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ABSTRACT

We report the studies of ultrafast electron nanocrystallography on size-selected Au nanoparticles (2 —20 nm) supported on a molecular interface.
Reversible surface melting, melting, and recrystallization were investigated with dynamical full-profile radial distribution functions determ ined
with subpicosecond and picometer accuracies. In an ultrafast photoinduced melting, the nanoparticles are driven to a nonequilibrium
transformation, characterized by the initial lattice deformations, nonequilibrium electron —phonon coupling, and, upon melting, the collective
bonding and debonding, transforming nanocrystals into shelled nanoliquids. The displasive structural excitation at premelting and the coherent
transformation with crystal/liquid coexistence during photomelting differ from the reciprocal behavior of recrystallization, where a hot lattic e
forms from liquid and then thermally contracts. The degree of structural change and the thermodynamics of melting are found to depend on

the size of nanoparticle.

Understanding the phases of materials and their transforma-probe diffraction to map out their full courses. Such
tions is a fundamental problem, especially on the nanometerimplementation allows the use of a low-density electron pulse
scale, where thermodynamics and kinetic processes areo avoid the pulse-broadening effé@nd has high data
influenced by local environments, including surfaces, mi- reproducibility compared with single-shot experiments where
crosctructures, and interfacial chemistdTheir elucidation a much higher density electron pulse is requited.
requires characterization at the atomistic scale, both in space e spatial and thermal isolation of the NPs from their
and time; at nanointerfaces molecular sensitivity is necessary.avironment is achieved by implementing a buffer molecular
The possibility for a scattering experiment to couple with |ver in this case aminosilane, self-assembled on a silicon
the high time resolution of a f_emtosecond Iaser_in aPuMpP g pstrate as shown in Figure A2 with which substrate
probe arrangement ma"‘?s it a favorable option to study scattering is sufficiently suppressed. Since the NPs are
structural dynamics, as evident from recent developniehs. dispersed, the diffraction is via transmission, mostly through
Here we report a nanocrystallographic method, based on.” - . . .

individual particles rather than multiple particles (or ag-

ultrafast electron crystallography (UEC)which allows . .
guantitative studies of local structures and transient dynamics.gregates)' To highlight the difference, two cases are presented

of nanoparticles (NPs) dispersed on a molecular interface.” Figure 1 (panels Bl). Without buffering, NPs tend to

The implementation is general. Specifically demonstrated aggreg.ate, as VISIbIe.m the.electron micrograph (D). The
here are the studies of reversible photoinduced melting andd|ffract|0n pattern (E) is dominated by the substrate, as also

subsequent recrystallization of size-selective Au NPs (2, 10 evident from the rocking curve (F). With buffering, however,

20 nm), a prototypical system for studying nanophhaes NPs are separated from each other on the surface (G), from

catalysis® supported on a molecular surface. The size- which the diffraction (H) is predominantly from the NPs and

dependent phase transitions are examined using a mordh€ buffering molecular layer, with no indication of Si
bulklike NP (20 nm, melting point-1300 K8) and a much periodicity in the rocking curve (l). Samples were also
smaller one, where surface and confinement play significant €xamined following the laser irradiation experiment and
roles (2 nm, melting point-800 K8). By achieving spatial ~ showed no signs of agglomeration or damage. A time-
and thermal energy isolation of NPs from their environment resolved structural study of surface-supported Au NPs was
and from each other, the normally irreversible phase trans-conducted earlier using a synchrotron X-ray sodfce.
formations become reversible, allowing multishot pump  However, because X-ray is much more penetrating, with 5
orders of magnitude less scattering power than electron, its
* Corresponding author. ruan@pa.msu.edu. interfacial structural resolution is limited by the signal-to-
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Figure 1. (A) Au nanoparticles dispersed on a self-assembled molecular interface. (B)-fuafje arrangement of UEC. (C) Zero-of-

time determination using the diffraction signals from the photomechanical responses of graphite multilayers. (D) SEM image of 20 nm Au
NPs dispersed on the surface without proper buffering. (E) Diffraction pattern from (D) showing Bragg spots of silicon substrate. (F)
Rocking curve analysis gated at central streak in (E) with varying incident &igig&) SEM image of 20 nm Au NPs with proper
buffering. (H) Diffraction pattern from (G) showing Deby&cherrer diffraction rings and Bragg spots from buffer layer (Si, N, and C
stack layers in self-assembled aminosilane, spacing 2.2 A, tilt ang)e @1LRocking curve of (H).

noise level, particularly for very small NPs. High-energy particlest* Their cuboctahedra-like crystalline characteristics
electron diffraction, with its short wavelength and high are more easily seen in the modified radial distribution
surface sensitivity as demonstrated here, has higher structurafunctions (MRDF),> deduced from a Fourier analysis of 1D
resolution than small-angle X-ray diffraction. diffraction curves, shown in Figure 2B. All the major peaks
Prior to studying dynamics, the static structure of NPs is above 2.8 A are in close agreement with the-Aw distance
analyzed. The static pattern shows Debgeherrer diffrac- table based on a face-center cubic (fcc) motif (Figure 2C),
tion rings from the Au NPs, while the ordered buffer layer which constitutes the internal lattice repeat of a cuboctahedra.
produces Bragg spots, primarily in the surface streak regions.The sensitivity of our technique is sufficient to permit the
The Debye-Scherrer rings are radially averaged into a one- observation of molecular density peaks as well in the mRDF,
dimensional (1D) diffraction intensity curve, shown in Figure such as those at 1:8.7 A representing the €€C, C—N,
2A. This curve, obtained from the diffraction pattern of 2 and Si-N bonds and~1.1 A for C—H and N-H bonds.
nm NPs, shows isolated peaks, reflecting a crystalline To study the dynamics, an ultrashort laser pulse (800 nm,
structure, which, from inspection, resembles more toward p-polarized,~40 fs) is used to excite the NPs, while the
cuboctahedral and/or decahedral structures than an icosaprobing electron pulse is delayed relative to the laser pulse
hedral one. Heres = (47/A) sin(0/2) represents the to monitor the structural evolution (Figure 1B). To improve
magnitude of the reciprocal space wave vector of diffracted temporal resolution, a proximity-coupled optical system
electrons, with wavelength= 0.069 A for 30 keV electrons,  allows the photogenerated electron beam to be focused to
and6 being the electron scattering angle. The deviation from ~5 um in less than 6 cm from the photocathode with 1000
an ideal structure can be attributed to different possible or fewer electrons/pulse in order to remediate the space
conformations and the surface strain associated with smallcharge induced broadening effects and to reduce the pulse

Nano Lett., Vol. 7, No. 5, 2007 1291



shown in Figure 3, selected here with the surface melting
(31 mJ/cm) and melting (75 mJ/c@ fluences for 2 nm NP.
Their differentiation is evident from the rapid change in bond
densities. In general, a melting is characterized by the
replacement of sharp second nearest neighbor peaks with
more diffusive one$. Uniquely here, the peak density
reduction is coupled to the formation of new density peaks
at slightly larger distances. This redistribution of second
nearest neighbor peaks can be used to determine the onset
of melting as well as recrystallization, defined here dsea
drop in peak intensitat ~5 A. On the basis of this criterion,
at 31 mJ/cri, we observe no melting. The laser heating
. Modified RDF causes the NPs to expand with little adjustment of bond
o 10 20 densities below 1 nm. At 18 ps, breaking and forming of
1213 j’“ bonds beyond 1 nm are evident, indicative of surface melting.
20 nm

Intensity

The transition is rapid, within-12 ps, and the molten layer
lasts for only tens of picoseconds. By 40 ps the newly formed
long bonds begin to cool and slowly replace the original
broken ones. The surfaces revert to original crystalline
structure in nanosecond time scale. However, at 75 n#)/cm
the bond densities across the full NP length scale are
modified and complete melting occurs. Using the change in
second nearest neighbor peak, we determine the occurrence
of melting and recrystallization at 18 and 110 ps, respec-
tively. Furthermore, the melting and recrystallization dynam-
ics display vastly different characters, nonreciprocal to each
other, as seen in the mRDF map. Following the initial
expansion of the lattice, we can clearly see bonding and
debonding emerge already atl2 ps. The depletion of the
bond density (debonding) around the major peaks (numbered
3,5, 7, and 12 in Figure 2B) is coupled to the enhancement
of bond density (bonding) at longer distances, where bonds
may or may not have been present before. The emerging
longer distance peaks, which constitute a shoulder region,
gain in density toward melting, ultimately smearing out into
bands. The coherent bonding and debonding dynamics
observed at the premelting period and the continued develop-
ment of the newly formed long distance peaks into liquid
Figure 2. Structure analyses of size-selected Au nanoparticles. (A) structures suggests that liquid structures are populated while

1D diffraction intensity curve (black) obtained from radial averaging  the particle is still relatively cold. This reflects the displasive

of the Debye-Scherrer UEC pattern (inset) of the surface-supported character of the photomelting process during which the
2 nm NPs. Also shown are simulations generated from 2 nm

structures (cuboctahedra, decahedra, and icosahedra) of Au NPs df@nsformation of crystal into liquid is through breaking old
300 K. The indices show associated Bragg reflection planes basedbonds and forming new bonds. In a sense, this photomelting
on an fec structure. (B) Experimental modified radial distribution dynamic resembles a conformation change between mini-
functions (mRDFs) of static Au NPs along with theoretical 1y energy structures on the free energy landscape. In
prediction for cuboctahedra. The numeric labels represent the bond R .

order in the fcc distance table (below). (C) fec coordination shells cOntrast, the recrystallization is much like the reverse of a
corresponding to interatomic distanagscalculated based on the ~ “thermal” melting in which crystal simply thermally expands
bond orderi and the Au lattice constaiat= 4.08 A. and then disorders. The liquid structure of a NP is unique

and can be characterized by the reduced coordination number,

overlap between the pump and probe. Subpicosecond aciudging from the reduction of the direct bond density, and
curacy can be readily achieved (Figure 1C). Using different shell-like mRDF densities. The structure of the liquid is
excitation fluences (tuned to nonmelting, surface melting, compared with an icosahedral NP, which also possesses shell-
and melting), transient responses of atoms in the NPs arelike structure. The average distances of the liquid shells in
determined from dynamical full profile mRDFs, highlighting the mRDF, taken at 40 ps, match well with those of 10%
the local dynamics, compared with the global ones basedexpanded icosahedral shells with the pronounced crystalline
on analyzing Bragg peaks. The dynamics of bonds following peaks being smeared out. This suggests the density of the
laser irradiation can be extracted from the mRDF maps, transient hot nanoliquid is reduced compared with a room-

Density of Bonds
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Figure 3. The melting dynamics of 2 nm Au nanoparticles. (Left) mRDF map constructed by stacking mRDFs of UEC patterns at a
sequence of delays between 5 and 2300 ps at irradiation fllere1 mJ/cm. Surface melting (enclosed by the dashed white line) is
visible. (Right) mRDF map foF = 75 mJ/cm. Full scale melting is observed. The liquid state (enclosed by dashed white line) is characterized
by the drop of second nearest density (& A) to (1 — 1/e) of the static value (at negative time).

temperature crystalline structure and the at@tom cor- scales for atomic disorder in the crystal and thermal energy
relation between liquid shells is lost. relaxation from the initially strongly excited hot phonons to
Closer inspection of the NPs expansion before melting the bond stretching vibrations. Link and El-Sa¥fetave
reveals anisotropic movement of the lattice depending on found a time constant of 30 ps for NP shape change from
the irradiating fluence. By fitting the mRDF density profiles nanorod to nanosphere, a time scale comparable to pronon
using Gaussian function, we follow the time-dependent phonon scattering time.
evolutions of the bond distance, density, and width for bonds  Melting of Au NPs has been investigated by other time-
at 2.88, 5.00, and 7.64 A. At a low fluence 1 mJ/cm), resolved techniques also. Plech and co-workers have reported
the changes are isotropic with thermal expansion being equalthe melting transition of Au NPs (100 nm) using synchrotron-
for all three distances. However, the deformation of the lattice based time-resolved X-ray powder diffraction, on the 100
sets in as the fluence increases. At a threshold fluence of 38ps time scale (their pulse duratio).The sample was
mJ/cn?, right before a full melting occurs, the early time irradiated by a 400 nm fs laser with steadily increasing
(1—15 ps) anisotropic bond movements are evident, repre-power, and the phase changes were interpreted based on
senting a combination of shearing motion along (100) monitoring the deviation of the integrated area under (111)
direction and expansion (Figure 4A, left panel). Generally, and (200) Bragg peaks from a constant value, at a fixed delay
prior to lattice disorder, the nearest neighbor bond (2.88 A) of 105 ps. The corresponding lattice temperature is derived
sharpens while the rest of the longer bonds decay and widenbased on the lattice expansion by monitoring the shift of
The transient narrowing at direct bond distance suggests aBragg peak position. They observe a sub-bulk melting
brief reduction of strain in the NP following the impulsive temperature (70% of the bulk value), which is unexpected
laser excitation. Expansion of direct bond continues until 60 for particle size larger than 30 nm. They attribute this
ps, indicating uninterrupted transfer of energy into bond suppression of melting temperature to possible onset of
stretching vibrations. However, these slower dynamics do surface melting. The largest lattice expansion before melting
not represent the time scale of electrdattice equilibration. was determined to be 1.2% (1.82% is expected for bulk
The intrinsic electrorphonon coupling time for Au NPsis  melting), and there was no indication of any significant
less than 44+ 1 ps, a limit derived based on fitting the crystal anisotropy based on diffraction. In a more recent
Debye-Waller factor from low fluence (15 mJ/cinhdata small-angle X-ray scattering (SAXS) study, Plech and co-
where no lattice disorder or coherent motion is evidently workers found 15 mJ/cfas the melting threshold for 38
present at short times. Thus the longer period for melting nm Au NPs and have shown laser alignment effects just
(18—20 ps) and the lattice expansion (60 ps) reflect the time below the melting fluencé& Hartland, Hu, and Sader have
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Figure 4. (A) The left panel shows the short-time relative distance chakigér of dominant mRDF peaks (numbered 1, 3, and 7 in

Figure 2B) for 2 nm Au NPs at fluence of 38 mJ&nfrom which the lattice deformation can be deduced. The right panel shows the
extension of these bonds for longer times and the corresponding local temperature deduced from the bond extensions (see text) compared
with a TTM calculation.tp is the thermal relaxation time to the environment obtained by fitting data to a TTM after equilibration. (B)
Temporal evolution of the relative distance chatg®/R of nearest neighbor bond-@.88 A) in 2 nm (solid line and symbol) and 20 nm
(dash-dash-dot line and open symbol) NPs, irradiated uRder31 mJ/cn in the left panel andF = 75 (for 2 nm NPs) and 80 (for 20

nm NPs) mJ/crhin the right panel. The insets show the correspondiRjR dynamics at long times (562750 ps).

addressed the melting transition by measuring the vibration direction. The lattice then expands significantly to a maxi-
frequency of the breathing mode using time-resolved spec-mum of~1.5% at 60 ps. The “lattice” is found significantly
troscopy, but have found no discontinuity at the melting disordered, no longer suitable for s-space analyses. However,
point!® They conclude that a saturation of light absorption the disorder is just below the threshold considered as melting
limits the energy that can be transferred to the lattice. To according to our mRDF analyses. At 75 mJfcfmelting
connect our data to these studies, we also inspect the temporaluence), a rapid drop of (111) intensity to 20% of the original
evolution of Bragg peaks in s-space. At 38 mJcfiihe level is found to appear at 15 ps, indicating the rapid loss of
threshold fluence for 2 nm NPs), we find a rapid decay of long-range order. This time scale is close to the onset of
intensity (~6 ps for (111) peak to drop by @/ Such a bonding and debonding observed in the premelting period
significant change, however, does not correspond to aaccording to the mRDF analyses. For 20 nm Au NPs, we
melting, as shown from our mRDF analyses, rather it found the threshold fluence to be between 15 and 20 mJ/
indicates a breaking of lattice symmetry induced by photo- cn¥, consistent with the results for 38 nm NPs obtained by
excitation. This deformation is also evident from the aniso- Plech and co-workers.

tropic shifts of different lattice planeg220) blue shifts while To understand the thermal energy redistribution, we use
(311) and (331) peaks red shift. Their associated peak widthsthe stretch of bonds to gauge the “local temperature” of bonds
exhibit instantaneous narrowing followed by widening, again in NPs. The term “local” used here suggests a temperature
confirming the coherent change at short times. These shiftsbased on the vibrational sampling of local bonding potential
are consistent with a lattice deformation along the (100) between atoms. The anharmonicity of the bonding potential
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leads to the expansion of the bond, which increases with On the basis of the TTM at the irradiating fluence of
the vibrational amplitude. Coherent motion resulting from 31 mJ/cm, 1.5 x 10% e /cm?® (~24%) are excited in the
impulsive strain at early times from the femtosecond excita- Au NP, whereas at 75 mJ/én8.25x 10?2 e /cm?® (~57%)

tion will cause splitting or broadening (if unresolved) of are excited. At these high fluences, the interband transition
peaks or driven anisotropic deformation of the lattice. To starts to play a role. The lowest interband transition energy
this end, coarse-graining the dynamics with longer time in Au is 1.7 eV? which corresponds to promoting d-
period should be conducted to reflect the average extensionelectrons (5d) in the vicinity of theX-point of the first

of the lattice due to thermal (stochastic) energy. This method Brillouin zone to the conduction band (6sp) and is slightly
based on the mRDF analysis allows differentiation of higher than our excitation energy (1.55 eV). However, as
inhomogeneity that exists on different length scales, not conduction electrons are strongly excited, their FerBirac
possible by extracting temperature solely based on following distribution is modified, with part of the electronic levels
the shift of a Bragg peak. However, such a definition of ~ below the Fermi level being emptied, to make way for

temperature must not be confused with the temperature ofinterband transition. Because of this hot electron effect, the
the NP as a whole, which can only be defined when the contribution of the interband transition increases with fluence.

thermal equilibrium is reached. By using the long-time data, The effect of interband transition is manifested in the lattice

where thermalization has been established, we can extrac@nisotropic deformation observed at the short times1@

the NPs’ true temperatures under different fluences by PS). Although, the d holes relaxation will proceed in tens of
comparing them to a two-temperature model (TT\Figure femtoseconds by holehole scattering? the lattice deforma-
4A). To convert the thermal expansion into temperature, we tion likely persists to the picosecond time scale due to the
use the temperature-dependent thermal expansion coefficienglow collective motion of atoms responding to the modifica-
from ref 21 which is valid between 300 and 1300 K. This tion of the energy landscape caused by the core electron (5d)
thermal expansion coefficient is found to apply for 60 nm €Xcitation. The coupling of picosecond lattice deformation
Au NPs!” Comparing the long-time thermal relaxation, !0 electronic heating in bulk system was also discussed
which is fit to a TTM, with the short-time heightened lattice F€cently by Guo and Tayldf. In addition, we find that by
expansion reveals the hot phonons effect caused by non-USing 400 nm_ excitation this anisotropic deformation is
equilibrium electror-phonon coupling (Figure 4A, right replaced by an isotropic one_._Begause of the hlgh excitation
panel). The existence of hot phonons was recently invoked €N€rgy; the interband transition is no longer pinned to the
to explain the nonequilibrium electreqphonon coupling in ~ X~Point. These results suggest that the excited energy
low-dimensional systems, such as gragRigad nanotubé landscape can be explored by following the ultrafast lattice
as well as molecular systerfsThey are the vibrational ~ dynamics as a function of the excitation energy.

modes coupled more directly to the de-excitation of electrons, N conclusion, using ultrafast electron nanocrystallography,
thus gaining higher “temperature” compared with an equili- W& nave mapped out the dynamics of liquid-crystalline and

brated lattice temperature obtained from a TTM. These hot crystalline-liquid phase transform.atipn.s for Au nanoparticles,
phonons produce a large amplitude of vibration, thus leading &t @nd beyond the thermodynamic limit. The accurate mRDF
to heightened lattice expansion. Because the phepbonon determinations of nanostructures allow quantitative studies

interaction time is 36:60 ps, these hot phonons are likely of atomic dynamiqs WiFh mo.lecular scale resolutions. The
responsible for initiating melting and influencing recrystal- size dependence is evident in the change of structures and

lization, making the photomelting phenomena different from in the extent of melting. The reversible and coherent

a thermal one. Size-dependent effects in the transient heatinddransformation on the ultrafast time scale demonstrates the
of NPs are seen, shown in Figure 4B. First, the transient irected dynamics on the energy landscape of finite systems.

maximum bond stretch is significantly higher in the 2 nm gbundgntldesgican be fu:jthelr etxtracte_d by corpar‘tl)?g thg
NPs at 75 mJ/ci(6% for 2 nm, 3.5% for 20 nm), albeit fyngmma mf b mapds ?hn c el(t:' rontrrrlcrcr)]glrgp sg a|ge
the thermal temperature is very close in both casefact or fiuence tar beyon € meting threshold, and under

deduced by comparing the equilibratéxR(R) data at longer gfgrirc')tjgc'éae;“Oi';an‘eVne]lee:tgeth.t (-)rhlsi l:rgjethgds\l%gg |(s:lg§2e:)afl
times (from 1 to 3 ns data, see insets). Second, 20 nm NPs P Y

have similar maximum bond stretch at 80 and 31 m3/cm phenomena pertaining to nanoscaled materials.

both leading to melting, but differing in their liquid residence Acknowledgment. This work is supported by the US
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