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he ability to isolate single atoms

and groups of atoms within

fullerenes inside a nanotube has re-
sulted in these endohedral fullerene pea-
pod materials becoming one of the candi-
date materials for quantum information
processing.! Endohedral fullerenes also
have potential applications in magnetic
resonance imaging? and organic photovol-
taic devices.? The characterization of such
endohedral fullerene peapod materials is
extremely challenging because it requires
techniques providing atomic resolution
with chemical sensitivity. There have been
attempts to synthesis bimetallic endohedral
fullerene peapods which contain two differ-
ent metals within the fullerene,* but to
date, this material has only been studied us-
ing techniques that do not provide local in-
formation,* such as mass spectrometry, op-
tical absorption, energy-dispersive X-ray
spectroscopy, nuclear magnetic resonance
spectroscopy, and electron paramagnetic
resonance spectroscopy, and therefore do
not allow the unambiguous identification of
the encapsulated atomic species.

Techniques that can provide atomic

resolution information are therefore crucial
characterization tools for these materials.
High-resolution transmission electron micro-
scopy (HRTEM) is such a technique and has
often been used for the characterization of
peapods.>® HRTEM is, however, essentially a
phase contrast technique with a relatively
weak compositional dependence. The tech-
nique of high-angle annular dark-field
(HAADF) imaging in a scanning transmis-
sion electron microscope (STEM) shows a
much stronger composition dependence
and has long been shown to give clear con-
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ABSTRACT In this paper, a chemically sensitive local characterization technique is used to characterize

fullerene peapods containing two metal atoms within each fullerene. By combining bright-field imaging, high-

angle annular dark-field imaging, and electron energy loss spectroscopy in a scanning transmission electron

microscope, unambiguous identification of the metal atoms present is possible. Key to making this possible is

aberration correction, which allows atomic resolution at lower beam energies. The peapods can be imaged for

several consecutive scans at 80 keV beam energy, and the combination of techniques allows the position as well

as the species of the encapsulated atoms to be identified. Movements of the encapsulated atoms are monitored.
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trast of single atoms on lighter supports.”®
The explanation is that the scattering to the
relatively high angles involved in HAADF
STEM is largely Rutherford scattering from
the nuclear potential so has an intensity
that varies strongly with atomic number
(close to Z?). A further advantage of using
STEM is that the small illuminating spot or
probe allows local spectroscopy, leading to
chemical information. The energy lost by
the incident electrons as they are transmit-
ted through the sample shows features at
characteristic energies arising from the exci-
tation of core—shell electrons in the target
atoms, allowing chemical identification.’
Such electron energy loss spectra also show
fine structure that can indicate the chemi-
cal environment of the species. A STEM in-
strument can also form phase contrast im-
ages similar to those seen in HRTEM, which
allows the lower Z nanotube and fullerene
cage to be imaged, although the efficiency
of imaging in this mode is lower than that
for HRTEM, leading to noisier images.

In this paper, we combine HAADF STEM
imaging with electron energy loss spectros-
copy (EELS) and phase contrast imaging to
identify the species and location of the
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Figure 1. Simultaneously obtained dark-field (a,b) and bright-field (c,d) images with the La atom positions marked in
(b) and (d). Dark spots in the bright-field image do not always coincide with the heavy atom positions from the dark-

field image.

heavy encapsulated atoms in an endofullerene pea-
pod structure. One of the difficulties of studying
carbonaceous materials using TEM/STEM is that the
samples suffer from beam damage, through either
knock-on or ionization mechanisms. The rate of
damage is sample-dependent and varies with the
geometry of the sample.’® Furthermore, both HAADF
and phase contrast STEM are less efficient in their
use of the incident electrons than HRTEM, and so for
a similar signal-to-noise ratio, a higher electron flu-
ence is required. There is some evidence, however,
that the very small illuminating region in STEM al-
lows greater dissipation of the deposited energy,
leading to reduced damage."" For nanotube
samples, the dominant damage mechanism is
thought to be knock-on damage, which has a thresh-
old energy just above 80 keV.'? In cases where ion-
ization damage dominates (e.g., possibly crystals of
fullerenes with a large band gap'3), lower beam en-
ergies may increase the ionization damage. The situ-
ation for the damage in peapods is complicated.
The possibility of coupling between ionizations on
the fullerenes and the delocalized electrons on the
nanotube may mean ionization damage to the
fullerenes is not as severe as in the case of the
fullerene crystal. With the possibility of knock-on
and ionization damage, a compromise voltage is
preferable. Several groups have recently used beam
energies of 80 keV or lower to study these and simi-
lar materials to try to reduce the knock-on
damage.' "7 Although these are relatively low com-
pared to the beam energies typically used for atomic
resolution imaging, the recent development of cor-
rectors for the inherent spherical aberration of elec-
tron lenses'® allows single atoms to still be observed
in a STEM at a beam energy of 80 keV. The work pre-
sented here has been carried out on an aberration-
corrected VG STEM operated with a beam energy of
80 keV. It was found that the peapod structures re-
mained visibly intact long enough to monitor the
motion of the encapsulated atoms with time, and

in general, at least eight consecutive scans could be
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obtained without being able to observe any dam-
age. Spectrum line scans, however, were found to
have no visible effect on the nanotubes but caused
the fullerenes to fuse together.

Using the techniques described above, the position
and species of the encapsulated atoms are determined,
and this information allows a reinterpretation of the
structure of the endohedral fullerene.* Furthermore, the
dynamics of the atoms are monitored under the beam
irradiation.

RESULTS AND DISCUSSION

Figure 1 shows HAADF STEM and simultaneously
recorded bright-field (phase contrast) images from
a sample of La@Cg, fullerene peapods. By the prin-
ciple of reciprocity,’® the phase contrast images re-
corded in STEM are equivalent to those that would
be formed in the HRTEM. The HAADF image unam-
biguously shows the location of the metal atoms. By
comparing the images, it can be seen that in many
cases the metal atoms are also clear in the phase
contrast image. In a number of places, however, the
metal atoms are not immediately identifiable, and
contrast arising from the carbon cage may be erro-
neously interpreted as metal atoms.

HAADF and bright-field images obtained simulta-
neously from supposed PrSc@Cg, fullerenes* encapsu-
lated inside a multi-walled nanotube are shown in Fig-
ure 2a,b, respectively, together with a second bright-
field image in Figure 2c. The second bright-field image
was recorded at a slightly different focus to the HAADF
image because the bright-field image recorded under
the same conditions as an optimally focused dark-field
image has very little contrast. By defocusing the image,
the contrast increases and the carbon structure be-
comes clearer. The combination of bright-field and
HAADF images reveals two heavy atoms inside a single
fullerene.

The question then arises as to whether Pr and Sc
species can be separately identified. Pr and Sc have
atomic numbers of Z = 59 and 21, respectively, and
consequently, since in HAADF imaging the image in-
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Figure 2. Corresponding HAADF (a) and bright-field (b) images of PrSc@Cg, molecules encapsulated inside a multi-walled
carbon nanotube along with a defocused bright-field image (c).

tensity is approximately proportional to Z?, it should
be possible to differentiate between the two atoms.
Figure 3 shows a typical intensity profile across two
encapsulated atoms. Since the intensity difference
between two atoms within the same fullerene was
found to be less than 10% (which is not significantly
above the noise level), we conclude that the atoms
have very similar atomic numbers, even taking into
account the possible movement of the encapsulated
atom out of the electron probe as reported by
Suenaga et al.'® It is also possible to see spots of
higher intensity in Figure 3. These are caused by
the fullerenes rotating into positions where the two
heavy metal atoms are on top of each other when
viewed in projection.

To determine the atomic species, EELS spectra
were obtained from the peapods, an example spec-
trum being shown in Figure 4. The Pr N-edge at 113
eV is visible in the spectrum, and a profile of how
the background subtracted intensity of the Pr edge
changes with position is shown in Figure 4c. No Sc
L,3-edge at 402 eV is observed. Scanning the beam
over a small area of the peapod repeatedly and ob-
taining a cumulative spectrum (Figure 4d) still
showed no Sc signal.

From the HAADF images and the EELS spectrum,
we can conclude that both atoms are Pr. This suggests
a reinterpretation of the original identification of this
material as PrSc@Cg,* which was based upon mass
spectrometry and EDX measurements, and highlights
the importance of combining local chemically sensitive
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characterization methods with other characterization
techniques. Re-examination of the EDX data from ref 4
shows it to be consistent with the HAADF and EELS re-
ported here (see Supporting Information). Also, the
mass spectrometry results in ref 4 can be interpreted
in terms of Pr,@C;, (with a mass of 1146) rather than
ScPr@Cg, (which has also a mass of 1146). Two Pr at-
oms would be consistent with the isotopic distribution
shown in ref 4 as Pr, like Sc, is monoisotropic. C; is an
unusual but not an unknown cage, and La,@C;,%° 2
and Ce,@C;,% have both been reported. The

UV —vis—IR spectrum in ref 4 is similar in shape to that
reported for La,@C;, and Ce,@C;,.22 The *C NMR spec-
tra for La,@C5,%° and Ce,@C5,2 are different from each
other, as well as to that obtained in ref 4. It should be
noted that the imaging and spectroscopy presented in
this paper and the EDX and mass spectrum results pre-
sented in ref 4 would be consistent with a fullerene
Pr,C,@C;, as well as Pr,@C;,. More work is needed, how-
ever, to elucidate unambiguously the fullerene cage
structure.

In previous work by Ding and Yang,?* Pr has been
found to exist in a valence state of +3 in both Pr@Cs,
and Pr,@Cg,. The Pr spectrum shown in Figure 4c shows
a double peak structure. Nys-edges of rare earth met-
als have been used in the past to learn something about
the valence state of the rare earth ion.?” The double
peak structure is closer to the spectrum obtained by
Trebbia and Colliex from Pr metal?® than that obtained
by Ahn and Krivanek?” for PrsO;;. As the process of ob-
taining spectra from the fullerenes changes them, it is

70

B5

E0
EE

S0+

45

(b) 4o

(a)

0 02 04 06 08 10 12 14 16

nm

Figure 3. Intensity profile (b) across two encapsulated atoms in a HAADF image (a).
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Figure 4. HAADF image showing the line used for spectrum image (a) and a typical spectrum (b). (c) Profile showing
how the intensity of the background-subtracted Pr edge varies with position along the spectrum image. (d) Cumula-

tive spectrum.

not possible to correlate this spectrum with a specific
structure. It is likely that the Pr atoms in this case have
the same valence state inside the fullerene as in the
fullerenes studied by Ding and Yang, but that as the
fullerene cages are destroyed in the process of taking
the spectra, the Pr atoms escape from the fullerenes
and are metallic in character.

The distance in the image between the two en-
capsulated atoms is a projection of the actual dis-
tance. The largest distance found was 0.55 = 0.02
nm, indicating that the atoms are at least 0.55 = 0.02
nm apart. From Figure 2, it can be seen that there
are fullerenes with the Pr—Pr axis approximately per-
pendicular and parallel to the tube axis. Under the
beam, the Pr—Pr axis orientation changes with time
(including orientations where the images of the two
atoms overlap), as can be seen in Figure 5. The last
image in the series, at 374 s, shows damaged

fullerenes. Rather than just relying on the dark-field
image to check the damage, the simultaneously ob-
tained bright-field image is also used to monitor the
damage. The bright-field image in Figure 2c was ob-
tained after the first three images shown in Figure
5, confirming that the fullerenes are still intact.

To investigate the orientation further, we have
looked at the angle between the Pr—Pr axis and the
tube axis, in a similar manner to the work by Suenaga
et al> and Khlobystov et al.?® Values of ¢ (modulo 90°)
have been recorded for the multi-walled tube shown in
Figure 2 and for a double-walled tube where the
fullerenes were more constrained. The results are
shown in Figure 6, and although the number of tubes
it was possible to analyze was rather small, the data do
suggest that there may be some preferred orientations.
There are two sources of error in these data. The first
comes from the small number of cases recorded, and

=

Figure 5. Series of images showing changes with time under the beam taken at 0, 87, 154, and 374 s (the fullerenes are

damaged in the last image).
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Figure 6. Histogram of the distribution of ¢, the angle be-
tween the Pr—Pr axis, and the tube wall.

this error is quantified by Poisson statistics and marked
onto the histogram in Figure 6. The second possible
source of error is that all but three of the 15 measured
¢ values come from a multi-walled tube, which may not
be representative of a tightly packed double-walled
tube.

Values of ¢ were recorded for a single fullerene in-
side a double-walled nanotube over approximately 5
min in order to monitor the dynamics of the encapsu-
lated atoms. The bright-field images were used to moni-
tor the damage to the fullerenes and to confirm that
they had not coalesced. The values of ¢ ranged from 0
to 21°, and no correlation was found between ¢ and the
Pr—Pr distance. Images of this fullerene taken at larger
time intervals show ¢ values of 68 and 75°, showing
that over time the value of ¢ is not restricted to 0—21°.
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The impossibility of distinguishing between the two at-
oms means that the two atoms could exchange places
between two consecutive images, while the ¢ value ap-
pears not to change very much. Although we can see
that the encapsulated atoms are moving, it is not pos-
sible to tell whether the encapsulated fullerene is rotat-
ing or whether the atoms are moving within the
fullerene.

As well as neatly filled nanotubes, it was also pos-
sible to find nanotubes filled with wires containing
heavy atoms and more unusual structures (Figure 7).
The structure encapsulated inside the nanotube in
Figure 7 is ill-defined and could be the result of
beam damage. The combination HAADF and EELS al-
lows us to identify groups of Pr atoms within the
structure.

CONCLUSION

In this paper, a chemically sensitive local charac-
terization technique, combining HAADF imaging,
bright-field imaging, and EELS spectroscopy, has
been used to identify the metals present in a bime-
tallic endofullerene peapod material originally
thought to contain PrSc@Cg, fullerenes. Aberration
correction has allowed the characterization to be
carried out at a low voltage, which reduces the beam
damage while maintaining resolution. The EELS sig-
nal from Pr has been detected, and the movements
of the encapsulated atoms have been monitored us-
ing HAADF imaging. The absence of a Sc EELS sig-
nal and equal intensity of the encapsulated atoms in
the HAADF images suggest that the endofullerene

—— spectrum

o) :‘ background o)
§ \ Pr Nys —— signal §
5 \  edge 5
& &
iy ey
2 CK edge 2
2 2
= =

|- -

ke i T T T il

80 130 180 230 280 330 380 430 90 110 130 150 170 190
Energy loss (eV) Energy loss (eV
(c) gy (d) gy )

Figure 7. (a) HAADF image and (b) bright-field image showing line used for spectrum image. One of the spectra is shown in
(c), and the Pr signal is compared to the cumulative peapod spectrum in (d).
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contains two Pr atoms. With re-evaluation of the pre-
vious EDX and mass spectrometry results, this ma-
terial is now interpreted as a fullerene containing
two Pr atoms and 72 carbon atoms. This demon-

METHODS

In this study, the peapod sample has been characterized us-
ing an aberration-corrected VG HB501 STEM (the Daresbury Su-
perSTEM1) operated with a beam energy of 80 keV, a conver-
gence semiangle of 24 mrad, and a HAADF annular detector
angle of 70—210 mrad. In general, at least eight consecutive
scans (1024 X 1024 pixels and 19.5 ws dwell time) could be ob-
tained without being able to observe any damage. Spectrum line
scans, with 0.5 s acquisition time, were found to have no visible
effect on the nanotube but caused the fullerenes to fuse
together.
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