Fig. 3. Close-up of the diffuse
feature at around ([,b) =
(28°.55,—0°.12). The 05- to
3-keV image is represented in
red, the 3- to 8-keV image is in
blue, and both images are
smoothed to enhance the diffuse
feature. A contour map of the 3-
to 8-keV image is superimposed.
Point sources detected with
more than 3o confidence either
in the 0.5- to 3-keV band or the
3- to 8-keV band are indicated
with crosses. The image is 560
pixels by 560 pixels with the pix-
el size 0.98 square.

quiescent dwarf nova population. For example,
a combination of a 107> pc~3 spatial density
and 103! erg s™! average luminosity of quies-
cent dwarf novae, which amounts to ~1000
sources/degree? at >3 X 107! ergs s~! cm™2
(9), is clearly ruled out. To be consistent with
our observation, either spatial density or aver-
age luminosity has to be smaller at least by a
factor of 4.

The paucity of Galactic point sources
supports models of diffuse emission to ex-
plain the Galactic ridge x-ray emission.
Then, the next question is how to produce
plasmas with such a large energy density
and high temperatures, and keep them in
the Galactic disk. Theories have been pro-
posed to explain these problems in terms of
interstellar-magnetic reconnection (/3), or
interaction of energetic cosmic-ray elec-
trons (/4) or heavy ions (/5) with interstel-
lar medium. All of these models require
supernovae as a mechanism of the energy
input. Incidentally, in the region around
(l,b) =~ (28°.55,-0°.12), we found an ex-
tended feature with a size of ~2’, which is
more conspicuous in the hard x-ray band
than in the soft band (Fig. 3). This region
corresponds to the southern end of an ex-
tended and patchy radio source named
G28.60-0.13 (I16), and the diffuse x-ray
structure we found bridges three discrete radio
patches: F, G, and H (/6). A high-quality x-ray
spectrum of the G28.60-0.13 region by the
ASCA satellite indicates that the energy spec-
trum is a single power law without any iron line
emissions (/7), reminiscent of the nonthermal
acceleration taking place in the supernova rem-
nants suchas SN1006 (/8) or RX J1713.7-3946
(19).The extended feature at (L,b) ~(28°.55,
—0°.12), or G28.60-0.13 itself, may be an aged
supernova remnant. Supernova remnants may
be ubiquitous on the Galactic plane (/6), and
these remnants may have an important role in
generating the Galactic ridge hard x-ray emis-
sion (20).
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Spatiotemporal
Self-Organization in a Surface
Reaction: From the Atomic to

the Mesoscopic Scale

C. Sachs, M. Hildebrand, S. Vélkening, J. Wintterlin,* G. Ertl

Scanning tunneling microscopy data revealed the atomic processes in propa-
gating reaction fronts that occur in the catalytic oxidation of hydrogen on
Pt(111). The fronts were also characterized on mesoscopic length scales with
respect to their velocity and width. Simulations on the basis of a reaction-
diffusion model reproduce the experimental findings qualitatively well. The
quantitative comparison reveals the limitations of this traditional approach to
modeling spatiotemporal pattern formation in nonlinear dynamics.

Spatiotemporal pattern formation in open
systems far from equilibrium is the basis of
self-organization of matter. Catalytic reac-
tions between small molecules on well-de-
fined solid surfaces are probably the simplest
model systems that show such phenomena
(I). Concentration patterns are formed on
mesoscopic length scales (typically 1 pmto 1
mm) that can be imaged with techniques such

Fritz-Haber-Institut  der
D-14195 Berlin, Germany.

*To whom correspondence should be addressed. E-
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Max-Planck-Gesellschaft,

as photoemission electron microscopy (2).
Nonequilibrium patterns can be observed if the
reaction kinetics fulfill certain criteria. The min-
imum requirements are the presence of nonlin-
earities and of spatial coupling. These patterns
can be modeled with reaction-diffusion (RD)
equations (3, 4), in which the properties of
the individual particles are replaced by
continuum variables such as adsorbate con-
centrations, and this approach often provides
a good qualitative description. Fluctuations
are usually neglected because the atomic
scale (<1 nm) is much smaller than the typ-
ical length scale of the observed patterns.
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However, effects on microscopic scales,
such as lateral interactions between adsorbed
particles, should affect the pattern formation.
By tuning the scanning range in scanning tun-
neling microscopy (STM) experiments, both
microscopic effects and the formation of meso-
scopic patterns can be observed simultaneously.
We have applied this technique to close the gap
between atomic and mesoscopic length scales.
During the catalytic oxidation of hydrogen on a
Pt(111) surface, propagating reaction fronts
evolve from the reacting surface species that are
atomically resolved by STM. Theoretical mod-
eling is performed on the basis of RD equations
whose kinetic parameters were determined in
independent experiments. The limitations of
this approximation become evident when ex-
perimental and theoretical data are quantitative-
ly compared.

The mechanism of the catalytic oxidation
of H, to give water on a Pt(111) surface
(ultrahigh vacuum conditions) has been pre-
viously explored (5, 6). The H, molecules
adsorb dissociatively on the surface, which
had been precovered with adsorbed oxygen
atoms. Propagating reaction fronts were ob-
served below the desorption temperature of
H,O (=170 K), where an autocatalytic reac-
tion sequence occurs

OH + H*% H,0 (I

2H,0+0%30H+H (I1m)

The autocatalytic cycle is initiated by
direct OH formation from the atomic
adsorbates,

H+ 0 — OH O

which is a slow step under these conditions,
or by adsorption of trace amounts of H,O
from the residual gas that enters step III.
The 2:1 stoichiometry of H,0 and O in
reaction III is based on evidence from ex-
periments (6, 7) and from density function-
al theory (DFT) calculations (8, 9). The
DFT calculations furthermore revealed low
activation energies for steps II and Il and a
high value (~1 eV) for step I, in full agree-
ment with this reaction sequence that leads
to water formation at temperatures as low
as 110 K (10).

Small-scale STM images (Fig. 1, A to
C) show the reaction with atomic resolu-
tion. Adsorbed O atoms form an ordered
(2 X 2)-overlayer on Pt(111). As the O
layer was exposed to hydrogen, OH islands
evolved (Fig. 1, A and B). Within the is-
lands, strong attractive interactions act that
are caused by hydrogen bonds between OH
molecules (6). Closer inspection reveals
that the OH patches completely fill the
areas initially covered by oxygen. At first
this fact appears surprising, because the OH
phase has a density of oxygen species al-
most three times higher than the original
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(2 X 2)0O structure. This local density in-
crease is clearly not consistent with OH
formation by step I, after which the density
of oxygen species would have remained
unchanged. However, the observation is in
agreement with OH formation by step III.
Water is mobile at these low temperatures,
and it can travel into the scanned area by
surface diffusion. Coupling of H,O diffu-
sion with reaction to give OH by step III
can thus lead to a local density increase by
a factor of 3. The source of the diffusing
H,O molecules becomes apparent from
larger scale data (see below). When the OH
phase almost covered the complete scan-
ning area, H,O islands developed that ap-
pear as fuzzy bright patches (Fig. 1C). The
frizziness of the edges of these features is
caused by the motion of water molecules
during the STM scan and reflects the mo-
bility of adsorbed H,O at these temperatures.
STM images from larger surface areas
(Fig. 1, D to F) revealed that the distribu-
tion of surface species—albeit starting
from a uniform layer of adsorbed O and
H—was by no means homogeneous during
the reaction. The OH was largely concen-
trated in the bright ring that expanded as a
reaction front into the oxygen-covered sur-
face regions and left the reaction product
water behind it. The H,O islands that built
up behind the front could be resolved in

other experiments (/7), in which, however,
the OH in the front was less clearly visible.
The accumulated H,O behind the front was
thus identified as the source of the diffusing
H,O molecules. The circular feature in the
lower part of the images is a hole one Pt
layer deep, which in this case acted as a
nucleation center for the reaction front.
However, during its further propagation,
the reaction front passed across the mono-
atomic steps of the Pt surface (thin lines)
without appreciable distortion. The model-
ing was therefore performed with a uniform
surface. To start the reaction, an H,O clus-
ter was introduced as a nucleation center. In
Fig. 1, A to C, the adsorbed particles did
not display concentration gradients because
of the small image size, and because the
higher surface temperature (~20 K) than in
Fig. 1, D to F, creates fronts about one
order of magnitude wider.

The front position from Fig. I, D to F, is
a linear function of time (Fig. 2), so that the
front velocity could be regarded as constant
within experimental errors (15 * 3 nm/
min). The width of the front (Fig. 2B)
remained unchanged during the experiment
(~17 nm). Hence, the OH ring fulfills the
two criteria, constant velocity and width,
that are characteristic for propagating
fronts in autocatalytic RD systems.

Modeling was performed within the

Fig. 1. Series of successive STM images, recorded during dosing of the O-covered Pt(111) surface
with H,. (A to C) Frames (17 nm by 17 nm) from an experiment at 131K [P(H,) = 8 X 107° mbar].
The hexagonal pattern in (A) is the (2 X 2)O structure; O atoms appear as dark dots and bright
features are the initial OH islands. In (C), the area is mostly covered by OH, which forms ordered
(V3XV3)R30° and (3X3) structures. The white, fuzzy features are H,O-covered areas. (D to F) Frames
(220 nm by 220 nm) from an experiment at 112 K [P(H,) = 2 X 1078 mbar]. In (D), the surface is mostly
O-covered (not resolved). The bright dots are small OH islands, most of which are concentrated in the
expanding ring. H,O in the interior of the ring is not resolved here. Thin, mostly vertical lines are atomic steps.
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framework of RD equations, based on steps II
and III. Step I is neglected because it is slow
under the conditions considered (9). Step III
is formulated as a second-order process based
on previous kinetic measurements (/2). Ox-
ygen and OH are practically immobile at
these temperatures, because of strong bond-
ing to the surface and strong mutual attractive
interactions. Adsorbed H atoms are so mobile
that the H distribution can be regarded as
spatially homogeneous. Hence, only the dif-
fusion of adsorbed H,O is included in the RD
equations (concentrations of adsorbed species
being marked by brackets)

]
3z [01 = —K5[H,0][0] ey
3
37 (H20] = 2k;[H,0][0]+ k,[OH][H]
+ DA[H,0] 2)

]
3z [OH] = 3k[H,0][0] - K;[OH](H]  (3)

Because hydrogen was continuously supplied
from the gas phase, we can safely set [H] = 1.

The RD system of Egs. 1 to 3 was solved
by numerical integration of the two-dimen-
sional (2D) system. From this analysis, the
evolution of concentration profiles of ad-
sorbed O, OH, and H,0O was obtained (Fig.
3). Initially, a nucleus of H,O is surrounded
by a uniformly O-covered surface, and the
OH concentration is zero everywhere (frame
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Fig. 2. (A) Position of the front as function of
exposure time, from the experiment of Fig. 1, D
to F, as obtained by averaging the radius (half
of the diameter) of the ring. (B) Front width
from the same experiment.
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1 of the 1D cross sections). Water starts to
diffuse into the O-covered area where it pro-
duces OH according to step III. The H,O
concentration in the nucleus decreases and an
OH peak develops at the O/H,O interface
(frame 2). In frames 3 to 6, H,O continuously
diffuses from the interior region into the O-
covered area where it reacts to form OH (step
III), thereby driving the O/OH interface out-
ward. Then, OH reacts with H to give H,0
(step II), causing the OH concentration to
decrease again and the H,O concentration to
increase. The OH/H,0 interface thus follows
the outward motion of the O/OH interface. As
aresult, a circular reaction zone that contains
the OH moves through the O-covered area,
thereby transforming the O into H,O (2D
frames). Diffusion of H,0 molecules from
behind the front into the area ahead of the
front thus explains the local density increase
observed in the atomically resolved data dur-
ing the OH formation. After the nucleation
period, the front propagates with constant
velocity and width. The RD model hence
fully reproduces the qualitative characteris-
tics of the experiment.

For a quantitative comparison with the
experiment, the kinetic parameters of the RD
system (k,, k;, D) were determined in inde-
pendent experiments. The rate constant k,
was determined by STM experiments in
which, at first, an OH adlayer was prepared in
the known way (/3) by exposure of the O-
covered surface to H,O. Then, a constant H,

pressure was adjusted to create a permanent
supply of H atoms. The reaction of OH with
H to give H,0 was monitored with the STM.
If we assume that the H coverage is constant,
then pseudo—first order rate constants k, =
43X 107*ML " !s 'and 5.5 X 107> ML™!
s~1 at 133 and 149 K, respectively, could be
obtained (ML = monolayers). The corre-
sponding Arrhenius parameters, E, = 0.27
eV and v, = 8.7 X 108 ML™! s, can be
regarded as fairly rough estimates. Density
functional theory (DFT) calculations revealed
an activation energy E, = 0.2 eV (9), which
is in reasonable agreement with the experi-
mental value.

Time-resolved STM experiments to de-
termine k; were not possible, because
shielding effects prevented H,O from ad-
sorbing under the tip. Instead, a series of
measurements by low-energy electron dif-
fraction were performed. An O-covered
surface was rapidly dosed with a stoichio-
metric quantity of H,O, and the time-de-
pendent decay of the (2 X 2)O spot inten-
sity (proportional to the O-concentration)
was recorded. The Arrhenius plot for the
resulting k; data between 115 and 155 K
yielded E; = 0.20 = 0.09 eV and v; = 6 X
105=24 ML~! s~!. The data are at signif-
icant variance with Arrhenius parameters
(E; = 044 = 0.03 eV and v; = 1.0 X
1015=14 ML~! s~ 1) determined previously
by secondary ion mass spectroscopy (12).
This difference is presumably due to the
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Fig. 3. Concentration profiles obtained by numerical integration of the 2D RD equations. The
simulations are performed with a grid of 512 points by 512 points, and the length scale is given in
units of the characteristic length L, = \/pjks. The system length was L = 100 Ly, and the ratio of rate
constants was k,/k; = 0.025. (A) 1D cross sections. The first frame shows the initial configuration,
an H,O cluster on an otherwise O-covered surface (radius R = 2.0 L), the second frame the

formation of an OH zone at the O/H,O interface.

In the following frames, the front develops and

expands radially. (B) 2D distribution of OH (bright ring). The frames are from the same time

instants as frames 4 to 6 in (A).
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rather narrow temperature ranges accessi-
ble in both studies. The rates themselves
are in relatively good agreement; devia-
tions only vary between factors of 8 and 2
between 133 and 144 K. DFT calculations
for E; yielded a value of about 0.3 eV (9,
14), which is in the same range as the
experimental data.

The diffusion coefficient of the ad-
sorbed H,O is the third kinetic parameter
entering the RD-equations. According to
DFT calculations (9) the activation energy
E,, for diffusion on the bare Pt surface is
very low, only 0.13 eV, which accounts for
the high mobility of water at low tempera-
tures, as also observed in previous experi-
ments (/5). However, the H,O molecules
also have to migrate across the OH zone to
reach the O-covered area ahead of the front.
This process is presumably connected with
H transfer via H,O + OH - OH + H,0, a
fast process. Finally, the H,O molecules
have to diffuse into the O-covered region
ahead of the front. Diffusion on the O-
covered surface is affected by H-bond for-
mation between H,O and O (6), and should
be slower than diffusion on the bare sur-
face. The diffusion constant on the O-cov-
ered surface was determined by adsorption
of low amounts of H,O on the (2 X 2)O
layer. STM images recorded afterwards
showed small OH islands within the O
layer, indicating a nucleation and growth
process. Because OH itself is not mobile,
the H,O molecules must have diffused
across the O layer until meeting each other
or becoming attached to existing OH clus-
ters. These trapped H,O molecules are im-
mobilized by H bonds, out of which state
they react to give OH. Assuming homoge-
neous nucleation for defect-free terraces
and a critical nucleus of one H,O molecule,
the diffusion coefficient could be obtained
from the island density, the adsorption rate,
and the total H,O dose (/6). The value of
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Fig. 4. Experimental front velocities (dots),
compared with model predictions (line). The
simulations were performed with the experi-
mentally determined Arrhenius parameters for
Ky ks and D: v, = 87 X 106 ML™"s™ " E, =
0.27°eV, v, = 6.0 X 106 ML~ " s~ ", £, = 0.20
eV,D, = 1073 cm?s™", F; = 0.21 eV.
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D =80 X 107"2cm?s™! at 133 K corre-
sponds, with the usual preexponential fac-
tor D, = 1073 cm? s ', to E; = 0.21 eV.
Because the diffusion of water on the O-
covered surface limits the overall mobility
of H,O, these numbers are used in the
numerical simulations.

The RD model, now containing only
quantities derived from independent exper-
iments, can now be used to make quantita-
tive predictions about the front velocity and
width as a function of temperature. For the
front velocity (Fig. 4), the temperature de-
pendence of the experimental data is nicely
reproduced, but the absolute numbers are
about one order of magnitude too low. This
deviation is not considered to be a serious
problem in view of the uncertainties of the
values of the kinetic parameters. If, for
example, E, is lowered from 0.27 to 0.22
eV, perfect agreement between experiment
and theory results. The situation is less
favorable for the front width. Whereas the
experimental data show an increase with
temperature, the simulations predict a
slight decrease, and the absolute numbers
in the simulations are up to three orders of
magnitude higher. The agreement can be
considerably improved, e.g., by increasing
E, from 0.21 eV to 0.27 eV, but then the
agreement for the front velocity becomes
worse. We could not adjust the Arrhenius
parameters in the RD model in such a way
as to achieve agreement simultaneously for
both data sets.

We feel that, at this point, the limita-
tions of the RD description are reached.
The formation of adsorbate islands reflects
interactions between the adsorbed species
caused by H-bond formation. The macro-
scopic kinetic constants are therefore ex-
pected to depend on microscopic interac-
tion parameters. In particular, the diffusion
of adsorbed H,O molecules must be affect-
ed by such interactions. The H,O motion
will be influenced by the local O coverage
because of the H-bonding between the H,O
molecules and the O atoms, and there are
strong attractions between the adsorbed
H,O molecules and adjacent water or OH
particles that lead to clustering. Such mi-
croscopic effects may be systematically
taken into account by constructing a micro-
scopic model that is simulated by Monte
Carlo (MC) techniques. So far, realistic MC
simulations have not been accessible be-
cause of the large difference between the
microscopic length scales and the diffusion
length (/7). Hybrid models combining lo-
cal MC simulations with large-scale mean-
field models (I8, 19) or the use of finite
elements with a locally coarse-grained dy-
namics (20) may solve this problem.

An alternative possibility would be to
construct a mesoscopic model by coarse-

graining the microscopic master equations.
This type of model would describe the
dynamics of continuous coverages and take
into account internal fluctuations in a sys-
tem of stochastic partial differential equa-
tions. Models of this type have been con-
structed previously to explore mechanisms
for the formation of nanoscale patterns in
reactive adsorbates with strong attractive
lateral interactions (2/-23). In the present
case, features like strong attractive lateral
interactions between adsorbed water mole-
cules and surrounding H,O and OH parti-
cles and the above-mentioned H exchange
between a water molecule and an adjacent
OH molecule can be systematically incor-
porated into a mesoscopic theory (24).
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