
Our findings provide insights into the 
atomic-scale f ~ ~ n d a m e n t a l  processes of ul- 
tra-thin film lubrication, thus extending 
continuum EHL and micro-EHL treat- 
ments into the nanometer realm. Such 
investigations address some issues facing 
certain current novel technologies [such 
as high-density information storage and 
retrieval systems (20) and provide the im- 
petus for future experimental and theoret- 
ical investigations. 
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Imaging Pattern Formation in Surface 
Reactions from Ultrahigh Vacuum up to 

Atmospheric Pressures 
H. H. Rotermund,* G. Haas, R. U. Franz, R. M. Tromp, G. Ertl 

Two optical methods that allow pattern formation to be investigated at an arbitrary 
pressure are here applied to image concentration patterns of adsorbed species associ- 
ated with heterogeneous catalytic reactions. In contrast to most surface physical tech- 
niques, these methods are not restricted to high vacuum conditions and thus bridge the 
"pressure gap." With carbon monoxide oxidation on a (1 10) surface of platinum as an 
example, the coupling mechanisms responsible for spatiotemporal self-organization in 
surface reactions were followed from reaction-diffusion control to the thermokinetic 
region, associated with phenomena not previously observed in pattern formation. 

T h e  applicability of most surface physical 
techniques is restricted to ambient gas pres- 
sures below about mbar. This gives rise 
to a "pressure gap" between model studies 
conducted at low Dressures and the condi- 
tions of "real" catalysis. Data measured at 
low pressures exploring the mechanism and 
kinetics of a heterogeneously catalyzed re- 
action can be theoretically extrapolated 
across a large pressure range ( I ) ;  however, 
there are also cases in which the phenom- 
ena occurring on opposite sides of this gap 
are different in nature. This is the case for 
nonlinear effects causing spatiotemporal 
pattern formation on a reacting surface (2): 
A t  low pressures the conditions are nearly 
isothermal, and concentration patterns are 
formed by coupling of the reaction and 
surface diffusion. Phenomena of this type 
have been widelv studied with the recentlv 
developed technique of photoemission elec: 
tron microscopy (PEEM) (3-5). A t  higher 
pressures, on the other hand, finite temper- 
ature differences caused by variations of the 

heat release associated with the reaction 
give rise to thermokinetic waves governed " " 

by the heat conductance of the system, 
which to date have been imaged primarily 
by techniques based on infrared emission 
(6). 

In this report we demonstrate how two 
optical methods may be used to image sur- 
face patterns at arbitrary pressure. With 
these techniques, the continuous range of 
coupling mechanisms responsible for spatio- 
temporal self-organization in surface reac- 
tions ifor examnle. diffusion and heat con- 

& ,  

ductance) becomes accessible to experi- 
mental investigation. The two techniques, 
ellipsomicroscopy for surface imaging 
(EMSI) and reflection anisotropy microsco- 
py (RAM), are closely related and are based 
on changes of the degree of polarization of 
light reflected from a surface. 

The EMSI technique is based on  ellip- 
sometry, which is well-established and has 
been used as an imaging method for char- 
acterizing structures on surfaces with thick- 

Fig. 1. Experimental setup 
for EMS1 and RAM. Light 
from an Ar-ion laser (wave- 
length A = 488 nm, power = 

100 mW) is reduced in co- 
herence as it passes through 
a vibrating multimode optcai 
fiber: it is then llnearly polar- 
 zed and iliuminates the sur- 
face at an angle of 70" w~th 
respect to t s  normal for ~ r - I O ~  laser 

EMS1 (solid path) and close 5zq Analyzer ) 488 nm 
(Polarizer) 7, Polarlzer 

to normal incidence for RAM background b ens^?^ b ens 

(dashed path). After reflec- 
Subtracter 

tion, the beam is imaged 
onto a charge-coupled de- I Video I Coherence- 

Scrambler 
vice (CCD) chip by lenses recorder I 

(enabling magnifications be- RAM 

tween X I  and x50), after 
passing through a cornpen- 
sator (b'4 plate) and being 
adjusted close to zero inten- 
sity by the anaiyzer. An image processor (Hamamatsu Argus 20) permits background subtraction in reai 
time. Arrows indicate the polarization of the light for EMSI. 
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nesses greater than several nanometers (7). 
We developed the EMSI technique to allow 
real-time imaging of dynamic phenomena 
in distributions of submonolayer quantities 
of atoms adsorbed on a metal surface from 
ultrahigh vacuum (UHV) to atmospheric 
pressures. Although EMSI is presented here 
as a more qualitative tool, it should be 
possible to obtain quantitative information 
about the observed systems from measure- 
ments and corresponding calibration of the 
common ellipsometric parameters A and ? 
(8). Thus, in principle the concentrations 
of chemisorbed species on the surface could 
be inferred from the changes in A and 9 
relative to the clean surface; however, for 
practical purposes calibration of the bright- 

ness through well-defined adsorbed layers 
should usually be appropriate. 

Sensitivity in surface imaging compara- 
ble to that with EMSI is achieved if the 
beam is reflected near normal incidence 
(Fig. 1). In this mode, the optical reflectiv- 
ity along the two inequivalent directions of 
an anisotropic surface is probed; therefore, 
we denote this method as reflection anisot- 
ropy microscopy. It requires that the (azi- 
muthal) polarization angle of the incident 
light be adjusted between the two principal 
axes of an anisotropic surface, such as the 
(1 10) plane of a face-centered-cubic crystal. 
This takes advantage of the fact that the 
anisotropy in reflectivity is often changed 
by the presence of a submonolayer coverage 

velopment of a CO-rich target pattern surrounded by 0-rich areas of the surface. Target patterns 
observed previously (under different conditions) with PEEM (10) exhibited wavelengths on the order of 10 
pm; the wavelength here is about 1 mm. 

Fig. 3. Transition from the 
less reactive (CO-rich) into 
the highly reactive (0-rich) 
state, recorded by EMSI. At 
t = 0, p,, was lowered from 
0.07 to 0.06 mbar withpo, = 
0.5 mbar and T = 550 K. At t 
= 2 s, an 0-rich spiral wave 
appears and then propa- 
gates into the CO-covered 
region. Extinction was ad- 
justed for the homogeneous- 
ly CO-covered surface. Ar- 
eas covered by 0 thus ap- 
pear brighter. The image di- 
ameter is 1.4 mm. 

of adsorbates (9 ) ,  caused by, for example, a 
surface reconstruction or the formation of 
an overlayer with a unit cell of different 
symmetry. 

For both techniaues. the reflected light - .  - 
is extinguished by appropriate settings of 
the comvensator and analvzer, such that the 
image is-dark for a unifork, featureless sur- 
face. For the EMSI image, local deviations 
of the ellipsometric parameters-that is, the 
complex refractive index and the thickness 
of surface layers-appear as brighter areas. 
For RAM, regions of different reflection 
anisotropy are contrasted. We conducted 
the experiments presented here in an UHV 
system using both methods independently, 
but EMSI and RAM can be applied simul- 
taneously, thereby providing supplementary 
information. 

We studied the catalytic oxidation of 
carbon monoxide on a Pt(l l0) surface, a 
system whose mechanism and dynamic 
properties have been explored in detail (4). 
The reaction proceeds through surface re- 
combination of chemisorbed 0 and C O  
species (formed by adsorption of gaseous 0, 
and CO), whereby the CO, produced by 
the reaction is immediately released into 
the gas phase. Under certain conditions of 
temperature T and partial pressures pol and 
p,,, the reaction rate becomes oscillatory 
or even chaotic, and the surface concentra- 
tions of adsorbed 0 and C O  are not uni- 
form, but rather exhibit spatiotemporal pat- 
terns between regions of high 0 coverage 
(with a high reactivity) and regions of high 
C O  coverage (less reactive). These patterns 
have been studied in detail at partial pres- 
sures below mbar with the PEEM 
technique ( 10). 

In experiments at pressures below 
mbar, where PEEM is applicable, EMSI and 
RAM revealed the same patterns observed 
with PEEM, but with a much-enlarged field 
of view, up to the full sample size. This 
allowed the observation of patterns on a 
larger length scale. Contrast was observed 
in RAM images (Fig. 2) as a result of dif- 
ferences in the anisotropy of surface reflec- 
tivity. This was verified by turning the azi- 
muth of the sample during pattern forma- 
tion. When the [OOl] or [lIO] directions of 
the crystal were aligned with the plane of 
polarization of the incident light, contrast 
was lost. Dark and bright areas in the image 
can be attributed to domains predominantly 
covered by C O  and 0 ,  respectively. This 
was verified by comparison with experi- 
ments in which the surface was uniformly 
covered either by C O  or 0. 
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Under low-pressure conditions ( < l o p 3  
mbar), the sample temperature remained 
constant, unaffected bv variations of the 
surface composition slid reactivity. Such 
patterns have previously been modeled the- 
oretically by appropriate reaction-diff~~sion 
equations (4,  5). However, when the pres- 
sure was increased bv more than two orders 
of magnitude (into ;he pressure range not 
accessible by PEEM), the situation changed 
markedly. Because of the higher turnover 
rate, the sample temperature was consider- 
ably affected by the released heat of reac- 
tion. For the gas composition with the high- 
est turnover, the increase in temperature 
was as high as 40 K at a total pressure of 0.5 
mbar. When the CO/O, partial pressure 
ratio was further increased, the surface 
changed from the reactive into the less 
reactive state, associated with a rapid de- 
crease of the sample temperature. T o  re- 
establish a high reaction rate, we had to 
intermediately lower pc.>. The  resulting 
transient state is reflected in EMSI images 
(Fig. 3) .  At  t = 2 s, an 0-r ich spiral wave 
appeared. This spiral propagated into the 
CO-covered region, such that after 3 s, 
roughly half of the imaged surface area was 
in the reactive 0-r ich state. Because of the 
increase of reactivity, the sample tempera- 
ture rose, which further enhanced the de- 
crease of the G O  concentration by desorp- 
tion, such that after about 3.2 s, the whole 
surface was in the oredominantlv O-cov- 
ered and highly reacLive state-thkt is, had 
turned bright. The speed of the reaction 
front was determined from the video frames 
between the last two images of Fig. 3 to be 
about 5 mmls. 

W e  have been able to observe pattern 
formation and propagating reaction fronts up 
to total oressures of 1 atm. Limitations at 
even higher pressures were encountered be- 
cause the UHV chamber used in the exoer- 
iments is unsuitable for such conditions. 

A previously unseen type of pattern was 
found (Fig. 4 )  at po. = 2.22 x lo-' mbar. 
Its features are reminiscent of target pat- 
terns known from oure reaction-diffusion 
behavior at lower pressures (4) .  However, 
while the latter are periodically emitted 
from fixed trigger centers (presumably sur- 
face defects) and propagate continuously, 
the present patterns appear at random, like 
raindrops on  a flat water surface rapidly 
dying out after a short propagation length. 
This behavior mav be described bv the su- 
perposition of reaction-diffusion akd ther- 
mokinetic effects. The pronounced damp- 
ing of wave propagation and the role of 
nollisothermal effects in this system will 
have to be analvzed in the f~lture bv detailed 
theoretical modeling. 

The rather simple optical methods EMSI 
and RAM presented here allowed the in- 
vestigation of pattern formation associated 

with heterogeneously catalyzed reactions 
from UHV up to atmospheric pressures. A n  
upper pressure limit for the applicability of 
these methods is not apparent. In addition, 
with the spatial resolution principally lim- 
ited by diffraction, these methods will en- 
able the study of other surface processes 
occurring at length scales from the submi- 
crometer up to several millimeters, and the 
present temporal resolution of 20 ms can 
certainly be improved significantly. 
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Nanoscale Complexity of Phospholipid 
Monolayers Investigated by Near-Field 

Scanning Optical Microscopy 
Jeeseong Hwang,* Lukas K. Tamm, Christine Bohm, 

Tirunelveli S. Ramalingam, Eric Betzig,"richael Edidin 

Near-field scanning optical microscopy of phospholipid monolayers doped with fluores- 
cent lipid analogs reveals previously undescribed features in various phases, including a 
concentration gradient at the liquid-expandedlliquid-condensed domain boundary and 
weblike structures in the solid-condensed phase. Presumably, the web structures are 
grain boundaries between crystalline solid lipid. These structures are strongly modulated 
by the addition of low concentrations of cholesterol and ganglioside G,, in the monolayer. 

Lip id  monolayers have been used to study 
two-dimensional systems, to construct orga- 
nized arrays and matrices, and to model 
biological membranes ( 1 ). A n  understand- 
ing of their structure is critical to all of 
these efforts. A t  the molecular level, much 
has been learned from x-ray and electron 

Area per molecule (A2) 

diffraction ( 2 ) ,  scanning tunneling micros- 
copy (STM), and atomic force microscopy 
(AFM) (3). It is also possible to analyze 
lipid monolayers on a larger scale by far- 
field epifluorescence microscopy (FFM) (4- 
7) of monolayers doped with fluorescent 
lipid analogs. Such studies have shown that, 
in the fluid-solid coexistence region, lipid 
monolayers exhibit domain structures. The  
size and shape of these domains vary with 
temperature, pressure, and the chemical 
composition of the monolayer. In particu- 
lar, low concentrations of certain com- 
pounds (such as cholesterol) alter the line 
tension at the boundary between two coex- 
isting phases, thereby changing the domain 

Fig. 1. The riA sotherms of (curve A) DPPW0.5 
rnol % Bodipy-PC, (curve B) DPPW0.5 rnol % 
Bodipy-PC/? rnol % cholesterol, and (curve C) 
DPPCl0.5 rnol % Bodipy-PC/0.5 rnol % gangl~o- 
side G,, monolayers at the at-water interface. 
For clarity, sotherms B and C are shifted upward 
with an offset of +5  and +10 mN/m, respectively, 
in surface pressure. Four different regions (LE, 
LEILC, LCD. and SC) corresponding to different 
lipid phases are distinguished. Points at whch the 
monolayers were sampled are marked by X's on 
the curves. 
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