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The Born–Oppenheimer Approximation (BOA) forms the basis for calculating electronically adiabatic potential

energy surfaces, thus providing the framework for developing a molecular level understanding of a variety of

important chemical problems. For surface chemistry at metal surfaces, it is now clear that for some processes

electronically nonadiabatic effects can be important, even dominant; however, the magnitude of BOA

breakdown may vary widely from one chemical system to another. In this paper we show that molecular-beam

surface scattering experiments can be used to derive quantitative information about the magnitude of BOA

breakdown. A state-to-state rate model is used to interpret the pre-exponential factor of the well-known

Arrhenius surface temperature dependence of the electronically nonadiabatic vibrational excitation. We also

show that reference to a ‘‘thermal limit’’ provides a quick and simple rule of thumb for quantifying BOA

breakdown. We demonstrate this approach by comparing electronically nonadiabatic vibrational inelasticity for

NO(n= 0 - 1) to NO(n= 15 - n0 { 15) and show that the electronically nonadiabatic coupling strengths

are of a similar magnitude. We compare experiments for NO and HCl scattering from Au(111) and derive the

quantitative relative magnitude for the electronically nonadiabatic influences in each system. The electronically

nonadiabatic influences are 300–400 times larger for NO than for HCl, for incidence energies near 0.9 eV.

1. Introduction

The typically large energy spacing between a molecule’s electronic

states, in comparison to its rotation and vibration states,

reflects a vast time scale difference between electronic motion

and the motion of nuclei. By fixing the nuclei at defined

positions, the electronic structure calculation can be performed
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neglecting the coupling between nuclei and electrons: the

Born–Oppenheimer approximation (BOA).14 This calculation

may be carried out at a variety of nuclear positions revealing

an effective potential energy surface upon which the nuclei

move within the field of the electrons on the electronically

adiabatic potential energy surface. It is difficult to overstate

the importance of the BOA in chemistry. To quote a well-

known theoretical chemist: ‘‘It is not an exaggeration to say

that the single activity that has demanded the most effort (both

intellectual and computational) from theoretical chemists in

the twentieth century is the electronic structure problem.’’17

Furthermore, the BOA lies at the heart of the field of classical

and quantum dynamics simulations, a profoundly important

area of study relevant to a host of molecular phenomena:

ranging from elementary chemical reactions, to biology, materials

science, and heterogeneous catalysis.

It is therefore interesting to consider cases where the BOA

fails; situations where the electronic motion can no longer

adiabatically follow the nuclear motion involved in the

chemistry. Molecular encounters with solid metal surfaces

are one class of chemical phenomena exhibiting electronically

nonadiabatic behavior. Metallic solids exhibit a continuum of

electronic states. This means that a conduction band electron

can be promoted above the Fermi level leaving a hole behind

below the Fermi level and this excited electron–hole pair

(EHP) may have an arbitrarily large or small energy. Hence,

the EHP excitation spectrum always possesses a resonance

with the ro-vibrational quantum transitions of a molecule. To

the extent that a coupling between the metal’s electrons and

the heavy atom motion of the molecule exists, the BOA will

break down.

Despite the now indisputable experimental evidence demon-

strating the existence of electronically nonadiabatic influences

in molecule–surface interactions—some of which will be

presented in this article—there is still no scientific consensus

concerning their general importance. This is partly due to the
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overwhelming popularity and success of density functional

theory (DFT) in calculating electronically adiabatic interaction

potentials for molecules at metal surfaces. A perhaps more

important point is the lack of detailed and rigorous efforts

to quantify the magnitude of electronically nonadiabatic

influences in molecule surface interactions. Too often qualitative

language—‘‘strong, weak, large, small’’—takes the place of

quantification of electronically nonadiabatic effects.

In this perspective article we first review some of the most

dramatic experimental examples of electronically nonadiabatic

behavior of molecules at metal surfaces. We then go on to

present a new approach to understanding inelastic molecule–

surface scattering data that provides a quantitative description

of the magnitude of the nonadiabatic effects. We show how

this allows one to compare the importance of electronically

nonadiabatic influences between different molecules interacting

with different surfaces. Finally, we suggest future directions for

this line of research.

2. Key experiments demonstrating electronically

nonadiabatic behavior

Molecular beam scattering experiments have long played an

important role in unraveling the energy-transfer dynamics at

the gas–surface interface.18–21 When combined with laser-based

state-specific preparation and detection, molecular beam

scattering techniques allow for accurate control of the initial

translational energy, internal degrees of freedom, and incidence

angle of the scattering molecules.22–24 The surface tempera-

ture, TS, and incidence energy, EI, dependence of n = 0 - 1

vibrational excitation occurring in NO collisions with Ag(111)

revealed some of the dynamical signatures of electronically

nonadiabatic interactions.6, 25 Specifically two such signatures

were seen as shown in Fig. 1(a and b): (1) an Arrhenius

Ts dependence exhibiting an effective activation energy equal

to the vibrational excitation energy and (2) a threshold free but

strong dependence of the vibrational excitation probability on EI.

Qualitatively different dynamical signatures for electronically

adiabatic vibrational energy transfer observed for a different

system (NH3/Au(111))—EI dependence with vibrational

thresholds and weak or absent TS dependence—are shown

for comparison in Fig. 1(c and d).15,26

Fig. 1a shows the TS dependence typical in such experiments,

which is described by a formula characterizing the population

of excited EHPs in energy resonance with the NO vibrational

transition (EHP-V coupling):

P ¼ A exp �DEvib

kbTS

� �
ð1Þ

While the Arrhenius form with an activation energy equal to

DEvib is a qualitative signature for the role of nonadiabatic

electronic transitions, the pre-exponent, A, contains information

on the magnitude of the electronically non-adiabatic coupling,

which has only recently been rigorously analyzed.4,12 We

return to this point in Section 3. The incidence energy dependence

shown in Fig. 1b is strong but, in contrast to the adiabatic case

(Fig. 1d), exhibits no threshold. This proves that electronically

nonadiabatic vibrational excitation is not a conversion of

energy from incidence translation to vibration. Rather the

energy comes from the surface and specifically from the decay

of thermally excited EHPs while the incidence energy enhances

the coupling between EHPs and NO vibration.2,6,10 Similar

results are seen for NO scattering from Cu(110).16

EHP-V coupling can also be inferred from IR linewidth and

lineshape measurements.27–32 For example, the IR linewidth of

the stretch vibration of CO adsorbed on Ni(111)29 is greater

thanB5 cm�1 even at TS = 10 K, where vibrational dephasing

is unimportant. The linewidth is attributed to CO vibrational

relaxation to the metal on the ps time scale. Asymmetric Fano

lineshapes—see Fig. 2—were observed for W–H vibrational

transitions in the IR for hydrogen covered W surfaces1 and

shown to be a spectroscopic signature of strong EHP-V

coupling.8 Infrared emission has been used to investigate low

frequency modes.33–35 Here, it is unclear if the linewidths

reflect electronically nonadiabatic coupling or enhanced coupling

to phonons, which is expected at low frequency,34–36 or to

inhomogeneous line broadening.

While the infrared linewidth approach to the analysis of

energy transfer at surfaces should not be underestimated,

uncertainties related to dephasing and sample inhomogeneity

must (and often cannot) be overcome. ps and fs laser methods

can be applied to these problems and confirm the interpretation

of IR linewidth measurements.3,37,38 For example, vibrational

relaxation of IR pumped CO adsorbates can be monitored by

sum frequency generation (SFG)3 and in other work by

transient IR absorption spectroscopy.39 Fig. 3a shows an

example of the former type of experiment for the C–O stretch

relaxation on Cu(100). The vibrational lifetime obtained here

Fig. 1 Surface temperature, TS, and incidence energy, EI dependence

of vibrational excitation in molecule–surface collisions: adiabatic vs.

nonadiabatic behavior. (a) Nonadiabatic: an Arrhenius dependence on

TS with an activation energy equal to the vibrational excitation energy

is seen. See ref. 6. (b) Nonadiabatic: a strong dependence on EI with an

apparent threshold at EI = 0. See ref. 10. (c) Adiabatic: TS independent

excitation probability. This example shows NH3(vumbrella = 0 - 1, 2, 3)

on Au(111) at an incidence energy of B0.3 eV. See ref. 15. (d) Adiabatic:

thresholds close to the vibrational excitation energies indicate con-

version of incidence translational energy to molecular vibration.

See ref. 15.
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is also on the ps timescale. Vibrational lifetimes of adsorbates

on insulators, where EHP-V coupling is unlikely, were reported

for CO on NaCl(100).9 See Fig. 3b. Here the lifetime is on

the ms time scale, a nine order of magnitude difference in

comparison to CO on a metal. The Debye frequency of NaCl

(223 cm�1) is so far out of resonance with the CO vibration

(2100 cm�1) that only high-order multiphonon transitions are

possible. Indeed coupling of CO vibration to the solid is so

inefficient that intra-adsorbate energy pooling dominates the

vibrational dynamics.40,41

Multi-quantum vibrational relaxation is seen when NO(n=15)

collides with a metal surface; whereas, on an insulating LiF

surface, vibrational relaxation is nearly absent.5,42,43 See Fig. 4.

Here molecular beams of NO are prepared in high vibrational

states by laser optical pumping and scattered molecules are

probed by state selective laser based methods.13,18,19,44 The

final vibrational state distribution shows that the most probable

inelastic process is loss of B8 vibrational quanta representing

B1.6 eV. It was shown that it occurs in a direct scattering

event on a sub-ps timescale, with little conversion of vibra-

tional energy to NO rotation or translation, meaning the solid

metal substrate is the dominant energy acceptor.

‘‘Vibrational auto-detachment’’ is a possible mechanism

explaining the efficient relaxation of highly vibrationally excited

NO molecules on Au(111).5 When the vibration of the

NO molecule is near its outer classical turning point an electron

at the Fermi energy may hop from the solid to the molecule,

forming a transient NO� stabilized by its image charge.

The NO� bond compresses within 25 fs to the inner classical

turning point, raising the electron potential more than 2 eV

above the Fermi energy. Subsequent loss of the electron back

to the solid produces NO in lower vibrational states and electronic

excitation of the solid.43

Electronic friction based theories are capable of describing

multi-quantum vibrational relaxation,45 but assume sequential

single quantum EHP-V energy transfer processes. Experiments

that probe the emission of electrons to the gas phase, where a

large fraction of the vibrational energy must be transferred to

a single electron, help substantiate the vibrational autodetachment

mechanism.7,43,44,46,47 In these experiments sub-monolayer

coverage of caesium on Au(111) lowered the work function

to 1.6 � 0.1 eV.7 When the vibrational energy of the NO

exceeds the work function, electron emission is observed. See

Fig. 5. The observed quantum yield was as high as B10%.

These results strongly suggest that a large fraction of the

vibrational energy lost from the molecule appears in the excitation

energy of a single electron.

Direct measurements of the ejected electron’s kinetic energy

are shown in Fig. 6, where NO(n = 16) has been scattered

from Cs/Au.11 The most probable exo-electron kinetic energy

is 0.5 eV with respect to the vacuum level (lower x-axis) and

2.1 eV with respect to the Fermi level (upper x-axis). This is

64% of the incidence vibrational energy—3.3 eV—and corres-

ponds to vibrational relaxation from NO(n= 16) to at least as

low as NO(n = 5). The maximum observed electron kinetic

energy, shown in Fig. 6 as ET
MAX, represents 0.95 of the

incidence vibrational energy. Interestingly, the observed exo-

electron kinetic energy distribution is broad and does not

Fig. 2 Fano lineshapes in IR spectra of surface adsorbates. Vibrational

spectra of D and H measured on H/D-saturated W(100) surface.1 The

n1 denotes the symmetric W-H(D) stretch. The higher frequency feature

is the W-H(D) bend overtone. It exhibits a Fano lineshape characteristic

of strong vibration to electron–hole pair (EHP-V) coupling.8 Adapted

from ref. 1.

Fig. 3 Real time observations of vibrational lifetimes: nine orders of

magnitude difference. (a) CO(n = 1) relaxes on Cu(100) within a few

ps. See ref. 3. (b) CO on NaCl relaxes in ms. See ref. 9. The electronic

degrees of freedom in the metal efficiently accept vibrational energy

from the CO molecule.

Fig. 4 Multi-quantum vibrational relaxation. (a) Vibrational distri-

bution of scattered NO resulting from collisions of NO(n = 15).

(b) Similar measurements for NO on LiF. The electronic degrees of

freedom of the metal can accept many vibrational quanta of vibration

from the molecule. Adapted from ref. 5.
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exhibit any substructure that might be expected from the

quantized vibrational states of NO molecules. While this may

reflect the nature of the vibrational auto-detachment mecha-

nism, it is important to note that the instrumental resolution

of 0.15 eV is insufficient to resolve the NO vibrational spacing

of B0.2 eV.

In contrast to previously described and documented mecha-

nisms of exoelectron emission,48–53 the probability of vibrationally

promoted electron emission decreases with increased incidence

translational energy.47 Indeed the electron emission velocity

dependence is well characterized by an inverse, 1/v, relation,

shown in Fig. 7.

The 1/v dependence may arise as follows. Electron transfer

to the NO molecule is impossible until a certain critical outer

distance, z4, is reached. Furthermore, electron escape from

the NO anion is impossible if the anion is closer than a critical

inner distance zo. At distances less than zo the image charge

stabilization plus the surface work function exceeds the initial

vibrational energy. Reasonable estimates of z4 and zo suggest

that a constant velocity approximation is valid for z44 z4 zo.

That is the NO interaction potential is flat in this region. If the

probability for vibrationally promoted electron emission were

itself velocity independent, then only the time spent between

z4 and zo would matter, and a kind of window of opportunity

would describe the dynamics. This leads to an inverse velocity

dependence.

3. A quantitative approach to vibrational overtone

excitation of NO

In the previous section of this article we described selected

experimental observations that leave little doubt as to the exis-

tence of electronically nonadiabatic interactions in molecule

surface encounters. Of course, numerous examples in surface

chemistry exhibit little evidence of electronically nonadiabatic

behavior. Establishing a quantitative criterion or means of

analysis that would allow the comparison of one molecule/

surface system to another would improve our ability to evaluate

the importance of electronically nonadiabatic interactions in

general. In this section we describe experiments suggesting that

a quantitative analysis of the magnitude of the electronically

nonadiabatic interactions is possible.

One concrete question that we will address is the relation-

ship between the behavior of NO in high vibrational states

where multiquantum vibrational relaxation is seen (see Section 2

and the discussion surrounding Fig. 4) and the behavior of NO

in low vibrational states, where Arrhenius Ts-dependence

and threshold-less EI-dependence are seen. See Section 2 and

Fig. 5 Absolute quantum yield of vibrationally promoted electron

emission measured vs. vibrational quantum state, n, of the NO(n)
molecule impinging the low-work function caesium-decorated gold

surface. The grey bar denotes the measured value of the surface work

function.7 Adapted from ref. 13 and ref. 46.

Fig. 6 Electron kinetic energy distribution resulting from vibrationally

promoted—NO(n= 16, Evib = 3.3 eV)—electron emission from Cs/Au.

The upper x-axis is the electron energy with respect to the Fermi level,

adding the work function j = 1.6 � 0.1 eV7 to the observed electron

kinetic energy. See ref. 11.

Fig. 7 Inverse velocity dependence for vibrationally promoted electron

emission. Here, NO(n= 18) collides with a Cs/Au surface and ejected

electrons are detected. This observation is a sign that the electron

emission process is approximately independent of translation energy

and depends only on the time spent in a critical region near the surface.

See text.
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the discussion surrounding Fig. 1. One might reasonably

ask whether the several eV difference in incidence energy

of vibration is not sufficient to elicit qualitatively different

dynamics. For multiquantum vibrational relaxation of highly

vibrationally excited NO large vibrational energy jumps,

DnE 8, lead to large energy excitations of individual electrons;

even electron emission can be seen. Is the behavior in

low vibrational states comparable or does it result from an

essentially different set of circumstances?

As is shown in Fig. 1 and 4, for low vibrational states, the

most probable event is vibrationally elastic scattering, whereas

for high vibrational states the most dominant change in

vibrational states is B8 quanta. From this, one might simply

conclude that the electronically nonadiabatic influences are

much stronger for high vibrational states than for low. We will

show that this simple conclusion is unjustified. The behavior

of NO scattering from Au(111) when it is in its ground

vibrational state is not only qualitatively similar to scattering

in high vibrational states, but according to the analysis we

will present the electronically nonadiabatic coupling is of a

similar magnitude. More specifically, we will show how the

electronically nonadiabatic coupling strength may be gauged

in relationship to a thermal limit. This allows a quantitative

experimental criterion to be established describing the strength

of electronically nonadiabatic coupling.

We first consider vibrational excitation experiments

showing NO (n = 0) scattering from Au(111) results in both

single quantum (n= 0 - 1) and multi-quantum (n= 0 - 2)

excitation.4,12 Through a quantitative analysis one may

show that for multi-quantum excitation, vibrational overtone

excitation is dominant. That is, one direct 0 - 2 transition

prevails over two sequential single-quantum transitions, a

process that is analogous to multiquantum vibrational relaxation

of highly vibrationally excited NO.

To compare electronically nonadiabatic vibrational excita-

tion to de-excitation, we must devise a means of analysis

that allows us to look beyond thermal factors. That is to

say, every electronically nonadiabatic energy transfer process

will have a ‘‘thermal limit’’. For vibrational de-excitation,

vibrational energy excites EHPs. For vibrational excitation,

one requires thermally excited EHPs to relax transferring

energy to NO vibration. Thus for a finite TS, vibrational

de-excitation is always more efficient than excitation. Consider

the case where the EHP-V coupling is so strong that the

vibrational relaxation of NO from n = 1 to n = 0 reaches

the thermal limit in a collision with a room temperature

surface. In this case the final n = 1 population will be

O(10�4) that of n = 0. The same thermal limit in vibrational

excitation of n = 0 produces a n = 1 population to be

O(10�4). In the former case, one observes near complete

relaxation, whereas in the latter it will be O(10�4) excitation

efficiency. If we look only at the probability of vibrational

energy transfer we might conclude incorrectly that vibrational

relaxation exhibits much stronger nonadiabatic effects than

vibrational excitation. By looking at these events in relation to

the thermal limit, we see that both are examples of strong

nonadiabatic effects.

A similar logic applies to the analysis of vibrational over-

tone excitation. The energy of EHPs driving Dn = +2

transitions must be twice as high as that of EHPs driving

Dn = +1 transitions. Thus, for a given surface temperature

the probability of surface collision induced overtone vibrational

excitation will always be significantly smaller than that of the

fundamental (Dn = 1) due to the limited thermal population

of high energy EHPs. Only when one accounts for these

thermal factors, the intrinsic strength of the electronically

nonadiabatic coupling is obtained. This is best shown by

considering a specific experiment.

Fig. 8 shows REMPI spectra of NO (n= 1, 2) populated by

collisions of NO (n= 0) on Au(111) with EI = 0.93 eV. The

n= 2 signal is more than an order of magnitude weaker than

that of n = 1 and the dependence of the REMPI signal on

TS is stronger for n= 2 than for n= 1. This is consistent with

an Arrhenius TS dependence expected for electronically non-

adiabatic vibrational excitation, eqn (1). In the Arrhenius

expression, the pre-factor, A, is related to the intrinsic

coupling between EHPs and molecular vibration, while the

exponential term represents the statistical likelihood to find a

thermally excited EHP of the correct energy to excite molecular

vibration.

Fig. 9 shows absolute excitation probabilities for the two

vibrational channels and their dependence on TS.
4 The solid

lines are the results of a kinetic model that we will describe

shortly. The dash-dot lines, indistinguishable from the solid

lines, are best fit Arrhenius functions with the activation energies

set equal to the DEvib for the two channels. The thermal limits

are also shown for comparison as a dotted line. One can see

that the vibrational excitation probabilities are about half

the thermal limit. This simple comparison already serves as a

semi-quantitative estimate of the strength of the electronically

nonadiabatic coupling.

One may take this idea still further. From the Arrhenius TS

dependence one cannot distinguish sequential two-quantum

from direct overtone excitation. Assuming that the fundamental

collision-induced vibration excitation follows an Arrhenius

dependence with an activation energy equal to one vibration

quantum of energy, the probability to excite n = 2 in two

Fig. 8 Typical rotationally-resolved REMPI spectra of NO(n= 1, 2)

observed when NO(n = 0) is scattered from Au (111) at EI E 0.9 eV

and TS of 773 and 973 K. Adapted from ref. 4.
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independent steps also results in an Arrhenius form with twice

the activation energy.

Pdirectð0� 2Þ ¼ A02 exp �
2hn
kBTS

� �
ð2Þ

Psequentialð0� 1� 2Þ ¼ Pdirectð0� 1ÞPdirectð1� 2Þ

¼ A01 exp �
hn

kBTS

� �
A12 exp �

hn
kBTS

� �

¼ A01A12 exp �
2hn
kBTS

� �

ð3Þ

However, one may use the experimentally derived pre-exponential

factors to distinguish these two cases. The experimentally

derived absolute excitation probabilities shown in Fig. 9 lead

to physically interesting pre-exponential factors for each

channel, Aexp,1 = 0.38 and Aexp,2 = 0.46 (where Aexp,1 and

Aexp,2 are defined in the caption of Fig. 9). The pre-exponential

factor may be approximately thought of as a T - N limit;

that is, where thermal populations of EHPs are sufficient to

promote the molecule to any vibration level. Moreover, all

pre-exponential factors are bounded from above by 1 and

from below by 0: 0 r A r 1. The fact that Aexp,2 4 Aexp,1

immediately rules out a dominant sequential single-quantum

mechanism. In this case Aexp,1 = A01 and Aexp,2 = A01A12 and,

as it is impossible to multiply two numbers between 0 and 1

and get a larger number, this mechanism can be excluded from

playing a major role in the vibrational excitation.

Let us think more deeply about the thermal limit. In

electronically nonadiabatic vibrational excitation of ground

vibrational state molecules, the highest probability that can be

reached is if the molecule comes into thermal equilibrium with

the EHP bath in the solid, which is held at TS. In this case the

probability to find a molecule in the vibrational state n is

simply given by the Boltzmann factor at the temperature

TS,
4,12 that is:

Ptherm ¼ exp �DEvib

kBTS

� ��
QvibðTSÞ ð4Þ

where DEvib is the molecule’s vibration spacing and Qvib(TS)

is the partition function of harmonic oscillator given by

1� expð�hn=kBTSÞ½ ��1.
It is then clear that the Arrhenius expression does not

describe the transition to this strong coupling limit, since

eqn (4) is not of an Arrhenius form. To address this issue, a

simple rate model was developed4,12 for vibrational state

changing events occurring in collisions with a metal surface

that incorporates microscopic reversibility and a statistical

treatment of the thermal energy distribution of metallic EHPs.

The details of this model and its implications exemplified on

the NO/Au(111) excitation are elaborated next.

Persson and Persson54 used a Fermi Golden Rule approach

to characterize the electronically nonadiabatic vibrational

relaxation of CO on Cu(100), where the rate of EHP-V energy

transfer is given by:

knn0 ¼
2p
�h

X
i;k

jhinjH 0jkn0ij2dðei � ek � �ho0Þ ð5Þ

where n and n0 are initial and final vibrational states of the

molecule, ei and ek are energies of the initial |ii and final |ki
electronic states in the metal, o0 is the vibrational frequency,

and H0 is the perturbation corresponding to the Anderson–

Newns electronic Hamiltonian.55,56 Assuming that such a

perturbation theory-based approach can be generally valid—

not only for single quantum but also for direct multi-quantum

vibrational energy transfer, and taking into account the finite

temperature of the surface by incorporating the Fermi-Dirac

distribution function for the electrons in the conduction band

of the metal the expression for the rate of vibrational energy

transfer was derived:12

knn0 ¼ ann0
Enn0

exp � Enn0
kbTS

� �
� 1

with ann0 ¼
2p
�h
l2nn0r

2 ð6Þ

where Enn0 is the vibrational energy change, l0vv ¼ jhinjH 0jkn0ij
is the matrix element coupling the electronic and vibrational

degrees of freedom, r is the density of states projected onto the

molecular affinity level, kb is the Boltzmann constant, and

TS is the surface temperature.

The model4,12 further assumes that the population of

vibrationally excited NO(n= 1, 2) is determined by a dynamic

approach to equilibrium with the surface, controlled by rates

of excitation given by (6), leading to a system of linear rate

equations:

dnn0 ðt;TSÞ
dt

¼
X

knn0nn;n0 ðt;TSÞ ð7Þ

The above-described approach to the analysis of the experi-

mental results can be taken to different levels of complexity.

Ultimately, one can allow both direct single and double

(n = 0 - 1 and 2) and two-step sequential (n = 0 - 1 - 2)

excitation and relaxation processes to proceed concurrently,

assembling a system of differential rate equations like shown

Fig. 9 TS dependence of the vibrational excitation probabilities for

NO(n = 0 - 1) and NO(n = 0 - 2). Open symbols denote

experimental data. Dotted lines denote the thermal limits for both

excitation channels. Solid lines result from a kinetic model described

in the text. Dash-dot lines (indistinguishable from the solid lines)

show Arrhenius fits4 with Ea,0-1 = 0.236 eV, Aexp,1 = 0.38 and

Ea,0-2 = 0.472 eV, Aexp,2 = 0.46. See ref. 12.
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in (7) that combines all possible excitation and relaxation

pathways:

dn0

dt
¼ k10n1 � k01n0 � k02n0 þ k20n2

dn1

dt
¼ k01n0 � k10n1 � k12n1 þ k21n2

dn2

dt
¼ k12n1 � k21n2 þ k02n0 � k20n2

ð8Þ

Following our insight that sequential single quantum excita-

tion is relatively unimportant, we first inspect these equations

for the case neglecting k1,2 and by detailed balance k2,1.

Solving the differential equations for this simplified single-step

scenario yields the expression for absolute excitation proba-

bility, Pnn0 , as a function of the interaction time with the

surface, t, and the surface temperature, TS:

Pnn0 ¼
nn0 ðtÞ

n0ðt ¼ 0Þ ¼
1� exp �ann0Enn0 coth Enn0

2kbTS

� �
t

h i

1þ exp
Enn0
kbTS

� � ð9Þ

It can be shown12 that for kbTS � E0nn (which is valid for the

experiments of Fig. 9) and short interaction times (t� 1=k0nn),

expression (9) can be reduced to:

Pnn0 � knn0 t ¼ ðann0Enn0 tÞ exp �
Enn0

kbTS

� �
ð10Þ

In expression (10), one recognizes the familiar Arrhenius form,

which emerges as a low temperature and short interaction time

limit of the more general expression given by eqn (9). The

short interaction time limit criterion is shown in ref. 12 to

be rather forgiving, leading to experimentally imperceptible

deviations from Arrhenius behavior even for k0nnt in the

vicinity of half the thermal limit. Within this formalism it is

clear how the empirically derived pre-exponential factor is

related to the vibrational energy spacing, Enn0 , the interaction

time, t, and the fundamental coupling coefficient, ann0 . This
provides a link between experimentally derived quantities,

Aexp,n and intrinsic properties related to the electronic occupation

of the LUMO and vibrational degree of freedom, lnn0 , and the

density of electronic states in the metal projected onto the

molecular affinity level, r. Thus experimentally measured

quantities may be used to derive fundamental parameters of

the Newns–Anderson Hamiltonian, assumed to be a good

description of the electronically nonadiabatic interaction.

We also note that in the low TS limit, where kbTS � E0nn ,

expression (9) obtains the form:

Pnn0 ¼ exp � Enn0

kbTS

� �
ð11Þ

in the limit of infinite interaction time. That is, in the limit of

infinite molecule–-surface interaction time the pre-exponential

coefficient is unity, and the ratio between the amounts of

molecules in two arbitrary vibrational states n1 (with the

energy En1 ) and n2 (with the energy En2 ) is simply given by
nn2
nn1
¼ exp � ðEn2�En1 Þ

kbTS

h i
, as expected from thermal equilibrium.4,12

It is informative to carry out a similar analysis assuming the

dominance of sequential single-quantum excitation, that is

neglecting k02 and k20 in eqn (8). In the low TS limit,

kbTS � E0nn , and the short interaction time regime, one obtains:

Psequentialð0� 2Þ ¼ 1

2
ða01E01tÞ2 exp �

2E01

kbTS

� �
ð12Þ

For the case of direct overtone NO(n = 0 - 2) excitation, it

follows from eqn (10) that the absolute excitation probability is

given by:

Pdirectð0� 2Þ ¼ ð2a02E01tÞ exp �
2E01

kbTS

� �
ð13Þ

assuming further the vibrational anharmonicity of the molecule

is negligible. As we can see from expressions (12) and (13), the

experimentally observed Arrhenius slope alone cannot be used

to distinguish between the direct overtone and the sequential

two-step mechanisms. On the other hand, the pre-exponential

coefficients will differ significantly between the two excitation

scenarios (compare eqn (12) and (13)) and can be used to reveal

the branching ratio between the two.

Having obtained an intuitive understanding of the kinetic

behavior using the simplified kinetic analysis described above,

we can analyze the experimental data using the full kinetic

model as reflected in the set of rate expressions given in eqn (8).

All rate constants in eqn (8) are given by expression (6).

Assuming (1) a0nn ¼ a0nn (detailed balance) and (2) a01 = a12
(independence of the rates on initial vibrational state) we may

define a02 = ba01, where b is the branching ratio between

single step n = 0 - 1 and direct overtone n = 0 - 2

excitation. We also define the effective interaction time as

t = a01t, to solve the system of rate equations (8).

The solutions of eqn (8) are functions n0(t, TS, b), n1(t, TS, b),
n2(t, TS, b) that can be used to obtain the corresponding

excitation probabilities P1 ¼ n1ðt;TS ;bÞ
n0ðt¼0;TS ;bÞ and P2 ¼ n2ðt;TS;bÞ

n0ðt¼0;TS ;bÞ.

Then, one can perform a global least squares fit on two

experimental data sets (NO(n= 1) and NO(n=2)) simultane-

ously using the same pair of t and b as the adjustable

parameters. Applying this analysis to the experimental data

sets shown in Fig. 9 yields teff = 1.94 [1/eV] and b = 0.68.12

This global fitting procedure is rather robust, since the value of

teff is almost exclusively determined by the NO(n=1) data set,

while the value of b is mainly sensitive to the values of the

NO(n = 2) data set.4,12 This kinetic analysis allows one to

factor out the influence of availability of suitably energetic

EHPs, and to extract the intrinsic propensity for direct-overtone

vibrational excitation in electronically non-adiabatic molecule–

metal collision. Remarkably, this propensity turns out to be

nearly as large as that for a single-quantum (n = 0 - 1)

excitation process (b= 0.68). The fits to the experimental data

obtained from the full kinetic model are shown as solid lines in

Fig. 9. The fact that this analysis is virtually indistinguishable

from the canonical Arrhenius fits tells us that the experiments

are in the low-temperature, short interaction time regime.4,12

Using the value of the effective interaction time, teff,
obtained from fitting the solutions of the appropriate rate

equations to the experimental data sets together with the

independent estimate of the interaction time, it is possible to

calculate the numerical values of the coefficients ann0. In recent

work, focusing on exo-electrons emission occurring during the
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scattering of highly vibrationally excited NO from Cs-decorated

Au surface47 a critical distance for vibrationally excited electron

emission was identified as ZC E 5 Å. Despite several impor-

tant differences, this value can be taken as a characteristic

of the interaction distance for vibrational excitation at

least for the purpose of estimation. From the measured

velocity of the NO molecular beam, we can estimate the

turnaround time over twice the critical distance to be B400 fs.

Using this number we can evaluate a01 = 4.85 � 1012 and

a02 = 3.16 � 1012 (eV s)�1. Although additional theoretical

work is required to draw conclusions about the magnitude of

these numbers, the very fact of their accessibility within

the kinetic analysis employing the expression for vibrational

energy transfer rate (eqn (6)) is useful.

The knowledge gained about the Arrhenius pre-exponential

coefficients can be used to quantify the branching ratio

between the direct overtone and sequential mechanism of

NO(n = 2) production in the course of NO(n = 0)/Au(111)

collision. Assuming fractions of NO(n=2) produced by direct

overtone and sequential mechanisms are x and y, respectively,

such that x + y = 1, and assuming a short interaction time

regime, the absolute excitation probability for NO(n = 2) is

given by the sum:

P02 ¼ xa02t2E01 þ
y

2
ða01tE01Þ2

h i
exp � 2E01

kbTS

� �
ð14Þ

The experimentally derived pre-exponential coefficients

(see Fig. 9), Aexp,2 and Aexp,1, can be expressed as:

A02 ¼ xa02t2E01 þ
y

2
ða01tE01Þ2 ¼ 0:46

A01 ¼ a01tE01 ¼ 0:38

ð15Þ

Using a02
a01
¼ b ¼ 0:68 (as derived from the fit to the experi-

mental data sets) and solving (15) together with x+ y= 1, we

obtain that the branching ratio of direct overtone to sequential

contributions is 0.86 : 0.14, respectively, demonstrating the

dominance of the direct overtone process over the sequential

mechanism of NO(n = 2) vibrational excitation. This result

also suggests that the vibrational relaxation of highly vibrationally

excited NO exhibiting deposition of multiple vibrational

quanta into excitation of a single EHP5,11,46,47 is mechanistically

similar to the vibrational excitation of NO.

In this section we have shown how one can quantitatively

evaluate electronically nonadiabatic interactions based on

Fermi’s Golden Rule. We return now to the question of the

intrinsic coupling strengths in effect for NO(n= 0) vibrational

excitation and NO(n= 15) vibrational relaxation. In terms of

the thermal limit, we can see that the vibrational excitation of

NO (n= 0) under the conditions of Fig. 9 reaches about half

the thermal limit. By comparison the vibrational relaxation of

NO(n= 15) shown in Fig. 4a has gone from an initial value of

(n = 15) to a final average value of the vibrational quantum

number hni E 8. At thermal equilibrium, hni = 0 as TS was

300 K. Thus we may also conclude that the vibrational

relaxation of NO(n = 15) is about half way to thermal

equilibrium. This argument could be made more quantitative

by extending the ideas of the state to state kinetic model,

work that is left for the future. Nevertheless, one can see that

the thermal limit represents a benchmark for evaluating the

strength of the electronically nonadiabatic coupling and

moreover, there is no major difference in the coupling strengths

of NO(n = 0) and for NO(n c 0).

4. Applying the quantitative approach to compare

different molecule–surface systems

While EHP-V coupling is now a well-established mecha-

nism of energy transfer in, for example, NO/Ag, NO/Cu and

NO/Au,5,6,10,16,46,57,58 expanding the available range of obser-

vations to a wider variety of molecule/surface systems

accompanied by connection to first principles theory is crucial

to our ability to quantitatively predict the magnitude of

electronically non-adiabatic interactions. An important step

in this direction is the recent comprehensive set of measurements

for vibrational excitation of HCl scattering from Au(111),2,59

which, as opposed to the NO/Au(111) system, appears to be a

case of weak electronically non-adiabatic coupling. In these

measurements—see Fig. 10—the absolute excitation probability

for HCl(n = 0 - 1) was studied as a function of TS and EI.

The absolute probabilities for n = 0 - 1 vibrational excita-

tion of HCl (10�6–10�4) are markedly smaller than those of

NO. They are sufficiently small that mechanical (electronically

adiabatic) energy transfer can compete to some degree.2

Consequently, the TS dependence is not simply Arrhenius.

Rather, it exhibited a combination of Arrhenius, associated with

an electronically nonadiabatic mechanism and temperature

independent behavior associated with a mechanical mechanism:

P01 ¼ Pmech
01 ðElÞ þ PEHP-V

01 ðElÞ ¼ Amech
01 ðElÞ

þ AEHP-V
01 ðElÞ exp �

E01

kbTS

� � ð16Þ

In eqn (16), Amech
01 (El) is the mechanical excitation proba-

bility assuming TS independence.15 The second term of eqn (16)

Fig. 10 Absolute vibrational excitation probabilities for HCl(n=0- 1)

scattering from Au(111) vs. TS measured at several values of EI. The

symbols are experimental measurements and the solid lines are fits

describing two contributions to the scattering: electronically adiabatic

and nonadiabatic. See the text and especially eqn (17). Adapted

from ref. 2.
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represents electronically nonadiabatic excitation where the

activation energy is the HCl(n = 0–1) vibrational spacing

(0.371 eV). The AEHP-V
01 (El) factor is the Arrhenius pre-exponent

associated with the inherent strength of EHP-V coupling.4,12

Eqn (17) was used to fit the data of Fig. 10, leading to values

for Amech
01 (El) and AEHP-V

01 (El). This enabled estimation of the

relative importance of these competing excitation channels.2

In this way the two contributing components (adiabatic and

nonadiabatic) could be disentangled from one another. The

dependence of the adiabatic component on EI exhibited a

marked threshold at EI E 0.57 eV, indicating conversion of

incident translational energy to vibration, rotation and surface

excitation.60,61 This channel was also TS independent similar

to NH3 on Au(111) shown in Fig. 1c.2

The electronically nonadiabatic component showed charac-

teristic threshold-less EI dependence and Arrhenius TS

dependence.2 These results are shown more clearly in Fig. 11

as green lines and symbols. At low values of TS, the adiabatic

contribution dominates. With increasing TS, the contribution

of the electronically nonadiabatic channel rapidly increases.

Fig. 11 also shows the previously discussed NO(n= 0 - 1,2)

excitation probabilities4,12 along with earlier measurements of

NO(n= 0 - 1) excitation upon collision with Cu(110)16 and

Ag(111).6,25 All NO/metal systems, without exception, show

substantially higher excitation probabilities than those of HCl

(B2–4 orders of magnitude). Even the excitation probabilities

for multi-quantum NO(n= 0 - 2) excitation, which is being

reduced by ‘‘unfavorable’’ activation energy of 0.472 eV

(two vibrational spacings of NO), are higher than these of

HCl(n = 0 - 1), having more ‘‘favorable’’ activation energy

of 0.371 eV (one vibrational spacing of HCl). It is clear that

the inherent propensity for vibrational excitation is signifi-

cantly higher for NO than for HCl.

We now show by example how the electronically adiabatic

coupling strength can be compared between two systems.

Consider NO and HCl data obtained at a similar EI.

Based on a similar analysis as that just presented, a01 to be

B1.17 � 1010(eV s)�1 is obtained for HCl scattering from Au

at EI = 0.86 eV. Recall that for NO molecules with an

incidence kinetic energy of 0.93 eV scattering from Au(111),

the EHP-V coupling strength parameters were found to be

a01 = 4.85 � 1012 (eV s)�1 for single-quantum excitation.12

Hence there is a B400-fold difference in the EHP-V coupling

strength between HCl and NO on Au(111). Alternatively one

can estimate the fraction of the thermal limit that is seen in

vibrational excitation, which is relatively independent of TS.

One finds that for NO, the vibrational populations seen from

Au(111) scattering at EI = 0.93 eV are about 0.4 of the

thermal limit, whereas for HCl they are about 0.002, about a

200-fold difference. To compare a01 to populations we should

correct for the vibrational excitation energy and interaction

time difference between to the two systems—see eqn (10). This

leads to the conclusion that HCl is 300–400 times further

from the thermal limit than NO in collision with Au(111) at

EI E 0.9 eV. The uncertainty derives from the differential

interaction time. While the state to state model leads to more

rigorous results and numerical values for ann0, even the simple

estimate using the thermal limit is highly informative.

We may also compare to prior experiments. Data are

available for electronically nonadiabatic vibrational excitation

of NO(n = 0 - 1) upon collision with Ag(111)6, 25 and

Cu(110).16 Here we are led to the conclusion that there are

experimental problems with the reported data as the pre-exponent

extracted from canonical Arrhenius analysis exceeds unity—

Aexp,1 = 2.0 for Ag(111) and Aexp,1 = 1.3 for Cu(110).

According to the analysis presented here, the pre-exponent

cannot exceed unity. Clearly both these scattering systems are

close to the thermal limit. Measuring absolute excitation

probabilities is difficult and we believe that additional experi-

mental effort is required to resolve this discrepancy.

The comparison of NO and HCl on Au(111) gives an idea

how different in magnitude the electronically non-adiabatic

interactions can be. Obviously, development of predictive first

principles theory is the ultimate goal. Recent progress using

independent electron surface hopping represents progress in

this direction.58,62,63

Until this and related theories become better proven we seek

‘‘intuitive proxies’’ that might help guide our understanding.

The energy of the affinity level is one such proxy. According to

the model proposed by Newns,10 the energy of the molecule’s

affinity level at the distance of closest approach to the metal

surface during the scattering process strongly influences the

electronically non-adiabatic coupling. In the limit of infinite

separation from the metal, the energy affinity level is simply

the difference of the surface work function and molecule’s

electron affinity. As the molecule approaches the surface, the

affinity level is strongly stabilized by image–charge interaction.

If we assume that the distance of closest approach is identical

Fig. 11 Arrhenius plots for vibrational excitation probabilities of:

HCl(n = 0 - 1)/Au(111) at four different EI’s
2; NO(n = 0 - 1,2)/

Au(111);4,12 NO(n = 0 - 1)/Cu(110);16 NO(n = 0 - 1)/Ag(111).6

The solid lines represent the canonical Arrhenius fit with an activation

energy fixed to the value of the corresponding vibrational excitation;

the dashed lines are drawn to guide the eye where the vibrational

excitation of HCl is dominated by an adiabatic mechanism.
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(or at least similar) for different molecules, then for a single

metal, the higher the molecule’s electron affinity, the lower

the affinity level will be at the closest approach, and thus the

stronger will be the expected nonadiabatic coupling. One might

imagine using this proxy to at least order from weakest to

strongest, the strength of the electronically nonadiabatic inter-

actions. Fig. 12 shows a series of diatomics ordered according

to their electron affinities. Several of the molecules listed in

Fig. 12 have negative electron affinities, indicating that the

anion is higher in energy than the neutral. The negative

electron affinity can nevertheless be determined from negative

ion resonance data.64–68 Clearly when considering a molecule

interacting with different metals, the work function would

be an analogous proxy. One would expect low work function

surfaces to have much stronger electronically nonadiabatic

interactions than high work function surfaces. There is as yet

no systematic data to show this effect, although it is worth

pointing out that the ordering of NO on Au, Ag and Cu is in

accord with these expectations based on published work

functions.69

Additional factors could of course be considered in a rational

attempt to order the strengths of nonadiabatic interactions; for

example, negative ion resonance widths in the vicinity of the

metal surface. Unfortunately, such data are hard to find. We

hope that these ideas will stimulate future work to help establish

trends in nonadiabatic coupling strengths.

5. Prospects for future development of the

quantitative approach

The quantitative approach presented here assumes that the

interaction rate, knn0 (or equivalently, ann0) is constant during
the molecule–surface collision. A more realistic description

would account for the fact that the affinity level approaches

the Fermi level due to Coulomb image charge stabilization

allowing formation of a short-lived anionic state. The rapid

return of the electron to the metal results in lifetime broadening

of the molecular affinity level, which decreases with the

distance from the surface as indicated in Fig. 13. The next

step in improving the quantitative approach incorporates the

molecule–surface distance dependence of ann0.
We next outline what is necessary for this to be implemented.

By modifying the rate equations (8), using time dependent rate

‘‘constants’’, we obtain a similar mathematical problem to

solve as we have discussed above, e.g.:

dn0

dt
¼ k10ðtÞn1 � k01ðtÞn0 � k02ðtÞn0 þ k20ðtÞn2

dn1

dt
¼ k01ðtÞn0 � k10ðtÞn1 � k12ðtÞn1 þ k21ðtÞn2

dn2

dt
¼ k12ðtÞn1 � k21ðtÞn2 þ k02ðtÞn0 � k20ðtÞn2

ð17Þ

which can be further parameterized with the molecule–surface

distance z.

knn0 ðzÞ ¼
ann0 ðzÞEnn0

exp
Enn0
kbTS

� �
� 1

with ann0 ¼
2p
�h
l2nn0rðzÞ

2 ð18Þ

Here, the time dependence is recovered from z= vt and dz= vdt,

with the molecular velocity inferred from the incidence kinetic

energy, EI and the interaction potential, U(z):

nðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

m
½El �UðzÞ�

r
ð19Þ

The interaction potential may be taken as a realistically

parameterized Lennard–Jones potential that could be derived

from quantum chemical calculations of the NO/Au interaction

potential.62 One could then extract fundamental quantities

from the Newns–Anderson Hamiltonian from systematic

measurements of absolute excitation/de-excitation probabilities

at different TS and EI. Such data are now available for NO on

Au(111) at 6 values of EI between 0.1 and 1.2 eV and at

several values of TS between 300 and 1100 K. Preliminary

results, extending the work highlighted in this paper, accurately

reproduce the EI and TS dependence of experiment and will be

presented in a future publication.
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