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Multiquantum Vibrational Excitation of NO Scattered from Au(111):
Quantitative Comparison of Benchmark Data to Ab Initio Theories of
Nonadiabatic Molecule-Surface Interactions**
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Predictive theories of molecular interactions at metal surfa-
ces, based on the adiabatic (Born-Oppenheimer) approxima-
tion,l are becoming increasingly important to the design and
understanding of objects of importance to the chemical
industry, for example heterogeneous catalysts.? Tt is, how-
ever, now well established that the adiabatic approximation,
that is the foundation of all conventional theories of chemical
dynamics, is not always valid for describing atomic motions at
metal surfaces.’! In particular, electron-hole pair (EHP)
transitions can provide a labile pathway for energy flow for
processes involving high-frequency molecular vibrations that
do not couple efficiently to phonons.®*

An important early experiment reported vibrational
excitation probabilities for NO(v=0—1) scattering from
Ag(111) as a function of surface temperature, 7T, and
incidence translational energy normal to the surface, E; |,
between 525 K< T, <800K and 0.1eV<E;, <1eV.*! The
large absolute magnitudes of the excitation probabilities and
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an observed Arrhenius-like dependence on 7, were consid-
ered evidence of Born-Oppenheimer breakdown.

A more qualitatively compelling experiment involved
multiquantum vibrational de-excitation of NO(v=15) mole-
cules scattered from Au(111).”® This study revealed very
efficient multiquantum transfer of molecular vibration to the
metal, in contrast to results for the same molecule scattered
from an insulator, where vibration was transferred inefficien-
tly.”*4 Similar experiments on low work function materials
even showed vibrationally promoted exoelectron emis-
sion.?¢-1l

Similar to molecular vibration, chemical bond formation
can also involve nonadiabatic electronic transitions resulting
from nuclear motion.”) “Chemi-current” as well as exo-
electron emission®! induced by surface reactions are clear
evidence for such phenomena. Hence, developing ab initio
theories of electronically nonadiabatic molecule—surface
interactions, that is interactions that underlie such important
processes as catalytic reactions, etching, and corrosion,
remains one of the greatest challenges to our understanding
of chemical transformations at metal interfaces.

A promising approach to developing new nonadiabatic
theories involves interaction of experiment and theory in the
following way: 1) make necessary simplifying assumptions,
which define a model of nonadiabatic interactions, 2) deter-
mine the potential(s) and nonadiabatic couplings associated
with that model from ab initio calculations (for example using
density functional theory, DFT), 3)carry out dynamics
calculations (usually this means reduced-dimension quantum
calculations or high-dimension calculations with a classical
mechanical approximation), and 4) compare predicted results
to high quality experimental measurements carried out over
as wide a range of experimental conditions as possible.

Here, we present results of two attempts to employ this
approach. We first report a new benchmark data set for NO
scattering from Au(111), one of the most well-studied systems
where electronically nonadiabatic effects have been clearly
demonstrated.”™® Specifically, we present experimentally
determined absolute excitation probabilities for NO(v=0—
1) and NO(v=0—2). We report over eighty excitation
probabilities for 300 K<7,<1000K and 0.11eV<E; | <
1.05 eV. This data set goes well beyond what is presently
available in the literature. Most importantly, absolute excita-
tion probabilities like those reported here can be quantita-
tively compared to abinitio predictions. Furthermore, in
addition to extending the range of experimental conditions,
multiquantum excitation, that is, NO(v=0—2), provides an
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additional criterion against which different ab initio
approaches to nonadiabatic molecule-surface interactions
can be tested. ¢!

Two ab initio theories, based on very different underlying
physical pictures of nonadiabatic behavior at metal surfaces,
are implemented in high dimension using a classical mechan-
ical approximation for nuclear motion.

The first is electronic friction theory in which motion is
assumed to evolve on the ground-state potential energy
surface, with nonadiabatic energy transfer through EHP
transitions introduced by added position- and mode-depen-
dent frictions and fluctuating forces.”” In a semiempirical
model, Gross and Brenig® showed that reasonably chosen
forces and frictions could reproduce key experimental
observations.®® Ab initio implementation of the electronic
friction model has been achieved for a number of related
applications.’>”) Recently, Monturet and Saalfrank®! have
applied a 2D quantum dynamical version of the electronic
friction model, with DFT calculation of frictional terms,
achieving qualitative agreement with the experiments of
Ref. [3b].

An alternative picture of nonadiabatic dynamics invokes
the electron transfer, so-called “harpooning”, mechanism in
which an electron from the metallic conduction band can
transfer to a localized affinity level of the incident molecule.
This sudden electron transfer can populate a distribution of
vibrational levels on the negative ion potential energy surface,
analogous to a Franck—Condon optical excitation.!'” This is an
example of a bound state in a continuum and maps directly
onto the Newns—-Anderson-independent electron model.!"!
This and a closely related model™ have been successfully
applied to the data of Ref. [3a], using a model potential and
reasonably chosen empirical parameters.!'”]

More recently, this electron-transfer model was applied in
an ab initio fashion to vibrational de-excitation of NO(v=15)
scattered from Au(111), with Newns—Anderson interaction
potentials and couplings computed by DFT.'¥l The resulting
dynamics were simulated using the independent electron
surface hopping (IESH) algorithm,' in which the electronic
continuum is represented by a discrete set of levels, with
transitions amongst electronic states introduced by the sur-
face hopping method."! As with the electronic friction
calculations of Ref. [6b], the TESH simulations™! qualita-
tively reproduce the experimental results for multiquantum
NO vibrational de-excitation,”™® well within expectations
considering the limitations of DFT and the incomplete
nature of the experimental data.'”

Even with such impressive progress, it is unfortunate that
both friction-based and electron-transfer models appear to
qualitatively reproduce previously available data. Thus prior
to this work, even the basic physical picture of the non-
adiabatic interactions important for NO collisions at a Au-
(111) surface remains unclear, a result that is not surprising
given the fragmentary data available and the lack of rigorous
quantitative comparison between theory and experiment.

Here, we carried out new IESH and electronic friction
calculations for the vibrational excitation of NO. Remarkably,
we find that the IESH theory originally developed to model
vibrational de-excitation of NO(v=15) on Au(111) is in good
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agreement with our benchmark data over an extraordinary
range of experimental conditions. We emphasize that both
IESH calculations of vibrational excitation and de-excitation
employed the identical DFT-derived Newns—Anderson Ham-
iltonian. On the other hand, an electronic friction model
based on the same many-electron Hamiltonian used in the
IESH calculations is not consistent with the data.

These calculations demonstrate that transient negative
ion formation plays an important role in the nonadiabatic
vibrational energy transfer process as well as the need to go
beyond perturbative (electronic friction) approaches to
predict molecule-surface interactions. The success of the
IESH approach suggests that it may be used to gain deeper
insight through comparison with experiment into other
aspects of nonadiabatic interactions of molecules at metal
surfaces.

To model the nonadiabatic dynamics of NO molecules
scattering from Au(111), we used the recently developed
IESH method.?!! The IESH approach has several advan-
tages. First, we calculate nonadiabatic dynamics based on
potential energy surfaces and nonadiabatic coupling strengths
obtained from DFT calculations. Second, all electrons are
assumed to be non-interacting. Hence, we can independently
propagate many one-electron orbitals instead of a single
many-electron wave function increasing the algorithm effi-
ciency. Third, motion of the nuclear degrees of freedom is
modeled classically and the coupled electron—nuclear dynam-
ics is calculated within the framework of the surface hopping
theory.' Thus we can perform high-dimensional dynamics
calculations including both the NO molecule as well as the Au
lattice degrees of freedom.

A set of IESH simulations was performed to study the T
and E; dependence of NO vibrational excitation. We calcu-
lated excitation probabilities at eight values of T from 300 to
1000 K with an interval of 100 K for each value of E; used in
the experiment. The initial states of the NO molecules were
chosen to be randomly oriented and non-rotating with initial
velocities directed normal to the surface, reflecting a given
choice of E;. The initial vibrational energy of NO was 0.12 eV,
representing the vibrational zero-point energy. The metal
continuum was represented by 40 metal orbitals appropriately
populated by 20 electrons. A detailed description of the
construction of the many-electron system Hamiltonian and
implementation of the IESH algorithm can be found in
Refs. [14,21].

The IESH method is efficient. It takes only 20 to
60 seconds (depending on the choice of E; and T, and details
of the scattering process) to produce a trajectory on a core of
a 2.7 GHz Intel Xeon CPU. This allows us to collect good
statistics even for rare events like vibrational excitation. For
every simulation point defined by E; and T,, we calculated
100000 trajectories and saved the final values of NO vibra-
tional energy for each trajectory. Vibrational energy densities,
like that shown in Figure 1, were constructed from these data.
As the NO vibrations were modeled classically, we used
a standard box binning procedure to obtain the excitation
probabilities, rounding the vibrational action (classical analog
of the quantum number) to the nearest integer for each
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Figure 1. Theoretical calculations of vibrational probability density as

a function of the change in vibrational energy, AE,,, for £;=0.63 eV
and T,=1000 K. The zero of the x axis represents the zero-point energy
level with 0.12 eV of vibrational energy. Hence, the classical calculation
allows loss of vibrational energy resulting in values below the zero-
point level. Such trajectories are binned as v=0. Results are shown for
adiabatic dynamics (no surface hopping, open circles), electronic
friction (open squares), and for IESH (solid circles). Vertical dashed
lines show the binning regions for each vibrational state (v=0, 1, 2
and 3), which are indicated on the upper x axis. IESH predicts a much
larger vibrational excitation probability than the electronic friction
theory or the adiabatic treatment. Note the logarithmic scale.

trajectory.’” These bins are represented by vertical dashed
lines in Figure 1.

The results of both theory (open symbols) and experiment
(filled symbols) are presented in Figure 2, where the vibra-
tional excitation probabilities for NO(v=0—1) (black) and
NO(v=0—2) (blue) are plotted as a function of T at six
values of E;. The experimental vibrational excitation proba-
bility is always much larger for NO(v=0—1) than for
NO(v=0—2) and for both channels, a higher E; value leads
to an increase in vibrational excitation probability. At all
values of E;, the experimental data follow an Arrhenius
dependence on 7, with an activation energy equal to the
change of vibrational energy (dashed lines). This is true for
both NO(v=0—1) and NO(v=0—2) excitation, with appar-
ent activation energies of one (0.24 eV) and two (0.47 eV)
vibrational quanta, respectively.

The absolute excitation probabilities producing NO in
both v=1 and 2 are reproduced by the IESH theory over the
entire range of conditions for both vibrational channels (see
also the Supporting Information). We characterized the
agreement between experiment and theory by computing
the Pearson y%, given by Equation (1), for the N data at each
incidence energy.

1 P?bs _ P}hcu 2
L=y > (P‘W) (1)

Here, P?is the ith observed probability from the benchmark
data set and P is the corresponding value predicted by the
IESH theory. We find 0.0007 < %* < 0.03 for the v =1 channel
and 0.00002 < %*><0.003 for the v=2 channel. While
improvement is still clearly possible, this is the first time
that such good agreement has been obtained between an
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Figure 2. Excitation probabilities (P)for NO/Au(111) as a function of
surface temperature, T,, for six different incidence energies of trans-
lation, E;. Experiment (filled) and IESH theory (empty): circles for
NO(v=0—1) and squares for NO(v=0—2). Arrhenius functions fitted
to the experimental points are shown as dashed lines. Thermal limits
are shown as solid lines.

ab initio theory of nonadiabatic molecule surface interactions
and energy transfer data taken over a wide range of
experimental conditions. Remarkably, this is achieved with
a theory that was originally developed for modeling de-
excitation of NO(v=15), using an identical parameterization
of the Hamiltonian. This unifies our physical picture of energy
transfer for NO scattering on Au over a wide range of
vibrational states (v =0-15), surface temperatures (300 K <
T, <1000 K) and incidence translational energies (0.11 eV <
E,  <1.05eV). We also note that IESH even predicts
population in NO(v=3; Figure 1) although our statistics are
not sufficient to evaluate its possible importance.

The most significant deficiency of the IESH results
concerns the dependence of the excitation probabilities on
E;, which is somewhat weaker than seen in experiment. The
reasons for this (in our view relatively minor) deficiency in
IESH remain to be clarified. We do not currently have an
established means to evaluate the accuracy of the DFT-
derived diabatic states and nonadiabatic couplings. More
accurate calculations of these quantities might lead to better
agreement with experiment. Furthermore, IESH ignores the
existence of different NO spin-states both in the neutral and
the anion. What errors this introduces is likewise unclear. All
of these issues require future attention. While we do not
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believe that the classical approximation introduces significant
errors over the range of conditions studies here, future
quantum versions of IESH are clearly needed to test this.
Despite all of these potential concerns, we consider the
present level of agreement between theory and experiment to
be a remarkable success, indicating the validity of the various
assumptions made within the IESH approach.

Calculations for NO/Au(111) scattering were also per-
formed using an electronic-friction model® applied with the
same many-electron Hamiltonian that was used in the IESH
calculations. Figure 1 shows a comparison at E;=0.63 eV and
T,=1000 K, which is representative of results under other
conditions. The extent of vibrational excitation is substan-
tially lower in the electronic friction calculation in compar-
ison to that of IESH. In fact, no trajectory is found, out of the
100000 calculated, that would be binned as v=1 or higher.
This absence of vibrational excitation shows that the friction
model is insufficient to explain nonadiabatic vibrational
excitation in this system. Moreover, its results are very close
to ones obtained from the adiabatic model, when surface
hopping and electronic friction mechanisms are switched off.

The failure of friction theory arises from the weak
coupling assumption. A weak coupling description of
a direct scattering process cannot produce vibrational exci-
tation probabilities that approach the thermal limit given by
Equation (2).

Plierm = e i <1 _ e,kn%) .

Here, v is the vibrational quantum number, Aw is the
vibrational level spacing, and k is the Boltzmann constant.
Thermalization with the surface is an upper limit to the
vibrational excitation probability when excitation occurs
through an electron-mediated process neglecting transla-
tion-vibration coupling.’>'3?! This thermal limit is shown as
solid lines in Figure 2. The observed vibrational excitation
probabilities range between 0.1 and 0.85 of the thermal limit,
indicating the need to go beyond the perturbative (electron
friction) approach. In contrast, the IESH theory, which
describes the strong coupling induced by an electron-transfer
event, leads to good agreement with experiment.

The electronic friction calculations of excitation proba-
bilities reported here employ frictions computed via the same
DFT-based interactions employed in the IESH simulations.
We caution that these frictional terms are not the same as
those employed in Ref. [6b]. Nevertheless, IESH predicts
excitation efficiencies for NO(v=2 and 1) reflecting the
importance of direct overtone NO(v=0—2) excitation,**!
which is confirmed by detailed examination of individual
IESH trajectories. In contrast, the weak coupling approx-
imation underlying all friction models—regardless of the way
one derives the friction coefficients—requires that the
formation of v=2 occurs only through sequential v=0—
1 and v =1-2 transitions.

As outlined above, the electronic friction and IESH
theories are based on different physical pictures of the origins
of nonadiabaticity. In fact, IESH encompasses the friction
picture in the case of weak coupling. Ab initio calculations of
electronic friction for CO on Cu(100) have shown that the
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dominant contribution to nonadiabatic coupling arises from
partial transfer of charge from the surface to the unoccupied
antibonding m* orbital of the molecule, that is, to the affinity
level invoked in the harpooning model.*! Moreover, in the
IESH theory, the amplitude of this localized level is spread
over many nearby (discretized) continuum levels. Thus, an
electronic transition (“surface hop”) may result in only
a small change in occupation of the localized level; that is,
electronic friction effects are encompassed by the IESH
theory. The advantage of IESH is that it can also describe
strong coupling processes.

Finally, we emphasize the importance of IESH for future
work. The remarkable success of this ab initio theory in
capturing such a wide range of experimental observations
suggests that it can be used (in comparison with experiment)
to gain deeper insight into other aspects of nonadiabatic
molecule—surface interactions, including translational inelas-
ticity which, as has been pointed out for decades, ™ remains
a vexingly difficult problem.

Experimental Section

The equipment and procedures used to make these measurements
have been previously described in detail.l' Supersonic molecular
beams were produced using a 10 Hz piezoelectrically driven pulsed
valve. The mean translational energy of NO in the molecular beam
was adjusted by seeding varying concentrations of NO into a variety
of inert carrier gases with different masses. The molecular beam was

500
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Figure 3. REMPI spectra for incident and scattered NO at £,=0.63 eV
corrected for differences in laser power and MCP gain. The NO-
(»=0,1,2) molecules are probed through the yq, 7o), and y,, bands,
respectively. The incident beam is rotationally cold, with significant
population in only a few quantum states. The molecules undergo
significant rotational and vibrational excitation in the surface scattering
process.
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skimmed, passed through two stages of differential pumping, and
scattered from an Au(111) crystal at near normal incidence. T, was
varied from room temperature to about 1000 K by resistive heating of
tungsten wires to which the gold crystal was mounted. Surface
impurities were removed by approximately 60 min of Ar ion
sputtering. After sputtering, Auger electron spectroscopy revealed
no residual carbon (the principal impurity on Au surfaces) up to our
detection limit of 0.03 monolayer. The surface was then annealed at
around 1000 K for approximately 45 min. The scattered NO mole-
cules were state-selectively ionized with UV laser light used for (1 +
1) resonance-enhanced multiphoton ionization (REMPI) through the
AZ" state, often referred to as the y bands.'”) The ions were collected
using ion optics and detected by a dual microchannel plate detector
(MCP). Accurate velocity measurements of the NO beams were
carried out as in previous work.?" Briefly, molecular beams of
NO(v=0) were “vibrationally tagged” to v =3 by exciting them with
a 5Sns pulse of 1.8 um light. State-specific REMPI detection of
NO(v=3) was carried out about 15 mm downstream. Arrival time
distributions were recorded by varying the delay between the two
laser pulses. Knowledge of the flight distance, which was measured
independently, led to the velocity distributions of the beams.

To derive the absolute vibrational excitation probabilities, rota-
tionally resolved spectra, like those shown in Figure 3, probing
NO(v=0,1,2) molecules were recorded. Absolute excitation proba-
bilities were extracted by comparing the signal of inelastically
scattered NO molecules in v=1 and 2 to the signal of vibrationally
elastically scattered NO molecules in v = 0. To make this comparison,
the entire rotational spectrum was integrated giving the spectral
intensity in each vibrational band, and the integrated signal was
corrected for various factors such as MCP gain, angular and temporal
dilution, and laser power. Angular, temporal, and rotational distri-
butions indicate a direct scattering mechanism for vibrational
excitation under all conditions of this work.

Received: February 12, 2012
Published online: April 4, 2012

Keywords: ab initio calculations - molecular beams -
surface chemistry - surface scattering

[1] a) M. Born, R. Oppenheimer, Ann. Phys. 1927, 84, 457-484;
b) J. C. Tully, Theor. Chem. Acc. 2000, 103, 173-176.

[2] J. Greeley, J. K. Norskov, M. Mavrikakis, Annu. Rev. Phys.
Chem. 2002, 53, 319-348.

[3] a) C. T. Rettner, F. Fabre, J. Kimman, D. J. Auerbach, Phys. Rev.
Lett. 1985, 55, 1904—-1907; b) Y. Huang, C.T. Rettner, D.J.
Auerbach, A. M. Wodtke, Science 2000, 290, 111-114; c) R.
Cooper, 1. Rahinov, Z. Li, D. Matsiev, D. J. Auerbach, A. M.
Wodtke, Chem. Sci. 2010, 1, 55-61; d) J. D. White, J. Chen, D.
Matsiev, D. J. Auerbach, A. M. Wodtke, Nature 2005, 433, 503 —
505; e) N. H. Nahler, J. D. White, J. Larue, D. J. Auerbach, A. M.
Wodtke, Science 2008, 321, 1191 -1194; f) J. Larue, T. Schafer, D.

Matsiev, L. Velarde, N.H. Nahler, D.J. Auerbach, A.M.
Wodtke, Phys. Chem. Chem. Phys. 2011, 13, 97-99; g) C.
Bartels, R. Cooper, D.J. Auerbach, A. M. Wodtke, Chem. Sci.
2011, 2, 1647 -1655; h) A. M. Wodtke, J. C. Tully, D. J. Auerbach,
Int. Rev. Phys. Chem. 2004, 23, 513-539; i) A. M. Wodtke, D.
Matsiev, D.J. Auerbach, Prog. Surf Sci. 2008, 83, 167-214;
j) G.J. Kroes, Science 2008, 321, 794-797; k) E. Hasselbrink,
Surf. Sci. 2009, 603, 1564—-1570; 1) I. Rahinov, R. Cooper, D.
Matsiev, C. Bartels, D. J. Auerbach, A. M. Wodtke, Phys. Chem.
Chem. Phys. 2011, 13, 12680-12692.

[4] A.M. Wodtke, Y. H. Huang, D.J. Auerbach, J. Chem. Phys.
2003, 718, 8033 -8041.
[5] a) B. Gergen, H. Nienhaus, W. H. Weinberg, E. W. Mcfarland,

Science 2001, 294, 2521-2523; b) J. R. Trail, M. C. Graham,
D. M. Bird, M. Persson, S. Holloway, Phys. Rev. Lett. 2002, 88,
166802; c) R. Grobecker, H. Shi, H. Bludau, T. Hertel, T.
Greber, A. Bottcher, K. Jacobi, G. Ertl, Phys. Rev. Lett. 1994, 72,
578-581.

[6] a) N. Shenvi, S. Roy, J. C. Tully, Science 2009, 326, 829-832;b) S.
Monturet, P. Saalfrank, Phys. Rev. B 2010, 82, 075404.

[7] a) E. G. d’Agliano, P. Kumar, W. Schaich, H. Suhl, Phys. Rev. B
1975, 11,2122-2143;b) A. Blandin, A. Nourtier, D. W. Hone, J.
Phys. 1976, 37, 369 —378.

[8] A. Gross, W. Brenig, Surf. Sci. 1993, 289, 335-339.

[9] a) B. Hellsing, M. Persson, Phys. Scr. 1984, 29, 360-371; b) M.
Head-Gordon, J. C. Tully, J. Chem. Phys. 1995, 103, 10137 -
10145; ¢) V. Krishna, J. C. Tully, J. Chem. Phys. 2006, 125, 54706.

[10] a) J. W. Gadzuk, S. Holloway, Phys. Rev. B 1986, 33, 4298 —4300;
b) J. W. Gadzuk, J. Chem. Phys. 1987, 86, 5196-5210.

[11] a) P. W. Anderson, Phys. Rev. 1961, 124,41 -53;b) D. M. Newns,
Phys. Rev. 1969, 178, 1123 -1135.

[12] H. Kasai, A. OKkiji, Surf Sci. 1990, 225, .33 -138.

[13] D. M. Newns, Surf Sci. 1986, 171, 600—-614.

[14] S.Roy, N. A. Shenvi, J. C. Tully, J. Chem. Phys. 2009, 130, 174716.

[15] N. Shenvi, S. Roy, P. Parandekar, J. Tully, J. Chem. Phys. 2006,
125, 154703.

[16] J. C. Tully, J. Chem. Phys. 1990, 93, 1061 -1071.

[17] The experiments of Ref. [3b] were carried out at only a single
incidence energy and were unable to reveal all vibrational
relaxation channels.

[18] Q. Ran, D. Matsiev, A. M. Wodtke, D. J. Auerbach, Rev. Sci.
Instrum. 2007, 78, 104104 -104108.

[19] J. Luque, D. R. Crosley, J. Chem. Phys. 1999, 111, 7405-7415.

[20] I. Rahinov, R. Cooper, C. Yuan, X. Yang, D. J. Auerbach, A. M.
Wodtke, J. Chem. Phys. 2008, 129, 214708 -214716.

[21] N. Shenvi, S. Roy, J. C. Tully, /. Chem. Phys. 2009, 130, 174107.

[22] G.D. Billing, Dynamics of Molecule—Surface Interactions,
Wiley, New York, 2000.

[23] D. Matsiev, Z. Li, R. Cooper, I. Rahinov, C. Bartels, D.J.
Auerbach, A. M. Wodtke, Phys. Chem. Chem. Phys. 2011, 13,
8153-8162.

[24] M. Head-Gordon, J. C. Tully, Phys. Rev. B 1992, 46, 1853 —1856.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 4954-4958


http://dx.doi.org/10.1146/annurev.physchem.53.100301.131630
http://dx.doi.org/10.1146/annurev.physchem.53.100301.131630
http://dx.doi.org/10.1103/PhysRevLett.55.1904
http://dx.doi.org/10.1103/PhysRevLett.55.1904
http://dx.doi.org/10.1126/science.290.5489.111
http://dx.doi.org/10.1039/c0sc00141d
http://dx.doi.org/10.1038/nature03213
http://dx.doi.org/10.1038/nature03213
http://dx.doi.org/10.1126/science.1160040
http://dx.doi.org/10.1039/c0cp01626h
http://dx.doi.org/10.1039/c1sc00181g
http://dx.doi.org/10.1039/c1sc00181g
http://dx.doi.org/10.1080/01442350500037521
http://dx.doi.org/10.1016/j.progsurf.2008.02.001
http://dx.doi.org/10.1126/science.1157717
http://dx.doi.org/10.1016/j.susc.2008.12.037
http://dx.doi.org/10.1039/c1cp20356h
http://dx.doi.org/10.1039/c1cp20356h
http://dx.doi.org/10.1063/1.1560143
http://dx.doi.org/10.1063/1.1560143
http://dx.doi.org/10.1126/science.1066134
http://dx.doi.org/10.1103/PhysRevLett.72.578
http://dx.doi.org/10.1103/PhysRevLett.72.578
http://dx.doi.org/10.1126/science.1179240
http://dx.doi.org/10.1016/0039-6028(93)90664-6
http://dx.doi.org/10.1088/0031-8949/29/4/014
http://dx.doi.org/10.1063/1.469915
http://dx.doi.org/10.1063/1.469915
http://dx.doi.org/10.1103/PhysRevB.33.4298
http://dx.doi.org/10.1063/1.452641
http://dx.doi.org/10.1103/PhysRev.124.41
http://dx.doi.org/10.1103/PhysRev.178.1123
http://dx.doi.org/10.1016/0039-6028(90)90416-6
http://dx.doi.org/10.1016/0039-6028(86)91062-9
http://dx.doi.org/10.1063/1.3122989
http://dx.doi.org/10.1063/1.2357740
http://dx.doi.org/10.1063/1.2357740
http://dx.doi.org/10.1063/1.459170
http://dx.doi.org/10.1063/1.2796149
http://dx.doi.org/10.1063/1.2796149
http://dx.doi.org/10.1063/1.480064
http://dx.doi.org/10.1063/1.3028542
http://dx.doi.org/10.1063/1.3125436
http://dx.doi.org/10.1039/c0cp01418d
http://dx.doi.org/10.1039/c0cp01418d
http://dx.doi.org/10.1103/PhysRevB.46.1853
http://www.angewandte.org

