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Surface diffusion is typically described using tracer diffusion coefficients D,, which provides a bridge between
atomistic dynamics and macroscopic modeling. Here we introduce a new framework to convert helium-3 spin-
echo (HeSE) coherent scattering information into tracer diffusion coefficients Dy, systematically distinguishing
and treating three different diffusion regimes—Brownian, hopping, and correlated—within a single HeSE
analysis framework. HeSE resolves adsorbate motion on both A length scales and picosecond timescales and
yields highly accurate hopping rates and dephasing rates data across a broad range of systems, yet results are

seldom reported directly as D, because a standard conversion from the coherent intermediate scattering function
has been lacking. By combining analytical models with molecular dynamics simulations where interadsorbate
forces are explicitly included, we establish a unified workflow to extract D;, and produce an initial benchmark
library of HeSE-derived D; for surface-diffusion studies, providing an experimentally derived tracer diffusion

coefficients for a set of adsorbate-substrate systems.

DOI: 10.1103/rys7-5t69

I. INTRODUCTION

The diffusion of atoms and molecules on surfaces [1-4] is
one of the most fundamental processes in science and engi-
neering, underpinning processes as diverse as heterogeneous
catalysis [5-7], material growth and device fabrication [8,9],
and even environmental processes such as ice nucleation and
astrochemistry [10,11]. Characterizing diffusion is therefore
essential in order to understand and model complex behavior
and to develop and improve processes for fabricating new
materials and devices.

In many experimental and theoretical studies of surface
diffusion, the microscopic details of atomic motion are ulti-
mately summarized in a single effective parameter: the tracer
diffusion coefficient D;. This quantity provides a common
currency for comparing diffusion processes across different
materials, substrates, and measurement techniques. Helium-3
spin-echo (HeSE) spectroscopy offers unique capabilities to
probe collective adsorbate dynamics at picosecond timescales;
however, HeSE accesses the coherent intermediate scattering
function and naturally yields jump rates or dephasing rates
that characterize collective adsorbate dynamics, rather than
the tracer diffusion coefficient itself. Since HeSE data encode
not only the rate but also the underlying mechanism of motion,
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the information they provide is inherently richer than can be
captured by a single diffusion coefficient.

This mismatch of observables has limited direct compari-
son between HeSE results from more conventional probes of
diffusion and has hindered the integration of helium scattering
data into the broader surface diffusion literature. To bridge this
gap, the aim of the present work is therefore to establish an
analysis workflow that converts coherent HeSE spectra into
tracer diffusion coefficients providing a reference framework
and dataset for future surface-diffusion studies.

A wide range of experimental techniques have been used
to study diffusion [2,12-14] with results often presented in
the form of a diffusion coefficient. Some of the popular
techniques include: scanning tunneling microscopy (STM)
[2,15,16], which provides excellent sensitivity for slow sur-
face dynamics; quasielastic neutron scattering (QENS), which
measures single-particle and collective dynamics; x-ray pho-
ton correlation spectroscopy (XPCS) [17], which probes
coherent density fluctuations over mesoscopic length scales;
pulsed-field gradient NMR [18], which can yield tracer diffu-
sion constants; dynamic light scattering (DLS) [19,20], which
accesses diffusive relaxation in colloidal and other meso-
scopic systems; and atomic resolution TEM [21]. However,
the majority of these techniques are fundamentally bulk sen-
sitive, rather than surface sensitive techniques, and while bulk
techniques such as QENS can be used to measure surface
diffusion [22] their sensitivity is severely limited and extrac-
tion of surface behavior from bulk behavior will always be
an issue. Of the surface sensitive approaches STM is the
premier technique, which is typically limited to diffusion
coefficients below 10~'5 cm? s~!, with experiments often per-
formed at low temperatures, corresponding to motion on the
scale of seconds or longer. Some alternative techniques, such
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as laser-induced thermal desorption have recovered much
higher diffusion constants [23] but are limited in the types
of systems, which can be studied and provide no atomistic
information.

In contrast, HeSE spectroscopy can probe lateral dynamics
on surfaces with picosecond time resolution over A dis-
tance scales, allowing access to diffusion rates up to at least
1077 cm?s~! and enabling studies at elevated temperatures
of greater technological relevance. HeSE measurements have
elucidated a wide range of adsorbate dynamical mechanisms
across many adsorbate-substrate pairings, including hopping
[24-26], Brownian motion [27], rotation [28,29], confinement
[30], correlations [31,32], and more.

In the present work, we develop a HeSE-based analy-
sis that systematically distinguishes Brownian, hopping, and
correlated regimes. While many previous HeSE studies have
extracted jump rates or barrier heights from Chudley-Elliott
fits, only a small subset explicitly reported tracer diffusion
coefficients, often using system-specific conventions. Here,
we bring these analyses together in a unified framework and
make the conversion to D; explicit in all three dynamical
regimes, providing a practical route from HeSE observables to
tracer diffusion coefficients. For Brownian motion we exploit
the quadratic «(AK) dependence; for well-defined hopping
we use a Chudley-Elliott-type description; and for complex
motion we employ Langevin molecular dynamics calibrated
against HeSE data. These workflows are then applied to
HeSE measurements to convert them into tracer diffusion
coefficients Dy, thereby assembling a benchmark library for
surface-diffusion studies. For the majority of the systems dis-
cussed here, and for all of those involving correlated motion,
we report values for D; measured using HeSE. The remainder
of the paper is organized as follows: Sec. II defines the diffu-
sion coefficients used, Sec. III summarizes the HeSE method,
Sec. IV presents the three analysis routes, Sec. V discusses the
resulting D, values in the context of alternative approaches,
and Sec. VI gives our conclusions.

II. DIFFUSION COEFFICIENT DEFINITIONS

Surface diffusion is a broad term that encompasses several
distinct but closely related processes. It is therefore crucial
to define exactly what we mean by surface diffusion, and
within that context precisely what we mean by a diffusion
coefficient. On macroscopic and mesoscopic scales, surface
diffusion typically relates to the continuum flux of matter
across a surface. On these length scales the relevant diffusion
coefficient, known as the collective or chemical diffusion co-
efficient, D., is defined through either the decay in density
fluctuations, or through the flux of material in proportion to a
concentration gradient according to Fick’s law [33,34],

JR,1) =-D:Vp(R,1), ey

where J(R, t) is the flux of material in the presence of the
density profile p(R,t). Typically, measurements of D, are
obtained from macroscopic profile evolution measurements,
often using optical or electron-based techniques [1,2]. While
such measurements provide empirical characterization of the
diffusive behavior under specific conditions, they are more

difficult to use to gain insight into underlying physical pro-
cesses at an atomistic level.

On the microscopic scale, diffusion proceeds through the
motion of individual atoms or molecules, which can occur
in the form of jumps over a substrate lattice [35], continu-
ous Brownian motion across a flat effective potential [27],
or more complex processes such as exchange with substrate
atoms [36]. These processes usually result in the mean-square
displacement of an individual particle increasing linearly with
time. The single-particle, self- or tracer-diffusion coefficient,
D, or D*, can therefore be defined as [33,34]

2
D, = lim 2O @)

t—00 2td
where (AR?(t)) is the mean-square displacement and d = 2 is
the dimensionality of the system. Tracer diffusion corresponds
to the spontaneous thermal motion of atoms or molecules
and can take place in the absence of a concentration (or
chemical potential) gradient, proceeding continuously under
equilibrium conditions. The experimental methods that have
been applied often involve following the motion of individual
atoms in STM or FIM micrographs [1,2]. The rate at which
such micrographs can be acquired limits the tracer measure-

ments to low rates of diffusion.

At low coverages, the collective diffusion coefficient can
be approximated by the tracer diffusion coefficient, as the
interactions between adatoms are weak and the influence of
those interactions on the diffusion process is small. However,
as coverage increases, the approximation gradually becomes
invalid as interactions between adatoms affect the rate of
diffusion. In general, the two diffusion coefficients represent
different but closely related quantities and various models
have been established to relate them together over a wider
range of conditions [33]. Both diffusion coefficients are
usually observed to follow an Arrhenius dependence with
temperature, 7,

E,
D:Doexp[_k T}. 3)
B

Dy and E, are a preexponential factor and activation energy,
respectively, that are related to the other properties of the
system [37] and kg is the Boltzmann constant. The tracer
diffusion coefficient, along with its activation energy and pre-
exponential factor, characterize the atomic-scale dynamics on
surfaces, capturing the combined influence of the effects of
many different processes, including barrier crossing (and re-
crossing), adsorbate-substrate energy exchange and the shape
of the interaction potentials.

III. HELIUM-3 SPIN-ECHO METHOD

All measurements analysed in the present work were ob-
tained with HeSE using the Cambridge instrument [38]. HeSE
is a surface scattering technique that uses neutral helium
atoms to perform a correlation measurement with a time sen-
sitivity of between picoseconds and nanoseconds, a regime
that is otherwise very difficult to access experimentally. Along
with the completely nondestructive and chemically inert na-
ture of the helium probe, the approach is ideal for measuring
atomistic transport on surfaces. The HeSE technique has
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FIG. 1. Schematic representation of the spin-echo technique.
An unpolarized helium-3 beam is first produced in the (a) beam
source by expanding gas through a nozzle, towards towards the (b)
nuclear-spin polarizer. (c) The polarized spins are transferred into
solenoid field, where they are split into parallel and antiparallel
components with different velocities. The components separate by
spin-echo time, tsg, before scattering from the sample surface. (d)
Scattered atoms then pass through an identical but reversed solenoid
field, where the spin components are recombined. (¢) The beam
passes through a nuclear-spin analyzer before (f) individual atoms
are counted in the detector, to provide a beam-averaged polarization
measurement. A change in the surface correlation during 7sg, due to
adsorbate diffusion, shows up as a drop in the measured polarization.

already been described in detail elsewhere [39], so we only
briefly outline the important concepts here.

Figure 1 shows a schematic representation of the HeSE
spectrometer. First [Fig. 1(a)] a beam of helium-3 atoms
is generated from a free jet expansion, then the atoms are
nuclear-spin polarized [Fig. 1(b)] in a direction perpen-
dicular to the beam axis. The polarized atoms are passed
through a variable strength magnetic field parallel to the
beam [Fig. 1(c)], where the helium wave packets are split
into components parallel and antiparallel to the field. The
two components propagate at different speeds, so arrive at
the sample with a time separation, 7sg, known as the spin-
echo time. After scattering, the wave packet components are
recombined in a reverse magnetic field [Fig 1(d)], before
finally measuring the beam polarization [Figs. 1(e)-1(f)]. In
the Cambridge apparatus, tsg can be scanned within the
subpicosecond to nanosecond range. If the surface changes
during that interval, due to adsorbate motion or other dynamic
processes, then the wave packet components cannot be re-
combined exactly. The result is a loss of spin polarization
in the scattered beam, which can be measured to provide a
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FIG. 2. Cartoon of an ISF measured using HeSE. The oscillatory
part, which typically decays quickly, is usually associated with sur-
face vibrations or phonons. The overall decay is associated with the
aperiodic diffusion and corresponds to a quasielastic broadening in
an energy domain measurement. The length scale of the observation
are set by the scattering momentum transfer, AK.

temporal correlation measurement on the lengthscale and in
the direction given by the scattering momentum transfer, AK.
Within the kinematic approximation, the measured polariza-
tion corresponds to the normalized intermediate scattering
function (ISF), I(AK,t) [39], a typical form of which is
shown in Fig. 2. On small timescales, the ISF typically oscil-
lates due to periodic motion such as substrate phonons, while
aperiodic adsorbate diffusion usually results in an exponential
decay over longer times. More generally, the ISF is the spatial
Fourier transform of the Van Hove pair correlation function,
GR,1),

I(AK, 1) = /G(R, t)exp iAK?)dt, )

where G(R, t) describes the probability of finding a particle
at position R and time ¢, given the particle was located at
R =0 at time r = 0 [40]. Thus, by measuring the ISF over
a range of scattering conditions and times, a complete statis-
tical description of the dynamical behavior of the surface can
be constructed. We note that as helium spin echo measures
only coherent scattering, methods developed to extract diffu-
sion constants from the incoherent dynamic structure factor,
S;(AK, w), which is the temporal Fourier transform of the
ISF, for neutron scattering [34] must be applied with caution
in the case of HeSE; a further discussion of the approaches
used in HeSE and neutron scattering can be found in Sec. V.
The ISF encodes detailed information about surface
dynamics, including jump frequencies, trajectories, and corre-
lations, as well as information on other surface processes such
as phonons. A common approach to extracting dynamical
parameters is to characterize the decay of the ISF in terms
of a dephasing rate, «(AK), which quantifies the rate at which
correlations are lost due to atomic motion. At sufficiently long
time scales, the decay of the ISF is often well described by a
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FIG. 3. Schematic representation of three types of diffusion models: (a) continuous Brownian motion, occurring when thermal energy is
comparable to the activation energy; (b) single hop between adsorption sites when the activation energy is sufficiently high; and (c) more
complex motion, including multiple jumping or correlated motion when the interaction energy between adsorbates is also strong.

single-exponential form,
I(AK, 1) = Aexp [—a(AK)] + C, 5)

from which the dephasing rate can be determined through
numerical fitting. The dependence of @ on momentum transfer
AK provides the underlying mechanism of surface diffusion.

IV. OBTAINING DIFFUSION COEFFICIENTS FOR
ADSORBATE-SUBSTRATE SYSTEMS

Despite surface diffusion typically being described by a
single coefficient, the motion of an adsorbate on a pristine
atomic surface is a surprisingly complex process. The rich and
sophisticated range of behavior that can be exhibited arises
from the adsorbate atom/molecule being coupled to every
other particle in the system through interaction potentials, and
whose exploration depends on temperature and the rate of
energy transfer around the system. To date, to make diffusion
analysis tractable various different levels of approximation
have been applied [34]. Following standard approaches to
surface diffusion modeling [41,42], we assume that the overall
motion of an adsorbate particle can be split into slow degrees
of freedom that can be represented by a frozen potential en-
ergy surface (PES) on which the adsorbate moves following
classical dynamics. The fast degrees of motion are associated
with the heat bath to which the adsorbate is coupled, as
represented by a series of random impulses that are scaled
according to the fluctuation-dissipation theorem. We also as-
sume that interactions between adsorbates can normally be
represented as pairwise interactions. While these assumptions
generally work well, they can occasionally break down badly
(for example Refs. [43] and [44]), but the model still provides
a useful framework within which the different regimes of
adsorbate motion can be understood and distinguished.

Figure 3 shows a cartoon representation of the three differ-
ent regimes of adsorbate motion on a surface that we consider
here; Fig. 3(a) Brownian motion in a flat, or nearly flat, in-
teraction potential, Fig. 3(b) single-jump discrete hopping in
a corrugated potential, and Fig. 3(c) more complex motion,
such as multiple jumping or strongly correlated motion. Each
of these behaviors has been observed using HeSE, and can
be distinguished clearly through the form of the dependence
of the dephasing rate on momentum transfer, o (AK). In the
following sections, we examine each of these regimes in
turn, and how tracer diffusion coefficients may be obtained
in each case.

A. Brownian motion

When the corrugation of the PES is small enough to
be ignored compared to the thermal energy of the adsor-
bate, as illustrated in Fig. 3(a), the periodic nature of the
substrate becomes unimportant. Coupling to the substrate
heat bath through random impulses is the dominant pro-
cess, which results in the adsorbate performing continuous
Brownian motion rather than discrete hopping between lattice
sites. Under these circumstances, the relationship between
the dephasing rate and parallel momentum transfer has been
shown to be [45]

a(AK) = DAK?, (6)

where D is the diffusion coefficient along AK.

Hedgeland er al. observed this situation in the ben-
zene/graphite system [27], as illustrated in Fig. 4. The
measured dephasing rate follows an almost perfect quadratic
dependence and the energy barrier to diffusion was ob-
served to be negligible. By fitting the observations to Eq. (6),
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FIG. 4. The dephasing rate, «, obtained from HeSE (5¥) and
NSE (A) experiments of benzene on (azimuthally disordered) highly
oriented pyrolytic graphite at 140 K for coverages of 0.5 ML. The
dephasing rates follow a quadratic dependence, enabling the tracer
diffusion to be obtained from the quadratic coefficient. Data repro-
duced from Ref. [27].
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they readily obtained a diffusion coefficient of D = (5.39 +
0.13) x 1072 m? s~ ! at 140 K.

Thus for systems exhibiting continuous Brownian motion,
as opposed to hopping, the diffusion coefficient can be ob-
tained trivially from the quadratic scaling of HeSE dephasing
rates. However, HeSE measurements to date suggest that such
Brownian behavior is quite rare; the majority of adsorbate-
substrate surface systems exhibit some degree of hopping
between adsorption sites [34,39], so require a more sophis-
ticated model.

B. Hopping motion

When the adsorbate thermal energy, kg7, is significantly
smaller than the PES energy barrier between adsorption sites,
E}, adsorbate motion is strongly influenced by the periodic
structure of the surface, leading to hopping motion. For ideal
instantaneous jumps on a Bravais lattice, the relation between
the dephasing rate, o (AK), and the parallel momentum trans-
fer, AK, is described by the Chudley-Elliot (CE) model [46],

w23 st (BER) o)

J

where the summation is over the different possible jump
vectors, R, and I'; is the corresponding hopping rate to a
particular site.

When the rate of energy exchange between the adsorbate
and substrate is sufficiently high, single jumps are the dom-
inant transport mechanism between adjacent adsorption sites
[34,37]. The exact sites depend on the nature of the bonding
in any particular system, but often correspond to the hollow
sites on f.c.c. {001} surfaces or a combination of hexagonal
close-packed and face-centered-cubic hollow sites on f.c.c.
{111} surfaces. By symmetry, the jump rate I'; to the jth site
is equal for all j equivalent nearest-neighbor sites so Eq. (7)
can be further simplified using a single value of T,

®

a(AK) = 2T Z sin? ( 5

AK - R_,-)
J

Figure 5 shows an example of existing HeSE experimental
data, for H diffusion on Pt(111) along the (112) azimuth [25],
overlaid with a single-jump Chudley-Elliot model. The model
uses a best-fitted value of I with the known jump length,
while the shaded region shows one standard deviation of un-
certainty based on the standard error on I" obtained from the
fitting routine. The good agreement, with the majority of data
points falling within the shaded band is consistent with single
hops being the dominant form of motion for this system.

Having established that the motion is dominated by single
hops, the established relationship analytically gives the two-
dimensional (2D) tracer diffusion coefficient [2,34],

D = iT'7(l)%. ()
Here, (1) is the mean-square jump length, which in the

single-jump model is typically equivalent to the surface lattice
constant squared, a*. I'7 is the total jump rate from a given site
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FIG. 5. Dephasing rates, «, from HeSE measurements of H on
Pt(111) at 220 K, at a coverage of 0.1 ML (red points), reported in
Ref. [25], for the (112) azimuth. The results are in good agreement
with a single-jump Chudley-Elliot model using a fitted value of the
hopping rate (blue line and confidence interval). The majority of data
points fall within one standard deviation of the fit line and there are
no obvious systematic deviations, enabling a diffusion coefficient to
be obtained using Eq. (9).

given by,

p=) I;=N-T, (10)
J

where N is the number of the nearest neighbors, usually taking
values of 3, 4, or 6, depending on adsorption site symmetry.
For H on Pt(111), we therefore obtain a diffusion coefficient of
(2.77 £0.08) x 1072 m?s~!, using data measured along the
(112) azimuth at 220 K, which is consistent with the previous
analysis.

A number of systems previously studied using HeSE con-
form to a single-jump model, so diffusion coefficients can
be extracted using this approach, which can be summarized
schematically as:

CE model

By Eq. (9)
= a(AK) =

I(AK, 1) — D. (11)

Spin-Echo Experiment
Table I shows resulting values computed for a represen-
tative selection of these systems, including at different
coverages and temperatures where data is available. The
results span atoms and small molecules (H/Pt(111) [25],
CO/Cu(111) [47], CO/Pt(111) [44]), then larger hydrocar-
bons (C3Hg/Pt(111) [48], C¢He/Cu(001) [49]). Table I sum-
marizes the D; obtained from the Chudley-Elliot model for
all the systems considered, with the exception of H/Pt(111)
these diffusion constants have not previously been extracted
from HeSE measurements. In these systems, the long-time
two-dimensional tracer diffusion coefficient D, is a scalar
property of the surface and is therefore not expected to de-
pend on the azimuth along which the HeSE measurement is
performed. The small variations in the D, values obtained for
different azimuths are attributed to the combined statistical
and systematic uncertainties of the fits. We have calculated
the variation of D; with coverage in the case of CO/Pt(111)
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TABLE I. Diffusion coefficients for systems exhibiting single-jump motion over different azimuths, coverages, and temperatures. The
values are based on a reanalysis of experimental HeSE data that was previously reported in the literature, using a single-jump Chudley and Elliot
model. For all systems except H/Pt(111), these represent the first tracer diffusion coefficients explicitly extracted from HeSE measurements.

System Azimuth Coverage/® Temperature/K 2D Diffusion Coefficient/m? s~
H/Pt(111) [25] (112) 0.04 90 (5.9+£0.3) x 107!
0.04 140 (5.440.2) x 10710
0.04 220 (2.77 £0.08) x 10~°
CO/Cu(111) [47] (110) 0.04 190 (6.6 £0.3) x 107!
(112) 0.04 190 (5.74+0.3) x 1071
CO/Pt(111) [44] (112) 0.065 340 (1.68 +£0.08) x 10710
0.165 340 (2.540.3) x 10710
0.220 340 (3.84+0.2) x 10710
0.300 340 (6.5+0.5) x 10710
C;Hg/Pt(111) [48] (110) 0.02 115 (7.04+0.4) x 10710
(112) 0.02 115 (5.84+0.2) x 10710
C¢He/Cu(001) [49] (100) 0.07 170 (3.1£0.4) x 107°
(110) 0.07 170 (3.6+0.3) x 107°

and temperature in the case of H/Pt(111) as shown in Table I;
these are consistent with the mechanisms reported in Refs.
[44] and [25], respectively.

In certain systems, HeSE experiments have revealed con-
tributions from jumps beyond nearest neighbors [26,31,50],
where a fraction of the adsorbed molecules jump further than
the nearest-neighbor site in one activation event. In such cases,
a single-jump Chudley-Elliott model cannot reproduce the
data adequately, but additional multiple jump components can
be added into Eq. (7). For reasons of uniqueness it is normally
desirable to only add enough additional jump components to
achieve an acceptable fit. The resulting diffusion coefficient
may then be obtained by summing Eq. (9) over the different
jump components. As an example, Fig. 6 shows a Chudley
and Elliot model fit to HeSE measurements of CO on Cu(001)
[50] with both single and double jumps included. Using single
jumps to nearest neighbors is inadequate, but with the addition
of a fraction of next-nearest-neighbor jumps the model accu-
rately reproduces the data, to give a diffusion coefficient of
(2.54+0.4) x 107" m? s7! using the (110) azimuth data and
(1.8 +£0.3) x 107" m? s~ for the (001) direction. As before
the small difference is attributed to minor differences in the
fitting between azimuths.

C. Complex and correlated motion

While many of the systems studied using HeSE exhibit
hopping diffusion that can be explained well using the Chud-
ley and Eliott model, many more exhibit complex motion
that cannot be reduced to simple discrete jumps. A particular
example is the case of alkali metals adsorbed onto metal
surfaces, where electron transfer leads to strong dipole-dipole
repulsion between the alkali adatoms [33]. Under the influ-
ence of these strong dipole interactions, the adsorbates arrange
themselves into a quasihexagonal pattern to maximise the
mean interatomic spacing to give the most stable arrangement,
as shown in Fig. 7. At the momentum transfer values cor-
responding to unstable spacings the dephasing rate is higher
than at other values of AK, resulting in a peak and dip in
a(AK). The variation is characteristic of the corresponding

correlated adsorbate motion (i.e., each atom influences its
neighbours) and the effect is known from neutron scattering
as a de Gennes narrowing [51].Such features are clearly vis-
ible in many HeSE measurements, including the K/Cu(001)
data as shown in Fig. 8. In this case, the optimized single-
jump model completely misses the correlation feature around
0.3A~'. A more sophisticated model is clearly needed to
obtain diffusion coefficients accurately.

Here, we have taken a new approach to determining
diffusion coefficients, using numerical simulations that are
accurately calibrated against experimental HeSE data. The

(110)

1.49| - HeSE data
—— Chudley-Elliot

(100)

1.2

| | |

Dephasing Rate, a (ns™1)

3 2 1 0 1 2 3
Momentum Transfer, AK (A~1)

FIG. 6. Dephasing rates, ¢, from HeSE measurements of CO
on Cu(001) at 155 K, for coverages of 0.04 ML (red points), re-
ported in Ref. [50], for both the (110) (left) and (100) (right)
azimuths. The solid line and one-standard deviation band shows a
Chudley-Elliot jump model fitted with single- and double-jump rates
of (9.1240.34) x 107 s~ and (3.01 £ 0.30) x 107 s~! along (100)
direction, and (1.29 4 0.39) x 108 s~ and (4.07 £ 0.14) x 107 s~!
along (110) direction, respectively, giving good agreement with the
data and enabling the corresponding tracer diffusion coefficient to be
obtained.
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dephasing rate a
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Parallel Momentum Transfer g
FIG. 7. Illustration of the signature of strong correlated motion
where its dephasing rate exhibits the de Gennes feature. When the
interatomic spacing reaches the preferred length, the system will be
in its most stable state, resulting in the minimum dephasing rate.
When the interatomic distance is too far or too close, the adsorbates
become more mobile, resulting in a higher dephasing rate. These
conditions manifest as a narrowing dip and a peak for small values
of AK. Reproduced from Ref. [39].

simulations are used to generate adsorbate trajectories, which
can then be used to compute the corresponding tracer diffu-
sion coefficients. In principle any dynamic simulations may
be used in this process, but here we have used Langevin
molecular dynamics (MD), as they are already widely used
in the interpretation of HeSE data [12].

0.16
- HeSE data
0.141|—— chudley-Elliot model
1, 0.12]
c
S 0.10

©
o
©

Dephasing Rate,
,‘3 o
o o
5 O

0.0 0.2 0.4 0.6 0.8 1.0
Momentum Transfer, AK (A1)

FIG. 8. The dephasing rate, o, obtained from *HeSE experiment
of K on Cu(001) at 155 K for coverages of 0.032 ML, measured
along (100) azimuths. The results cannot be fit to a Chudley-Elliot
model, suggesting more complicated diffusion behavior.

Within the Langevin model, adsorbate motion is described
by
mR = —VV(R)—ymR+&(1)+ Y FR;—R), (12)

i#]

where R is the position of the adsorbate and V(R) is
the adsorbate-surface PES. The second and third terms de-
scribe coupling to the substrate heat bath via viscous drag
and a stochastic force. By the fluctuation-dissipation the-
orem, (£(t)) =0 and (§(¢)&(t")) = 2kgTnd(t —t’). Finally,
the last term represents pairwise interaction forces between
adsorbates.

We used the PIGLE code (Particles Interacting in Gen-
eralized Langevin Equation) [52] to perform our Langevin
MD simulations. A series of parameters need to be defined
to run a simulation according to Eq. (12), these are the PES,
the friction, 1, the temperature, the interparticle forces F, and
the coverage of adsorbates, ®. The coverage and the tempera-
ture are defined by the experiment. For the adsorbate-substrate
PES, we used the previously optimized empirical potential of
the form

E E E 2 2
Vix,y) = TT + 73 + Tr[cos <—Zx> + cos <—Zy>:|
1 2w x 2y
+ —(Ey —2Eg)cos | — Jcos [ — ), (13)
4 a a

written in terms of the bridge site energy, Ep, and the atop
site energy, E7, with respect to the lowest-energy hollow site.
For our systems Na/Cu(001) and K/Cu(001) systems we adopt
literature parameter sets for the two PES parameters [24,53].
For Na/Cu(001) values of Eg = 75meV and Ey = 85 meV
were used, which have been aquired via fitting to the experi-
mental ISFs. For K/Cu(001) values [24] and Ez = 35 meV and
Er = 64 meV were used, which are calculated using density
functional theory [53].

For the interparticle forces we apply the Kohn-Lau dipole
interaction potential [24,53,54] to incorporate the dipole-
dipole interactions between the alkali-metal adsorbates,

1 2u?

Ej=——" 14
! dmeg IR, — R 14)

where E;; is the interaction energy between the adsorbates
pair i and j. The coverage-dependent dipole moment, w, was
deduced from the work-function measurements of Aruga et al.
[55] and Mizuno et al. [56]. 200 interacting adsorbates were
used in each simulation.

The final parameter is the frictional, 5, which is the only
parameter in our approach that must be fitted to the experi-
mental ISF—for cases where an ab initio calculation of the
PES is not present Eg and Er may also be fitted, resulting in
three empirical parameters. In principle more of the parame-
ters could be fitted using the Langevin simulation, however,
where possible independent values have been and should be
used to reduce parameter degeneracy and maintain physical
realism. In our simulations we adhere to the values used by
Hedgeland et al. [53] and Alexandrowicz et al. [24] with
values of 0.5 ps~! for Na/Cu(001) and 0.2 ps‘1 for K/Cu(001).

For both systems the size of the Cu(001) supercell was
automatically adjusted to accommodate the total number
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MD parameters 7 via Langevin MD a(AK)

i

Log posterior
L(n)

‘ Trial values of P‘ Trajectories R;(t,n) P‘ Simulated ‘

MSD (Ar?(t)) from Best-fit n
calibrated 7 (max L)

Experimental
a(AK)

Tracer diffusion
coefficient Dy

FIG. 9. Flow chart for obtaining tracer diffusion coefficients
from Langevin molecular dynamics constrained by experimental
data. Trial values of MD parameter(s) are used to generate trajec-
tories and simulated «(AK;n); in the present work the parameter
is the friction 5, but it could also include other MD parameters.
Comparison with the experimental o(AK) defines the log posterior
L(n) and yields the best fit . The MSD (Ar?(¢)) from MD with
this calibrated parameter is then used to obtain the tracer diffusion
coefficient D.

of adsorbates and the coverage. The total simulation time
was 20 ns with a time step of 1 fs, at coverages of
® = 0.02, 0.04, 0.065, and 0.08 ML and a temperature
of 155 K.

The Langevin based workflow is summarized in Fig. 9.
For each trial n a PIGLE Langevin-MD trajectory R;(z)
is generated, from which the coherent ISF and the cor-
responding dephasing rate «(AK) is computed under the
same AK as the experiment. For each candidate 75, a
joint log posterior that measures the mismatch between
simulated and experimental «(AK, t) is calculated, follow-
ing the Supplemental Material of Ref. [57]. The optimal
value is taken to be n = argmax,InP(n). Once the cal-
ibrated 1 is determined, its corresponding simulated tra-
jectories can be used for subsequent computation. For
Na/Cu(001) and K/Cu(001) literature parameter sets are al-
ready established [24,53], for new systems that have not
yet been parameterized the workflow in Fig. 9 must be
followed afresh.

Once calibrated parameters, in particular the friction 7,
have been established a final set of Langevin simulations
can be performed. Figure 10 illustrates the result of this
process for the case of Na/Cu(001). Figure 10(a) shows the
trajectory of an individual adsorbate. While the atom pre-
dominantly resides near the PES minimum at the adsorption
site, there is a substantial level of fluctuation and the mo-
tion shows substantial deviations from idealised jumping.
Close inspection reveals a mixture of long jumps and de-
flection due to repulsion from neighboring adsorbates. Figure
10(b) shows a simulated dephasing rates, o(AK), compared
with the experimental data from Ref. [24]; as expected the
previously optimised simulation reproduces the experimen-
tal data closely. Both the de Gennes feature (a peak and a
dip) at AK ~ 0.3-0.6 A~! and the sinusoidal jump diffusion
characteristic at larger momentum transfers are reproduced.
Figure 10(c) shows the relationship between the mean-square
displacement, (Ar?(z)), and ¢, which was computed by av-

25 T i
Simulated Data
o Experimental Data

n
o
T

Dephasing Rate (ns'1)

0 0.2 0.4 0.6 0.8 1

Parallel Momentum Transfer (A")

(b)

900 |
< 800
& 700
Se00f
Q
2500
a

@ 400
©

>
300+
C

& 200

100 -

0 500 1000 1500 2000 2500 3000
Simulation Time (ps)

(c)

FIG. 10. (a) Simulated trajectory of a Na atom on Cu(001)
at 155 K and coverages of 0.04 ML obtained from PIGLE.
(b) Experimental (red circles) and simulated (PIGLE, blue curve)
dephasing rates under the same conditions. (c) Plot of mean-
square displacement versus simulation time; the red line is the
best-fitted linear regression line used to obtain the 2D diffusion
coefficient.
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FIG. 11. Sensitivity of the simulated 2D tracer diffusivity D, to Langevin-MD parameters for K/Cu(001). The blue vertical dashed lines
mark the calibrated baseline values: ® = 0.018 ML, n = 0.2 ps~!, T = 155 K, Ez = 35 meV (bridge), and E; = 65 meV (top). (a) D; vs
coverage O. (b) D; vs friction 7. (c) Arrhenius plot In D vs 1/T; the line is a linear fit (activation slope noted in the text). (d) D, vs lower
barrier Ep. (e) D, vs upper barrier E7. Error bars are 95% confidence intervals; lines are guides to the eye. Across physically reasonable ranges
the trends are monotonic and changes are modest, indicating that the extracted D; is not overly sensitive to fine tuning of the MD parameters.

eraging the square of the displacement of all the atoms at ¢.
Linear regression was used to determine the gradient, from
which the tracer diffusion coefficient was obtained; uncertain-
ties are estimated with the approximate Bayesian procedure
of McCluskey et al. [58], as implemented in the open-source
package KINISI [59].

To demonstrate that the resulting tracer diffusivities D;
are predictive rather than tuning dependent, we quantify pa-
rameter sensitivity via one-parameter-at-a-time scans about
a calibrated baseline (K/Cu(001), coverage 6 = 0.018 ML,
temperature 7 = 155 K, lower barriers Eg = 35meV, up-
per barriers Er = 65 meV and friction n = 0.2 ps‘l; see
Fig. 11. For each scan over coverage 6, friction 1, lower/upper
barriers Eg/Er, and temperature 7, D, and their uncertain-
ties were extracted using the same procedure. The trends
are monotonic and physically expected: D; decreases with
increasing 6, n, and Ep; its dependence on E7 weakens and
approaches a plateau, indicating transport governed by the
lower-barrier direction; and In Dy versus 1/T is approximately
linear. Within these physically reasonable ranges, D, does
not change dramatically and follows a monotonic trend with
all the parameters. These figures show that the diffusion co-
efficients are not overly sensitive to small variations in the
Langevin-MD parameters.

Table II shows diffusion coefficients for Na/Cu(001) and
K/Cu(001) at several different conditions, obtained using our
Langevin simulations. As expected, the diffusion coefficients
decrease with increasing coverage. The decrease is most rapid
at low coverages, with the values stabilising as the coverage

increases, showing similar behavior to the observations in Ref.
[60]. For comparable coverages, the diffusion coefficient of
K is always higher than that of Na, which we attribute to
the lower PES and rate limiting energy barrier. Therefore,
K adsorbates have greater mobility on the Cu(001) surface,
despite their larger mass.

V. DISCUSSION

In the present work we have systematically distinguished
and treated three qualitatively different diffusion regimes
within a single HeSE analysis framework. For Brownian and
jump diffusion we apply established analytic models to a
wide range of systems, while for complex correlated motion
we present a Langevin molecular dynamics approach, which
allows the extraction of D from a simulation that is accurately
validated against HeSE measurements in conjunction with
Eq. (2). On this basis we have presented a unified workflow
that converts the coherent HeSE observables into the tracer
diffusion coefficient D;, thereby making both the workflow
and the resulting tracer diffusion coefficients accessible to the
wider diffusion community. Applying this workflow to a range
of canonical HeSE systems, we assemble the first internally
consistent set of HeSE-derived tracer diffusion coefficients,
which are summarized in Tables I and II. For the majority
of the systems listed in Tables I and all in Table II, tracer
diffusion coefficients have not previously been tabulated in
the literature. Even for cases when D, values from HeSE have
appeared, they are often based on system-specific conventions
or implicit assumptions that are not stated in a reproducible
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TABLE II. Diffusion coefficients for strongly correlated motion systems under various conditions. These values are computed based on
the simulation package PIGLE combined with *HeSE experimental data. The computation procedure is shown in Fig. 9. Uncertainties in the
diffusion coefficient values were obtained using approximate Bayesian regression method [58].

System Azimuth Coverage/® Temperature/K 2D Diffusion Coefficient/m? s~

Na/Cu(001) [24] (110) 0.020 155 (1.38£0.05) x 10~°
0.040 155 (6.74 £0.49) x 10710
0.065 155 (5.36 £0.33) x 1071°
0.080 155 (5.114+0.18) x 1071°

K/Cu(001) [53] (100) 0.018 155 (3.34+£0.12) x 107°
0.032 155 (1.76 £0.07) x 10~°
0.045 155 (1.42 4+0.05) x 10~°
0.056 155 (1.20 £0.04) x 10~°

way. With the aid of our Langevin simulations we not only test
the sensitivity of the 2D tracer diffusion coefficients, but also
explore how Dy depends on the Langevin-MD parameters.

The tracer diffusion coefficient Dy serves as a compact and
transferable measure of long-time adsorbate mobility: it aver-
ages over step lengths, back-and-forth motion, and multiple
pathways, enabling meaningful comparison across different
surfaces and probes. By contrast, microscopic hopping rates
are strongly model dependent and much less comparable
across systems. A system may exhibit a high jump rate but
very short step lengths, frequent back-forth jumps or multi-
ple competing pathways, so that its long-time spreading is
not necessarily faster than that of a system with a smaller
jump rate but longer or more directed jumps. While hop-
ping rates therefore remain essential for understanding the
mechanism of motion, they do not by themselves provide a
simple, system-independent measure of how fast the adsorbate
diffuses. Thus, while hopping rates are convenient local quan-
tities within a given model, the tracer diffusion coefficient
provides a system-independent measure of the net rate of
adsorbate transport, and hence serves as a common currency
between systems.

Examining Fig. 11, the simulated tracer diffusivity D
shows physically sensible and simple trends with the
Langevin-MD parameters. D decreases monotonically with
friction 7 in the high-friction (overdamped) regime, and with
coverage as adsorbates become more crowded and increas-
ingly block one another’s motion. It also decreases with
increasing lower barrier Eg; D; shows a weakening depen-
dence and approach to a plateau as the upper barrier E7 is
raised, indicating that transport is governed primarily by the
lower-barrier direction. Within the ranges explored here, tem-
perature has the strongest apparent influence on D;, consistent
with Arrhenius behavior as Eq. (3), whereas variations in 7,
coverage and barrier heights all lead to relatively modest,
monotonic changes.

Also, in the case of CO/Pt(111), Alexandrowicz et al.
[44] established the remarkable result that pairwise forces
between adsorbates do not drive the changes in the diffu-
sion rate, but that there must be a mean-field-driven change
in the PES corrugation with increasing coverage [44]. As
the corrugation reduces, the overall rate of diffusion in-
creases in that system. Our results, shown in Table I, quantify

those changes in the form of diffusion coefficients; the in-
crease in D, with coverage reflects the mechanism previously
identified. We note this is in contrast to the normal ex-
pectation that diffusion coefficients reduce with increasing
coverage [33,34].

Unlike incoherent neutron scattering, which is often used
to isolate single-particle dynamics via the incoherent scatter-
ing, our coherent HeSE analysis explicitly captures collective,
interaction-induced correlations in adsorbate motion. In neu-
tron experiments the tracer diffusion coefficients are extracted
from the low-¢q, low-w limit of the incoherent dynamic struc-
ture factor [34], and the scattering geometry can often be
chosen such that correlations between different atoms are
largely removed at the level of the measurement, yielding
an effective single-particle diffusion coefficient. In contrast,
helium spin echo is inherently coherent, so that correla-
tions between adsorbates are always present in the measured
signal. The tracer diffusion coefficients reported here there-
fore complement bulk neutron measurements by providing
surface-specific diffusion data that explicitly include the ef-
fects of lateral interactions at finite coverage.

An alternative strategy to remove the effect of correlations
from HeSE data has been proposed by Ward et al. [61],
who separate the incoherent contribution from the coherent
scattering signal in order to obtain an effective zero-coverage
diffusion coefficient. Such methods are highly complementary
to our approach where diffusion coefficients are determined
at finite coverage, inherently including correlated motion.
Together these two approaches provided frameworks for stan-
dardizing the analysis of the uncorrelated and correlated
motion in HeSE studies.

VI. SUMMARY & CONCLUSIONS

In this paper, we develop a framework to extract tracer
diffusion coefficients from HeSE experimental data for three
different types of system. For systems that exhibit continuous
Brownian motion on the atomic scale, the tracer diffusion co-
efficient can be straightforwardly extracted from the quadratic
variation in the measured dephasing rate, «(AK). Similarly,
for systems exhibiting well-defined hopping motion, exper-
iments can be fitted using the Chudley-Elliot model, which
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gives a hopping rate, I', that can be used to determine the
diffusion coefficient as shown in Eq. (11).

For more complex motion, numerical simulations allow
us to reproduce the experiments, then to arrive at the tracer
diffusion coefficient, as illustrated in Fig. 9. Within the
Langevin framework, that process involves developing a
model for the PES, friction and interadsorbate forces, which
can then be compared with experimental HeSE data and re-
fined. Once a sufficient level of agreement is established the
simulated trajectories, R(t), can be used to obtain the relevant
diffusion coefficients. Tables I and II give a summary of dif-
fusion coefficients calculated using these methods, obtained
from a reanalysis of existing HeSE data in the scientific litera-
ture, and which have not been readily available before. While
these coefficients wrap up much of the mechanistic detail of
diffusion into a single quantity, such values are of importance
to the wider academic community where the overall rates of

motion are most important. As such, we hope this work will
enable the progress made using HeSE methods to be exploited
more generally.
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