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Evidence for a Commensurate-Incommensurate Phase Transition
vvith an Intermediate Fluid Phase: N2 Adsorbed on Ni(110)
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Low-energy electron diffraction and thermodynamic measurements are reported for
molecular nitrogen weakly chemisorbed on a Ni(110) surface in the temperature region
between 87 and 150 K. A commensurate (2 xI) phase transforms with increasing cover-
age into a sequence of smoothly varying incommensurate solid structures via a liquid-
like intermediate phase. This is apparently the first experimental example of the com-
mensurate-fluid-incommensurate phase sequence in uniaxial systems predicted by sev-
eral recent theories.

I'ACS numbers: 64.70.Kb, 68.40.+ e

The nature of thermodynamic phases and phase
transitions in two-dimensional (2D) systems are
topics of intense current interest. In particular,
several recent theoretical papers have studied
the properties of the commensurate-solid-incom-
mensurate-solid (CI) phase transition at finite
temperatures. " The structure of an adsorbed
solid phase is described in terms of adsorbate
unit mesh vectors (b„5,); we denote the substrate
unit mesh vectors by (a„a.,). For a commensu-
rate phase the substrate unit mesh area is a ra-
tional fraction of the adsorbate unit mesh area;
for an incommensurate phase it is not. In the
special case of a rectangular substrate lattice
(a, &a, ) with a (p&& 1) commensurate phase, i.e. ,
(b„b,) = (pa„a,), the CI transition is predicted
to occur in general via an intermediate fluid
phase when p'&8. In this Letter we report the
first experimental observation of such a commen-
surate-fluid-incommensurate (CFI) phase se-
quence in a uniaxial system for molecular N,
chemisorbed on a ¹(110)surface. '

There have been many extensive and thorough
experimental studies of phase transitions in 2D
physisorption systems. Studies of chemisorption
systems, on the other hand, have (with several
important exceptions') generally focused on other
properties. The work reported here provides an
interesting new example of phase trans itions in
2D chemisorption systems.

N2 adsorption on Ni(110) is nondissociative for
the temperatures and pressures employed (87-
150 K, 10 "-10 ' mbar). The N, molecule is
weakly chemisorbed on top of the [110]Ni rows
in a (at least on average) "standing up" configura. -
tion via the 30, and 20„orbitals of one nitrogen
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FIG. 1. Schematic phase diagram for N2/Ni(110).
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Figure 1 shows a schematic phase diagram for

this system. The CFI transitions occur for N,
coverages 0 between 0.5 monolayer and satura-
tion. Below the dotted line, N, is irreversibly
adsorbed and an N, background pressure is not
required. Below the dot-dashed line, long relax-
ation times preclude equilibrium studies. The
dashed line is an isobar recorded at the highest
pressure accessible in the experiments, i.e. , pN,
= 1.3x 10 ' mbar. Gas-adsorbate phase equilibri-
um measurements used to determine the thermo-
dynamic data were performed in the T-O region
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between the dotted and dashed lines.
The experiments were carried out by use of

low-energy electron diffraction (LEED), Auger-
electron spectroscopy, thermal-desorption spec-
troscopy, and photoelectron spectroscopy. Ex-
cellent vacuum conditions are required since
small amounts of H, or Co significantly alter the
results. Also, electron-beam-induced disorder-
ing and/or desorption limits the time available
for measurements. A full account of the experi-
mental procedures will be given elsewhere. '

0 was calibrated from relative variations in the
N(1s) and Ni(2P) x-ray photoelectron intensities
and from pressure rises during thermal-desorp-
tion measurements. The absolute coverage is
8 = 0.5+ 20% [(0.57+0.12)x 10"N, /cm'] for the
sharpest (2x 1) LEED pattern [Fig. 2(b)]. Rela-
tive coverages were determined to within 2% from
thermal-desorption data. These uncertainties in
absolute coverage determination do not affect our
conclusions.

Initial adsorption onto clean Ni(110) increases
the LEED background intensity until a (2x 1) pat-
tern appears. This pattern reaches maximum in-
tensity, Fig. 2(b), near 8=0.5. Maximum order-
ing, as judged by the sharpness of the LEED
beams, could only be achieved by annealing the
sample briefly in N, (P - 10 ' mbar, T - 125 K).
The real-space (2x 1) lattice is shown in Fig. 3(b).
This (2x 1) structure is the most stable N, phase
on Ni(110) in this temperature range as it corre-
sponds to the maximum heat of adsorption (~,d

=47+ 7 kJ/mole). '
Adsorption of N, beyond 8 =0.5 produces "ba-

nana"-like features in the LEED pattern, Fig.
2(d), in which curved diffuse streaks connect —', -
order beams. The angular width of these diffuse
streaks in a particular direction is inversely re-
lated to the coherence length $ along that direc-
tion. Since the center of the curved part of each
banana has a finite width, ze, of about 0.3 A '
along the [110]direction, there must be regions
with $ =2m/w = 20 A. In the [001] direction $ has
to be bigger, but determination of its exact value
from LEED requires a structural model for the
banana phase.

The banana structure forms rapidly (in times
~ 0.1 sec) and reversibly from the (2x 1) phase
along isobars as determined by the intensity of
the —,'-order beams and by changes in the work
function. By contrast, heating and cooling rates
of less than 0.05 K/s and pressures greater than
5x 10 ' mbar were required to obtain sharp LEED
patterns and reversible work-function changes in
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the (2x 1) phase. Thus the kinetics of formation
of the banana phase are at least two orders of
magnitude more rapid than for the (fully devel-
oped) (2x 1). Therefore we interpret the former
to be a fluid rather than a solid with extensive
frozen-in disorder. Note that the absence of slow
kinetics also rules out the possibility that the ba-
nana is a fluid in coexistence with the (2x 1)
phase, except perhaps in a very narrow range
of coverages (68~ 2%%uox0. 5=0.01=experimental
error)

A diffraction pattern similar to the banana pat-
tern but without broadening can be produced by
the simultaneous presence of structures whose
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FIG. 2. (a) Schematic diffraction pattern for Ni(110)
(Ref. 7). (b) The annealed (2 x 1) pattern, g = 0.5, 87
eV. The patterns (c) to (g) were taken at 95 eV within
2 of normal incidence during an isobaric experiment
at 3 x 10 7 mbar: (c) Diffuse (2 x 1), g ~ 0.5; (d) "bana-
na» g = 0 56 (e) "banana» g = 0.62; (f) g = 0.68; (g) g
=0.7; (h) c(1.4x2), 88 K, p = 7x10 6 mbar, incidence
angle =14', 88 eV.
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FIG. 3. Possible unit mesh adsorption structures
discussed in the text. Dots represent the Ni(110) (1 x1)
substrate lattice. There is one N2 in each overlayer
mesh but its location cannot be determined without
analysis of the diffracted intensities (Ref. 7). (a) The
substrate unit mesh is defined by vector a& and a2.
(b) (2&1) unit mesh; b& ——2a&, b2 ——a2. (c) Unit meshes
which produce a diffraction pattern similar to the
"banana" pattern, Figs. 2(d) and 2(e) ~ b( ——(2 —x) aj
and b2 ——&a&+ a2 with 0 (g (2. (d) Unit mesh for satura-
tion structure c(1.4x 2), Fig. 2(h); bi = 1.4a& and b2
= 0.6a~+ a2. Observed structures evolve continuously
from (b) to (d).

unit mesh vectors are given by b, = (2-x)a, and

b, =xa, +a» where 0&x& —,'. Real-space meshes
of this type are shown in Fig. 3(c); they all have
one side b, of smoothly varying length and a range
of registries between adjacent [110]rows. These
meshes indicate the type of short-range order re-
quired to produce the banana structure.

In our picture of this fluid phase, N, molecules
are confined to move along [110] rows with aver-
age spacing inversely proportional to 8. Interac-
tions between adjacent rows are sufficiently
strong to maintain some interrow correlation
since for a one-dimensional fluid (i.e. , no inter-
row interactions), the diffuse diffraction streaks
would be straight rather than curved.

Further insight into the properties of this CF
phase sequence is obtained from analysis of the
entropies of adsorption, deduced from measured
isosteric heats of adsorption. The change in in-
tegral entropy from 9-0.5, where the banana
phase is first observed, to 8-0.7 is AS= 20+ 10
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J/K mol (= 2.4 kB/molecule). This large AS is
about two times the entropy of fusion of nitrogen'
and cannot be due solely to translational degrees
of freedom, since this would require an eleven-
fold increase in the effective area per molecule.
Therefore, new degrees of freedom must become
available for 0)0.5.

Unfortunately, the order of the CF transition
in the N, /Ni(110) system cannot be determined
from the present results. Some theories' sug-
gest that the transition with low dislocation den-
sity is second order. on the other hand, a low
dislocation core energy or domain-wall attrac-
tion could produce a first-order transition. ' The
large b,S might be thought to favor the latter.
However, as shown above, AS is much too large
to be due only to translations. Furthermore, the
shape and evolution of the LEED features in the
banana phase and the lack of observed hysteresis
are all consistent with a second-order transition
of the predicted type. However, as noted above
the experimental results by themselves do not
rule out a coexistence between the banana and
(2x 1) phases over a small region near the phase
boundary.

As 8 increases further, the maximum intensity
in each banana shifts from the (2, 0) positions of
the (2x 1) phase toward (3, —,'}positions f Fig. 2(e)].
The LEED beams continue to evolve smoothly
from the banana pattern into an incommensurate
structure [Fig. 2(f)] which then compresses with
increasing coverage until a c(1.4x 2) pattern is
reached at the highest coverage accessible in
these experiments [Figs. 2(g), 3(d)). N, pres-
sures greater than 10 ' mbar and low tempera-
tures are required to develop this structure fully.
The diffraction beams sharpened first along the
[110]direction and then along the [001) direction
as the incommensurate structures developed.
This stepwise evolution of beam shape indicates
that anisotropic lateral interactions between ad-
sorbed molecules play an important role. The
work function and N(1s) photoelectron intensity
varied reversibly and without hysteresis; I RED
intensity measurements were not made. The
smooth evolution of the diffraction pattern togeth-
er with the thermodynamic data, ' which show no
change in the heat of adsorption to within + 3 kJ/
mole for 0.55&0(0.72, suggest that there is no
first-order phase transition between the banana
and any of the incommensurate structures in this
coverage range.

Near 8- 3, where an incommensurate structure
is first observed, the LEED pattern is approxi-
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mately described by the presence of symmetry-
equivalent domains with unit mesh vectors b, =a,
—a, and b, = 2a, +a,. Hence the observed pattern
suggests a solidlike adsorbate structure. Occa-
sionally one domain exhibits stronger intensity.
Although all orders of this pattern are present,
the beams were always diffuse indicating that a
commensurate phase is not able to form with
good long-range order. In fact, whether or not
this structure, the c(1.4x2), or any other is in
fact incommensurate with the substrate or coin-
cides with it after a large number of unit meshes
can never be unambiguously determined because
of the finite resolution of any experiment. "

The possibility that the curved banana pattern
is due to antiphase boundaries in either the (2x 1)
or 0=

& phase can be ruled out since simple kine-
matical arguments show that additional diffrac-
tion features would be observed.

Thus, our LEED results indicate that the N, /
Ni(110) (2x 1) commensurate phase melts to form
a fluid phase before transforming into a sequence
of incommensurate structures as the N, coverage
is increased from 0.5 to 0.72 monolayer. Theo-
retically, the fluid arises from an instability of
the weakly incommensurate phase to free disloca-
tions near the CF phase boundary. ' For the pres-
ent case, as 0 increases above one-half, the dis-
locations would be due to extra partial rows
formed by the additional N, molecules, on aver-
age in the [001] direction. Such dislocations
could produce the banana diffraction pattern, if
their strain fields fall off smoothly over $.

Our picture of the banana phase, described
above, is fluidlike in the [110]direction and solid-
like in the (perpendicular) [001] direction, with
correlations between nearby [110]rows of ad-
sorbed N, molecules. Note that these features
are consistent with a fluid of dislocations as pre-
dicted by theory. ' The lack of translational sym-
metry of the banana pattern in the [110]direction
(and its presence in the [001] direction) is also
consistent with this part-fluid part-solid charac-
ter. Finally, the fact that the banana pattern re-
peats in all visible (3 or 4) Brillouin zones in ei-
ther direction' implies, in accord with theory,
that there is a low density of dislocations; i.e. ,

most of the N, molecules are in or near (2x 1)
positions. Detailed modeling of the banana struc-
ture will be presented elsewhere. "
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