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X-Ray Diffraction Studies: Melting of Pb Monolayers on Cu(110) Surfaces
W. C. Marra, '" P. H. Fuoss, '" and P. E. Eisenberger' '

Bell I.aboxatoxies, Murray Hill, Ãese Jersey 07974
(Received 26 March 1982)

This x-ray scattering study of the melting of a monolayer of Pb on the Cu(110) surface
reveals an irreversible commensurate-to-incommensurate transition and an anisotropic
reversible incommensurate melting transition. This study demonstrates the impressive
capabilities of surface x-ray diffraction techniques since (1) kinematic theory can be
used to interpret the results, (2) correlation lengths of &1000 P are easily measured,
and (3) high counting rates {&50000cps) were measured from a monolayer of Pb.
PACS numbers: 64.70.Dv, 68.20.+t

We report an x-ray study of the solid-liquid
phase transition of Pb monolayers on a Cu(110)
surface. The experimental technique used was
first reported by Eisenberger and Marra. " In
this work, high-resolution x-ray studies revealed
melting behavior that was qualitatively the same
as that determined by the low-energy electron-
diffraction (I EED) studies of Henrion and Rhead
(HB).' However, our results are quantitatively
different and more detailed. Some features of the
dislocation mediated melting (DMM) theory" are
consistent with our observations.

The as-deposited Pb films formed a commensu-
rate P (5&& 1) structure as reported by HB. After
melting and resolidification of the Pb monolayer
an incommensurate structure was formed. Com-
mensurate-incommensurate transitions have been
the subject of considerable theoretical and experi-
mental study. ' ' However, this phase transition
is qualitatively different since it is a kinetic tran-
sition, i.e. , not a reversible thermodynamic
phase transition, that occurs because of the de-
position process. The resulting reversible in-
commensurate melting transition was studied in
detail.

The experiments were performed at the Stan-
ford Synchrotron Radiation Laboratory with ~
=1.54 A x rays from a focused wiggler source. '
A 0.07' Soller collimator was used to analyze the
diffracted beam. This angular resolution was an
order of magnitude sharper than the narrowest
Pb reflection. A 1 grazing angle of incidence
was used relative to the crystal surface for the
diffraction studies. The experiments were per-
formed in the UHV system described by Marra'
(base pressure 5&&10 "Torr). The temperature
was controlled to + 1.5 C by two type-~ thermo-
couples mounted on the sides of the Cu substrate.

The Cu substrate was spark cut and mechanical-
ly polished to within 1 of the [1IO] axis and then
electropolished. The substrate was cleaned (by
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FIG. 1. The two-dimensional reciprocal space of the
commensurate p (5 &1) overlayer (Cu, Pb). Detailed
studies of the (~4, &4, 0) and (&, 5, 0) reflections and the
corresponding incommensurate reflections were made
with use of longitudinal {L) and transverse (T) scans.

cycles of argon ion sputtering and annealing at
700'C) until no contaminants were revealed in
the Auger spectra. LEED analysis showed that
Pb deposited at 120 C formed a commensurate
p(5&&1) structure with 5 times the Cu periodicity
along the [110]direction (see Fig. 1). Before the
performing of x-ray studies, the ratio of the Cu
(60 eV) to Pb (93 eV) Auger peaks was studied
over the temperature range of the experiment.
The 3-to-1 ratio of the Auger peaks (a monolayer)
was unchanged to ~ 2% indicating that the x-ray
diffraction could be performed at constant cover-
age.

Data were obtained by the performing of longi-
tudinal x-ray scans along the Cu[110] and trans-
versely along the [001] directions (see Fig. 1).
These intensity profiles provided detailed infor-
mation on the density fluctuations in each direc-
tion." The initial x-ray study revealed a room-
temperature structure which agreed with LEED
results, i.e. , a commensurate p(5&&1) Pb over-
layer. The peak in Fig. 2(a) at 1.966 A ' trans-
forms to ~ of the Cu(110) spacing. If the Pb layer
were placed on a substrate with smooth troughs
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FIG. 2. FOR (top) of the commensurate (open circles)
and incommensurate (filled circles) solid. FOR's (bot-
tom) as a function of temperature showing the changing
line shapes as the solid melts.
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along [110]we would expect peaks at 1.795 A '
(corresponding to the nearest-neighbor spacing
for bulk Pb) and its harmonics. Since the sub-
strate makes a small perturbation along [110],
the peak at 1.966 A ' is the strongest superlattice
peak because it corresponds to this near-neighbor
spacing. The line shape in Fig. 2(a) is not the
Gaussian expected from infinite long-range order.
This result is consistent with the Frank and Van
Der Merwe" (FV) growth mechanism discussed
below.

Upon heating, this structure melted at 320 C.
When cooled an incommensurate structure formed
which exhibited reversible melting at 240'C. In
Fig. 2(a) are x-ray data taken on this incommen-
surate structure at 200'C. The peak intensity
corresponds to 50000 cps and the width to cor-
relation lengths of - 1000 A. This counting rate
is two orders of magnitude higher than predicted
by a Z extrapolation of our synchrotron studies
of the Ge[001]2&&1 surface. " This is due to the

long correlation lengths for the Pb and Cu(110).
FV suggested that, depending upon the lattice

misfit between the monolayer and substrate, a
metastable commensurate monolayer can be de-
posited at low temperature. However, this
metastable state can be destroyed by heating the
crystal to overcome the activation barrier for
generating dislocations and forming the incom-
mensurate structure. Figure 2(a) reveals a
broader commensurate-solid diffraction peak than
for the incommensurate solid. This is consistent
with the formation of islands in the commensurate
structure whose registry with the substrate de-
pends on the choice of five sites which would lim-
it island size.

We fitted the experimental line shapes by the
follow function:

1(q) =nH(Q) +PL(Q) + C,

where n and p are variable coefficients, H(Q)
and L(Q) are the solid (low temperature) and liq-
uid (high temperature) line shapes, Q is the mo-
mentum transfer, and C is an experimentally de-
termined background. The commensurate- solid
line shape along [001]was a Gaussian. The in-
commensurate solid has a Lorentzian squared
line shape along [110]and a Gaussian line shape
along [001]. The Gaussian line shape along [001]
indicated that the monolayer was commensurate
in that direction. The liquid had Lorentzian line
shapes for scans along both [110]and [001].

In Fig. 2(b) are [110]scans taken at 200, 300,
and 330'C on the incommensurate phase. As the
temperature is increased the peaks broaden (indi-
cating shorter correlation lengths) and move
towards higher Q. The shift towards higher Q is
surprising because it implies a contraction of the
monolayer upon melting. However, in domain-
wall models of the incommensurate phase' the
structure consists of commensurate regions sepa-
rated by domain walls at regular intervals. In
the DMM theory' regions smaller than the cor-
relation length retain solidlike properties in the
liquid phase. Thus, a shift of the structure to-
wards commensurability in the liquid phase is
consistent with current theories.

Two effects should be noted. First, the transi-
tion from a Gaussian lioe shape to a Lorentzian
line shape along [001] occurs at the same tem-
perature as melting along [110]. However, the
correlation length along [001] does not change
until - 340 C. This is consistent with the results
of HH and indicates that the melting is an aniso-
tropic two-dimensional phase transition. Second,
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in Fig. 2(b), at 300 C a satellite peak appears at
1.978 A '. As the temperature is increased to
330'C, this peak seems to be fading (although it
is difficult to resolve from the broadening main
peak). This satellite peak may be due to domain-
wall interactions. '"

Figure 3 shows the change in peak intensity (I~)
versus temperature for the (1.566, 1.566) super-
lattice reflection (room-temperature wave vec-
tors). This second-order reflection (SOR) and
the first-order superlattice peak (FOR) at (0.777,
0.777) were studied in detail. Data on I~ versus
temperature show that a phase transition occurs
near 240 C. Figure 3 also shows the concentra-
tion of liquid scattering versus temperature as
derived from our line shape analysis with the
normalization

fnS(q)dq+ f/1. (q)dq =l. (2)

Clearly above 260 'C the system is liquidlike,
well below the bulk Pb melting temperature of
327 C. The shift in melting temperature from
the as-deposited commensurate solid (320'C) to
the incommensurate melting temperature (240'C)
may be due to a lower entropy of the incommen-
surate solid.

Similar results were obtained for the first-or-
der reflection but the transition is - 10 C broad-
er. These results appear to be characteristic of
a second-order-phase transition. However, a
first-order transition broadened by sample in-
homogenities could explain these results since
scanning electron micrographs revealed rough-

0

ness on the 2000-A scale over a significant por-
tion of the surface.

DMM theories4' predict that the peak value of

the structure factor, '~ S(0), for the liquid phase is

ln [S(0)] cc: (2 —ri~) 1n( $), (3)

where $ is the correlation length (in this case
proportional to I/LQ, where AQ is the half width
at half maximum of the peaks). In Fig. 4 we have
evaluated the slope 2 —g~ above 263'C. The FOR
yields g, = 0.356 +0.1 and the SOR yields g, = 1.264
+0.3. Nelson and Halperin' have shown that g ~ is
proportional to iG i' where G is a reciprocal-lat-
tic vector.

In summary, our results show that a nonequilib-
rium commensurate monolayer of Pb is formed
during evaporation of Pb on a Cu(110) surface.
This layer irreversibly transforms to an incom-
mensurate solid upon melting and resolidification.
The melting of the incommensurate solid has
been studied by use of the (0.777, 0.777) and
(l.566, 1.566) superlattice reflections. The incom-
mensurate Pb monolayer melts at 240'C and long-
range correlations break down along the incom-
mensurate [110]at a lower temperature than
along the commensurate [001].

Our results on the liquid phase agree with the
predictions of DMM theory in that (1) a Lorentzian
line shape is found, (2) there is a Q' dependence
to the critical exponent (q~), and (3) g~ is in the
right range. This agreement may be coincidental
since the Lorentzian squared line shapes of the
solid phase may indicate random pinning of the
overlayer" and an artificial second-order transi-
tion.

In conclusion, we would like to emphasize the
relative ease with which these measurements can
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FIG. 3. The peak intensity of the second-order Pb
reflection and the fraction of liquid vs temperature.

FIG. 4. 1n(I&) vs correlation length for the FOB
(filled circles) and SOB (open circles).
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be made and interpreted. First, these data are
interpreted with kinematic scattering theory.
Secondly, the high resolution of x-ray scattering
enables straightforward analysis of 1000-A corre-
lation lengths. Finally, and perhaps most impor-
tant, is that high signal rates are possible (50000
cps for the FOR) with high signal-to-background
ratio (S/B= 500 for the FOR). These capabilities
should make this technique not only feasible but
also practical and further experiments should
stimulate advances in understanding two-dimen-
sional phase transitions, the growth of thin films,
and the behavior of small clusters on surfaces.
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High-Pressure Melting Curve of 4He
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The melting curve P(T) of He has been measured from 220 to 360 K (8 to 16 GPa); it
is found to exhibit a well-defined cusp point at 299 K and 11.65 GPa. The cusp, together
with estimates of the relative volume change, points to the existence of a triple point and
a new high-pressure phase in solid He. The melting curve below this point is accurately
fitted by theory on the basis of a modified Aziz interatomic potential.

PACS numbers: 67.80.Gb, 62.50.+p, 64.70.Dv, 64.70.Kb

Knowledge of the thermodynamic behavior of
helium at high densities is important not only be-
cause of the fundamental character of this ele-

ment, but also because it may serve as a model
for the properties of highly compressed insula-
tors. The law of corresponding states allows an

1172 1982 Th American Physical Society


