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alkenones advected by deep waters originating
from high northern latitudes is thus very unlikely.
A similar argument can be made against a signifi-
cant contribution of NADW to the concentration
of fine-grained magnetite as could occur in sedi-
ments farther north (46).

The IRD studied at DGO (Talence, France) are ex-
pressed in number per gram for the size fraction
greater than 150 wm (sample size for counting is 10 g
of dry sediments). The complexity of H1 and H2 is
further demonstrated by their mineralogical compo-
sition: The H2a IRD peak centered at 23,000 cal yr
B.P. is characterized by a dominance of quartz (84%),
with a presence of feldspars (5%), detrital carbonates
(3%), and hematite-coated grains (2%). Broadly sim-
ilar, the H1a IRD peak at 16,000 cal yr B.P. is domi-
nated by grains of quartz (76%) and feldspars (14%),
with small percentages of hematite-coated grains
(3%), glauconite (3%), volcanic shards (1%), and an
almost complete lack of detrital carbonate. By con-
trast, the smaller IRD peak at 17,500 cal yr B.P. (H1b)
is composed mainly of detrital carbonates (80%),
with secondary contributions of quartz (16%) and
feldspar (3%).
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Discrete Atom Imaging of
One-Dimensional Crystals

Formed Within Single-Walled
Carbon Nanotubes

Riidiger R. Meyer," Jeremy Sloan,?* Rafal E. Dunin-Borkowski,?
Angus I. Kirkland,"* Miles C. Novotny,? Sam R. Bailey,?
John L. Hutchison,® Malcolm L. H. Green?

The complete crystallography of a one-dimensional crystal of potassium iodide
encapsulated within a 1.6-nanometer-diameter single-walled carbon nanotube
has been determined with high-resolution transmission electron microscopy.
Individual atoms of potassium and iodine within the crystal were identified from
a phase image that was reconstructed with a modified focal series restoration
approach. The lattice spacings within the crystal are substantially different from
those in bulk potassium iodide. This is attributed to the reduced coordination
of the surface atoms of the crystal and the close proximity of the van der Waals

surface of the confining nanotube.

The synthesis and characterization of one-
dimensional (1D) crystals that have a well-
specified chemistry, size, and crystal struc-
ture have presented a formidable challenge
for materials chemistry and analysis. Here,
we show that both the widths and the lattice
spacings of 1D crystals can be tailored by
encapsulating them within single-walled car-
bon nanotubes (SWNTs) (/). The resulting
crystals can be tens of micrometers in length
yet only two or three atoms in width. We
illustrate our results for a <110> projection
of a discrete KI crystal that is three atomic
layers thick and formed within a SWNT, in
which the crystal thickness varies in a strictly
integral fashion on an atomic scale.
Conventional high-resolution transmis-
sion electron microscopy (HRTEM) has pre-
viously been used to image single heavy at-
oms on crystal surfaces and amorphous sup-
port films (2—6). The technique can be ap-
plied in the same way to provide structural
information about a crystal incorporated
within a SWNT. However, the image contrast
is weak and noisy, and it is, in general, only
possible to identify strongly scattering spe-
cies such as I in an encapsulated KI crystal
(see below). A single HRTEM image is also
subject to artifacts due to lens aberrations
such as defocus, astigmatism, and beam tilt,
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particularly near the edge of a crystal. These
problems can be overcome by recovering the
amplitude and phase of the electron wave
function at the exit surface of a sample from
either a focal (7-9) or a tilt azimuth (10, 11)
series of images. The procedure involves the
determination of the lens aberrations and a
numerical reconstruction of the exit plane
wave function by using a Wiener filter. The
restored wave function can then be used to
calculate the high-spatial-frequency compo-
nents of the phase shift of the electron wave
as it leaves the sample. This phase image is
free of artifacts introduced by objective lens
aberrations and is higher in resolution and
less noisy than an individual HRTEM image.
It is also less noisy than an equivalent atomic
resolution phase image obtained by electron
holography (12). For a sufficiently thin crys-
tal, the recorded phase can be interpreted
intuitively because it is directly proportional
to the projected potential of the sample inte-
grated in the incident beam direction (/3).
However, the technique imposes strict re-
quirements on specimen and instrumental sta-
bility and must be applied with great care to
SWNTs, which are damaged readily by over-
exposure to a high-energy electron beam.
SWNTs were synthesized with a modified
high-yield arc synthesis technique (/4) and
filled with highly pure KI (99.99%) (Aldrich)
through a capillary filling method (I, 15).
The specimen was characterized at 300 kV in
a Japan Electron Optics Laboratory (JEOL)
JEM-3000F field emission gun transmission
electron microscope (/6—18). Figure 1A
shows a phase image reconstructed from a
20-member focal series of a 1.6-nm-diameter
SWNT containing a KI single crystal (/9). In
cross section, the encapsulated crystal can be
regarded as a single KI unit cell viewed along
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the <110> direction of the parent rock salt
structure, with the <001> direction parallel
to the tube axis. The crystal is well resolved
in regions 1 and 3 of the restoration, whereas
in region 2, the crystal is rotated about its
axis. Similar crystals were found in 30 to
50% of all SWNTS examined in this sample,
although not all were oriented along a
KI<110> direction.

In this projection, each white spot corre-
sponds to a column of pure I or pure K that is
exactly one, two, or three atoms in thickness,
as can be seen in the enlargement of region 1
(upper left inset of Fig. 1A). The different
phase shifts arising from different atomic col-
umns are visible when region 1 is displayed
as a surface plot (lower right inset of Fig.
1A). Corresponding line profiles across the
phase image (Fig. 1, B to F) were obtained
from the single-pixel line traces marked in
the upper left inset of Fig. 1A. Along the
center of the crystal (Fig. 1B), the contrast
alternates between that of three K and three I
atoms in projection, with the I columns giv-
ing rise to the higher peaks. Perpendicular to
the length of the crystal, successive {001}
layers alternate in a bimodal fashion between
11-2K-31-2K-1T (Fig. 1C) and 1K-21-3K-21-
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1K (Fig. 1D). The diagonal slices through the
crystal (Fig. 1, E and F) correspond to pro-
jections of 11-21-31-21-11 and 1K-2K-3K-2K-
1K {2-22} layers, respectively. The peak
heights in Fig. 1, E and F, vary in an integral
manner from peak to peak. The phase shifts
of individual I and K atoms in the recon-
structed image are ~0.06 and ~0.03 rad,
respectively.

Scherzer defocus and reconstructed am-
plitude images are shown in Fig. 2, A and B,
respectively. The signal in Fig. 2A is very
noisy and originates primarily from the more
strongly scattering I lattice, whereas the low
contrast in Fig. 2B is consistent with the fact
that the crystal is almost a pure phase object.
Neither image can be used to obtain the
quantitative information that can be provided
by the reconstructed phase image. The ener-
gy-dispersive x-ray (EDX) spectrum (Fig.
2C), which was obtained from the crystal
after imaging, provides confirmation of the
presence of K and I in the filling material.

A multislice simulation of a phase image
of a KI<110> crystal encapsulated within a
1.6-nm-diameter SWNT was performed (Fig.
3A). The factors that limit the resolution of
the experimental reconstruction (temporal

B 8866060006

1.6nm QOCO0C0000
' QC0G000000
©000000000000000

Measured 0.2
phase
shift 0.1

Fig. 1. (A) Phase image showing a <110> projection of Kl incorporated within a 1.6-nm-diameter
SWNT, reconstructed from a focal series of 20 images. Maximum and minimum spatial frequencies
of 1/(0.23 nm) and 1/(1.05 nm), respectively, have been retained with a Wiener filter. The upper
left inset shows an enlargement of region 1 (symmetrized about the chain axis) and a schematic
illustration depicting alternating arrangement of 1-2-31-2K-I and K-2I-3K-2I-K {100} layers within
the crystal. The lower right inset shows the surface plot of region 1. (B to F) Single-pixel line profiles
obtained from line traces marked B to F in the upper left inset in (A). The background level in these
profiles is arbitrary because the reconstruction procedure does not recover low-spatial-frequency
variations in phase. Schematic crystal structures showing atoms contributing to the contrast are

also shown.
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and spatial coherence and vibration) are not
easy to quantify; Fig. 3A was therefore cal-
culated on the assumption of no beam con-
vergence, focal spread, or vibration and then
smoothed with an identical Wiener filter to
that applied to the experimental data. Atom
positions corresponding to a (12,12) SWNT
were used because it has the same diameter as
the SWNT imaged in Fig. 1A (20). However,
our experimental images are not sensitive to
the conformation of the SWNT, and either
“zigzag” (21,0) or chiral [for example, (//,
13)] tubules could have been chosen.

Line profiles (Fig. 3, B to F) were ob-
tained from single-pixel line traces labeled B
through F in Fig. 3A. The excellent visual
agreement between the experimental and
simulated line profiles supports the interpre-
tation of the results. The magnitudes of the
simulated phase shifts are about two times
higher in the simulations than in the experi-
mental data, despite the fact that the experi-
mental crystal thickness was known exactly.
This difference may provide insight into the
similar (and poorly understood) discrepancy
between the contrast of simulated and exper-
imental conventional HRTEM images (21). It
cannot be explained by including ionic scat-
tering factors in the simulations.

Close inspection of Fig. 1A reveals a lat-
tice distortion of the KI crystal that is not
readily discernible in the corresponding
HRTEM image taken at Scherzer defocus
(Fig. 2A). Experimental measurements of lat-
tice spacings in the crystal (Fig. 4) show a
longitudinal contraction of the KI crystal
from 0.705 to 0.695 nm along <001> (22),
whereas in cross section, there is an expan-

5 keVv
Fig. 2. (A) Unprocessed Scherzer defocus
HRTEM image from the focal series used to
generate Fig. TA. Intensity is ~3000 counts in
vacuum. (B) Reconstructed amplitude image
(black = 0.9, white = 1.1, amplitude in vacu-
um = 1). (C) EDX spectrum obtained from a
filled nanotube using a 5-nm-diameter probe.
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sion and a distortion from the expected
square lattice (with a larger expansion along
<100> than along <110>). Although an
apparent distortion could also be generated
by a tilt of the crystal by ~9.7°, a tilt of this

Y anes

Structural Proj,
model potentia

Simulated 0.4 B

phase

shlﬂ) 0.2

(rad I

0'00 1 2 3nm

0.4{rad C| 0.4irad D
0.2 0.2
E D 1 2nm - i 2nm
0.4rad E||0.4{rd F
0.2 0.2
0'00 1 2nm 0.00 1 2nm

Fig. 3. (A) Composite diagram showing the
structural model, projected potential, and sim-
ulated phase image for a <110> projection of
a Kl crystal that is three atomic layers thick and
confined within a (12,12) SWNT. (B to F) Sin-
gle-pixel line profiles obtained from line traces
marked B to F in (A).

0.275nm

<001>
| 0.695 -
<110>

<110>
<110>

Fig. 4. Structural model corresponding to physical
measurements obtained from the image in Fig.
1A. Upper and lower sections show the <110>
projection and cross section, respectively, of the
KI crystal in a (12,12) SWNT. Estimated precision
of measurements, =0.003 nm.
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magnitude cannot be present because the
measured defocus difference along the tube
is only 1.75 nm. A tilt about the tube axis
can also be discounted because it would
lead to asymmetry in the Fourier transform
of the reconstructed exit surface wave func-
tion, which is not observed experimentally.
The average distortion is approximately
consistent with the Poisson ratio of 0.293
measured for bulk KI (23). It is likely to
result from the adaptation of the crystal to
the radially symmetrical van der Waals sur-
face of the confining SWNT. In addition, in
bulk KI, the lattice coordination is 6:6, and
each ion is surrounded by six nearest neigh-
bors of opposite charge, whereas in the
SWNT-incorporated three-layer crystal,
only the central . . .K-I-K-I. . . row has 6:6
coordination, and the face and edge atoms
have reduced coordinations of 5:5 and 4:4,
respectively. The observed distortion may
provide a reduction in lattice energy asso-
ciated with the alleviation of Coulomb in-
teractions within the three-layer crystal as
compared to those in bulk KI.

We have performed similar measurements
on KI crystals encapsulated within SWNTs
that have diameters other than 1.6 nm. Sev-
eral strain states of the confined KI crystals,
which are related directly to SWNT diameter,
have been observed. Our results show that if
the diameter of a SWNT can be preselected,
then it can be used to template particular
strain states of encapsulated 1D crystals and
to thereby tailor their physical properties.
Fiske and Coleman have shown how the lon-
gitudinal-optical phonon behavior of ultrathin
films of Rbl, KI, and CsI varies as a function
of crystal thickness and how the mode
strength of RbI decreases as the crystal thick-
ness approaches the scale described in this
study (24). The properties of single crystals
of materials other than metal halides may be
modified in a similar manner. It is particular-
ly exciting that, within SWNTs, we have also
successfully encapsulated materials [such as
silver (/)] that are metallic in their bulk form.
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