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Slip Diffusion and Lévy Flights of an Adsorbed Gold Nanocluster
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Anomalous diffusion of a gold nanocrystal Ay, adsorbed on the basal plane of graphite, exhibiting
Lévy-type power-law flight-length and sticking-time distributions, is predicted through extensive
molecular dynamics simulations. An atomistic collective slip-diffusion mechanism is proposed and
analyzed. [S0031-9007(99)09082-1]

PACS numbers: 68.35.Fx, 05.40.—a, 36.40.Sx, 61.46.+w

Diffusion processes of atoms, molecules, and clusters oaceanic flow [7(c)], and in chaotic transport studied in a
solid surfaces continue to be subjects of active research dfvo-dimensional rotating laminar fluid flow [7(d)].
basic and technological interest (e.g., in the areas of film In this paper we focus on the diffusion of a gold
growth and catalysis), and a source of discovery pertainnanocrystal(Auy4g), with a face-centered-cubic structure
ing to diffusional energetics and mechanisms [1]. In parand a truncated-octahedral morphology adsorbed on the
ticular, enhanced diffusion rates of adsorbed small metdbasal plane of graphite (see inset of Fig. 1). The inter-
clusters containing up te-10 atoms have been observed actions between the gold atoms were described using the
in early field-ion microscopy investigations [2(a)] and de-embedded-atom potentials [8(a)], those in graphite were
scribed using a random walk with internal state formalismmodeled following Ref. [8(b)], and for the interaction be-
[2(b)]. More recently, a dislocation mechanism [3] for tween the gold and graphite atoms we employed a 6-12
surface migration of large two-dimensional clusters and d.ennard-Jones potential with the use of combination rules
collective slip-diffusion model for rapid surface diffusion [9]. Simulations were performed for both a static graphite
of thiol-passivated gold nanoclusters on graphite [4] haveurface and a dynamic one (yielding similar results) and
been proposed. Additionally, we note recent experimentfor various temperatures; in the case of canonical simu-
[5(a)] and molecular dynamics (MD) simulations [5(b)] lations, thermalization occurred through scaling of the
pertaining to the rapid diffusion of clusters on solid sur-surface graphite atoms and, in the frozen substrate case,
faces. In particular, in Ref. [5(b)] it was concluded, from microcanonical (constant energy) simulations were per-
simulations of large Lennard-Jones clusters on a solid sufermed following prolonged equilibrations to the desired
face, that when the cluster is incommensurate with the sulfkinetic) temperatures. Integration time steps of 3and 1 fs
strate fast diffusion occurs via a Brownian-like mechanismwere used in the static and dynamic surface simulations,

We report here on a novel surface diffusion phenomerespectively, and particularly long simulations were per-
non, where large (hundreds of atoms) three-dimensiondbrmed to gain statistical significance (the results shown
gold clusters adsorbed on a graphite surface are predictede from a 90 ns simulation at 500 K, and a static graphite
via atomistic MD simulations to undergo anomalous diffu-surface).
sive motion with surprisingly high rates, occurring through The xy trajectory of the cluster’s center of mass (CM)
a collective slip-diffusion mechanism, involving long slid- is shown in Fig. 1(a), and its component is displayed
ing trajectories, which may be described mathematically ag Fig. 1(b) with two successive tenfold expansions of the
Lévy flights [6]. time scales; the latter illustrates the self-similar nature of

Normal diffusion is characterized by a variance of thethe cluster's diffusive motion, which is a characteristic
displacementsr?(t) = ([r(t) — r(0)]*) ~ t¥ growing in  of Lévy processes [6]. Even a cursory visual inspection
the long-time limit linearly withy, i.e.,v = 1. Superdiffu- of the trajectory shown in Fig. 1 suggests that it may be
sion(y > 1) may occur when the trajectories exhibit long divided into “free flight” time intervals, and “sticking”
displacements (flights), termed “Lévy flights” [6], char- intervals when the cluster undergoes localized vibrations.
acterized by power-law (rather than exponential) flight-To quantify this observation we use configurations along
length (¢€z) and flight-time (¢z) probability distribution the dynamic trajectory (separated 1.5 ps apart), and for
functions,Pr(€) ~ ¢ * andPr(f) ~ t7* (1 < u,u’ <  each (say, the one at timg) we examine the distance
3), which are equivalent (i.ep = ') when the flights between the CM position at times + 7/2 ands; — 7/2
occur with constant velocity. For such processes the mearfwhere 7 is equal to half the lateral vibrational period of
square displacement is divergent with time. Althoughthe CM during a sticking interval; at 500 K, = 20 ps),
studied extensively theoretically, physical realizations ofi.e.,d(t;) = |R(t; + 7/2) — R(t; — 7/2)|. A histogram
Lévy superdiffusion are few and recent, including self-of d(z;) is shown in the inset (i) of Fig. 2, exhibiting a
diffusion in polymerlike breakable micelles [6(b),7(a)], bimodal character, with the narrow peak fér= 0.6 A
tracer transport in turbulent surface waves [7(b)] andcorresponding to vibrational motions (assigned as sticking

0031-900799/82(19)/3835(4)$15.00 © 1999 The American Physical Society 3835



VOLUME 82, NUMBER 19 PHYSICAL REVIEW LETTERS 10 My 1999

400 3
1075 I®
10”5
-V 1 10%GH
10'3 {3 1.7
é 1&
-1 =1 -18 LML B LA B
1 dA) 4 067 T 10
) I LI IIII| t 1 LLLLELRAI
10> tps) 10° 10" (ps) 10°

FIG. 2. Flight [Pr, in (a)] and sticking Ps, in (b)] probability
distributions, exhibiting power-law decay with exponepts=

2.3 and v = 2.1, respectively. Statistical uncertainty in the
data, related to the analysis leading to the classification of flight
and sticking intervals, is estimated to be smaller than the size
of the dots. The quality of the straight line fits to the data,
measured by the root-mean-square (rms) deviations are 0.06
and 0.04 in (a) and (b), respectively. Attempting to fit the
data by an exponential law resulted in significantly inferior fits
[rms deviations of 0.17 and 0.24 for (a) and (b), respectively].
Insets: (i) histogram of the beginning-to-end lend#) of
flights calculated for time intervals;(— 7/2, t; + 7/2) vs d

(in A); (i) scatter plot of the flights’ lengthsd(, in A) plotted

vs the (discrete) flights’ durationss; in ns); (iii) log-log plot

of the variance of the gold cluster CM displaceme{R?[¢))

in cnm?, averaged over time origins] vs time. The dashed line
0 30 time(ns) 60 90 indicates the slope at the long-time limit.

FIG. 1. (a) A 90 ns(xy) trajectory of the center of mass

(CM) of a Auy cluster diffusing on_the basal plane of qisyrintion of flight speeds about a mean value of 15m

graphite at 500 K X and y in units of A). Insets: top left: - . e
atomic configuration of the adsorbed cluster on the surfacel10]- This observation, as well as some variation of the

bottom right: a top view of a short-time trajectory of the cluster CM velocity during individual flights (indicating
cluster illustrating pivotal-slip motion. (b¥cm vs time. For  deviations from pure ballistic behavior), is of relevance
the bottom curve, the time span is 90 ns and the coordinatgy the formulation of certain theoretical models of Lévy

(Xcm) as indicated. The upper two curves correspond to tw . : :
successive tenfold expansions of the time scale of the indicatg%rocesses [in particular, constant and nonconstant velocity
dnodels, see Refs. [11(a)] and [11(b)].

intervals. The corresponding changes in the coordinate scal > ) ] ]
are as indicated. To test for a Lévy character of the diffusion we display

in Figs. 2(a) and 2(b) the flightPr) and sticking(Ps)

probability distributions which indicatBr(¢z) ~ ¢~ * with
configurations) and the broad distribution fér> 0.6 A u ~ 2.3, and Ps(r) ~ +~” with » = 2.1. Additionally,
corresponding to nonoscillatory displacements (assignesle show in Fig. 2 [inset (iii)] a plot of lo§%(r) vs
as flights). A contiguous set of sticking configurationslog(z), whereR?() = ((R(z) — R(0)]*) with R the CM
comprises a sticking interval, and similarly we define aposition and the angle brackets denoting averaging over
flight interval. Consequently, the total trajectory is dividedtime origins. The slope of the curve at largequals 1.1,
into a succession of sticking and flight intervals; notei.e.,R*(r) ~ ¢!, that is, indicating mild superdiffusion of
that a segment where the 2D trajectory changes directiotie cluster al” = 500 K.
abruptly (large curvature) is likely to be classified as a In light of the coexistence of flights and sticking events
sticking one since, during the time7/2, the CM tends found in the above simulations, we note that several
to remain localized. studies, pertaining to the connection between Lévy-type

Prior to addressing the Lévy character of the motion ofmotion and the character of the ensuing diffusion (that

the cluster on the surface we use the above classificatias, the exponeny), have shown [11(a)] and [11(b)] that
and show in Fig. 2 [inset (ii)] a scatter plot of the paththe interplay between the flight and sticking exponepts (
lengths(dr), calculated along the flight's trajectory, plot- and v, respectively) can lead to crossovers between the
ted (for each flight) against the flight's duratién:). We  various diffusion regimes (i.e., regular with = 1 and
observe some dispersion in this plot corresponding to anomalous withy # 1). Using our values fop andv in
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relations obtained from these theories leads indeed taeaker interaction. Consequently, starting from a sticking
estimated values [11(c)] of > 1. configuration, once the (fluctuating) distribution of energy
To further explore the atomistic origins of the Lévy between the various degrees of freedom of the cluster con-
flight character of the diffusion process observed in ourcentrates sufficient energy into the CM lateral motions the
simulations, we plot in Fig. 3 a segment of the trajectorycluster may overcome the barrier for transition into a non-
[see Fig. 1(b)] along with the corresponding variation insticking configuration characterized by weaker coupling to
the cluster-to-surface (CS) interaction enefdy-s) and the surface. Since the probability for finding another stick-
the cluster's CM distancgcy from the surface plane. It ing configuration is small (due to their infrequency and
is evident that the behavior &i-s andZ¢\; are essentially small configurational “catchment” basins), the cluster will
identical, and that both correlate strongly with stickingcontinue to displace (“fly”) for an extended distance, till it
and flight intervals (that is, both decrease during stick-will be trapped again [12].
ing). These correlations suggest that the high mobility The above diffusion mechanism is a cooperative one
of the cluster on the surface originates from its interfacialand may be termed [4] “slip diffusion” (SD), accompa-
incommensurability. The situation may be illustrated bynied by occasional “pivoted slips” [see lower inset of
placing a finite planar raft made of spheres of a certairrig. 1(a)]. To first approximation the initiation of diffu-
intersphere distance over an extended one characterizetve motion in this mechanism may be described using a
by a different intersphere distance, and allowing for inter-simple model [4]. The occurrence of slip requires that the
action between the spheres of the two rafts. Under sucéffective lateral shear stregs, associated with thermal
circumstances, certain relative configurations of the twovibrations of the cluster CM (i.e., lateral restoring force
rafts will result in an improved “tight fit” between them on the cluster divided by the contact atelaetween it and
characterized by a smaller interraft distance and strongehe graphite surface), exceeds a critical value. From simu-
interaction (such configurations correspond to sticking in{ations at low temperature, we determined effective CM
tervals). However, for the large majority of relative in- spring constants for laterék; = 0.08 mdyn/A) and ver-
terraft configurations only a “loose fit” can be achievedtical (k, = 1.5 mdyn/A) vibrations (with vibrational pe-
resulting in a larger interraft interfacial separation and aiods ofr; = 15 ps andr; = 3.5 ps), respectively. This
leads to an estimate of the maximum lateral vibrational
restoring stressr,, = (2kkzT)'/?/S, where kg is the
8.78 Boltzmann constant. The critical lateral shear stress for
slip, o, was determined in a separate simulation by ap-
plying to the adsorbed cluster (in a stuck configuration) a
progressively increasing uniform force until slip was initi-
8.76 1 ated, yieldingr, = 245 Mpa. (In obtaining this estimate,
we consider only pure translational motion of the cluster
CM. Consequently, the estimated valueaf is an up-
-2.801 per bound for the initiation of slip [13].) The increase
in Ecs accompanying the initiation of slip in this calcu-
lation was~0.1 eV (compare also with Fig. 3, where a
-2.85 1 similar change irEcs is found from the MD simulation).
Fromaoy,, = o, with S = 130 A2, the temperaturé&g, at
which significant slip could be initiated, may be estimated,
yielding Ts = 500 K (for the thiol-passivated cluster a
much lower value was determined [4]s = 80 K). Be-
z low the temperatur&s the clusters display slip but much
540 1 less frequently and’s, in analogy with conventional de-
<0 scriptions of diffusion, may be interpreted as the tempera-
ture for which the thermal energy of the diffusing entity
equals or exceeds the energy barrier [13] for motion be-
74 ' 76 ‘ 78 tween neighboring potential wells. These simple estimates
Uns) for initiating enhanced slip diffusional motion, with a sig-
FIG. 3. Bottom: the cluster CM coordinate(Xcy) vs time  hificant reduction in sticking events, agree with our ob-
(in ns) during a segment of it's motiory] = r = 78 ns, see  servations of the temperatures for which enhanced surface
bottom curve in_ Fig. 1(b)]. Midd_le and_ top: the cluster-to- mobility of the clusters occurred.
surface interaction energyE¢s, middle, in eV) and CMz In conclusion, we remark that the anomalous diffusion

coordinates , top, in A) during the same time interval. . ) S
Note the dr%%}g ingsc anc), ZCM,gcorreIated with sticking characterized by Lévy-type power-law distributions for the

intervals. TheEcs and Zcy curves were obtained through flight and sticking events, predicted by our MD simula-
Gaussian smoothing of the MD data, with a width of 90 ps.  tions, and the estimates obtained through our cooperative
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slip-diffusion model are likely to depend on the tempera- [9] For the LJ potential well depth and distance parame-
ture, degree of commensurability between the adsorbate
and the surface, and on the coupling strength between

them. These issues, as well as effects due to surface impd#d]

fections [14], are challenges for further experimental and
theoretical studies.
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ters, we usede(Au-C) = 0.01273 eV and o(Au-C) =
2.9943 A (see also Ref. [4]).

The distribution of the flights’ speeds obtained from the
data in inset (ii) of Fig. 2 is close to a Gaussian with
a mean flight speed ofr = 15 m/s and a FWHM of
12 m/s, compared to & = 15 m/s and a larger FWHM
of 20 m/s for a Maxwell-Boltzmann distribution at 500 K.

1] (a) J. Klafter, G. Zumofen, and M.F. Shlesinger, in

Ref. [6(a)], p. 196; (b) G.M. Zaslavskyibid., p. 216;

(c) see Eg.(37) in Ref. [11(a)] and Eg. (2.9) in
Ref. [11(b)]. Further quantitative comparison between
the simulation results and these theoretical studies are not
warranted in light of the models’ assumptions.

Since the laws of Brownian motion (normal diffusion)
result from the central limit theorem (CLT) of probability
theory, one may look for the origins of “anomalous”
diffusion phenomena, such as the one discussed here, in
the failure of the conditions leading to the CLT [6(b)].
Such failure may result from (i) a broad distribution
of the diffusion jump lengths (as measured through the
behavior of the second moment of the distribution) and/or
(i) long range correlations between them. The physical
picture described above, pertaining to the atomistic origins
of the long flights observed in our simulations, relates
particularly to condition (i). Further studies of this issue
are currently in progress.

In the context of our discussion of the transition be-
tween sticking and flight intervals, we note that the clus-
ter's internal and rotational (pivotal and wagging) degrees
of freedom act as sources and sinks (reservoirs) for the
exchange of energy with the cluster's CM translational
degrees of freedom. Additionally, during a sticking con-
figuration, pivotal rotational motions cause misalignments
at the cluster-to-surface interface, accompanied by de-
creased binding to the surface. As a result of such pro-
cesses the barriers for slip may be decreased and initiation
of slip motion may occur by surmounting a smaller effec-
tive energy barrier. This scenario is consistent with our
observation that just prior to slip events the cluster’s de-
gree of commensurability with the surface, as measured
by Ecs andZcy (see Fig. 3), has often already undergone
a significant change.

Because of the predicted high surface mobility of the
adsorbed clusters, they are likely to be found primarily
at pinning sites, such as steps and surface defects, or as
part of cluster islands.



