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Electrons confined in low-dimensional nanostructures show
various novel physical properties owing to quantum effects
that could lead to applications in nanoelectronic devices.! To
enhance such properties, the nanostructures need to be very
small and have high aspect ratios, and, thus, the synthesis of
atomically thin nanowires is one of the most intriguing topics
in materials science. However, such an ultrathin nanowire is
always not stable because of the intrinsic structural instability
and high chemical reactivity. Therefore, in addition to the
high-yield controlled synthesis of such nanowires, its con-
comitant structural stabilization is of key importance. For this
purpose, we have focused on a direct nanofilling reaction
using the pseudo-one-dimensional nanospace of carbon
nanotubes (CNTs).

The chemically and mechanically stable pseudo-1D
hollow nanospace of CNTs ranging in size from 0.4 to
50 nm across can act as an ideal nanosized space for the self-
assembly of various nanostructures. In fact, several studies on
the formation of nanoclusters and nanowires in CNTs have
been reported over the past couple of decades.”) However,
the formation of atomically thin nanowires inside CNTs in
high yield has been difficult to date. We have developed a
simple and effective synthetic procedure, whereby ultrathin
nanowires of typically 1-4 atomic chains are synthesized with
a high filling fraction (typically >80%) in both single-wall
CNTs (SWCNTs) and double-wall CNTs (DWCNTs). These
nanowires are completely protected by surrounding walls of
CNTs and are therefore free from oxidation as well as from
structural decomposition under ambient air environments
and even after ultrasonication in solution. This result is in
marked contrast to previously reported metal nanowires,
especially to the so-called single atomic nanowires, which can
survive for only a very short period of time even under
ultrahigh vacuum conditions.”! Furthermore, the present
method to prepare ultrathin metal nanowires in CNTs can
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be applied to any metal atoms that have low sublimation
temperatures. Herein, we report the details on the synthesis
by what we call a nanofilling reaction and on the structural
characterization of ultrathin metal-nanowires in SWCNTs
and DWCNTs as revealed by high-resolution transmission
electron microscopy (HRTEM).

CNTs were synthesized by chemical vapor deposition and
enhanced direct-injection pyrolytic synthesis (e-DIPS).[
Metal nanowires were synthesized by placing high quality
purified CNTs and metal powder into a glass tube under
vacuum (107° Torr) with heating. At high vacuum and high
temperature, metals of low sublimation temperatures can
vaporize to form atomically thin nanowires in the nanosized
pseudo-1D space of CNTs. Using this simple procedure,
which we call the direct nanofilling reaction, we synthesized
various ultrathin metal nanowires in CNTs. Herein, we have
focused on Eu metal due to its low sublimation temperature
and unique magnetic properties arising from partially filled 4f
orbitals.

Figure 1a shows a low magnification image of Eu nano-
wires encapsulated in SWCNTSs (hereafter designated as Eu-
nanowires@SWCNTs). In contrast with empty SWCNTSs, the
image clearly shows dark areas overlapping with the CNTs. In

Figure 1. Low-magnification TEM images of Eu-nanowire@ SWCNTs.

some SWCNTs, fringes arising from lattice structure of Eu
metal atoms can also be recognized (Figure 1b). The energy-
dispersive X-ray (EDX) spectra observed in this field show
strong peaks arising from Lo and L3 edges of the Eu atom.
Therefore, we can unambiguously assign the dark areas in the
SWCNTs to encapsulated individual Eu atoms. Moreover, the
filling fraction of Eu atom (i.e., synthesis yield of nanowire
within individual CNTs) is quite high; a rough estimation on
the basis of low-magnification TEM images provides a filling
fraction of Eu as high as 80-90 %. Although the evaluation of
length of the nanowires is not straightforward, we have
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estimated that the length of metal nanowires is similar to that
of CNTs used in the synthetic process because metal atoms
are densely packed in CNTs and empty regions were rarely
observed. Thus, the length of nanowires is estimated to be of
the micrometer order, which means that the typical aspect
ratio of the Eu nanowires is more than 1 x 10,

By changing the type (SWCNT, DWCNT, or MWCNT)
and corresponding diameter of the CNTs used in the present
reaction, we can synthesize various nanowires with a different
number of chains. Figure 2a shows HRTEM images of Eu
nanowires synthesized by using DWCNTs with an inner

Figure 2. a) HRTEM image of a single-atomic chain of Eu encapsu-
lated in DWCNTs. b) Magnified HRTEM image and HRTEM image
simulated by a multislice method at Scherzer defocus. c) Structure
model of observed HRTEM image represented by a ball-and-stick
model and space-filling model. The left and right pictures show the
structure model perpendicular and parallel to the tube axis, respec-
tively. Gray carbon, green europium. All image simulations were
performed using the WinHREM simulation software package.

diameter of 0.76 nm. The figure clearly shows dark spots
aligned in the DWCNTs in a perfectly regulated fashion. The
diameter of the inner tube of the DWCNTs is only 0.76 nm,
which means that the space available for encapsulation of Eu
atoms is only about 0.41 nm, considering the van der Waals
diameter of the inner CNT; this diameter is almost equal to
the atomic size of Eu metal. Therefore, a single chain atomic
wire, which is the ultimate one-dimensional nanowire, is the
only possible structure in this ultranarrow space in DWCNTs.
Figure 2 c shows a structural model of a Eu single atomic wire
encapsulated in DWCNTs. In fact, a simulated HRTEM
image based on the structure model using the multi-slice
method agrees well with the observed HRTEM image
(Figure 2b).

For the present HRTEM observations, bulk samples of
Eu-nanowire@CNTs were dispersed in organic solvent by
ultrasonication for 1hour, and the supernatant of the
dispersion liquid was dropped onto copper support grids.

Angew. Chem. Int. Ed. 2009, 48, 8298 —8302

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

This process allows the ultrathin single atomic Eu-wire to
retain their original structure even after ultrasonication for
1 hour. Furthermore, almost identical HRTEM images to
those of the as-produced Eu nanowires were observed even
after exposure of the sample to air for one month. This
remarkable stability of the nanowires originating from the
perfect protection effect by CNTs walls is one of the most
important advantages that led us to investigate their detailed
properties and further fabrications in device applications.
Interestingly, the interatomic distance between neighboring
Eu atoms determined by direct lattice measurements was
found to be 0.467 nm with a standard deviation of 0.019 nm,
which is much larger than that of the bulk Eu crystal
(0.39681 nm). The observed large Eu--Eu distance in the
single-chain atomic wire corresponds to approximately 17 %
elongation relative to that of bulk crystal, which presumably
originates from a significant reduction of the coordination
number of Eu atom (from 12 to 2) and from a possible charge-
transfer interaction between Eu atoms and CNTs.

Figure 3 shows HRTEM images of Eu nanowires formed
in DWCNTs with inner-tube diameters of 1.06 and 1.54 nm.
Proposed atomic structure models and simulated images
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Figure 3. Observed HRTEM image, simulated HRTEM image, and
corresponding structure model of a) two and b) four chains of Eu
atoms encapsulated in DWCNTs.

based on the structure models are also shown, and the
observed and simulated images agree well in the both cases.
Eu atoms form two and four chains in the DWCNTSs. Direct
measurement of the Eu-Eu distance from the HRTEM
images provides distances of 0.437 and 0.423 nm with
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standard deviations of 0.033 and 0.023 nm, respectively, for
two and four chains of Eu atoms, respectively. These Eu--Eu
distances are also longer than that of bulk the Eu crystal. The
structure of Eu nanowire shown in Figure 3 b is four chains of
Eu atomic wires, which corresponds to a cross section of face-
centered-cubic structure along the [110] axis. Since the crystal
structure of bulk Eu is body-centered cubic, the packing
manner of Eu atom is different from that of bulk crystal in the
nanosized space of CNTs. In nanosized materials, such as
nanowires with large surface area, surface energy contributes
significantly to the total energy, which leads to formation of
specific and unusual structures that cannot be realized in bulk
crystal. As described above, one can systematically synthesize
nanowires of different diameters (i.e., chains) at single atomic
level by the nanofilling reaction using the nanospace of CNTs.
Furthermore, our preliminary experiments show that this
simple nanowire formation procedure can equally be applied
to other metal atoms, such as Sm, Sr, and Yb.

Figure 4 shows a time series of HRTEM images of four-
chains Eu-nanowire@ DWCNTSs taken at exactly the same
position. Very interestingly, the close-packed Eu nanowire in
Figure 4a changes into a helical structure (Figure 4c) during

Figure 4. Time series of HRTEM images of four chains of Eu atoms
encapsulated in DWCNTs. A Fourier filtering treatment was applied to
remove amorphous materials attached to the surface of CNTs from the
image. All HRTEM images were recorded at same position.

the TEM observation. This structural transformation occurs
reversibly in a time range of several seconds under irradiation
of the electron beam. Theoretical investigation of a sphere
filling in cylindrical space shows that spontaneous chiral
symmetry breaking occurs to form helix-packed structures
without causing specific intersphere interaction or sphere—
cylinder interaction.F! Therefore, the chiral symmetry break-
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ing observed in the present Eu-nanowire@DWCNTs is
essential to the confinement of metal atoms in the pseudo-
one-dimensional nanospace of CNTs.

The energy difference and energy barrier for structural
transformation between the closed-packed nanowire and the
helical nanowire should be small, and therefore thermal
fluctuation induced by electron-beam irradiation gives rise to
dynamical structure transformation between the closed-
packed and helical structures. This kind of structural fluctua-
tion has been observed in Au nanoclusters, and was attributed
to intrinsic properties of nanosized materials such as the
coexistence of two differing phases of gold.”! The Eu-~Eu
distance between nearest neighbor atoms in the series
observed by HRTEM is 0.474 nm with a large standard
deviation of 0.062 nm. The Eu nanowires in CNTs exhibit
such a characteristic change under electron-beam irradiation
that we can observe in situ structure transformation. Struc-
tural fluctuation resulting from the structural phase transition
is very large, which results in the observed large Eu--Eu
distance and the corresponding standard deviation. A similar
helical structure of 1D atoms was also observed in suspended
Au nanowires and I, molecules encapsulated in CNTs.*”!

The change in the specific geometrical structures of the
ultrathin Eu nanowires should be accompanied by a signifi-
cant change of electronic structure relative to bulk crystals. To
further investigate the electronic and observed specific geo-
metrical structure, we performed ab initio calculations based
on density functional theory (DFT). We used a free single-
atomic wire as a structural model, and Eu atoms (electronic
configuration is [Xe]476s) in the experiment were replaced
by Yb atoms (electronic configuration is [Xe]4f'#6s%) in the
present calculation for computational reasons; 4f orbitals
have strongly localized character and orbital overlapping of
4f orbitals between neighboring metal atoms is very small,
which leads to tiny contributions from metal-metal interac-
tions. After complete structural optimization of the free
single-atomic wire, the Yb--Yb distance was 0.4346 nm and
the cohesive energy was 0.14 eV. The Yb--Yb distance found
experimentally in bulk crystal is 0.3879 nm (fcc structure with
a=0.54862 nm), which is well reproduced by the DFT
calculations (a=0.54845 nm in the current cell optimization
calculation).

On the basis of this result, we think that one of the main
reasons for the significant elongation of metal-metal distance
observed in this experiment (17 % elongation) is the specific
geometry of the single-atomic wire. Other factors such as the
effect of electron-beam irradiation and a metal-CNT inter-
action (such as charge transfer and orbital hybridization) may
also contribute in determining the nearest-neighbor metal—
metal distance. We also calculated the electronic band
structure of a single-atomic wire and a zigzag wire; the results
reveal that the nanosized low-dimensional structure leads to a
radical modification of the electronic structure. Although
bulk Yb crystal is metallic, the 6s bands do not cross the Fermi
level for the nanowire, indicating that Yb single atomic wire is
a semiconductor (cf. Figure S1 in the Supporting Informa-
tion). Estimated band gaps for a single atomic wire and a
zigzag wire are 0.91 and 0.22 eV, respectively.’l Therefore, by
carefully adjusting the diameters of CNTs used in the
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nanofilling reaction, one can fine-tune the electronic band
structure of metal nanowires synthesized.

Figure 5 shows the temperature dependence of the
magnetic susceptibility of purified open-capped SWCNTs,
Eu bulk crystal, and Eu-nanowire@SWCNTs with mean
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Figure 5. Temperature dependence of the magnetic susceptibility of
bulk Eu crystal, Eu-nanowire@SWCNTs, and purified open-capped
SWCNTs. Blue: Eu-nanowire@SWCNTs; red: bulk Eu crystal; green:
purified cap-opened SWCNTs.

diameter of 1.7 nm measured at a magnetic field of 1.2 T. The
magnetic susceptibility of purified open-capped SWCNTs is
very low, and hence we can ignore background magnetization
arising from SWCNTs. The magnetization behavior of Eu
nanowires is vastly different from that of Eu bulk crystals,
especially below 50 K. The magnetic susceptibility of Eu
nanowires is more than 10 times larger than that of the bulk
Eu crystal at 4.25 K. In the case of Eu, the partially filled 4f
orbital (electronic configuration of Eu is ®S,,) is the origin of
the magnetic moment. As the 4f orbital is strongly localized,
the magnetic properties of Eu compounds are well described
as a localized spin system, in which interspin interactions are
mediated by free electrons (RKKY interactions). In the case
of the bulk crystal of Eu metal, helical spin ordering is
observed below 90 K, whereby all spins in the ab plane align
in same direction, and the spin direction in the ab plane
rotates along the c axis. This helical spin ordering causes each
spin alignment in the ab plane to cancel out, which leads to a
decrease of the total magnetic moment. Because the structure
and dimensionality of Eu nanowires are vastly different from
those of the bulk Eu crystal, the helical spin alignment
observed in bulk Eu crystal is probably incompatible with Eu
nanowires. Therefore, cancelling out of spin observed in the
Eu bulk crystal is also incompatible with Eu nanowires, which
leads to a dramatic increase of the total magnetic moment. As
described above, we can change not only the electronic
structure but also the magnetic properties by changing the
dimensions of the Eu metal.
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In summary, we synthesized ultrathin metal (Eu) nano-
wires with diameters of a single atom (ca. 1.7 nm) in a very
high filling fraction using the nanofilling reaction. Because
the nanowires are confined within and protected by the walls
of the CNTs, the nanowires resist oxidation and structural
disintegration even in ambient conditions. Furthermore, the
protection by CNTs enables us not only to investigate their
detailed structure and properties of the nanowires but also to
process the nanowires to form various kinds of electronic
devices using the ultrathin nanowires. Furthermore, the
present fabrication method is generally applicable to various
metals that have low sublimation temperatures. In fact, our
preliminary experiments show that Sm, Yb, and Sr nanowires
can be similarly synthesized using the current method. The
present ultrathin metal nanowires of a controlled diameter
are an ideal model system to explore one-dimensional
phenomena and applications as nanoconnectors for designing
nanoelectronic devices. For this purpose, we are currently
investigating various properties of isolated single ultrathin
nanowires.

Experimental Section

Sample preparation: As-produced CNTs were purified by vacuum
annealing at 1473 K and 10~® Torr for 12 h to remove remaining metal
catalyst nanoparticles and amorphous carbon impurities. After the
samples were purified, cap opening was carried out by dry-air
oxidation at 823 K for 30 min. Open-capped purified CNTs and
ground metal powder were placed in a glass tube under an Ar
atmosphere. After vacuum heat treatment at 500 K for 1 h, the glass
tube was vacuum sealed at 10~° Torr. The glass tube was then heated
at 773-873 K for 1 day in an electric furnace. The metal-encapsulating
CNTs synthesized in this way were heated at 773 K for 12 h under
vacuum and then washed with diluted HCI to remove residual metal
atoms attached the outer surface of the CNTs.

HRTEM observations: Observations were performed on a JEM-
2100F (JEOL) high-resolution field-emission gun TEM operated at
80 keV at room temperature and under a pressure of 107° Pa. The
sample was dispersed in 1,2-dichlorobenzene by ultrasonication for
1 h, and the supernatant was dropped onto a copper grid coated with
thin carbon film. The sample was vacuum treated at 473 K for 1 h to
remove 1,2-dichrolobenzene before the TEM observations were
carried out. HRTEM images were recorded with a charge-coupled
device with an exposure time of typically 1-3s.

Magnetic susceptibility measurements: Measurements of mag-
netic susceptibility were performed using a Quantum Design MPMS
XL magnetometer. Prior to measurement, the samples were heated at
573 K and vacuum sealed in quartz tubes at 10~° Torr. Samples of bulk
Eu crystals were prepared under anaerobic conditions to prevent
oxidation of Eu.

Density functional calculations: DFT calculations in the gener-
alized gradient approximation (GGA) were used and a plane-wave
basis set was employed with a cutoff energy of 400 eV. Interaction
between the ionic cores and valence electrons was treated by the
projector augmented-wave (PAW) method in the implementation of
Kresse and Joubert."”! Structure relaxation was carried out using 40
irreducible k points with a coordinate (0, 0, 7/80) x (27/T) (n=0,1, ...
40), where T is the translational period. For the band-structure
calculation, 200 irreducible k points were used. The nanowires were
placed on a rectangular grid separated by 1.5 nm vacuum, which
results in negligible interwire interactions. Gaussian smearing with
the parameter 0=0.01 eV was applied to broaden the one-electron
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eigenenergies. All calculations were carried out using the Vienna
ab initio simulation package (VASP).!"!
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