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Argon multilayers adsorbed on graphite display heat-capacity anomalies attributed to surface
roughening and surface melting. Melting begins 3° or 4° below the triple point, producing strong peaks
with power-law risers ~ (7, —T)~’, r =1.35+0.03. The exponent and the thickness dependence of
peak temperature agree with the theory of surface melting under long-range forces. Rounded anomalies
at ~0.87; are identified with roughening transitions. The two types of anomalies are well separated, in-
dicating that melting and roughening are distinct forms of surface disorder.

PACS numbers: 68.55.Jk, 64.70.Dv, 68.10.Gw

Surface roughening and surface melting are possible
forms of disorder that may occur at crystal-vapor inter-
faces below the triple-point temperature 7, of the bulk
solid.!? The basic ideas date from many years ago and
theoretical work is now quite extensive, but few defini-
tive experiments have been performed, and several im-
portant questions remain. For example, the effects of
material properties on the transition temperatures and
other characteristics of the transitions are largely un-
known; moreover, it is still an open question whether the
onset of surface melting can be distinguished from pro-
gressive roughening. The experimental results reported
here bear on each of these issues.

Adsorbed multilayers offer several advantages for the
study of surface effects, particularly high sensitivity,
chemical purity, and precision thickness control. Unfor-
tunately, surface effects in very thin films can be compli-
cated by adsorption forces, finite thickness, and wetting
phcnomena,"s but as discussed below, their experimen-
tal effects may be estimated through the evolution of
film properties with thickness.

We chose Ar/graphite, since Ar is one of the few ad-
sorbates that can form thick uniform incommensurate
solid films on graphite.%” The Ar was deposited in a
thin-walled copper cell containing 12 g of exfoliated
graphite foam, in a calorimeter previously employed for
monolayers.® Temperatures were determined by Pt resis-
tance thermometry, with sensitivity better than 1 mK.
Thermal relaxation times tj, within the cell are quite
short relative to 7, between the cell and its surround-
ings: Examples for the empty cell are j~6 and
Text ~ several hours. Typical heat pulses produced tem-
perature rises of 0.15-0.25 K. Heat capacity was calcu-
lated by least-squares linear approximations to the post-
heat period over time intervals 107j, <t <337, We
studied thirteen films, with thickness range 2 <L <13
layers, at 60 K < T <90 K, prepared with purified Ar;
after adsorption, each was annealed by warming above
T,, then slowly cooled. The coverages were corrected for
desorption, with use of vapor pressures and isosteric
heats of Ar/graphite films of one to three layers,® and of

bulk Ar!© for thicker films. The quoted thicknesses are
scaled from the coverages, one layer corresponding to the
first step of a 78-K isotherm. We calibrated the thermo-
meter’s absolute scale in situ at the triple point of “bulk”
Ar, actually a forty-layer—thick film. Its melting peak
provided a sharp fiducial signal, which we identified with
the published'® value 7, =83.810 K.

The data show many thickness-dependent features,
particularly complex in the thinner films, where discrete
layer phenomena are evident. The few-layer results will
be reported elsewhere. We focus here on the thicker
range, where a strong peak develops near T,. Figure 1
presents data for samples with L > 5. Each shows a gra-
dual rise, beginning at ~80 K, to a maximum at
T, <T,. In the thicker films the peaks are asymmetric,
being steeper at 7 > T,. The peak height grows and T,
increases with L. The peak of the “bulk” sample is im-
pressively high (C/Nk > 350) and narrow, but has the
same type of asymmetry seen at lower coverage. The
peaks evidently tend toward a normal first-order melting
transition with increasing thickness. In the following, we
first analyze the data for premelting and then compare
with theory. Other aspects of the results are discussed
later.

If premelting occurs, there is a range of T in which the
films are partially liquid and solid, with the liquid
presumably in the form of a coating over the solid. The
heat capacity will have terms due to the liquid and solid
fractions and the progressive conversion from solid to
liquid. In thick samples, the phases are relatively homo-
geneous, except for gradients close to the interfaces, but
these variations and the substrate field may be important
in very thin films. If finite thickness, interfacial, and
gradient effects are expressed as a lumped correction §C
the heat capacity at constant total N is the sum

C=N,c;+N;c;+TAs(dN,;/dT )+ 8C, (1)
where N;,N; and c;,c; are the populations and specific

heats of uniform phases. The terms due to premelting
should be distinguishable from the rest by their T depen-
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FIG. 1. Specific heat of Ar/graphite films, corrected for
desorption. Thicknesses in layers at 83 K are (a) 10.5, (b) 8.9,
(c) 8.0, (d) 7.1, (e) 6.2, and (f) 5.3. The rises beginning at
~80 K are attributed to surface melting, and the weak
anomalies at 68 K to surface roughening. The sharp cusps
above 83 K seems to be due to the melting of a compressed
monolayer next to the substrate.

dence: N; and dN,/dT vary with the difference AT
=(T,—T), while the remaining “background” is a
function of T. In the limit of infinite thickness N; is
presumed to diverge as AT — 0; hence premelting should
tend to dominate C near 7,. The data are consistent
with this picture. Since the rises extend over only a few
kelvins, the nonsingular background can be approximat-
ed by a linear extrapolation from lower temperature, as
A+BT. We show the background-corrected data of the
four thickest films as a function of AT in Fig. 2. The
films exhibit power-law behavior, (AT) ™', over about
one decade in AT. There is no obvious trend of r with
thickness, and the values are quite close: The average
r=1.35+0.03. The measured exponents are increased
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FIG. 2. Background-corrected heat capacities of the four
thickest films, vs relative temperature. The empirical ex-

ponents r are (a) 1.38, (b) 1.32, (c) 1.33, and (d) 1.35.
Letters refer to the same thicknesses as in Fig. 1.
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slightly because of the finite heating intervals: The
corrected value for the limit of zero heating width is
lower by 1.3%.

The empirical power law represents two terms in C,
proportional to N; and dN,/dT; if Eq. (1) is correct, the
experimental exponent should vary with 7. The absence
of a pronounced variation is due to the limited range of
AT and the dominance of the term involving dN,/dT.
With bulk values for the coefficients in Eq. (1), the term
in N; contributes no more than 6% to the total. Assum-
ing Eq. (1), we estimated the exponents of the separate
contributions from the average r: The results are 1.36
and 0.36. The uncertainties in this calculation are quite
small since C is almost entirely a result of the derivative
term alone. Another source of error is the background
subtraction: We believe that it adds no more than
+0.02 to the uncertainty. With these corrections, our
best estimate of the exponent for dN,/dT is 1.36 £ 0.05.
This agrees with the theoretical result + for surface
melting of van der Waals solids. We outline the theory
using a phenomenological argument first given by
Kristensen and Cotterill.!!

If a solid is wetted by its melt liquid, its free energy at
T < T, can be lowered by “premelting,” i.e., by conver-
sion of a thin coating to liquid, replacing the solid-vapor
coefficient ¥, by the smaller sum y,,+ y;. The change
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6F gyt depends on L;. For forces varying as the inverse
cube of the distance between interfaces, 6Fguis=A4 (y;,
+ 7, — 75 ) (1 —constL;~2). There is also an increase
6F,, due to solid-liquid conversion, proportional to L;.
Minimizing 8F gy s+ 8F, with respect to L; establishes
the equilibrium thickness of liquid. Its variation with T
arises from 8F,,, which is zero at T, and increases at
lower T. Expanding 6F,, in powers of AT, the first-order
result finds L; diverges as (AT) '3, The exponent of
AT depends on the specific type of interactions between
interfaces; for short-range forces, where 8F g, varies ex-
ponentially with L;, one obtains L;~ |In(AT)|.'%!3 The
Ar data agree with the predicted power law and ex-
ponent for van der Waals systems; logarithmic depen-
dence is well outside the measurement.

Two previous experiments are especially relevant here.
Direct measurements of Pb surfaces indicated logarith-
mic dependence of L; on AT 1t is possible that the in-
teractions in Pb and Ar are different, but the authors of
the Pb study admit that their T scale is uncertain, hence
further experiments seem necessary to be sure of the dis-
tinction. A recent calorimetric study of methane-
graphite found wetting and dewetting transitions but no
evident premelting near the triple point.'"> In other as-
pects this system is rather similar to Ar/graphite; hence
its very different behavior is puzzling and extremely in-
teresting.

Finite film thickness appears to have no significant ef-
fect on the exponent, but the monotonic drift of T}, to-
ward T, can be understood as a simple effect of finite
thickness. The trend is shown in Fig. 3, which super-
poses the specific heats near T, of several samples. The
data are enclosed in a common envelope, but each curve
drops away at some temperature T, which increases with
L. This can be understood as follows. As melting
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FIG. 3. Expanded melting regions, showing the common en-
velope and the progression of the peak temperatures with in-
creasing thickness.

proceeds, the thickness of liquid increases rapidly as T
approaches T, until its progress is truncated by reaching
the substrate interface. If there is a highly compressed
thin solid layer next to the substrate, the truncation
occurs before the entire film is melted, i.e., at some finite
value Ly. Since C is dominated by the term involving
dN,/dT, truncation causes a strong drop in C. Thus, we
expect that the T,’s should follow a power law involving
the same exponent as that determined for N;:

L —Lo~(T,—T,) %% ()

Figure 4 shows that the peak temperatures do obey Eq.
(2), with exponent —0.35 and Lo corresponding to one
layer.

The empirical value for Lj indicates that a single layer
closest to the substrate has a melting temperature appre-
ciably different from the others. This in turn suggests
that it is the melting of this single layer that causes the
small peak at T > T,. Its shift to higher T in thicker
films may be due to compression.

All of the films in Fig. 1 show weak, rounded
anomalies centered at 68 K. Changes of thickness have
little effect on their temperature, shape, or absolute mag-
nitude; hence they are probably associated with the va-
por interface. A possible cause is surface roughening;
further evidence supports the hypothesis. Roughening
temperatures Tg are approximately equal to 0.87, for
dense faces of simple bulk systems, as deduced from the
growth of van der Waals crystals!® and molecular-
dynamics simulations'”: Our Ar multilayer peaks are at
0.87,. Roughening transitions in multilayers must be af-
fected by finite thickness, but Tg is expected to be in-
dependent of substrate potential.® Roughening transi-
tions have been observed in adsorbed films by the disap-
pearance of sharp layer steps in vapor pressure iso-
therms: in Ar/CdCl,, Tr~0.8T,,'® and in methane/
graphite, Tg ~0.857,.7 Roughening is predicted to be a
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FIG. 4. Variation of peak temperature 7, on thickness,
showing that (T, — T,) varies as a power law with thickness.
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continuous transition of the same class as the
Kosterlitz-Thouless planar model, producing a
nonuniversal rounded specific-heat anomaly below Tg.!
Thus, our experimental anomalies may be intrinsically
rounded rather than heterogeneity-broadened sharp
peaks, and the actual transition temperatures may be
somewhat above 68 K. The existence of roughening,
with Tg lower than the start of surface melting, can ex-
plain why we see no evidence of layering in the melting
regime. Nevertheless, the anomalies are well separated
from the premelting regime, evidence that a rough solid
and liquid surface are qualitatively distinct.

We thank M. Bienfait, D. L. Goodstein, R. E. Peierls,
and M. Wortis for many stimulating conversations. We
are particularly grateful to Michael Schick, whose con-
tinuing lively interest and patient instruction have been
essential to the success of the project, and to Eberhard
Riedel for very helpful discussions of roughening. The
research was supported by the National Science Founda-
tion, Grant No. DMR-81-16421.

ISurface roughening is reviewed by J. Weeks, in Strongly
Fluctuating Condensed Systems, edited by T. Riste (Plenum,
New York, 1980).

2Surface melting is reviewed by D. Nenow, J. Cryst. Growth
Charact. 9, 185 (1984).

3M. J. de Oliveira and R. B. Griffiths, Surf. Sci. 71, 687

2962

(1978).

4R. Pandit, M. Schick, and M. Wortis, Phys. Rev. B 26,
5112 (1982).

SR. Pandit and M. E. Fisher, Phys. Rev. Lett. 51, 1772
(1983).

6M. Bienfait, J. L. Seguin, J. Suzanne, E. Lerner, J. Krim,
and J. G. Dash, Phys. Rev. B 29, 983 (1984).

7). J. Hamilton and D. L. Goodstein, Phys. Rev. B 28, 3838
(1983).

8F. C. Motteler and J. G. Dash, Phys. Rev. B 31, 346
(1985).

9B. Gilquin, Ph.D. thesis, Université de Nancy, 1979 (un-
published).

10p, Flubacher, A. J. Leadbetter, and J. A. Morrison, Proc.
Phys. Soc. London 78, 1449 (1961).

11J, K. Kristensen and R. M. J. Cotterill, Philos. Mag. 36,
437 (1977).

12R. Lipowsky, Phys. Rev. Lett. 49, 1575 (1982); R. Lipow-
sky and W. Speth, Phys. Rev. B 28, 3982 (1983).

13, Q. Broughton and G. H. Gilmer, J. Chem. Phys. 79, 5119
(1983); Acta Metall. 31, 845 (1983).

14W. M. Frenken and J. F. van der Veen, Phys. Rev. Lett. 54,
134 (1985).

15D, L. Goodstein, J. J. Hamilton, M. J. Lysek, and G. Vi-
dali, Surf. Sci. 148, 187 (1984); M. J. Lysek, M. S. Pettersen,
and D. L. Goodstein, Phys. Lett. 115A, 340 (1986).

16K. A. Jackson and C. E. Miller, J. Cryst. Growth 40, 169
(1977).

17J. Q. Broughton and L. V. Woodcock, J. Phys. C 11, 2743
(1978).

18Y. Larher and F. Millot, J. Phys. (Paris), Collog. 38, C4-
189 (1977); W. F. Saam, Surf. Sci. 125, 253 (1983).



