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When gold nanorods are exposed to low-energy laser pulses, they can undergo shape transitions at temperatures
below melting. In the present study such transitions are reproduced in molecular dynamics simulations of
gold nanorods consisting of 3810* atoms. We find that the shape change is accompanied by a structural
change. On the basis of the simulation results, a mechanism is suggested that explains the intermediate products
and the internal defects of gold nanorods observed in laser heating experiments.

I. Introduction rods but much smaller sizes of abou#4a0* atoms. Our results
indicate that gold nanorods melt in two stages: a shape transition
at lower temperature in which the rods shrink to a shorter and
wider shape precedes the melting transition to liquid nano-
spheres. Both surface and internal atoms undergo structural
change during the whole process. Surface disordering and
are well-documented, less is known about the effects of Shapereordering were also observeq.. On the basis of the§e results, a
mechanism for the shape transition of gold nanorods is suggested

and surface structure. Recently, however, research efforts Ofex laining the morpholoay of intermediate statesnd the
several groups have been directed toward investigating the. P 9 P gy

dependence of optical and electronic properties on morphol- internal defects found experimentafly.
ogy12In particular, Chang et &and Link et al*> have explored
the stability and structure of gold nanorods with various aspec

ratios. Dimensions of the gold nanorods studied in the experiments
In these experiments, laser pulses are used to selectively heag,y Link et al*51% vary from tens of nanometers to several
gold nanorods essentially without affecting their environment. micrometers containing more than ¢1@toms. On today’s
Although the energy delivered to the particles by the laser is computers ab initio simulation techniques providing an accurate
selected to be under the threshold for complete melting, description of interaction energies can be used to simulate
intermediate pI‘OdUCtS with various ShapeS can be observed. Insystems Consisting of up to hundreds of atéﬁ*However’ gold
particular, bent, twisted, shorter and wider, apeshaped  npanorods with less than 1000 atoms are thermally unsfable
intermediates were found in these experiméritsurthermore,  and can undergo several structural transitions upon heating.
transmission electron microscopy revealed that point and planargych transitions do not occur in much larger rods, so that ab
internal defects appear inside gold nanorods as they underggnitio simulation results for gold nanorods with less than 1000
such shape transformatioh€omputer simulations can be used  atoms cannot be directly compared to experimental results.
to clarify the mechanisms involved in these processes. Using less accurate but computationally less expensive model
While gold nanorods have not been studied before with potentials, such as the embedded atom methdte Murrel—
computer simulation, several of such studies have been carriedyiottram potential® the Lennard-Jones potentidlthe Morse
out for gold nanospheres. Ercolessi ef akvealed that the potentiall” the many-body Gupta potentiior the many-body
melting temperature decreases when the gold cluster becomesg|uen potentiall® one can extend the size of simulated gold
smaller. This effect has been confirmed and investigated in detail nanorods to more than 10 thousand atoms. In this study, we

by other workerd™® Liu et al!? found that melting of nano-  have chosen the many-body “glue” potential, because it was
meter-sized gold clusters occurs in three stages: surfacefound to yield an accurate description of bulk, defect, and
disordering and reordering, surface melting, and overall melting. syrface properties of gofd.In the “glue” model, the potential

In this paper we report on molecular dynamiCS simulations energy of a system oN atoms consists of a sum of pair
of the morphological and structural behavior of gold nanorods potentials and a many-body “glue” energy:

during continuous heating fro 5 K to complete melting and

compare our findings with experimental results. The simulated 1

gold nanorods have the same aspect ratio as the experimental V= —Z z¢(rij) + ZU(ni) (1)
2

RES] T

The fundamental physical properties of nanocrystals, such
as their electronic band structure and optical activity, can be
drastically different from those of the corresponding bulk
materials, mainly due to their large surface-to-volume ratio. But
while size effects on the physical properties of nanoparticles

t Il. Methods
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the coordination numberng defined for all atoms, TABLE 1: Bond Order Parameters for
Face-Centered-Cubic (fcc), Hexagonal Close-Packed (hcp),
_ Icosahedral, and Liquid Structures
n = ZP("U) (2 g _ _
] geometry Qs Qs W, Ws
. . . . fcc 0.19094 0.57452 -0.159317 -—-0.013161
wherep(r) is a short-ranged monotonically decreasing function ¢y 0.09722 0.484 76 0.134 097 —0.012 442
of the interatomic distance Cutoffs of 3.9 A forp(r) and 3.7 icosahedral 0 0.663 32 0 —0.169 754
A for ¢(r) are used and equations of motion are integrated with liquid 0 0 0 0

the velocity Verlet algorithi#? with a time step of 4.3 fs.

As initial structure for our simulations we construct a nanorod
with the geometry of the gold nanorods studied experimentally
by Wang et al! These rods have an aspect ratio of 3.0 and
their sides consist of four largel0G and four large{110
facets oriented parallel to the rod axis. Each end h§804}
facet and four smafl111} facets connecting thigl1Gt and the
{001} facets, and four smafl11Q facets connecting thigl0G and the third-order invariants are defined as
and the{ 001} facets. We carved out several gold nanorods with
such surfaces from bulk gold with a pure fcc structure. All gold W = A s
nanorods have the same aspect ratio of 3.0 but different sizes = m m, my Q'"h
ranging from 1404 atoms to 11 076 atoms. To allow surface mlrﬁ;}zﬁf’nnszo
atoms to relax from fcc to a more favorable surface structure,
the prepared pure fcc gold nanorods then went through awhere the coefficients+{] are the Wigner B symbols?®

invariant with respect to rotations of the reference frame, the
second-order invariants are defined as

S o ©)
2+ 1,4, "

QI m, le3 (7)

constant temperature molecular dynamics simulatténiafor Furthermore, reduced order parameters almost independent of
1P simulation steps (430 ps). the precise definition of nearest neighbors can be defined:

In the experiments with nanosecond laser pulses, the gold
nanorods are heated continuously by the laser essentially without W = W 8)
affecting their environmerft.To simulate this experimental '_( le |2)3/2
procedure, the kinetic energy of the system is increased by a Z m

fixed amount at each molecular dynamics step by rescaling the . N

velocities, so that the total energy increases linearly in time. We used the four bond order parametQus Qs, Wa, andWe

The heating rate is % 1012 K/s, which is below the rate of together to identify structures accurately. The values of these

overheating in computer simulatio®s. bond order parameters for fcc, hcp, icosahedral, and liquid
During the heating process the shape change of the goldstructures are listed in Table*4.

nanorods was monitored by calculating the radius of gyration ~Bond order parameters averaged over all bonds can be used
to monitor global structural changes. Surface structures of

1 nanomaterials, however, are often quite different from bulk
ro= _z[r_(t) _ rc]z ©) structures. We therefore calculated bond order parameters for
9 N4 : the internal atoms and the surface atoms separately. Here, an

atom is defined to be part of the surface if there are less than

where the sum runs over all particles andis the center of 11 neighboring atoms in a spherical region with radius 3.7 A
mass of the rod. The radius of gyration is large for rods with around the atom.
large aspect ratio and reaches its minimum value for spherical Because the many-body “glue” potential uses cutoffs, a cell
shape. index method can be used to reduce the computationalime.

The time evolution of the nanorod’s structure was followed In this method, the simulation box is divided into cubic cells
by calculating bond order parametétBonds are defined as  with side lengths larger than the cutoff distance. When calculat-
the vectors joining a pair of neighboring atoms with an ing energies and forces one considers only interactions between
interatomic distance of less than a certain cutoff radius (3.7 A atoms within the same cell and the nearest 26 cells. This
in our case). The general idea of bond order parameters is toapproach reduces the required computation time from dvder
capture the symmetry of bond orientations regardless of the bondto orderN. On a PC equipped with a 1.5 GHz AMD Athlon
lengths?? The local order parameters associated with a hbond CPU and 1 GB of memory, 25 000 steps can be carried out per
are a set of numbers CPU-hour for a system of 2624 atoms propagating the system

for about 100 ps.
Qin(r) = Yin(6(r), ¢(r)) “4)

wheref(r) and¢(r) are the polar and azimuthal angles of the
bond with respect to an arbitrary reference frame 4n(r),

¢(r)) are spherical harmonics. Only evegpherical harmonics
are considered so that they are invariant under inversion. Global
bond order parameters can then be calculated by aver@ging

(r) over all bonds:

Ill. Results

Since gold nanorods with less than 1000 atoms are unstable
and simulations of more than 10 000 atoms are computationally
too expensive for a thorough statistical analysis, we focus on
gold nanorods with 1000 to 10 000 atoms in the present study.
In particular, we carry out a detailed analysis of the shape
transition for a 2624 atom nanorod. Results of a continuous
1 heating run of such a gold nanorod with 2624 atoms and an

Qn=— QN (5) aspect ratio of 3.0 are shown in Figures3. Figure 1 shows
N, bSmds four typical configurations of the rod at instantaneous temper-
atures of 5, 515, 1064, and 1468 K. (Here and throughout the
whereN;, is the number of bonds. To make the order parameters rest of the paper the instantaneous temperature is defin€d as
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-0 300 600 900 1200 1500 gold nanorod with 2624 atoms during continuous heating with a heating
. _TE . . rate of 7x 102 K/s. (a) Average bond order parameters of internal
o (b) - atoms. (b) Average bond order parameters of surface atoms.
A N=2624
22.5- a - radius of gyration grows slowly and linearly with temperature,
reflecting the thermal expansion of the liquid sphere. The
< 20 7 globally averaged bond order parameters of the internal atoms
& 0 are shown in Figure 3a. For temperatures below 650 K, the
195 internal structure remains almost pure fcc. Then it changes
18k ] quickly to an hcp-dominated structure. This hcp structure keeps
nearly unchanged until the temperature reaches about 1140 K
16.5F . . . . ] when the rod melts and the internal atoms acquire the structure
300 600 900 1200 1500 of a liquid.
T (K)

The above results indicate that continuous heating induces
Figure 2. Temperature dependence of total and potential energy (a) the gold nanorod to go through two distinct transformations:
ﬁndt_of the.’ﬂ{adhus t(')f gyrz;morfl>?(bl)oflng?62_lz_1hatlorgs %T'ndg C(t’”t"t‘r‘:ous (1) a shape transition, in which the initial rod shrinks to the
eating with a heating rate o s. The letter A indicates the e : ; -
onset of the shape transition and the letter B indicates the onset of theShorter and Wld?r Imerm_e_dlate state with an aSp‘?Ct ratio of 1'.8’
melting transition. and (2) the melting transition. The shape change is accompanied
by a structural change.

= 2K/3N, wherekK is the instantaneous total kinetic energy and ~ The intermediate state appears to be stable on the simulation
N is the number of particles.) During heating, the rod becomes time scale for temperatures up to 1140 K. We have verified
slightly shorter and displays a less regular internal structure at this (meta)stability by equilibrium simulation. Several configu-
515 K. Then the rod becomes shorter and wider, aquiring an rations of the intermediate state at different temperatures were
aspect ratio of 1.8 at 1064 K. Finally, the rod melts and forms saved and then underwent constant energy MD simulations.
a liquid sphere at 1468 K. The heating procedure from 5 to Configurations at 743, 905, and 1033 K were stable for more
1468 K takes about 420 ps. than 400 ps. However, we cannot exclude that on experimental
The evolution of some system parameters during heating is time scales, which are longer than the simulation time scales
depicted in Figures 2 and 3. The average total energy per atomby many orders of magnitude, the intermediate state undergoes
versus instantaneous temperature is shown in Figure 2a. Thea transformation to a more spherical shape. Particularly at high
slope of theE vs T curve changes significantly at about 200, temperatures curvature-driven surface diffusion provides a
650, and 1100 K, indicating the occurrence of structural and mechanism for such a transformati#riVhether this is indeed
morphological transitions. Figure 2b shows the temperature the case for the gold nanorods studied in the present paper
dependence of the radius of gyration of the gold nanorod. Before remains a subject for future work.
the temperature reaches 200 K, the radius of gyration oscillates The same simulation has been repeated with a three times
due to a thermally excited long wavelength deformation. Then higher heating rate (2.% 10'% K/s) and a three times lower
the radius of gyration decreases very slowly up to 500 K, after heating rate (2.3« 10*2K/s) (Figure 4). The intermediate-state
which the radius of gyration drops quickly, indicating that the phenomenon occurred in both simulations, but with some
rod collapses to a shorter and wider shape. It then decreaseglifferences in the details. The most significant difference is that
slowly up to 1140 K, when the melting begins and the shorter the internal structure of the intermediate state during slower
and wider rod collapses to a liquid sphere. After melting, the heating returns to fcc-dominated after a short jump to hcp-
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dominated rather than remaining hcp-dominated. Thus, the Figure 6. Order parameter@, andW, for internal atoms in a set of

occurrence of a shape transition and the appearance of interctyres of the 2624-atom gold nanorod at 691 K. The atoms with
mediate stable states appear to be qualitatively independent 0fQ, < 0.13 andi, > 0.07 are considered atoms with local hcp structure.
the heating rate, but changes in the internal structure have aThose withQ, > 0.17 andW, < —0.10 are atoms with local fcc
pronounced heating rate dependence. structure.

Analogous computer simulations were also performed for

gold nanorods with the same initial shape but different sizes of TABLE 2: Aspect Ratios of the Intermediate States

1404, 2094, 3610, 4960, 5870, 7552, 9678, and 11 076 atoms. aspect ratio
Essentially the same phenomenology was observed in all of the no. of atoms initial intermediate
simulations, and the aspect ratio of the intermediate nanorods 3610 3.0 18

are all very close to 1.8. However, like in the case of different 3900 4.1 25
heating rates, the internal structures of the intermediate states 3810 5.0 2.8
range from hcp-dominated to fcc-dominated with different hep/ 3686 6.0 4.2

fcc ratios.

It is well-known that the melting temperatur&,) of gold suggesting that the shape (aspect ratio) is not sufficient to
nanoclusters decreases with particle size. Our simulationscharacterize the stable intermediate state completely.
indicate that the onset of the shape transitibphas a strong To understand the transition mechanism during heating, fine
size dependence as well. The instantaneous temperatures of thetructure analysis has been carried out for the gold nanorod with
onsets of the shape and melting transitiodg, and Ty, 2624 atoms. From the results of the globally averaged bond

(corresponding to points A and B in Figure 2b) are shown in order parameters of the internal atoms we already know that
Figure 5. These temperatures were determined by visualthe structure changes from fcc-dominated to hcp-dominated. We
inspection of the radius of gyration and bond order parameterstherefore concentrated on the analysis of fcc and hcp local
versus temperature curves. Both the onset of the shape transitiorstructures and proceeded as follows. During heating, configura-
and of the melting transition increase with increasing sizes, but tions were periodically saved and then minimized with respect
that of the melting transition increases more slowly. Thus, the to the total potential energy with the conjugate gradients method
shape transition temperatufgapproaches the melting transition  to eliminate thermal noise. For each minimized configuration,
temperaturd@, with increasing system size. As a consequence, the number of nearest neighbors (with a cutoff of 3.7 A for the
the shape transition is preempted by the melting transition and distance between two atoms) was determined for each atom.
does not occur in large systems. With very little exception, atoms with less than or equal to 10
The aspect ratio of the intermediate state is 1.8 for all rods neighbors lie on the surface of the cluster. For the atoms with
with different sizes but an identical initial aspect ratio of 3.0. 12 neighbors located in the interior of the cluster, local 13-
This raises the question of whether an aspect ratio of 1.8 is atom bond order parameters have been calculated. Bond order
universal for nanorods that underwent the shape transition. Toparameters characteristic for the rod at 691 K are displayed in
answer this question, we have carried simulations of nanorodsFigure 6. HereQs and W, are used to distinguish fc€) >
consisting of 3900, 3810, and 3686 particles with initial aspect 0.17 andW,; < —0.10) and hcp @4 < 0.13 andW, > 0.07)
ratios of 4.1, 5.0, and 6.0. Different aspect ratios of the from other structures. Most atoms in the interior of the rod have
intermediate state have been found as listed in Table 2, fcc (bottom right corner) or hcp (top left corner) local structures.
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Figure 7. FractionsPy of atoms in the surface layer, in the amorphous

subsurface layer, and with fcc and hcp local structure versus temperature

for the gold nanorod with 2624 atoms.

T=1088K

Other atoms, including the atoms with 11 neighbors or 13 or

more neighbors, and atoms with 12 neighbors and without clear
fcc or hep signature, are distributed between the surface layer
and the interior, forming an amorphous subsurface layer.

The fractions of atoms in the surface layer, in the amorphous T=1180K
subsurface layer, and in the bulk with fcc and hcp structure are
shown in Figure 7 as a function of temperature. For temperatures
below the shape transition temperatiigethe population of hcp
atoms remains very small, but the population of fcc atoms
decreases linearly, due to the growth of the amorphous
subsurface layer and the surface layer. At 510 K, the population
of hcp atoms jumps to a higher value and keeps growing until
another sudden increase at the end of the shape transition (80t
K). In the intermediate state region, the population of fcc atoms
stays almost unchanged and the fraction of hcp atoms grows,
due to loss in the amorphous subsurface layer. After that, at

about t.he onset of the melting trangltlon (1140 K), the Figure 8. Configurations of the 2624-atom gold nanorod at different
populations of both fcc and hcp atoms increase suddenly andyemperatures with atoms colored according to their local structure. The
then decrease quickly to near zero at 1250 K, when the nanorodconfigurations have been cut into half to allow a better view of the

is completely melted and the system is unstructured. internal structures. Surface atoms are gray, amorphous atoms are red,

Configurations at different temperatures with atoms colored fcc atoms are yellow, and hcp atoms are green.

according to their local structures are shown in Figure 8. Below
the shape transition the nanorod consists almost entirely of fcc
atoms (yellow) with some atoms at the surface (gray) and some
atoms in the subsurface layer (red). With increasing temperature
the number of atoms in the amorphous layer grows, but the
structure in the interior remains of fcc type. At a temperature

T=1192K

T=1305K

T AT L AN
“44‘ 3
4

=TI

ShEasssTene
of 517 K, there appear some hcp atoms alongfttEd} facet. SN
At 551 K, there are three groups of hcp atoms al¢ad 1} Figure 9. Motion of atoms during the transition. The initial config-

facets at different directions across the fcc body. With increasing uration is at 511 K and the final configuration is at 794 K.
temperature, the number of hcp atoms in these three groups

keeps growing. At the same time, the number of amorphous of an atom before the shape transition occurs (511 K) to the
atoms increases (691 K). At 794 K, only three layers of fcc are position of the same atom after completion of the shape
left along theldO1direction at the top, the bottom, and middle transition (794 K). It is evident that surface atoms originating
of the hcp body and another layer along thé 1 direction. It in the caps move toward the center and that surface atoms at
is remarkable that the surface of the nanorod at this temperaturehe middle move radially away from the rod axis. While the
appears to be more ordered than at lower temperatures. At 108&enter atoms move little, other internal atoms slide along the
K there is only a middle layer of fcc along tti@01direction rod axis toward the center. This flow pattern is consistent with
besides several solitary fcc atoms. At 1156 K, the number of formation of thep-shaped particles observed experimentéfly.
fcc atoms increases again and the whole body is more orderedHowever, we never detected sughshaped particles in our
with an increasing number of hcp atoms. At a slightly higher simulation. This might be due to the large size differences
temperature off = 1193 K, melting sets in and the cluster between our simulated nanoparticles and the ones studied in

becomes completely disordered and sphericdl &t 1305 K. experiments.

The two configurations between them £ 1180 K andT = Summarizing the above simulation results, two main trans-
1192 K in Figure 8) suggest that the melting propagates quickly formations occur during continuous heating of gold nanorods:
from outside to inside of gold nanorods. a shape transition and a melting transition. The shape change

To gain a better understanding of the type of movement of is accompanied by a structural change. The exact aspect ratio
the atoms leading to the shape change, we have determined @and the structure of the intermediate state depend on rod size,
vector field shown in Figure 9. Each vector connects the position heating rate, and initial aspect ratio.
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IV. Mechanism V. Conclusions

. . . . In agreement with experimental observations, our computer
. From the S|mulat|on.results discussed apove the following simulations indicate that, upon heating, gold nanorods undergo
picture for the mechanism of the morphological and structural o mhological and structural transition before they eventually
transition emerges. Initially, at very low temperature (5 Kin et pyring this transition the gold nanorods become shorter
our case), the gold nanorod has a defect-free fcc body by anq wider. The shape transition is accompanied by an internal
constructu_)n. In such nanorods the s_,urface atoms deviate slightlygir,ctural change from fcc-dominated to hcp-dominated. Further
from the sites of an fcc structure (FiguréBs= 5 K). Although  heating causes these intermediate, wider rods to melt and the
the atoms immediately beneath the surface are close to their,ggs hecome disordered, collapsing to spherical shape. Reorder-
original fcc positions, they are classified as amorphous, becausgng of the internal atoms occurs shortly before melting. The
their neighboring surface atoms are displaced from their fcc sites. jechanism we suggest for the shape transition explains the
During the heating toward the onset of the shape transition, experimentally observed shorter and wider apshaped
the surface atoms display increasing deviations from their intermediate particles as well as the internal point and planar
original positions. This not only leads to more irregularly defects. It is tempting to relate the shape transition to a surface
arranged surface atoms but also helps the atoms beneath th#stability caused by roughening or surface melting. Research
surface to leave their original fcc positions to form the in this direction is underway in our laboratory.
amorphous layer (Figure 8 = 511K). With increasing — acknowledgment. The authors thank Prof. Steve Teitel for
temperature, more and more atoms beneath the surface deviatgqef| discussions.
from the local fcc structure so that the amorphous layer becomes
thicker and the number of fcc atoms decreases (Figure 7).  References and Notes
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