
VOLUME 86, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 7 MAY 2001

4

Structure and Dynamics of Dense Monolayers of NO Adsorbed on Rh(111) in Equilibrium
with the Gas Phase in the Torr Pressure Range
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Using scanning tunneling microscopy, we show the phase transition between new structures of NO
on Rh(111) in equilibrium with the gas phase near 300 K, in the Torr pressure range. Two phases with
�2 3 2� and �3 3 3� periodicity transform into each other as the pressure and temperature change around
the equilibrium P-T line. By measuring P and T at coexistence, we determined the heat of adsorption in
the �3 3 3� structure. From the phase boundary dynamics, the activation energy barrier between phases
were estimated. The results demonstrate that unique information can be obtained from high-pressure and
high-temperature studies.
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Our understanding of the elementary steps of surface
reactions comes primarily from experiments performed un-
der low-pressure �1024 10210 Torr� conditions. The mo-
tivation for studying gas-surface reactions is the industrial
importance of heterogeneous catalysis. The difference be-
tween traditional low-pressure studies and industrial appli-
cations, which are normally carried out at high pressure,
is known as the pressure gap. In addition, the sample tem-
perature in a low-pressure experiment must be very low if
the coverage is to remain the same as that obtained at high
pressures. This means that, in the divide between tradi-
tional surface science and its industrial motivation, there is
also a temperature gap. Bridging these gaps is critical for a
fundamental understanding of catalysis. Although the high
surface coverage characteristic of high pressures can be
achieved at low pressure by lowering the temperature, the
structures formed might not be the same, as we have shown
recently in the case of Pt(111) in 200 Torr of CO [1]. At
high pressure and temperature, the structures formed are in
equilibrium with the gas phase, while at low temperature
the structures must be kinetically frozen. The low tem-
perature is also likely to prevent the formation of structures
that are reached through an activated process such as sur-
face reconstruction. These problems have been overcome
by the development of a high-pressure, high-temperature
scanning tunneling microscope (STM). The STM, from
RHK Technology, is housed in a reactor chamber con-
nected to a standard ultrahigh vacuum apparatus, in which
the samples are prepared and characterized. After transfer-
ring the sample to the reactor chamber, valves are closed
and gases are introduced to a high pressure. The capabili-
ties of the instrument are described elsewhere [2,3].

Here, we report the discovery of new structures of NO
on Rh(111) formed at pressures in the Torr range and
their transformation dynamics. Two ordered structures
are found with �2 3 2� and �3 3 3� periodicity relative
to the substrate, which are only slightly different in den-
sity. Regions of the surface transform from one structure to
the other with small changes of temperature and pressure
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around a phase equilibrium line. The heat of adsorption
of molecules in the �3 3 3� structure was determined us-
ing the two-dimensional analog of the Clausius-Clapeyron
equation.

A �2 3 2� structure with coverage of 0.75 ML is
known to form either by large ��20 Langmuir �1 L �
1026 Torr s�� exposures to NO at 200 K, or by small
��2 L� exposures at 40 K, followed by annealing to
200 K. At room temperature, it is possible to maintain
this structure in a background of 1028 Torr. X-ray photo-
electron diffraction [4] and tensor LEED [5] studies
indicate that the unit cell contains three NO molecules,
one on top and two in threefold hollow sites. The on-top
molecule sits 0.4 Å higher than those on hollow sites.

The sample was cleaned by Ar1 sputtering and an-
nealing in O2. Auger spectroscopy revealed that carbon,
the most common contaminant, made up less than 5% of
the surface. After cleaning, the sample was moved to the
high-pressure chamber and imaged by STM using etched
tungsten tips. In the range of 1028 to 0.01 Torr of NO at
room temperature, the images show the �2 3 2� periodic-
ity, with only one maximum per unit cell. The structure
is similar to that formed by CO on Rh(111) and Pd(111).
STM studies of these structures also show one maximum
per unit cell [6]. According to theoretical calculations,
the maximum corresponds to the molecule in the top site
[7]. It is likely that the same is true for the �2 3 2�-3NO
structure.

Next, we increased the NO pressure at a rate of approxi-
mately 0.001 Torr�min at 300 K. As the pressure entered
the range between 0.01 and 0.05 Torr, areas of the surface
were seen covered with a �3 3 3� pattern. These areas
grow over the course of a few hours until the entire sur-
face is covered by the �3 3 3� structure. Figure 1 shows
a series of images taken 55 s apart on the same area at
0.03 Torr. In Fig. 1(a), the majority of the surface is cov-
ered with the �2 3 2� pattern, with one corner showing a
small area of �3 3 3�. The boundary (white line) propa-
gates at a rate of about 20 Å�min from the upper-right
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FIG. 1. STM images of Rh(111) in 0.03 Torr of NO at 25 ±C,
showing the phase transition between a �2 3 2� and a �3 3 3�
structure. The 100 Å 3 100 Å images were obtained at 55-s
intervals �I � 440 pA, V � 99 mV�. In (a), the majority of
the surface shows the �2 3 2� structure, except for the upper
right-hand corner, which shows the �3 3 3� structure. In (b)
and (c), the domain boundary between the two phases moves
across the image at a rate of �20 Å�min. (a) and (b) share a
common defect, marked with a circle. The close-packed rows
of both patterns are aligned, and the maxima are separated by
multiples of the Rh-Rh distance. This indicates that the bright
spots correspond to NO molecules on similar sites in both the
�2 3 2� and the �3 3 3� structures.
corner to the lower-left corner. In Figs. 1(a) and 1(b), an
immobile defect has been marked for reference.

In Fig. 2, we show an island of �3 3 3� (inside the dot-
ted line) surrounded by areas of �2 3 2� structure. Two

FIG. 2. A 200 Å 3 200 Å STM image taken in 0.03 Torr NO
at 25 ±C, showing a �3 3 3� domain surrounded by the �2 3 2�
structure. It is known that the �2 3 2�-3NO structure con-
tains one top-site NO molecule and two molecules on hollow
sites. Two similar models are proposed for the �3 3 3� struc-
ture. The first (left) consists of one top-site NO molecule and
six molecules near hollow sites. In the second model (right), the
near hollow-site molecules are relaxed so that they occupy three-
fold hollow sites. In both models, the coverage is 0.778 ML and
are consistent with the STM images. A line profile taken from
line A-B on the image is shown. Note the higher corrugation
in the �3 3 3� domain and its higher apparent height, �0.1 Å
above that of the �2 3 2� domain.
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straight lines have been drawn that separate two unit cells
of �3 3 3� or three unit cells of �2 3 2�. The cursor profile
along A-B (shown at the bottom) reveals two differences
between these structures: (i) The corrugation of the �3 3

3� is always higher, and (ii) the apparent height is also
higher in the �3 3 3� regions. In the present image, the
corrugation in the �3 3 3� region is 0.2 Å on average,
compared with the 0.1 Å corrugation of the �2 3 2� region.
These values vary by a factor of 2 from image to image, as
a result of different tunneling conditions and tip structure.
On average, the �3 3 3� to �2 3 2� corrugation ratio is
4 to 1. Also in the figure, the apparent height of the
�3 3 3� regions is �0.1 Å higher than that of the �2 3 2�
regions. In general, this apparent height difference varies
between 0.1 and 0.5 Å, depending on tunneling conditions
and tip structure. The higher corrugation of the �3 3 3�
structure could be the result of the larger dimensions of
the unit cell, which causes the top-site NO molecules to be
farther apart and allows the tip to better follow the molecu-
lar contours. It also could be the result of restructuring
of the rhodium substrate. The higher elevation of the base
line in the denser structure might indicate an expansion of
the top layer of rhodium atoms. The answer to these ques-
tions requires experiments with other techniques, such as
x-ray diffraction.

While the �2 3 2� structure has been solved by LEED,
no information is available concerning the �3 3 3�. The
models shown in the middle of Fig. 2 are proposed based
on the following considerations. First, the coverage in
the �3 3 3� structure can be only slightly higher than the
0.75 ML coverage of the �2 3 2�, because this is already
very dense (only 3.16 Å separates adjacent molecules).
Second, the STM images show that the rows of maxima in
both structures are parallel and are separated by multiples
of the Rh-Rh distance. This indicates that the molecules
producing the maxima occupy similar on-top sites in both
structures. A �3 3 3� structure satisfying these two con-
ditions and preserving the hexagonal packing of NO in
the �2 3 2� can be obtained by a rigid rotation of the NO
layer of 10.9±, followed by a linear compression of 1.8%.
A more symmetric structure with NO molecules in three-
fold hollow sites can be obtained by a small relaxation of
the molecules inside the cell. In both of these models, the
surface coverage is 0.778 ML, only 3.7% larger than the
�2 3 2�-3NO coverage.

Another important observation is the facile displacement
of the boundary between the two NO structures, indica-
tive of dynamic equilibrium. Figure 3 illustrates this phe-
nomenon more dramatically. A series of 500 Å 3 500 Å
images were taken at 0.01 Torr. Although the large size of
the images does not allow the individual cells to be visible,
higher resolution images shown that the periodicity in the
bright areas is �3 3 3� and that in the dark areas �2 3 2�.
Figure 3(a) shows several �3 3 3� domains, labeled 1, 2,
and 3. Initially, domains 1 and 2 are part of a larger do-
main. In Figs. 3(b)–3(e), this domain splits in half and
domain 1 dissipates. In Fig. 3(f), domains 1 and 2 have
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dissipated, but domain 3 remains. In the next image (not
shown), domain 3 has also dissipated, leaving a surface en-
tirely covered by the �2 3 2� structure. The formation of
�3 3 3� domains is not affected by the presence of the tip,
since similar phenomena are observed whether the gas is
added with the tip far from the surface or within tunneling
range. The facile displacement of the boundary between
the two structures, which occurs on a time scale of seconds,
indicates that they are energetically separated by a barrier
of approximately 0.7 eV [8], so that thermal fluctuations
convert small areas of the surface from one structure to the
other. This barrier, of course, is not the energy difference
between the two structures, as we will discuss next.

FIG. 3. Sequence of 500 Å 3 500 Å STM images in
0.01 Torr NO at 25 ±C, showing the evolution of domains
of the �3 3 3� structure �I � 214 pA, V � 101 mV�. The
brighter areas correspond to the �3 3 3� structure and the
darker background to the �2 3 2�. The images were taken 55 s
apart. In (a), several �3 3 3� domains can be seen, labeled 1, 2,
and 3. Initially, 1 and 2 are part of a larger domain. In (b)-(e),
this domain splits in half and domain 1 dissipates. In (f), 1 and
2 have dissipated, but 3 remains. In the next image, domain 3
has also dissipated, leaving a surface entirely covered by the
�2 3 2� structure (not shown).
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Until now, we have described experiments performed
at room temperature. To study the phase equilibrium and
the energy difference between the two structures, experi-
ments were performed at temperatures between 300 and
350 K. As expected, the transition pressure P increases as
a function of temperature T . Figure 4 is a plot of ln�P� vs
1�T , each point representing a pressure and temperature in
which both �2 3 2� and �3 3 3� structures were observed
on the surface. In the region close to the line, both struc-
tures are visible, even after long periods of time (more than
12 h). In the region above the line, only the �3 3 3� struc-
ture is observed; below the line, only the �2 3 2� structure
is observed. This line represents the equilibrium condition
since it could be reached either by increasing or decreasing
the pressure without hysteresis. The slope of the straight
line is 1.1 6 0.2 eV�k �k � Boltzmann constant�.

The state of the gas-surface system is described by
the three variables P, T , and w, where w is the two-
dimensional surface pressure. When the system consists
of a gas phase and two surface phases [1 and 2, for
the �2 3 2� and �3 3 3� phases, respectively], the equi-
librium condition m�P, T � � m1�P, T , w� � m2�P, T , w�
places two constraints on P, T , and w, leaving one degree
of freedom. It is this degree of freedom that is represented
by the line in Fig. 4. According to Hill [9], when a perfect
gas is in equilibrium with two surface phases,

d lnP
dT

�
G2�H2 2 Hg� 2 G1�H1 2 Hg�

kT2�G1 2 G2�
,

where Hi is the molar enthalpy and Gi the coverage for
surface phase i. Recognizing that �H1 2 Hg� and �H2 2

Hg� are heats of adsorption, which we will call h1 and h2,

d lnP
d�1�T �

�

G1

G2
h1 2 h2

k�G1�G2 2 1�
.

The heat of adsorption for Rh(111) surfaces saturated with
NO in low-pressure conditions has been measured to be
1.0 6 0.1 eV [10]. Under these conditions, the surface
forms the �2 3 2�-3NO structure, so h1 � 1.0 eV. From
the slope in Fig. 4 and given that G2 � 0.778 and G1 �
0.75, we calculate the heat of adsorption for the �3 3

3�-7NO structure to be 0.9 6 0.1 eV. The difference in the
heat of adsorption for the two structures is therefore on the
order of 0.1 eV, a result anticipated from the observation
that the two phases can occupy similar areas of the surface.

The novel observation of molecularly resolved surface
phenomena at high pressure and temperature heralds the
beginning of a new era in surface science. By bridg-
ing the pressure and temperature gaps with high-pressure,
high-temperature STM, we have the opportunity to study
molecular level structures and processes at gas-surface
interfaces under conditions that were previously inacces-
sible. We have shown the transition from the �2 3 2�-3NO
structure, which is known from low-pressure surface sci-
ence experiments, to a new �3 3 3� structure, which forms
FIG. 4. Plot of ln�P� vs 1�T for values where the �2 3 2� to
�3 3 3� transition takes place. The line through the experimental
points separates regions where the �2 3 2� structure is stable
(below) and where the �3 3 3� structure is stable (above). The
slope of this line is 1.1 6 0.2 eV�k.

only in equilibrium with the gas phase at high pressure. By
directly observing the transition between these structures at
several temperatures and pressures, we could measure the
heat of adsorption in the new structure to be 0.9 6 0.1 eV,
and, from the dynamic behavior of the phase boundary, we
deduced an energy barrier of approximately 0.7 eV. These
are the types of studies that are most relevant for a molecu-
lar level understanding of surface-catalyzed reactions.
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