step) used by new types of algorithms. (4) Aside from the input and
output lines no further means are necessary for the logic operation,
for example, additional magnetic fields, switching thresholds, or
voltages. (5) The switching frequency of magnetic films can be
pushed to several GHz, in principle allowing fast operation''. (6)
Since only short current pulses are required to rotate the magnetiza-
tion, the energy consumption is further reduced. (7) The size of an
MRAM cell—commercially available in 2004 (ref. 12)—can easily be
scaled down to less than 100 nm (refs 13, 14) to further increase the
integration density. (8) Our approach a priori does not necessarily
require semiconductors to fabricate a logic gate. (9) The run-time
programmability will increase the computational efficiency.

Our new approach has the potential to induce a paradigm shift
from transistor-based logic to magneto-logic, where the program-
mable functionality and non-volatility are as important as minia-
turization and clock speed. d
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Controlling anisotropic nanoparticle
growth through plasmon excitation
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Inorganic nanoparticles exhibit size-dependent properties that
are of interest for applications ranging from biosensing'~ and
catalysis® to optics’ and data storage®. They are readily available
in a wide variety of discrete compositions and sizes’'*. Shape-
selective synthesis strategies now also yield shapes other than
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nanospheres, such as anisotropic metal nanostructures with
interesting optical properties'>?’. Here we demonstrate that
the previously described photoinduced method™ for converting
silver nanospheres into triangular silver nanocrystals—so-called
nanoprisms—can be extended to synthesize relatively mono-
disperse nanoprisms with desired edge lengths in the 30-
120 nm range. The particle growth process is controlled using
dual-beam illumination of the nanoparticles, and appears to be
driven by surface plasmon excitations. We find that, depending
on the illumination wavelengths chosen, the plasmon excitations
lead either to fusion of nanoprisms in an edge-selective manner
or to the growth of the nanoprisms until they reach their light-
controlled final size.

The photoinduced synthesis of silver (Ag) nanoprisms involves
the preparation of a colloidal suspension of Ag spheres (diameter
<10nm), followed by conversion of the spheres to larger prism
structures with visible light. In a typical experiment, colloidal Ag
nanoparticles passivated with sodium citrate and bis(p-sulphonato-
phenyl)phenylphosphine dihydrate dipotassium (BSPP) (diameter
4.8 = 1.1 nm, standing solution) were irradiated with a narrow-
band light source (using a 150 W xenon lamp with a light output
~12'W) with an optical bandpass filter (centre wavelength 550 nm,
width 40 nm) for ~50h (see Supplementary Information). Trans-
mission electron microscopy (TEM) shows that the colloid formed
consists of two different size distributions of nanoprisms (Fig. la
and inset), with the smaller particles (designated as type 1) and the
larger particles (type 2) having average edge lengths of 70 £ 12 nm
and 150 = 16 nm, respectively. These structures tend to form stacks,
so that edge-on views allow the precise determination of nanoprism
thickness®. Although the average edge lengths for the type 1 and
type 2 nanoprisms are significantly different, their thicknesses are
almost identical (9.8 = 1.0 nm) (Fig. 1b, ¢).

The bimodal particle growth process also has been monitored
by ultraviolet—visible-near-infrared (UV-vis.—-NIR) spectroscopy
(Fig. 2a). During the reaction, one sees the disappearance of the
plasmon band at ~395nm (characteristic of the spherical silver
particles) and the formation of two new, strong plasmon bands at
680 nm and 1,065 nm that are associated with the type 1 and type 2
nanoprisms, respectively (see below). The band for the type 1
prisms is initially centred at A, = 680nm and gradually blue-
shifts to A, = 640 nm. This blue-shifting correlates with the tip
sharpness of the nanoprism features; rounding is known to lead to
blue-shifting**. The second strong band at A, = 1,065nm is
assigned to type 2 particles (see below). In addition to the two
strong surface plasmon bands, one can observe two other weak
resonances at 340 and 470 nm, respectively (Fig. 2a, spectrum 6). To
gain further insight into the optical spectra of the solution with the
bimodal particle distribution, we carried out theoretical modelling
using a finite-element-based method known as the discrete dipole
approximation (DDA)**°. The calculated spectrum shows plas-
mon bands that reproduce the experimentally observed spectrum
(compare Fig. 2b and Fig. 2a, spectrum 6), confirming our peak
assignments. The first three peaks in the spectrum of the colloid
containing both type 1 and type 2 particles, centred at 340 nm (out-
of-plane quadrupole resonance), 470 nm (in-plane quadrupole
resonance) and 640 nm (in-plane dipole resonance)*, result from
the type 1 nanoprisms; in the case of the type 2 nanoprisms, only the
strong dipole resonance at 1,065 nm is clearly observed. Quadrupole
resonances, which occur at 340 nm and 600 nm (weak) in the
spectrum of the solution of the type 2 nanoprisms, are overlapped
with plasmon bands from the type 1 nanoprisms (Fig. 2b). The
time-dependent optical spectra thus suggest that the process is
bimodal, rather than unimodal as would be expected in the case of
conventional Ostwald ripening'>'*.

The bimodal growth of Ag nanoprisms is not caused by the
wavelength dispersity of the excitation beam (550 £ 20nm).
Indeed, when a monochromatic laser beam (A = 532.8 nm, the
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Figure 1 The bimodal growth of Ag nanoprisms. a, TEM image of a sample of Ag
nanoprisms formed using single-beam excitation (550 = 20 nm); inset, histograms used
to characterize the size distribution as bimodal. b, ¢, TEM images of nanoprism stacks

second harmonic of a Nd:YAG laser, CW, light output ~0.2 W) is
used to photolyse the Ag colloids, bimodal growth is still observed
(see Supplementary Information). The bimodal growth was also
observed with other excitation wavelengths (500-700 nm).
Additional experiments where the surfactant BSPP was absent
from the reaction mixture and initial Ag colloid yielded comparable
results, demonstrating that BSPP is not critical for effecting the
bimodal growth process and nanoprism formation. In addition, the
bimodal growth process was observed for a variety of BSPP:sodium
citrate ratios (investigated molar ratios ranged from 0:1 to 1:1, with
sodium citrate fixed at 0.3 mM) and with different silver salt

1,065 nm

550+20nm 640 nm
, |

T T T T N
400 600 800 1,000 1,200

Wavelength (nm)

Figure 2 The optical spectra of Ag nanoprisms. a, Time evolution of UV—vis.—NIR spectra
of a Ag colloid (4.8 = 1.1 nm spheres) under single-beam excitation (550 = 20 nm).
Spectrum 1, initial colloid; 2, after 10 h; 3, after 15h; 4, after 19 h; 5, after 24 h; and
6, after 55 h. b, Theoretical modelling of the optical spectra of two different-sized
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showing that nanoprisms have nearly identical thicknesses (9.8 = 1.0 nm). d, Schematic
diagram of the proposed light-induced fusion growth of Ag nanoprisms.

precursors (AgNO;, CH;CO,Ag, AgClO, and Ag,SO,).

We propose that the observed bimodal growth process occurs
through an edge-selective particle fusion mechanism, with four
type 1 nanoprisms coming together in step-wise fashion to form a
type 2 nanoprism (Fig. 1d). The following observations are con-
sistent with this mechanism. First, bimodal growth results in type 1
and type 2 prisms where four of the former prisms can fit together to
form a prism with dimensions (cumulative edge length,
140 £ 17nm) that compare well with the latter (150 £ 16 nm)
(Fig. 1). Second, edge-selective growth occurs with no apparent
change in nanostructure thickness in going from the type 1 to type 2

N
o
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-
o
|

Extinction cross-section

— T
400 600 800 1,000
Wavelength (nm)

T
1,200

nanoprisms (model parameters: edge length of type 1, 70 nm, type 2, 150 nm; thickness,
10 nm). Note that the tip truncation of nanoprisms, which leads to a blueshift of the dipole
resonance from 770 to 640 nm, has been taken into account in the modelling.

NATURE | VOL 425 |2 OCTOBER 2003 | www.nature.com/nature




prisms. Third, detailed time-dependent UV-vis.-NIR measure-
ments show that the onset of the growth of the band at 1,065 nm
(assigned to type 2) is significantly delayed in comparison with the
growth of the band at 640 nm (assigned to type 1) (Fig. 2a). This
indicates that the fusion of nanoprisms occurs only after type 1
nanoprisms have accumulated. Fourth, a small population of dimer
2 and trimer 3 intermediates (Fig. 1d) is observed during the early
stages of type 2 particle growth (see Supplementary Information).

We also performed electrodynamics calculations on the optical
properties of possible intermediate species involved in the fusion
growth process. The results show that intermediates 2 and 3 have
dipole plasmon excitations close to 600 and 1,065nm (see Sup-
plementary Information). Type 1 particles and the intermediates 2
and 3 can thus all absorb light at 600 nm, which can lead to the
excited state needed for particle fusion to occur. However, the type 2
particles do not show dipole plasmon excitation explaining why
they represent the end of the particle growth path. Note in this
context that removal of surface ligands has, in the case of CdTe (ref.
27) and PbSe (C. B. Murray, personal communication), resulted in
the fusion of spherical particles into nanowire structures; similar
examples involving spherical particle fusion have also been
reported®.

At first glance, the observed bimodal growth appears to contra-
dict previous results in which unimodal nanoprism growth was
observed when visible light (white) from a conventional fluorescent
tube was used as the excitation source®. By careful analysis of the
optical properties of these nanostructures and the effects of photo-
lysis on them, we have identified a type of surface plasmon
cooperativity in the photochemistry of Ag nanoprisms. To demon-
strate this cooperative effect on nanoprism growth, we excited a
solution of Ag nanoparticles (4.8 £ 1.1 nm) at two wavelengths,
550 £ 20 nm (primary) and 450 £ 5nm (secondary) (Iss0:I450 =
2:1, Fig. 3a). The 450-nm wavelength was selected to excite the
quadrupole plasmon of the type 1 prisms. Double-beam excitation
at these wavelengths inhibits the formation of type 2 nanoprisms
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and results in exclusive formation of the smaller type 1 nanoprisms
(72 £ 8nm), as evidenced by UV-vis.—NIR spectra and TEM
analysis (Fig. 3b, spectrum 4, and Fig. 3e). We further investigated
the effect of varying the wavelength of the secondary beam and
found that a 550-nm/340-nm coupled beam, in which the 340-nm
light coincides with the out-of-plane quadrupole plasmon of the
type 1 nanoprisms, also can inhibit the formation of type 2
nanoprisms and result in unimodal growth. However, in the cases
of 550-nm/395-nm, 550-nm/610-nm, and 550-nm/650-nm
coupled beams, in which the secondary wavelengths fall within
the dipole resonances of the Ag nanospheres (395 nm) and type 1
nanoprisms (610 and 650 nm), respectively, bimodal growth is
observed (see Supplementary Information). These data strongly
indicate that only secondary wavelengths that can excite quadrupole
plasmon modes can inhibit bimodal growth. Indeed, it is this
photo-cooperativity that leads to the results observed with a
fluorescent tube as the excitation source”. The emission spectrum
of a fluorescent tube exhibits bands at 546 nm and 440 nm, and has
the appropriate intensity ratio (100%:40%) to effect photosynthetic
cooperativity and hence unimodal growth. Consistent with this
conclusion, when a 550 = 20 nm band filter is used with a fluor-
escent tube to effect the photosynthetic conversion, bimodal growth
is observed.

This observation of photo-cooperativity provides a way of con-
trolling particle size with light. By supplementing the primary light
source (450-700 nm) with a fixed secondary beam (340 nm, corre-
sponding to out-of-plane quadrupole plasmon excitation), we can
intentionally effect unimodal growth and generate a solution of
nanoprisms of a desired average size. Using this approach, we have
been able to synthesize nanoprisms with in-plane dipole plasmon
resonances that track with particle size from 30 to 120 nm by using
primary excitation wavelengths of 450 = 20nm, 490 * 20 nm,
520 = 20nm, 550 = 20nm, 650 = 20nm and 750 = 20 nm,
respectively (Fig. 3b—f). The average edge lengths of the resulting
nanoprisms correlate well with the wavelength of the primary
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400 600 800 1,000 1200 400 S00 600 700 800

Wavelength (nm)

= 200 nm

Figure 3 The unimodal growth of nanoprisms. a, Schematic diagram of dual-beam
excitation. b, The optical spectra (normalized) for six different-sized nanoprisms (1-6
edge length: 38 = 7nm, 50 = 7nm, 62 = 9nm, 72 = 8nm, 95 = 11 nm and

120 = 14 nm) prepared by varying the primary excitation wavelength (central
wavelength at 450, 490, 520, 550, 650 and 750 nm, respectively; width, 40 nm) coupled
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Primary beam wavelength (nm)

with a secondary wavelength (340 nm; width, 10 nm). ¢, The edge lengths as a function of
the primary excitation wavelength. d—f, TEM images of Ag nanoprisms with average edge
lengths of 38 = 7nm (d), 72 = 8nm (e) and 120 = 14 nm (f). Scale bar applies to
panels d—f.
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excitation source (Fig. 3c), which shows that a longer primary
excitation wavelength produces larger particles with in-plane dipole
plasmons (the red-most peak in each spectrum) that are red-shifted
with respect to the excitation wavelength (Fig. 3b).

Another feature of using wavelength to control particle size is that
subsequent addition of Ag spherical particles (4.8 = 1.1 nm) to the
nanoprism colloid does not lead to enlargement of the nanoprisms
(see Supplementary Information); instead, the particles added
photochemically grow into nanoprisms similar in size to the present
ones (as determined by the excitation wavelength). This is in
contrast to thermal methods for controlling particle sizes, in
which addition of precursors typically leads to larger particles'.
Note that the wavelength control of particle size is not likely to be a
result of photothermal (or optical ‘burning’) effects; such effects
have been invoked in other studies involving intense pulse laser
irradiation of metal nanostructures (for example, 10°W)?**. The
light source used to effect nanoprism conversion is very weak (beam
power =0.2W). Indeed, according to the equation AT = AH/C,
(where AH is the absorbed photon energy, and C,, is the heat
capacity of silver, 0.235J K~ 'g™'), single 550-nm photon absorp-
tion by a type 1 prism can only lead to a negligible increase in
temperature (=0.007K) (see Supplementary Information). The
cumulative experimentally determined temperature increase after
50 h of photolysis (550 = 20 nm) was less than 10 °C.

Surface plasmons are typically studied as physical properties of
metal nanostructures rather than chemical tools that provide
control over growth and ultimate particle dimensions. The results
reported here provide clear evidence for the importance of plasmon
excitation in the Ag nanoprism growth process, both for type 1
particles (which apparently grow from the initially produced
colloidal particles to a size that depends on the dipole plasmon
wavelength) and for type 2 particles (whose growth also requires
dipole plasmon excitation, but is inhibited by quadrupole plasmon
excitation). Although a detailed mechanism for these types of
conversions remains to be determined, it is possible that plasmon
excitation does two things. First, it could redistribute charge on the
surfaces of the type 1 nanoprisms to either facilitate (in the case of
dipole excitation) or inhibit (in the case of quadrupole excitation)
particle—particle fusion. In addition, surface plasmon excitation
could facilitate ligand dissociation at the particle edges (as this is
where the local fields are the most intense**), allowing the type 1
particles to grow through the addition of silver atoms or clusters.
Taken together, these results are consistent with a new type of
particle size control that is initiated and driven by light, highly
cooperative, and surface-plasmon directed. (|
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Enantiospecific electrodeposition
of a chiral catalyst
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Many biomolecules are chiral—they can exist in one of two
enantiomeric forms that only differ in that their structures are
mirror images of each other. Because only one enantiomer tends
to be physiologically active while the other is inactive or even
toxic, drug compounds are increasingly produced in an enantio-
merically pure form' using solution-phase homogeneous cata-
lysts and enzymes. Chiral surfaces offer the possibility of
developing heterogeneous enantioselective catalysts that can
more readily be separated from the products and reused. In
addition, such surfaces might serve as electrochemical sensors for
chiral molecules. To date, chiral surfaces have been obtained by
adsorbing chiral molecules™ or slicing single crystals so that
they exhibit high-index faces’"*, and some of these surfaces act as
enantioselective heterogeneous catalysts>®'°. Here we show that
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