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emitter13. However, these sources did not find practical application
owing to their very short lifetimes. Because the energy spread of the
carbon nanotube emitter8,9 of 0.3 eV is smaller than that of a
Schottky emitter and is similar to the value of the cold fieldemission gun, it is expected that the application of the carbon
nanotube source in high-resolution electron-beam instruments will
improve the performance of these instruments significantly. In
probe-forming electron-beam instruments a trade-off has to be
made between the spot size on the one hand and the electron current
on the other hand. The first determines the spatial resolution, while
the latter determines the time it takes to complete an image. Both
aspects will benefit from the carbon nanotube source. Spatial and
temporal coherence combined with a large brightness is also very
important for transmission electron microscopy, energy-resolved
spectroscopy and electron holography.
A

Methods
An individual carbon nanotube was mounted on a tungsten tip by using a piezo nanomanipulator (Omicron) in a scanning electron microscope (SEM, Philips) as follows.
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Attachment of nanotube to tungsten tip
First, a tungsten wire was welded onto a tungsten heating filament. The wire was
electrochemically etched to a moderately sharp tip. This tip was transferred into the SEM
and carefully pierced into carbon tape (STR tape from Shinto Paint Co.). The glue applied
in this manner on the tip is necessary for a firm attachment of the nanotube.
Next, the main nanotube sample was searched for a suitable tube. The carbon nanotube
sample contained multi-walled carbon nanotubes grown with the arc discharge method19.
We chose a long, straight, thin tube that was uniform in diameter, pointed in the direction
of the tip and was sufficiently free from other tubes to allow approaching by the tungsten
tip. This tube was approached by the tip. When the tip was close enough, the tube stuck to
the tip, after which it was further aligned with the axis of the tungsten tip by pulling. The
breaking-off of the carbon nanotube is the most difficult part of the procedure. The carbon
material is extremely strong and it can only be broken by brute force. Breaking occurs
either by Joule heating with a current through the tube of more than 20 mA, or by applying
a mechanical force. Each time a nanotube emitter was made, it was tested for emission
already in the SEM using a metal foil placed 5 mm in front of the tube and a voltage
difference between the tube and the foil of about 60–80 V.

Cleaning of carbon nanotube
An electron emitter prepared in this way was transferred into the pre-vacuum chamber of
the ultrahigh vacuum system and ‘baked’ for half an hour using a halogen light bulb, after
which it could enter the ultrahigh vacuum. To obtain a stable emission current, the carbon
nanotube had to be cleaned carefully of molecules adsorbed on the tube and impurities in
the tube structure. Therefore, the tube was first heated to a temperature of 700 8C for at
least 10 min. This temperature is the carbonization temperature, at which volatile species
are driven off the tube2. The temperature was measured with an infrared pyrometer that
was calibrated using a tungsten wire and a thermocouple inside the vacuum system. After
the first heating the temperature was reduced to 600 8C and a voltage difference was
applied between the emitter and the housing of the vacuum system, such that an emission
current of 1 mA was obtained. At first, the emission usually showed large fluctuations, but
after about 5 min the current became more stable. Then the emission current was reduced
to 100 nA and the emitter was operated for a longer period of time.
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Exchange-spring magnets are nanocomposites that are composed
of magnetically hard and soft phases that interact by magnetic
exchange coupling1. Such systems are promising for advanced
permanent magnetic applications, as they have a large energy
product—the combination of permanent magnet field and magnetization—compared to traditional, single-phase materials1–3.
Conventional techniques, including melt-spinning4–6, mechanical milling7–9 and sputtering10–12, have been explored to prepare
exchange-spring magnets. However, the requirement that both
the hard and soft phases are controlled at the nanometre scale, to
ensure efficient exchange coupling, has posed significant preparation challenges. Here we report the fabrication of exchangecoupled nanocomposites using nanoparticle self-assembly. In
this approach, both FePt and Fe3O4 particles are incorporated
as nanometre-scale building blocks into binary assemblies.
Subsequent annealing converts the assembly into FePt–Fe3Pt
nanocomposites, where FePt is a magnetically hard phase and
Fe3Pt a soft phase. An optimum exchange coupling, and therefore
an optimum energy product, can be obtained by independently
tuning the size and composition of the individual building
blocks. We have produced exchange-coupled isotropic FePt–
Fe3Pt nanocomposites with an energy product of 20.1 MG Oe,
which exceeds the theoretical limit of 13 MG Oe for nonexchange-coupled isotropic FePt by over 50 per cent.
Hexane dispersions of FePt (refs 13, 14) and Fe3O4 (ref. 15)
nanoparticles with selected concentration, volume and sizes were
mixed under ultrasonic agitation, and three-dimensional binary
assemblies were induced by either evaporation of the hexane or
addition of ethanol. The mass ratio of Fe3O4 and FePt was
controlled in the range from 1:5 to 1:20, while the size of FePt
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was kept at 4 nm and Fe3O4 was varied from 4 nm to 12 nm. Figure 1
shows transmission electron microscopy (TEM) images of Fe3O4:
Fe58Pt42 binary assemblies with different sizes and fixed mass ratio
of 1:10. Depending on the sizes of nanoparticles, we observed three
different assembly structures. For the 4 nm:4 nm assembly (Fig. 1a),
Fe58Pt42 and Fe3O4 randomly occupy the sites in a hexagonal lattice;
but for the 8 nm:4 nm assembly (Fig. 1b), a typical local ordering
appears with each big particle (Fe3O4) surrounded by 6–8 small
particles (Fe58Pt42). A large difference in particle sizes in an
assembly, such as in a 12 nm:4 nm assembly (Fig. 1c), however,
results in clear phase segregation with the 12 nm and 4 nm particles
forming their own particle lattice arrays. These ordering structures
depend mainly on the particle size ratio, as in the case of Au particle

Figure 1 TEM images showing binary nanoparticle assemblies. a, Fe3O4 (4 nm):Fe58Pt42
(4 nm) assembly; b, Fe3O4 (8 nm):Fe58Pt42 (4 nm) assembly; and c, Fe3O4
(12 nm):Fe58Pt42 (4 nm) assembly. The assembly contained Fe3O4 and FePt binary
nanoparticles with a mass ratio of Fe3O4:FePt ¼ 1/10 and was formed by solvent
evaporation of the mixed nanoparticle dispersions on amorphous carbon-coated TEM
grids. All images were acquired using a Philips CM12 microscope at 120 kV.
396

assembly16, and are insensitive to the mass ratio range we studied.
The binary assemblies were converted into FePt–Fe3Pt nanocomposites by annealing under a flow of Ar þ 5% H2 at 650 8C for 1 h.
The annealing reduces iron oxide to iron15, and transforms the FePt
from disordered face-centred cubic (f.c.c.) to ordered face-centred
tetragonal (f.c.t.) structure13 that possesses high magnetocrystalline
anisotropy ð. 5 £ 107 erg cm23 Þ (refs 17, 18), providing a large
coercivity H c in the nanocomposites. The high temperature treatment under gas flow also desorbs the organic stabilizers around each

Figure 2 Structural analyses of the FePt–Fe3Pt nanocomposite obtained from the
annealed Fe3O4 (4 nm):Fe58Pt42 (4 nm) assembly. a, A typical HRTEM image for a sintered
FePt–Fe3Pt particle. The FePt and Fe3Pt phases are in coexistence as different domains
within the particle, with each domain having a dimension of about 5 nm, showing a
modulated FePt–Fe3Pt spatial distribution. Here, the FePt (ordered f.c.t. structure) and
Fe3Pt (ordered f.c.c. structure) phases were identified by their different [001] projected
potential, owing to their different composition modulation periodicities. The image was
acquired using a Jeol 4000EX HRTEM at 400 kV. To prepare the TEM samples, the
composite was deposited on a solid NaCl substrate. The substrate was then removed in
water, and the composite was thinned using ion milling for TEM observation. b, A typical
SAD pattern of the FePt–Fe3Pt nanocomposite. The f.c.t.-structured FePt was indexed in
the ring pattern. The diffraction rings of the f.c.c.-structured Fe3Pt cannot be resolved
from those of the FePt phase. The ring pattern of the diffraction demonstrates that the
nanocrystallites in the nanocomposite are three-dimensionally randomly oriented.
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particle, allowing the nanoparticles to sinter. The partial interdiffusion between Fe and FePt creates a new f.c.c.-structured phase,
Fe3Pt, which is magnetically soft with high magnetization19. Figure
2a is a typical high-resolution TEM (HRTEM) image of a sintered
sample obtained from a 4 nm:4 nm assembly. Structural analysis
reveals that the coalesced particle is divided into two distinct phases
with dimensions of the order of 5 nm: a f.c.t. FePt phase that is
magnetically hard, and a f.c.c. Fe3Pt phase that is magnetically soft.
Elemental analysis from spatially resolved energy dispersive spectroscopy (EDS) confirms the existence of two phases with the
compositions of Fe:Pt close to 1:1 and 3:1 respectively. After
examining various annealed 4 nm:4 nm and 8 nm:4 nm samples
with different initial mass ratios, we found that: (1) the Fe3Pt
phase is uniformly dispersed into the FePt matrix; and (2) its
dimension is below 10 nm. Figure 2b is a typical selected area
diffraction (SAD) pattern of a FePt–Fe3Pt nanocomposite. The
ring pattern in SAD indicates three-dimensional random crystal
orientation. The SAD patterns from different tilting angles show
similar ring patterns, demonstrating that the isotropic FePt–Fe3Pt
nanocomposite has formed. Trace amounts of a-Fe probably exist
in the composite from the 8 nm:4 nm assembly, as suggested by both
TEM and EDS analyses, whereas in the annealed 12 nm:4 nm
sample, we observe large a-Fe particles over 20 nm in diameter,
due to phase segregation observed in the as-prepared sample.
Magnetic properties of FePt–Fe3Pt nanocomposites vary with
different initial mass ratios of Fe3O4 and Fe58Pt42. Figure 3 shows
the saturation magnetization (M s), remanent magnetization (M r)
and coercivity (H c) of the FePt–Fe3Pt composites from the Fe3O4
(4 nm):Fe58Pt42 (4 nm) assemblies as a function of the initial mass
ratio, Fe3O4:Fe58Pt42. It can be seen that M s increases monotonically
from 950 e.m.u. cm23 for pure FePt to 1,110 e.m.u. cm23 for the 1:5
mass ratio, while H c decreases sharply from 19 kOe to 6.8 kOe. The
M s of the pure FePt assembly is about 15% lower than the
1,100 e.m.u. cm23 reported for bulk FePt18. This could result from
nanoparticle size, surface and composition effects. M r shows a
maximum of 740 e.m.u. cm23 at the 1:10 mass ratio, a 17% increase
from pure FePt. The remanence ratio M r/M s values for all samples
are greater than 0.6. Figure 4a is a representative hysteresis loop for
the composite from the 4 nm:4 nm assembly with 1:10 mass ratio.
Although the sample consists of both magnetically hard and soft

phases, the hysteresis measurements show that the magnetization
changes smoothly with field, similar to the hysteresis behaviour of a
single-phase material20, indicating that the exchange coupling
between the two phases has been realized. The hysteresis measurements also reveal that the remanence of the two-phase nanocomposites is higher than that of the single-phase FePt, which is further
evidence of effective hard–soft exchange coupling.
The magnetic behaviour of the FePt-Fe3Pt nanocomposites
changes significantly with the initial sizes of Fe3O4 and Fe58Pt42.
For the composite from Fe3O4 (8 nm):Fe58Pt42 (4 nm) assembly
with a mass ratio of 1:10, hysteresis measurements show a singlephase-like loop (not shown here) with large H c at about 24 kOe and
enhanced remanence; but for the composite from Fe 3 O 4
(12 nm):Fe58Pt42 (4 nm) assembly with the same mass ratio, the
loop shows a kink at low field (Fig. 4b). These changes in hysteresis
behaviour correlate directly to size-dependent assembly structures
observed in the TEM images (Fig. 1). The Fe3O4 (8 nm):Fe58Pt42
(4 nm) assembly possesses a well-mixed structure, with all Fe3O4
being surrounded by Fe58Pt42 particles (Fig. 1b). Such a structure
leads to a modulated Fe3Pt soft phase and FePt hard phases in the
annealed composite with the soft grains limited to sizes less than
10 nm, as confirmed by HRTEM analyses. For the composite from a
Fe3O4 (12 nm):Fe58Pt42 (4 nm) assembly, however, due to the spatial
segregation of Fe58Pt42 and Fe3O4 particles (Fig. 1c), large Fe
particles over 20 nm in diameter are formed. For effective exchange
coupling to occur within a two-phase magnet, the dimension of the
soft phase should be smaller than twice the domain wall width of the
hard phase, at about 10 nm (refs 1–3). Therefore, in a composite
with a large soft phase, hard and soft phases are not able to switch
cooperatively. As a result, its hysteresis loop shows a two-phase
behaviour (Fig. 4b).

Figure 3 Ms, Mr and Hc of the FePt–Fe3Pt nanocomposites from the annealed Fe3O4
(4 nm):Fe58Pt42 (4 nm) assemblies as a function of mass ratio of Fe3O4:FePt. All the data
were collected at room temperature on a superconducting quantum interference device
(SQUID) magnetometer with field up to 7 T. The magnetic moment is measured as j
(moment per unit mass), and converted to M (moment per unit volume) assuming an ideal
density derived from the final Fe and Pt composition of the composite. The elemental
composition of the nanocomposite was obtained by inductively coupled plasma–optical
emission spectrometry. The impurity level is less than 2%. Because the complete
saturation is not reached under a field of up to 7 T, M measured at 7 T is used to
represent the lower bound of Ms.

Figure 4 Typical hysteresis loops of two FePt-based nanocomposites. The composites
were made from the annealed Fe3O4:FePt assemblies with particle mass ratio being kept
constantly at Fe3O4:FePt ¼ 1:10. a, FePt–Fe3Pt nanocomposite from Fe3O4
(4 nm):Fe58Pt42 (4 nm) assembly. The loop shows single-phase-like behaviour, indicating
effective exchange coupling between FePt and Fe3Pt. b, A nanocomposite from Fe3O4
(12 nm):Fe58Pt42 (4 nm) assembly. Owing to the phase separation in the 12 nm:4 nm
assembly as illustrated in Fig. 1c, the annealed sample contained large body centred
cubic (b.c.c.) Fe grains as confirmed by HRTEM and EDS, rendering a nanocomposite with
the hysteresis showing two-phase behaviour. The kink at low field is related to the
magnetization reversal of the soft Fe.
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Figure 5 Second-quadrant B–H curves for the annealed samples. a, An annealed 4 nm
Fe58Pt42 nanoparticle assembly. b, A hard-soft exchange-coupled FePt–Fe3Pt
nanocomposite. The composite was obtained from the annealed Fe3O4 (4 nm):Fe58Pt42
(4 nm) assembly (mass ratio Fe3O4:FePt ¼ 1:10). The energy product, (BH )max, describes
the available energy density of the materials and is defined as the maximum BH product of
the second-quadrant B–H curve21.

Acknowledgements This work is supported in part by the US Defense Advanced Research
Program Agency (DARPA) through the Army Research Office (ARO). H. Z. and J. L. thank
DARPA for support through Louisiana Tech University.
Competing interests statement The authors declare that they have no competing financial
interests.
Correspondence and requests for materials should be addressed to S.S.
(e-mail: ssun@us.ibm.com).

The optimized nanostructures for exchange coupling yield both
high remanent magnetization and coercivity, resulting in an
enhanced energy product (BH)max (ref. 21). Figure 5 illustrates
B–H curves of an annealed 4 nm Fe58Pt42 nanoparticle assembly
(Fig. 5a), and a nanocomposite from a Fe3O4 (4 nm):Fe58Pt42
(4 nm) assembly with a 1:10 mass ratio (Fig. 5b). The measured
(BH)max for the single-phase Fe58Pt42 is 14.7 MG Oe. For the
nanocomposite derived from Fe3O4 (4 nm):Fe58Pt42 (4 nm) assembly, (BH)max reaches 20.1 MG Oe, exceeding the value for single
phase Fe58Pt42 assembly by 37%, and the theoretical limit of 13 MG
Oe for non-exchange-coupled isotropic FePt by over 50%. This
(BH)max enhancement clearly indicates effective exchange coupling
between the hard and soft phases.
We have described the fabrication of exchange-coupled isotropic
FePt–Fe3Pt nanocomposite magnets by self-assembly of binary FePt
and Fe3O4 nanoparticles, and controlled annealing. By engineering
the nanoscale dimension and spatial distribution of the hard and
soft phases, an enhanced energy product is achieved. Our approach
shows great potential for future fabrication of high-performance
exchange-spring magnets. Further, it can be extended to other
multi-component systems, providing both a model for studying
fundamental relationships between nanostructure and interparticle
interactions, and a practical route to functional nanocomposites
and devices.
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Transport of calcium ions across membranes and against a
thermodynamic gradient is essential to many biological processes, including muscle contraction, the citric acid cycle, glycogen metabolism, release of neurotransmitters, vision, biological
signal transduction and immune response. Synthetic systems
that transport metal ions across lipid or liquid membranes are
well known1–6, and in some cases light has been used to facilitate
transport7. Typically, a carrier molecule located in a symmetric
membrane binds the ion from aqueous solution on one side and
releases it on the other. The thermodynamic driving force is
provided by an ion concentration difference between the two
aqueous solutions, coupling to such a gradient in an auxiliary
species, or photomodulation of the carrier by an asymmetric
photon flux7. Here we report a different approach, in which active
transport is driven not by concentration gradients, but by lightinduced electron transfer in a photoactive molecule that is
asymmetrically disposed across a lipid bilayer. The system comprises a synthetic, light-driven transmembrane Ca21 pump based
on a redox-sensitive, lipophilic Ca21-binding shuttle molecule
whose function is powered by an intramembrane artificial photosynthetic reaction centre. The resulting structure transports
calcium ions across the bilayer of a liposome to develop both a
calcium ion concentration gradient and a membrane potential,
expanding Mitchell’s concept of a redox loop mechanism for
protons8 to include divalent cations. Although the quantum yield
is relatively low (,1 per cent), the Ca21 electrochemical potential
developed is significant.
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