOPIC STRUCTURE AND TRANSITIONS IN . . .
In the isotherms, this is a small kink; in the compressibil
shown in Fig. 3 it is a low but sharp peak. This is qu
different from the second-layer growth as one might exp
from the monolayer phase diagrams given by Thomy a
Duval38,39 and by Larher37 based entirely on vapor-pressu
isotherms. The three layers of solid are topped by an incr
ingly thick surface of fluid until the film coverage is mor
than 3.7 ML~Fig. 8!. The top of the film is now farther from
the substrate and relies upon its own fluid density for co
pression into a solid rather than compression of the str
substrate potential.

Only when the film is nearing five layers~Fig. 8! does the
fourth full layer condense to a solid. This ‘‘freezing’’ o
solid layering at the top of the film has not gone through
2D liquid-solid region. The change in the bulk modul
across the fourth tier layering is 59. Its positioning in chem
cal potential, relative magnitude, and amount of adsor
material is consistent with Fig. 3 and the fourth step of F
3 found by Youn, Meng, and Hess.42

Figure 5 shows the experimental data for the 145-K i
therm. The second layer is initially a fluid~Fig. 9!. It be-
comes a 2D solid at 212 layers. Figure 10 show the reshar
ening of the third layer~one layer thinner than at 137 K!
under the fluid in the fourth layer. Again, the structure
clear and the bulk modulus change is 32 from the simu
tions @Eq. ~6!#. The compressibility changes is sharp but n

FIG. 6. Plots of our simulation results for the 2D pair distrib
tion function for the individual layers in the film.~a!–~c! follow the
film through growth of the second layer solid at 137 K. The chan
in the computed bulk modulus~6! from the film shown in~b! to ~c!
is 95.
t
d

s-

-
g

a

-
d
.

-

-
t

as severe in density change as that found at the lower t
peratures.

DISCUSSION

The relative magnitudes of the changes in bulk modu
in the simulations for the 137-K and 145-K isotherms are
the proper proportions. The first sharp step in the 137
isotherm has a difference across the transition of 95, wh
the deposition of the fluid and its freezing are an order
magnitude less~15 and 12, respectively!. The resharpened
step~or peak in the derivative! is only 59 in the 137-K fourth
layer and 32 in the third layer for the 145-K isotherm. The
magnitudes are approximate, but quite consistent with
experiments and the proposed description we offer.

We have computed the equilibrium properties for a nu
ber of temperatures and many decades of closely spaced
erages. Our discussion is, however, limited to two tempe
tures 137 and 145 K because the experimental isotherms16,41

for these temperatures are crucial to the controversy
rounding the so-named reentrant layering phenomena. T
two experimental isotherms contain all of the possible c
densations seen in the growth of simple solid inert gas film
We reduce the size of our report but keep all of the uniq
features in selecting these two particular isotherms. O

e

FIG. 7. Same basic plots of the simulation results of the 137
isotherm. This follows the film from the~Fig. 2! 2 solid1vapor to
the 2 solid1fluid region and in~c! the films has just passed into th
3 solid1vapor regions. From the state in Fig. 6~c! up to near Fig.
8~c! the bulk modulus has changed@Eq. ~6!# by 15. Passing through
the state shown in Fig. 8~c!, the bulk modulus has changed by 1
This is quite a contrast to the 95 for layer 2. Note the pair of sm
more rounded peaks in Fig. 3.
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choice of coverages for display are the nearest we have to
onset and completion of a layering region. The covera
between those we report are qualitatively redundant. Figu
6–8 follow the coverage~not temporal! evolution of the xe-
non film as it grows from 112 to nearly five layers along the
137-K isotherm. Figure 6 shows the 2D pair distributi
functions for the condensation of the second layer of xen
In Fig. 6~a! the first layer is clearly a solid monolayer with
half layer of highly mobile fluid in the second layer. Th
second layer remains fluid up to nearly two full solid laye
@Fig. 6~c!# when it sharply locks into a two-layer solid stru
ture. This is typical of a vertical step in the isotherm and
large change in the compressibility~Fig. 3!. This isotherm
~137 K! crosses the sublimation region of the 2D phase d
gram for the second layer. This is an example of the path-a)
type transition shown qualitatively in Fig. 1. The ensem
average for the bulk modulus through this region was
largest we observed and the experimental isotherm has
sharpest step.16

Figure 7 follows the film through the condensation a
freezing of the third layer of the film. This two-step proce
is indicated in Fig. 2 to be passing from a two-solid1vapor
to a two-solid1one-fluid region followed by the passage in
a 3D-solid–vapor area. This would be a path-(c) crossing
followed closely by a path-(d) type transition~see Fig. 1!.
This happens, as it should, at a slightly lower coverage t
a typical solid-on-solid transition as occurred for layer

FIG. 8. Plots the 2D pair distribution functions (T5137 K) as
the film passes through~Fig. 2! the 3 solid11 fluid to the 4 solid11
fluid regions. The change in bulk modulus@Eq. ~6!# is computed to
be 59 in this case. An indication of a sharp step is to be expecte
the experiment. In Fig. 3 there is a final sharp peak in the compr
ibility consistent with the calculation.
he
s

es

n.

a

-

e
he

n
.

Structurally, this is not as easily resolved as the one-s
process for layer 2. Graphic images of the top of the fi
easily distinguish between a 2D hypercritical fluid (iT
. iTc) and the 2D-vapor–2D-liquid coexistence phases (iTt
,T, iTc). The triple and critical point temperatures of th
i th layer areiTt and iTc , respectively. In the case of the 2
hypercritical fluid, the adsorbate atoms are more rando
distributed in an even density over the surface. In the
coexistence region for a layer, the graphic snapshots s
the atoms coalescing into temporary islands, evaporat
and forming new islands. In the liquid-vapor coexisten
case the experimental isotherms clearly show a round
followed by a kink. In Fig. 3 there are two experiment
changes in compressibility and they are much lower. T
simulation must rely on the quantitative calculation of t
bulk modulus in these regions. Recall that the values
these two peaks were changes of 15 for the first layer and
for the second, in contrast to the 95 for layer 2. This stron
suggests that the film growth has crossed the 2D regions
a dense fluid to liquid followed by passage through the
solid-liquid coexistence zone. This realization is key to t
understanding of how the isotherm steps first lose their sh
character.

At this point, the 137-K isotherm is three solid layers pl
a very light 2D vapor in the fourth. As the film growth con

in
s-

FIG. 9. Plots of our simulation results for the 2D pair distrib
tion function for the individual layers in the film (T5145 K). ~a!
shows that the second layer is initially a full layer of liquid in the
solid11 fluid region~Fig. 2!. Layer 2 freezes just before~b!. In ~c!
the third full layer of fluid has condensed. The change in the co
puted bulk modulus@Eq. ~6!# from the film shown in~a! to ~b! is 10.
This is consistent with the low mounds in the experimental d
~Fig. 5!.
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tinues, one layer of fluid is adsorbed, making nearly fo
layers. In the experiment~Fig. 3!, this is shown by a ramp in
the compressibility@a type-(c) path shown in Fig. 1#. Addi-
tional growth produces a striking resharpened or reent
step. We suggest that this is a path-(a)-type ~Fig. 1! solidi-
fication of the fourth step under a fifth layer of fluid. This
the start of the final three sharp steps seen in the experim
tal isotherms.16,41The first of these sharp steps is reflected
the compressibility~Fig. 3!. In the simulation, the change i
the bulk modulus across this step is 59, clearly more than
small changes in layer 3 but less than the 95 for layer 2.
this height, the substrate potential is significantly less. Fig
8 shows the 2D pair distribution functions for layers 3 and
as the growth increases from 3.7 to 4.8 layers. The fou
layer starts out as a modulated but mobile fluid. As the fi
thickness approaches nearly five full layers, the fourth la
freezes under the fifth layer, which is fluid. We believe th
this scenario for the reappearance of sharp steps in ex
mental isotherms is an accurate depiction of this most in
esting effect.

In the 145-K isotherm~Fig. 5!, the reappearance of th
sharp step occurs one layer thinner in the growth proc
The behavior of the 2D pair distribution functions, the ver
cal distributions, and the bulk modulus computations sho
be consistent with the pattern we indicated for the 137
isotherm. At this higher temperature, the second layer

FIG. 10. Plots of our simulation results for the 2D pair distrib
tion function for the individual layers in the film (T5145 K). ~a!–
~c! follow the film through the 2 solid11 fluid to the 3 solid11
fluid regions. The change in the computed bulk modulus@Eq. ~6!#
from the film shown in~a! to ~b! is 41. This is consistent with the
first sharp experimental peak in Fig. 5.~c! shows the liquid fourth
layer on top of the film.
r

nt
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sorbs as a 2D fluid~Fig. 9! at the coverageX51.98 ML. At
coverage 2.48 ML the second layer freezes@Fig. 1, path (d)#.
The distinction from a path-(a) solidification comes from the
small changes in the bulk modulus of 10. Layer 3 rema
fluid until a coverage of 3.6 ML. The bulk modulus chan
between the coverages of 3.6 and those below is again l
at 41. This indicates a path-(a)-type condensation of the
third layer, but this time it is under a fluid in the fourth laye
~Fig. 10!. This higher-temperature change in bulk modulus
less than the one for the appearance of the sharp step in
137-K isotherm~59!, but still more than twice as large as th
rounded step or kink-type isotherm features. The experim
tal data41 in Fig. 5 show this step to be clearly sharper th
the previous ones. The character of the layering is fundam
tally different as the film passes from the two-solid1one-
fluid to the three-solid1one-fluid regions of the phase dia
gram ~Fig. 2!. Again, the structure and bulk modulu
combination from the simulation scales consistently with
derivatives of the experimental isotherm data. We belie
this picture to be general and appropriate for the interpre
tion of the isotherm profiles over the ranges of temperat
and coverage where the reentrant layering phenomena o

For the topside of thicker films, the influence of the su
strate potential is progressively weaker. The layering tran
tion lines are growing closer together and the details beco
indiscernible experimentally. Within a few layers the adso
tion is merely the growth of bulk adsorbate solid from
own 3D vapor. This transitional change in growth behav
from film to bulk is an important point in the ongoing debat
Steps in the adsorption isotherms are resolvable in the m
favorable cases for fewer than ten layers as a practical li
In brief, the lattice-gas model43 developed by den Nijs20–22

and discussed by Weichman and co-workers23,24and Phillips
and Larese25 serves well in this preroughening region. Th
change in spreading pressure gradient flattens with hei
The chemical potential approaches the value of that fo
for the equilibrium vapor pressure above the bulk. The h
capacity measurements by Zhu and Dash5–8 and the diffrac-
tion profiles by Larese and co-workers26,28,29found the top of
the film to be liquid when the temperature exceeds 80%
the bulk triple point. In the lattice-gas~RSOS! model by den
Nijs, this ‘‘fluid’’ would not be described by a condensed 2
phase of mobile atoms~lattice sites are only filled or empty!
but by the mobility of ‘‘steps,’’ i.e., a ‘‘step liquid.’’ The
dynamical character of this surface model will be given
another paper.

It is appropriate to place the lattice model work with th
scaling theory of Rommelse and den Nijs20 and the mean-
field effort by Weichman, Day, and Goodstein23 in some
context with our work on this problem. It is clear from th
isotherm experiments that the ability to discern the steps
their nature becomes unresolvable before about ten lay
As the chemical potential is raised in the experiment
quickly approaches the bulk vapor pressure. At this po
one is essentially growing a bulk crystal front. In this regi
of the phase diagram~approximately ten layers or greater!,
the preroughening transitions proposed by den Nijs and
workers are a good explanation for a solid-on-solid grow
front. The Bruch criterion@Eq. ~1!# cannot be met since th
area per lattice site does not change in these models as
ticed. A mathematically rigid lattice has no changing area,
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it has no change in compressibility. With no change in co
pressibility a discussion of the shape of the isotherm st
loses significance. On the~111! surface of a bulk crystal, this
is not a problem. The lateral component of the compress
ity is virtually constant. The existence of a layer or so
fluid on the surface of bulk need not exclude the prerou
ening model if one visualizes the mobile surface region a
step fluid rather than an atomic fluid. Viewing the adsorpt
isotherm as a monitoring of the changes in the compress
ity of the film, the question of step profile becomes moot
the film thickness approaches the bulk and the compress
ity approaches a constant.

From these considerations, we suggest that the prog
sive loss and reappearance of sharp steps in a physica
sorption isotherm is due to the details of the 2D phase
gram for each individual layer and the location of t
y

y,

uir

hy

. B
-
s

il-
f
-
a

n
il-
s
il-

s-
ad-
-

crossing path on the phase diagram for that layer. The d
sity differences of the coexisting phases in that particu
crossing path leads to the magnitude of the change in
isothermal compressibilities. The larger the compressibi
change, the sharper the step.
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