Between two
and three dimensions

The physics of molecular films evolves from two dimensional
to three dimensional as the films thicken, but remnants of two-dimensional
behavior persist in bulk materials.

J. G. Dash

One of the most glamorous aspects of
monolayer films is their thinness, and
another is their two dimensionality.
These properties are not the same, of
course, although it might seem that
each implies the other. We know some
monolayers that are not two dimen-
sional, and some much thicker films
that are nearly so. Even more confus-
ing is that a film can be two dimension-
al and three dimensional—and some-
where in between—at the same time.
A simple change of temperature can
change a film’s dimensionality.

What we mean here by dimensiona-
lity and how we measure it are the
topics of this article. I will try to
explain by drawing on some recent
results from a rich and active field of
research.

The field is a relatively new branch
of condensed-matter physics. It had its
modern beginnings about 15 years ago,
with the development of materials and
experimental techniques for studying
monolayer films on uniform surfaces.
Since then it has attracted the interest
of many theorists and experimenters
throughout the world, who have con-
tributed greatly to “lower-dimensional
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physics.” Their fundamental studies
have significant practical implications
for several areas of materials science,
such as adhesion, lubrication, fracture,
anticorrosion coatings and the produc-
tion of integrated circuits. A recent
seminar on wetting and growth held at
Brookhaven National Laboratory with
joint support by the National Science
Foundation and the French Centre
National de la Recherche Scientifique,
brought together some 45 scientists
who do fundamental and applied re-
search in the field.

Stepping down to two dimensions

Let us start with a gedanken experi-
ment. In an imaginary three-dimen-
sional container we explore the ordi-
nary bulk phases of a simple substance.
To be specific, let us choose xenon and
make the container a cube large
enough to hold one mole of the element
at its critical point. Manipulating tem-
perature and pressure, we find the
familiar solid, liquid and gas phases of
ordinary matter; we get the familiar
phase diagram, figure 2a, showing the
domains of the three common phases.

Now, let us begin to remove the
material gradually, with the tempera-
ture set somewhat below the triple
point. The pressure remains constant
for a long time, until all but a few
millionths of the original quantity is
removed. At this point we find the
pressure dropping, first almost imper-

ceptibly, then more rapidly. If we have
taken some pains in constructing the
container,namely, if we have made the
inside walls of basal-plane graphite, the
isotherm begins to show a series of
steps, as in figure 3, each step associat-
ed with the removal of a single molecu-
lar layer:' Think of it as a staircase
down to two-dimensional physics.
Finally, with quantities of material
no greater than a micromole remain-
ing, we examine the phases of the last
layer. We are amazed—or we should
be amazed—to find a phase diagram
(figure 2b) remarkably similar to the
bulk diagram (figure 2a). It has the
same architecture, although it is only a
shadow of its former self. Here are
distinet regimes, occupying about the
same regions of the phase diagram
where the corresponding three-dimen-
sional phases—solids, liquids and gas-
es—lie.?® Of course, we must measure
various properties in each region to
know whether or not the phases are in
fact solid, liquid or gaseous. We make
measurements of all kinds, using the
same types of probes used to explore
the bulk. We find that these phases do
indeed resemble bulk solid, liquid and
gas states, but with important differ-
ences. In a two-dimensional liquid, for
example, there is no long-range order,
and atoms can diffuse along the surface
but are bound in the normal direction.
We explore these differences below, but
for the moment we just inspect the two
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diagrams. We see that the critical and
triple-point temperatures 7.(2D) and
T, (2D) of the monolayer are substan-
tially lower than those in the bulk.
Quite generally, for all simple sub-
stances on all known uniform sub-
strates,

T.2D)/T.(3D) = 04
T,(2D)/T,(3D) = 0.6

One can understand these ratios sim-

ply as a result of the reduction in
coordination number in the monolayer:
Each atom has fewer neighbors with
which to interact, a very direct conse-
quence of reduced dimensionality. Let
us examine some of the phases and
transitions in more detail.

Phases in two dimensions

The first systems to show clear two-
dimensional gas-like features were se-

Apparatus used to study the two-
dimensional structures and phase transitions
of monolayer films adsorbed on single
crystals. Electron diffraction from the
surface of a graphite crystal is visible in the
photograph. This low-energy electron
diffraction apparatus was built at the
University of Washington by Martin Chinn
and Samuel Fain. Figure 1

misoluble oil-on-water films, in studies
that began® in the 19th Century and
continue to this day. The crucial,
identifying property is the spreading
pressure ¢, which can be measured
directly by the force on a sliding
surface barrier.

The sliding barrier device will not
work for monolayers adsorbed on solid
substrates, but instead one can mea-
sure the spreading pressure ¢ by its
effect on the substrate: The monolayer
causes a very small dilation of the
substrate’s surface area. One can also
measure the two-dimensional pressure
indirectly, through its thermodynamic
connection with the vapor pressure of
the film. For either type of measure-
ment the relation between the spread-
ing pressure ¢ and the surface density n
is the equation of state of the mono-
layer:

¢ =nkT( + nB)

This equation contains a correction to
the ideal-gas relation due to interac-
tions between pairs of molecules. The
factor B in this term is the two-
dimensional second virial coefficient of
the film. Heat capacity C is another
property with a highly distinctive sig-
nature. With the virial correction, it is
given by
n d*B
& Nk[l (kT d(1/kT)?

Both kinds of measurements have
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Phase diagrams for three-dimensional 2@
xenon (a) and monolayer xenon (b). The
vertical scale in a is computed for a
cubical vessel that can contain one mole
of xenon at its critical point. The vertical
axis in b measures quantities

adsorbed on the (graphite) walls of the

same container.?

given clear two-dimensional signatures
for several types of monolayer systems:
He® on liquid He* (reference 5), He® and
He* on bare and rare-gas-plated graph-
ite (reference 6) and hydrocarbons on
graphite (reference 7). What is particu-
larly convincing is that the experimen-
tal virial coefficients are in some cases
extremely close to those from first-
principles calculations.® Recently the
theory and the measurements have
become so precise that strictly smooth-
substrate approximations are not al-
ways adequate: One can measure ef-
fects due to the atomic structure of the
substrate, which takes the form of a
corrugated surface.® That seems to
bring us back to the real, three-dimen-
sional world, destroying our concept of
the films as two dimensional. How-
ever, we can continue to treat the film
as two dimensional by incorporating
the effects of the third dimension into
the equations that describe the film.
Corrugations tend to discretize the
space into a two-dimensional lattice of
adsorption sites, so that the monolayer
becomes a two-dimensional “lattice
gas.” If the atoms move rapidly
between sites, we can describe their
motions in terms of a two-dimensional
band model, analogous to the conven-
tional treatment of electron mobility in
a three-dimensional metal or semi-
conductor.

There are many effects that can
compromise the two dimensionality of
monolayer films. As the box on page
32 indicates, the list is fairly long.
While this might tend to discourage
the timid, it also presents a challenge.
One can modify two-dimensional mod-
els to include some of the effects, but
there are limitations, which will come
up a little later. For now, we continue
to examine a few effectively two-di-
mensional models and their experi-
mental confirmations.
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There are two basic classes of solid
monolayers: those in which the atoms
are localized in a regular structure
determined by the substrate, and
those, sometimes called “floating” so-
lids, that are incommensurate with the
substrate. Both types have distinctive
structural, dynamic and thermal prop-
erties that appear in a number of
adsorption systems. The microscopic
signatures of both classes of solids are
crystallinity, long-lived vibrational
modes and anisotropic spectra. Mea-
surements based on neutron, electron
and x-ray diffraction, inelastic neutron
scattering, nuclear magnetic reso-
nance and Maéssbauer spectroscopy
have revealed these characteris-
tics.>'%12 The thermodynamic charac-
teristics of solid monolayers are par-
ticularly distinctive at low tempera-
tures. For example, the heat capacity
C of a floating solid follows a simple
power law in temperature: C o« T2
This quadratic dependence contrasts
with the 7'? law of a three-dimensional
solid. The exponent is equal to the
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dimensionality of the system.

Quadratic heat capacities were the
first clear indication of two-dimension-
al behavior in adsorbed monolayers.
David Goodstein of Caltech found'?
these T heat capacities some 20 years
ago in a study of helium on copper
sponge. It was the failure to find the
expected liquid and gas phases at lower
densities that led to the understanding
that the solid-like behavior was largely
due to compression of the monolayer by
the heterogeneous substrate fields.
That stimulated a search for more
uniform surfaces, leading researchers
to Union Carbide’s Grafoil and other
forms of crystalline graphite, sub-
strates that have been the mainstay of
most of the experimental work in the
field. Figure 4 shows the results of a
more recent series of measurements'*
that clearly show two-dimensional sol-
id character.

The temperature and density signa-
tures of the liquid phase are much less
distinctive, and are not markedly de-
pendent on dimensionality. One can
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Layer-by-layer growth of krypton adsorbed
on crystalline graphite at 78 K. The
measurements were made by optical
ellipsometry at the University of Virginia by
Mahrez Drir, Hyun Soo Nham and George
Hess. Xenon displays similar steps, but
Figure 3
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also deduce liquid phases from gross
features of the phase diagram—the
densities and locations of phases in the
overall diagram in those regions where
liquid coexists with two-dimensional
vapor. The most convincing indica-
tions that the liquids are two dimen-
sional have come from the shape of the
liquid-vapor phase boundary near the
critical point.

The liquid-vapor boundary in figure
2b is extremely blunt, which is a
distinct characteristic of two-dimen-
sional behavior. Theory predicts this
profile, and experiments have found it
in several monolayer systems. In fig-
ure 5 we compare two experimental
measurements, one on a bulk sub-
stance'® and the other on a monolayer
film.'® The measurements are of differ-
ent gases, but from the same laborato-
ry. In bulk neon, the density difference
between liquid and vapor along the
boundary near the critical temperature
is described by a power law:

(nliq nvap} 25 (Tc S T)H

|
3 4

The experimental critical exponent g is
0.32, close to the theoretical value of
0.325.

The surface density of a two-dimen-
sional system at the liquid-vapor
boundary also varies as a power law,
but the critical exponent is different.
The experimental value for the meth-
ane monolayer is 0.13, nearly equal to
the theoretical ¥z for a two-dimensional
system. Yet does this correspondence
show that the film is entirely two
dimensional? No. Some properties
may be rather bulk-like even in the
midst of the two-dimensional critical
region. Molecular excitations, for ex-
ample, are appreciable in the direction
normal to the surface. Vibration am-
plitudes and frequencies may well be
anisotropic, but fully excited in all
directions. It is the phase transition
between the thin liquid film and the
vapor that is two dimensional. More-
over, the transition itself is imperfect
due to three-dimensional effects in
which the finite sizes of surface do-
mains and variations in substrate at-
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Heat capacities of solid monolayers of
He* adsorbed on graphite at several sur-
face densities, measured by Suzanne Her-
ing and Oscar Vilches at the University of
Washington. The plot against the square
of the absolute temperature shows the
quadratic dependence characteristic of
two-dimensional solids.'*

Figure 4

traction blur the transition very close
to the critical temperature. Hence we
must be satisfied with a partial signa-
ture: The exponent agrees with the
two-dimensional model over a pretty
wide range of temperature.

Climbing back toward 3D

After these few examples of behavior
that is clearly two dimensional, we
turn to the question of dimensionality
per se. The examples illustrate that it
is possible to put descriptions within
two-dimensional theoretical frame-
works, even when strict two dimension-
ality is seriously compromised. But
then, can one always force the picture,
or are there regimes where the physics
of the system demands one or the other,
or intermediate dimensionality? If we
add a second layer and higher layers,
how does a film evolve to bulk?

To inspect condensation further, let
us consider a film of several layers.
Interactions between layers lower the
free energy, and tend to increase the
critical temperature, so that as the
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thickness L becomes large the critical
temperature T, (L) approaches the bulk
critical temperature 7. (3D). If we take
the critical temperature as the gauge of
dimensionality, we conclude that the
film gradually evolves with the thick-
ness L, from two dimensionality to
three dimensionality.

However, there also are other crite-
ria for dimensionality. Near the criti-
cal temperature 7T, the properties of a
substance are markedly affected by
fluctuations of density, energy and
other thermodynamic quantities. As
the temperature is raised toward the
critical temperature, the fluctuations
become slower and extend over larger
distances. The typical distance—the
coherence length £&—varies with tem-
perature according to the equation

Exc (T, —T)"

The exponent v for condensation in
three dimensions is calculated to be
0.63. Far from the critical temperature
T., the coherence length £ is small. If
the coherence length is much smaller
than the thickness L the effects of the
finite thickness are unimportant, and
hence the film resembles bulk materi-
al. However, as the temperature ap-
proaches the critical temperature, the
coherence length grows until it be-
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comes comparable to the thickness, so
that the fluctuations become truncated
in the direction normal to the plane of
the film and begin to lose their trans-
verse degree of freedom. The process
continues, and the condensation be-
comes effectively two dimensional.
The crossover between the two regimes
is gradual, occurring around the tem-
perature

T~ T.(L)J1—(a/L)""]

Here a is the thickness of one layer.
Therefore, far from the critical tem-
perature the phase boundary curve has
the same shape as the curve for bulk
material, but approaching the critical
temperature it changes gradually to
the much blunter shape of the phase
boundary curve for two-dimensional
material. Physicists have discussed'’
this effect in the context of superflui-
dity and superconductivity. As of yet
there has been no experimental search
for the effect in multilayer condensa-
tion, although it should be experimen-
tally accessible in adsorbed films.
There are other domains in adsorbed
films that may show the transition
between two dimensionality and three
dimensionality, but the criteria are
different. In solid multilayers, for ex-
ample, we expect a changeover

between T'? and T'® heat capacities as
we vary the temperature. The heat
capacity at any temperature is due
primarily to the dominant vibrational
modes, whose frequencies are approxi-
mately k7/#. If the thickness of the
film is much greater than the wave-
length corresponding to this frequency,
the boundaries have little effect, and
the system is nearly three dimensional.
However, as the temperature de-
creases, the dominant wavelength in-
creases, until the wavelength becomes
comparable with the thickness L. At
lower temperatures, vibrations normal
to the plane of the film become difficult
to excite, and only those in the plane of
the film remain thermally excited; the
exponent of the temperature in the
expression for the heat capacity
changes from 3 to 2. The temperature
at which the solid heat capacity shows
the dimensionality transition depends
on the velocity V, of the vibrational
waves:

T ~ 2% V, /kL

These examples show that the gauge
of dimensionality is specific to the
property and temperature in question.

Transitions between dimensions

Now we have quite definite predic-
tions, and we would like to put them to
experimental tests. For that, we must
prepare a series of films of uniform
thicknesses varying from a few layers
to perhaps several hundred. Unfortu-
nately, we find that it is not generally
possible to make stable films of arbi-
trary thickness. For some atom-sub-
strate combinations, there is practical-
ly no adsorption whatsoever: If one
deposits a small amount of material on
the surface, the atoms condense into a
bulk liquid droplet or, if the tempera-
ture is low enough, a bulk crystallite.
Familiar examples are mercury on
glass and water on wax. This “nonwet-
ting"” occurs when adhesion to the
substrate is weak compared to the
cohesive forces in the droplet.'®* In
these systems two-dimensional phases
do not exist.

For other combinations of atoms and
substrate, wetting may be “incom-
plete.” With these systems one can
plate a small number of solid layers at
low temperature, but further deposits
cannot increase the thickness uniform-
ly; they rather produce one or a few
bulk crystals on top of the film. The
dimensionality passes abruptly from 2
to 3. Such films evidently result from
strains induced by fields from the
substrate, which make the thin film
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incommensurate with the surface
planes of the bulk solid.'®?° Only in
films that have exactly the same lattice
structure as bulk planes can one add
layers ad infinitum. And that can
occur, one expects, only on a substrate
with a structure and adhesive force
identical to those of the bulk itself.

Fortunately, there are exceptions.
When one warms an incompletely wet
solid film at low pressure to a tempera-
ture close to the triple point of the bulk,
T, (3D), the top layer melts. Now there
can be no lattice mismatch between
this top layer and the bulk planes, and
one can add a number of further layers
by increasing the pressure. But if the
temperature remains below T7,(3D),
only a limited number of layers can be
added: At some finite thickness, the
original top layer and the new layers
above it solidify, so that there is bulk
crystallization of a thicker film.

This process continues, we think, all
the way to the triple point. The pheno-
menon is called “triple-point wetting.”
Figure 6 shows results from a recent
study?' of the effect. Experiments in
the future may make use of the effect to
grow stable films of large thickness,
and thereby to explore the gradual
evolution to bulk behavior.

Life between 2D and 3D

Triple-point wetting is closely relat-
ed to a phenomenon thought to occur in
bulk solids: surface melting.** Theory
indicates that the surface of a solid
crystal begins to melt, layer by layer,
well below its normal melting point,
although experimental confirmations
are not yet completely convincing. We
expect that the thickness of the liquid
surface film grows gradually as the
temperature rises, finally becoming
infinite at the triple point. The intrin-
sic first-order melting of a bulk crystal
infinitely far from its boundaries is
surely abrupt, but that can occur only
in an infinitely large crystal. For large
but finite crystals, the melting transi-
tion may experimentally appear to be
discontinuous, but it is in principle
smooth. Because all real crystals are
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finite, they all have boundaries, which
introduce aspects of two-dimensional
physics into their actual behavior.

We began by exploring two-dimen-
sional physics in some exotic systems,
theoretically attractive but until re-
cently difficult to create. We end by
finding two-dimensional physics in the
bulk materials of ordinary experience.

In the real world we are wrapped by
surfaces, and therefore we live between
two and three dimensions.

® & W

I gratefully acknowledge the support of the
National Science Foundation, grant DMR
81-16421. I thank many colleagues for their
contributions to this article, especially Moses
Chan, George Hess, John Rehr, Michael
Schick and Oscar Vilches.

References

1. A. Thomy, X. Duval, J. Chim. Phys. (Par-
is) 66, 1966 (1969); M. Drir, H. S. Nham,
G. B. Hess, Bull. Am. Phys. Soc., 30, 412
(1985).

2. D. M. Butler, J. A. Litzinger, G. A.
Stewart, Phys. Rev. Lett. 44, 466 (1980).

3. R. B. Birgeneau, E. M. Hammons, P.
Heiney, P. W. Stephens, in Ordering in
Two Dimensions, S. K. Sinha, ed., North
Holland, New York (1980).

Three-dimensional effects

These effects can compromise the two-
dimensionality of monolayer films:
Substrate structure
Localization on adsorption sites
Mobility bands
Commensurate film structures
Surface-normal excitations
Atomic vibrations
Multilayer occupation
Vapor exchange
Substrate distortion
Induced dipole shielding
Elastic dilation and compression
Matiress effect
Substrate imperfection
Orientational disorder
Finite-size effects
Binding-energy heterogeneity

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.

. F. Pockels, Nature 43, 437 (1891); J. W.

Strutt, Phil. Mag. 333, 470 (1892); Lord
Rayleigh, Collected Papers, vol. IV, Cam-
bridge U. P. (1903), p. 425.

. A. F. Andreev, Zh. Eksp. Teor. Fiz. 50,

1415 (1966) [Sov. Phys. JETP 29, 585
(1969)]; H. M. Guo, D. O. Edwards, R. E.
Sarwinski, J. T. Tough, Phys. Rev. Lett.
27, 1259 (1971); B. K. Bhattacharyya, F.
M. Gasparini, Phys. Rev. 31, 2719 (1985).

. M. Bretz, J. G. Dash, D. C. Hickernell, E.

O. McLean, O. E. Vilches, Phys. Rev. A8,
1589 (1973); S. B. Crary, O. E. Vilches,
Phys. Rev. Lett. 38, 973 (1977).

. J. G. Dash, J. Suzanne, H. Shechter, R.

E. Peierls, Surf. Sci. 60, 411 (1976).

. R. L. Siddon, M. Schick, Phys. Rev. A9,

907 (1974).

. J. J. Rehr, M. Tejwani, Phys. Rev. B20,

345 (1979); M. W. Cole, D. R. Frankl, D.
L. Goodstein, Rev. Mod. Phys. 53, 199
(1981),

R. Wang, H. Taub, H. Shechter, R.
Brener, F. Y. Hansen, Phys. Rev. B27,
5864 (1983); B. H. Grier, L. Passell, J.
Eckert, H. Patterson, D. Richter, R. J.
Rollefson, Phys. Rev. Lett. 53, 814
(1984).

M. F. Toney, S. C. Fain Jr, Phys. Rev.
B30, 1115 (1984).

R. J. Rollefson, Phys. Rev. Lett. 29, 410
(1972).

D. L. Goodstein, W. D. McCormick, J. G.
Dash, Phys. Rev. Lett. 15, 447 (1965).
S. V. Hering, O. E. Vilches, J. Low
Temp. Phys. 25, 793 (1976).

M. W. Pestak, M. H. W. Chan, Phys. Rev.
B30, 274 (1984).

H.-K. Kim, M. H. W. Chan, Phys. Rev.
Lett. 53, 170 (1984).

M. E. Fisher, J. Vac. Sci. Technol. 10,
665 (1973).

D. S. Sullivan, Phys. Rev. B20, 3991
(1979); R. Pandit, M. Schick, M. Wortis,
Phys. Rev. B26, 5112 (1982).

M. Bienfait, J. L. Seguin, J. Suzanne, E.
Lerner, J. Krim, J. G. Dash, Phys. Rev.
B29, 983 (1984).

. D. A. Huse, Phys. Rev. B30, 137 (1984);

F. T. Gittes, M. Schick, Phys. Rev. B30,
209 (1984).

J. Krim, J. G. Dash, J. Suzanne, Phys.
Rev. Lett. 52, 640 (1984).

. W. Burton, N. Cabrera, F. C. Frank,

Phil. Trans. Roy. Soc. A243, 299 and 315
(1951). O



	26
	27b
	28
	29
	30
	31
	32

