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Molecular dynamic simulations are used to study the structural stabilit y of gold nanorods upon
heating. We show that the global stabilit y of the rod is governed by the free energeticsof its surface.
In particular, an instabilit y of surface facets nucleates a bulk instabilit y that leads to both surface
and bulk reorganization of the rod. The surface reorganizesto form new, more stable, f 111g facets,
while the underlying fcc lattice completely reorients to align with this new surface structure. Rods
with predominantly f 111g facets remain stable until melting.

PACS numbers: 64.70.Nd, 61.46.+w, 82.60.Qr

The global shape of a crystal structure is in general
determined by its growth process.For macroscopicsized
crystals, this shape will rarely be the true equilibrium
shape that minimizes the total free energy; slow di�u-
sion over macroscopic length scalesgenerally result in
a bulk structure and non-equilibrium global shape that
are stable on all experimental time scales.Metallic crys-
tals of micron size,however, have beenobserved to take
their equilibrium shape when annealedfor long times at
high temperatures [1]. The standard theory of equilib-
rium shapes[2] minimizes the surfacefree energy, assum-
ing that the bulk free energyremains constant. Surfaces
are assumedto be large enoughthat the thermodynamic
limit applies, and the vanishing of a surface facet is de-
termined by the rougheningtransition of the correspond-
ing surface. It is generally assumedthat the equilibrium
shape is achieved by a processof surfacedi�usion.

For structures on the nanometer scale,however, where
surfaceand bulk free energiesmay be comparable, such
a clear division between surface and bulk e�ects is no
longer obvious. Moreover, when surface facets are only
several atoms across, it is not clear that they will be-
have in the same manner as macroscopically large sur-
faces. Recent calculations by Zhao and Yakobson[3] for
silicon nanowires have explicitly decomposedthe energy
into bulk, surface and edge contributions, showing the
importance of the surfaceand edgeterms in determining
the globally stable structure. Diao et al. [4], in numer-
ical simulations of h100i oriented gold nanowires with
small cross-sectionalarea (< 4 nm2), showed that the
surface strain associated with f 100g facets can drive a
transformation of the interior from the fcc structure that
is the stable structure for macroscopicbulk gold, to a bct
(body-centered-tetragonal) structure. It is therefore of
great interest to study under what situations nanostruc-
tures with non-equilibirium initial shapes may become
globally unstable, to identify the particular mechanism
leading to the instabilit y, and to study the resulting ki-

netic path that the systemtakesto achieve a more stable
shape.

In this work we consider gold nanorods of low aspect
ratio � 3, as have been studied in recent laser heating
experiments [5{8]. Using molecular dynamic (MD) sim-
ulations of a rod with a few thousand atoms, we �nd that
the stabilit y of the nanorod against changesin shape and
bulk structure is still governed by the energeticsof its
surface facets. A rod covered primarily by f 111g facets
remainsstable up until melting. However for a rod which
has a sizable fraction of its surfacecovered by f 110g or
f 100g facets, an instabilit y of those facets sets in well
below melting and leads to a shape transformation to
a shorter and wider structure. The surface reorganizes
to form higher stabilit y f 111g facets. More surprisingly,
the fcc interior completely reorganizesas well, rotating
to align with the new facet planes.

The initial rod con�guration that we consider, shown
in Fig. 1, is that proposed in Ref.[5]. The interior of
the rod is a pure fcc lattice. The surface of the rod
consistsof four large f 100g and four large f 110g facets
oriented parallel to the rod axis. The ends of the rod
have a f 001g facet and four small f 111g facets connect-
ing the f 110g and the f 001g facets. These experiments
found that, upon heating, such rods underwent a shape
transformation to bent, twisted, shorter, wider, and \ � -
shaped" rods in which the middle of the rod bulgesout-
wards. Transmissionelectron miscroscopy studies [8] ob-
served point and planar internal defects to accompany
such shape transformations. Recent MD simulations [9]
of such rods, usinga continuousheating proceduremeant
to model the laser heating of experiments, found simi-
lar shape transformations. These simulations found the
shape transformation to be accompaniedby a structural
change in which planes of interior atoms shift, convert-
ing local fcc structure to hcp. The extent and stabil-
it y of theseinterior rearrangements was found to depend
upon both the heating rate and the number of atoms in
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FIG. 1: Initial con�guration of the gold nanorod with N =
2624 atoms and aspect ratio 3: (a) side view, (b) end view
down the long axis, (c) cross-sectional view parallel to long
axis. In (a) and (b), yellow atoms represent f 111g facets,
green atoms f 100g facets, and red atoms f 110g facets; white
atoms are on the edges. In (c), yellow atoms are those with a
local fcc structure, white atoms are on the surface; the cross-
sectional view in (c) shows atoms in the square arrangement
of a f 100g plane of the fcc lattice.

the cluster, but no speci�c mechanism or energeticargu-
ment for this structural rearrangement wasproposed. In
this paper we present new simulations carried out with a
much slower \quasi-equilibrium" heating that allows the
rod more time to approach con�gurations of local equilib-
rium. Our results make it clear that it is the energetics
of the surface that is driving the shape and structural
transformation.

We usethe empirical \glue" potential [10] to model the
many body interactions of the gold atoms in our simu-
lated nanorod, and we integrate the classical equations
of motion for the atoms using the velocity Verlet algo-
rithm [11] with a time step of 4:3 fs. However instead of
increasing the kinetic energy at each MD step to model
continuousheating asin Ref.[9], wenow usethe Gaussian
isokinetic thermostat [12] to keepthe total kinetic energy
�xed at a constant temperature T ; after each MD step,
all velocities are rescaledby a constant factor so as to
keeph(1=2)mv2i = (3=2)kB T �xed. Our procedurecon-
servestotal linear and angular momentum, which are set
to zero, so that our rod doesnot drift or rotate through-
out our simulation. At each �xed T we carry out 107 MD
steps,for a simulated time of 43 ns, beforeincreasingthe
temperature in jumps of 100 K. Our e�ectiv e heating
rate is therefore � 2:3� 109 K/s, more than three orders
of magnitude slower than the continuousheating rates of
2� 7� 1012 K/s usedin Ref.[9]. Weusea rod of N = 2624
atoms with initial aspect ratio of 3, as shown in Fig. 1.
The length of the rod, parallel to its long axis, is 7:38 nm
and its crossectionalareahas a diameter of 2:46 nm. We
do a short equilibration for 430ps (105 MD steps)at 5 K
in order to relax the surfaceatoms of the rod from their
initial fcc positions, before starting to heat the rod.

As a signature of the shape changeof our nanocluster
we measurethe radius of gyration, r g, de�ned by r 2

g =
(1=N )

P
i jr i � r cj2, wherer i is the position of atom i and

FIG. 2: (a) Radius of gyration r g vs. temperature T for the
rod of Fig. 1: quasi-equlibrium heating (blue) compared to
the contin uous heating of Ref. [9] (red); contin uous heating
of the rod with structure of Fig. 3 (green). (b) Bond order
parameters, Q4 , Q6 , Ŵ4 and Ŵ6 , averaged over all atoms
internal to the rod, vs. temperature T , for quasi-equlibrium
heating of the rod of Fig. 1.

r c is the center of mass. In Fig. 2a we plot our results for
rg asthe systemis heated; the blue curve is for our above
\quasi-equilibrium" heating. The vertical dotted lines
separatebins of constant temperature simulation, where
the temperature is equal to the value at the left endpoint
of the bin; the data plotted within each bin represents the
instantaneousvalue of r g asa function of increasingtime
at the constant temperature. At the end of each bin the
temperature is increasedby a jump of 100K. We plot our
data this way, instead of asan averagevalue at each T, to
highlight that signi�can t shape relaxation occurseven at
constant T . For comparison,we plot r g for the continous
heating (red curve) of Ref. [9] for the heating rate of 7 �
1012 K/s; here the temperature is determined from the
instantaneousvalue of the averagekinetic energy. We see
that the curves are qualitativ ely similar, with the onset
of a plateau around 800 K, however the present quasi-
equilibrium heating allows the rod to relax to smaller r g

values,beforethe rod melts at T � 1200K. The decrease
in the radius of gyration re
ects the shapetransformation
to a shorter wider rod of smaller aspect ratio.

To investigate the local structure within the cluster,
we use the method of bond orientational order parame-
ters [13]. These parameters measurethe orientation of
bonds connecting a given atom to its nearestneighbors,
and provide a convenient meansof determining the local
crystalline structure of an atom. In particular, we mea-
sure the 6-fold and 4-fold orientation parameters, Q6,
Ŵ6, Q4, and Ŵ4. We refer the reader to the litera-
ture for their de�nitions [9, 13], and in TableI we give
their values for several periodic three dimensional crys-
tal structures. We also, in Table I, give the values of
these parameters as computed for atoms on particular
low index planar surfacesof an fcc bulk crystal; for these
two dimensional parameterswe averageonly over bonds
connecting an atom with its neighbors in the speci�ed
plane. In Fig. 2b we plot theseorder parameters for our
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TABLE I: Bond order parameters for face-centered-cubic
(fcc), hexagonal close-packed (hcp), simple cubic (sc), body-
centered-cubic (bcc), and low index fcc planes.

Geometry Q4 Q6 Ŵ4 Ŵ6

fcc 0.19094 0.57452 � 0.15932 � 0.01316
hcp 0.09722 0.48476 0.13410 � 0.01244
sc 0.76376 0.35355 0.15932 0.01316
bcc 0.08202 0.50083 0.15932 0.01316
f 110g 1 1 0.13410 � 0.09306
f 100g 0.82916 0.58630 0.12497 � 0.00721
f 111g 0.37500 0.74083 0.13410 � 0.04626

rod, averaging over only atoms internal to the rod (i.e.
we exclude surfaceatoms since thesehave fewer nearest
neighbor bonds). As for r g, we plot our data as the in-
stantaneousvalue as a function of increasing simulation
time, for bins of constant temperature (indicated by the
dotted vertical lines). Comparing with TableI, we see
that the rod maintains its fcc structure until about 400
K. Then, from around 400 K to about 800 K, there is a
rise to positive values in Ŵ4, and a decreasein Q6 and
Ŵ6, suggestive of a more hcp-like structure. Above 800
K, the valuesreturn to their fcc-like values.

We now focus on the structure of the rod in the high
temperature plateau region where r g stabilizes to a con-
stant. In Fig. 3 we show the con�guration of the rod at
T = 900 K, in the constant plateau region before melt-
ing. The views of the rod shown in Figs.3a,b,c are the
sameorientations as shown for the initial con�guration
in Figs.1a,b,c. In order to better illustrate the order
of the rod, we �rst pick an instantaneous con�guration
sampled from the middle of the T = 900 K simulation,
and use the conjugate gradient method [14] to quench
local thermal 
uctuations. At such high temperatures,
the surfacecan be partially disordered compared to the
interior, due to the di�usion of atoms on and near facet
edgesand vertices [15, 16]. We therefore usethe cone al-
gorithm [16] to identify and peel away atoms on the sur-
face and in the �rst sub layer below it, and in Figs.3a,b
show the con�guration of the secondsub layer of the rod.
We seea very regular shape covered almost completely
with stable f 111g facets. Basedon the values in TableI,
we use the following criteria to identify atoms in this
layer as belonging to particular low index planes: f 111g
if 0:7 < Q6 < 0:9 and � 0:08 < Ŵ6 < � 0:02; f 100g if
Q6 < 0:7 and Ŵ6 > � 0:02; and f 110g if Q6 > 0:9 and
Ŵ6 < � 0:08. Atoms in Figs.3a,b have been colored ac-
cordingly.

The cross-sectionalview in Fig. 3c shows an almost
pure fcc interior, as was the casefor the initial con�g-
uration, however we now seea close packed hexagonal
structure characteristic of a f 111g plane of the fcc lattice,
rather than the f 100g plane seenin the cross-sectional

FIG. 3: Con�guration of the nanorod after quasi-equilibrium
heating to 900 K. (a) side view, and (b) end view down the
long axis, after peeling away the surface and the �rst sub-
surface layer; yellow atoms are f 111g facets, green atoms are
f 100g facets, and white are edge atoms. (c) cross-sectional
view parallel to the long axis; yellow atoms have a local fcc
structure, green atoms have a local hcp structure, and white
atoms are neither. The cross-sectional view in (c) shows
atoms in the close-packed hexagonal arrangement of a f 111g
plane of the fcc lattice.

view of Fig. 1c. We thus see one of our main results:
in order to align with the new f 111g surface facets, the
bulk fcc structure has completely reorganizeditself to a
new orientation. For interior atoms, we use the follow-
ing criteria to identify the local crystal structure: fcc
if Q4 > 0:17 and Ŵ4 < � 0:10; hcp if Q4 < 0:13 and
Ŵ4 > 0:07. Atoms in Fig. 3c have been colored accord-
ingly.

To seehow the rod evolves from its initial con�gura-
tion (Fig. 1) to its reorganizedshape (Fig. 3), we consider
the averagecross-sectionalshape in a plane transverseto
the long axis of the rod. We compute this averageshape
as follows. For each instantaneouscon�guration we �rst
eliminate all atoms on the end capsof the rods, and all
interior atoms of the rod, and then project the remain-
ing surfaceatoms into the xy plane, perpendicular to the
long axis of the rod. Placing the origin at the resulting
center of mass,we divide the plane into 100 equal polar
angles,and then compute the averageposition of all sur-
face atoms in each angular division. This result is then
averagedover 1000di�eren t instantaneouscon�gurations
sampled uniformly throughout the simulated time of 43
ns at each temperature T . We plot the resulting average
cross-sectionalshapes, for several di�eren t T , in Fig. 4.

At low T we seethe octagonal cross-sectionof the ini-
tially constructed rod of Fig. 1, with the 
at edgesrep-
resenting the initial f 100g and f 110g facets. The shape
stays roughly the sameuntil about 400K. Somewherebe-
tween300� 400 K, the shape becomesrounder and the
initial 
at edgesdisappear. As T increasesfurther, the
cross-sectionalarea grows, representing the shape trans-
formation to a shorter and wider rod of lower aspect ratio,



4

FIG. 4: Averagecross-sectionalshape, viewed down the long
axis of the rod, for di�eren t temperatures.

and we seenew 
at facets develop and grow in new di-
rections. At 900 K we seethe fully facetedshape shown
in Fig. 3.

In a macroscopic sample, the disappearance of 
at
facets,with the resulting rounding of the averageshape,
is a signature of the roughening transition of those sur-
faces [2]. It is known from experiments that the gold
f 110g surface roughens at 680 K [17], while the f 100g
surfacedisordersat � 1170K [18], below the bulk melt-
ing temperature of 1337K. In contrast, the macroscopic
f 111g surfaceis believed to remain stable up to, and even
above, the bulk melting [19]. The instabilit y that initi-
ates the shape change which we �nd in our nanorod at
400 K, may therefore just correspond to the roughening
transition of the f 110g facets, which has beenshifted to
lower temperature due to large �nite size e�ects in our
relatively small rod. After this instabilit y, the surfacere-
organizesto form mostly lower free energy f 111g facets,
which remain stable until melting. Note that the fully
facetedcross-sectionalshape at 900K contains four large
sidesand two short sides;the former are the f 111g facets,
while the latter are f 100g facets. By 1100K, thesef 100g
facets have beenreplacedby a smoothly curved surface.
We infer that this is due to the disordering transition of
the f 100g surface,reducedsomewhatin temperature due
to �nite sizee�ects.

In order to seehow the interior fcc structure of the rod
reorganizesitself to a new orientation, we show in Fig. 5
cross-sectionalviews of the rod at various temperatures.
We color the atoms accordingto their local crystal struc-
ture, using the criteria given above: fcc is yellow, hcp is
green,neither is white. Initially , the interior is pure fcc,
oriented so that the cross-sectionalview shows a f 100g
planeof atoms. As temperature increases,weseethat the
shape and structural transformation is accompaniedby
the appearanceof hcp planesinside the rod interior, due
to the sliding of f 111g planes. As temperature further
increases,the surface becomesless ordered, and more
f 111g planeswith di�eren t orientation slide. Around 800
K, the surfacehas reordered and the interior fcc lattice
hasreoriented sothat the cross-sectionalview now shows
a predominantly f 111g plane of atoms. At 1100 K, the

FIG. 5: Cross-sectionalview for various temperatures. Atoms
are colored according to local crystal structure: fcc is yellow,
hcp is green, neither is white.

interior has completely reordered to pure fcc, but with
the new orientation.

Such behavior as described above may well exist in
other simple elemental metals. We note that many such
metals similarly have a roughening transition TR for the
f 110g surfacethat is signi�can tly below the bulk melting
Tm . Silver, for example,has TR = 600K and Tm = 1235
K, with a similar ratio of TR =Tm as gold [21]. Lead has
TR = 415 K and Tm = 601 K, for a somewhat larger
TR =Tm than gold [22].

Finally, in order to verify that instabilit y of the par-
ticular surfacefacets, rather than just the minimization
of total surface area, is indeed the mechanism for the
shape transformation, we study the stabilit y of a gold
nanorod with an aspect ratio of � 3, but with an initial
structure similar to that of Fig. 3, with a surfacepredom-
inantly covered by f 111g facets. We use a continuous
heating MD simulation with a heating rate of 7 � 1012

K/s to model laser heating experiments, for a rod with
3411atoms. Our results for r g vs T are shown in Fig. 2a
(greencurve). Unlike the intial rod of Fig. 1, we now �nd
that the rod remains stable, with no signi�can t shape
or structural rearrangement, up until the rod melting
temperature. Experiments [23] have shown that nano-
sizedPb clusterswith large f 111g surfacescan superheat
above melting, consistent with our results. We conclude
that the stabilit y of gold, and presumably other metal-
lic, nanorods is crucially dependent upon the structure
of the rod surface. Oncea shape instabilit y is nucleated,
however, the entire bulk of the rod participates in the
restructuring.

After our work was completed, we learned of similar
work by Diao et al. [24] who carried out �nite temper-
ature molecular dynamic simulations of gold nanorods,
oriented similarly as our initial con�guration of Fig. 1,
but with a square cross-section and surface covered
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FIG. 6: Average cross-sectionalshape viewed down the long
axis of the rod, at di�eren t temperatures, for (a) a rod initially
covered only by f 110g facets, and (b) a rod initially covered
by only f 100g facets.

entirely by f 100g facets. Using two di�eren t empiri-
cal potentials, the \mo di�ed embedded atom method"
[MEAM] and the \embedded atom method" [EAM] (in
contrast to our use of the glue potential), they simu-
lated rods of much larger aspect ratio than considered
here. For the MEAM they studied a rod of similar cross-
sectionalareato ours, but for EAM they useda rod with
cross-sectionalarea roughly one quarter of ours. Despite
the di�eren t rod shape, aspect ratio, and model poten-
tial, they found that, around 300K, the rod transformed
to a shape similar to our Fig. 3, consisting of a rhom-
boidal cross-section,a surface covered by f 111g facets,
and with the fcc interior having rotated to align with
the new facets. For the EAM potential, this transfor-
mation occurred by a similar mechanism of sliding f 111g
planes as we have found here. They, however, attribute
this transformation to the e�ects of surfacestresson the
f 100g facets.

To clarify whether it is the f 110g or the f 100g facets
on our initial rod of Fig. 1 that are responsible for the
transformation we see,we have carried out new simula-
tions for initial rods of roughly the samecross-sectional
area and aspect ratio as in Fig. 1, but now with a square
cross-sectionoriented so that in one case(a) the length
of the rod has only f 110g surface facets (this rod has
2546 atoms), and in a second case (b) the length of
the rod has only f 100g surfacefacets (this rod has 3126
atoms). Heating for a simulated time of 4:3 ns per tem-
perature with temperature jumps of 100 K, and using
the glue potential, we �nd in both casesa transformation
at T � 300� 400 K to a similar structure as in Fig. 3,
with rotated fcc interior and surface covered primarily
by f 111g facets. In Fig. 6 we show the average cross-
sectional areas at di�eren t temperatures, computed by
the samemethod as usedearlier in Fig. 4, for both these
cases(a) and (b). For case(a) of the f 110g covered rod
we seethe samerounding out of the f 110g facets,as the
rod beginsits transformation to its �nal shape, aswe saw
in Fig. 4. For case(b) of the f 100g coveredrod, however,
we seeno rounding of the facets; rather the corner edges
in the h110i directions round, and the initial f 100g facets

reorient to f 111g while remaining perfectly 
at. Inspec-
tion of the internal structure of the f 100g covered rod
shows that an hcp plane appearsas early at T = 200 K.
By comparing to the results of case(a), we concludethat
in our original rod of Fig. 1, it is the f 110g facets that
nucleate the shape transformation, possibly due to the
rougheningtransition of thesefacets. The results we �nd
for the f 100g covered rod, however, indicate that more
than one mechanism may be important for the trans-
formation of gold nanorods. In all cases,though, the
nanorod �nds a mechanism to restructure its surface to
have stable f 111g facets dominating, while the interior
atoms of the rod participate in this transformation by a
reorientation of their initial fcc structure.
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