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Single wall carbon nanotubes (SWCNTs) are
archetypical 1D systems with peculiar electronic
properties which can be modified in a controlled
manner by various methods. One of these is filling
the hollow core with metallofullerenes. Additionally,
subsequent modifications can be induced utilizing
the nanotube hollow space as a nano-reactor. Here
we show the electronic structure changes of Gd@C82

peapods upon transformation into Gd nanowires
encapsulated in SWCNTs. This has been monitored
by a combined high resolution photoemission and
X-ray absorption study. From a detailed analysis of
the Gd 3d, 4d, 4f and C1s responses, as well as the
valence band resonant photoemission, we were able
to elucidate the changes in the bonding environment
and charge transfer in these 1D systems. We observe
a clear modification of the low energy electronic
properties of the SWCNT transformed partly into dou-
ble walled tubular structures with encapsulated Gd
nanowires.
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1. INTRODUCTION

Modifying the crystalline sp2 hybridized backbone of
molecular systems like single-walled carbon nanotubes
(SWCNTs) opens a wide range of functionalities in com-
parison to working with pristine structures.1�2 There are
several ways to induce modifications, among which, filling
with endohedral metallofullerenes represents a very inter-
esting option from the physical point of view.3 Although
various novel metallofullerenes have been synthesized and
structurally characterized in the last two decades, their
properties have not been fully understood owing to the lim-
ited availability of purified material.4 However, the sample
preparation methods have been improved with the years
and it is now possible to access new properties, some
of which are predicted to a certain extent at the molec-
ular level.5�6 Gd@C82 metallofullerenes are a very inter-
esting material.7�8 Magnetic susceptibility measurements
have been reported showing a very small Weiss tempera-
ture, which means that intermolecular magnetic interaction
is nearly paramagnetic.9 Calculations for Gd@C82 have
recently suggested that Gd has a 4f 7 spin polarized state,
with bonding to the C82 walls. In fact, metallofullerenes
have a degree of freedom corresponding to molecular rota-
tion and intramolecular metal motion, which are expected
to affect magnetic properties significantly.
On the other hand, filling the inner spaces of SWC-

NTs has been explored since shortly after their first
observation.11�12 It has been shown that the peculiar
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anisotropic electronic properties of these archetypical 1D
systems can be effectively altered upon introduction of
metallofullerenes in the hollow core,13 and the produc-
tion of such material (peapods of metallofullerenes) is
usually carried out at temperature and pressure values at
which fullerene molecules sublime and enter the hollow
spaces of SWCNTs through the open ends. Considering
Gd@C82 peapods as an intermediate material, it is also
possible to imagine the transformation of the inner met-
allofullerenes into a certain type of nanowire.14 Indeed this
has been proven using a versatile nano-template reaction,
where Gd nanowires have been successfully encapsulated
in the SWCNTs as a product of this process. To better
visualize this, Figure 1 shows a schematic representation
of the metallofullerene peapods and Gd-nanowires formed
via the nano-template reaction in Ref. [14].
In this paper we recall the outstanding electronic prop-

erties of SWCNTs and examine the changes induced via
encapsulation of Gd@C82 metallofullerenes. Additionally,
we have studied the properties of the Gd nanowires tem-
plated inside the tubes, where hybridization and charge
transfer have a clearly distinct behavior from the peapod
type 1-D structures. As a whole, this work deals with
the understanding of the physical properties of the mate-
rials involved in this chain (pristine nanotubes, Gd@C82,
Gd@C82 peapods and the Gd nanowires@SWCNTs),
together with the implied dimensionality effects. Addition-
ally, we are interested in the changes in the bonding envi-
ronment and charge transfer when the fullerenes inside
are transformed into nanowires via a templated reaction
using the SWCNT as a nanoreactor. Such materials have

(a) (b) (c) (d)

Fig. 1. (a) HRTEM image of Gd@C82 peapods produced as reported in
Ref. [14]. (b) Molecular model of Gd@C82 peapods. (c) HRTEM image
of thermally treated peapod, where a templated Gd nanowire and a nano-
tube have formed into a SWCNT with a diameter of 1.17 nm. Note that
this image has been treated with Fourier filtering treatment to remove
amorphous material on the surface of the nanotube in the image. (d) This
molecular model illustrates a Gd@C82 peapod converted into a double-
walled carbon nanotube, which encapsulates a thin Gd nanowire. This
is one of the possible thermal transformations that the Gd@C82 peapods
can undergo.

a tremendous application potential if they are completely
understood.15–19 The approach employed relies on the use
of high energy spectroscopy, which has been proven to be
a key tool to understand the complicated interplay between
charge transfer and hybridization in these molecular hybrid
systems.20–24

2. EXPERIMENTAL DETAILS

The SWCNTs used as reference correspond to arc-
discharge material purified by high-performance liquid
chromatography, with diameters in the range of 0.64–
1.9 nm. The method used for synthesis of the Gd@C82

peapods was the encapsulation of Gd@C82 into SWCNTs
via the gas-phase reaction method which involves the use
of temperatures and pressure at which fullerene molecules
sublime and enter the hollow spaces of SWCNTs through
the open ends.13 Additionally, the last synthesis step to
form Gd nanowires@SWCNTs has been done as reported
in Ref. [14], where Gd@C82 made in arc discharge were
encapsulated in the nanotubes via a gas phase reaction
method. The last step to produce nanowires was made via
high-vacuum high-temperature heat treatment. Here, it is
important to keep in mind that both the starting orientation
of Gd@C82 molecules and the rigid restriction of reac-
tion space by the presence of the SWCNT’s walls play
a critical role in the final material as discussed later. For
X-ray absorption (XAS) and resonant photoemission spec-
troscopic (RESPES) studies, samples were mounted on Mo
sample holders. All the measurements were performed on
a micro-agglomerate previously annealed at 700 K in ultra
high vacuum. The XAS and RESPES experiments here
reported were performed at the beamline UE52PGM at
BESSY II which has a resolving power (E/�E) of 1 ·104.
The XAS spectra were recorded in partial yield mode.
X-ray photoelectron spectroscopy analysis was also done
to obtain a complete understanding of the chemical state
and the bonding environments.

3. RESULTS AND DISCUSSION

The already numerous reports on templated reactions
inside SWCNTs have confirmed that the hollow core of
these tubes can effectively be used as a nano-reactor
for various processes.14�25�26 The nano-templated reac-
tion, using high temperature annealing of metallofullerene
peapods, has proved to be a feasible path to fabricate Gd
nanowires inside SWCNTs. However, it is necessary to
understand the nanochemical process and especially the
charge transfer and hybridization in these systems in order
to find out the electronic properties of these structures.
It has been reported that the case of Gd@C82 peapods
(a mixed-chain structure with larger Gd–Gd distances than
that of bulk Gd crystals) cannot be understood by the sim-
ple filling of rigid spheres. This has been used as an argu-
ment to show that the interaction between encapsulated Gd
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atoms and the SWCNTs has a crucial role in stabilizing
the formation of Gd nanowires in a subsequent process.
These peapods have exhibited drastic structural changes
upon thermal treatment, yielding double walled nanotubes
with an encapsulated Gd nanowire as reported extensively
in Ref. [14]. We will not discuss here the stability of these
structures as this has been thoroughly described by Kitaura
et al. in Ref. [14]. We will instead use the schematics in
Figure 1, to illustrate the two cases on which we will focus
in the discussion below. We will start by the fact that it is
not only the atomic arrangement which plays a crucial role
in the electronic properties of the peapods as well as the
nanowires. It is also necessary to understand the role of the
nanotube’s outer wall in these processes, and therefore to
elucidate to what extent hybridization and charge transfer
happen upon restructuring of the the molecules involved.
In order to understand this, we have first examined the

chemical components in our samples. In all cases, the
sample stoichiometry and purity were inspected by a PES
survey-scan up to 1200 eV (not shown here), aiming at
signals with no contamination from oxygen or catalyst par-
ticles within an experimental limit of 0.5%. It is clear that
the peapods as well as the nanowires inside the nanotubes
are 1D hybrid materials with C and Gd elemental com-
position. Therefore, we have examined the core level sig-
nals of these two elements in detail at the first instance.
In all cases, a mild heat treatment was applied resistively
in order to eliminate possible oxygen or atmospheric con-
taminants formed on air exposure between production and
measurement.
The carbon core signal (C1s) shown in Figure 2 was

inspected in the pristine SWCNTs, the Gd@C82 peapods
and the Gd nanowires@SWCNT. The inset in the figure
shows a close-up of the strongest component of the C1s
peak. The pristine material C1s binding energy (BE) lies
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Fig. 2. XPS carbon core level study recorded with a photon energy of
400 eV for the the Gd@C82 peapods (green dashed line) and the Gd
nanowires@SWCNTs (blue solid line), compared to a pristine SWCNT
reference (black dotted line). The inset shows a close-up of the most
prominent peak of the C1s line.

at 284.65 eV with a full width at half maximum of
0.4 eV. This is slightly broader than the values reported
for C60 peapods,27 random metallicity mixtures of SWC-
NTs with narrow diameter distribution,28 metallicity sorted
nanotubes29�30 and graphite.31 In the case of Gd@C82

peapods and the nanowires studied here, a BE shift of
this main peak is observed: +0.05 eV (peapods) and
−0.4 eV (nanowires). The C1s response of the peapods
appears strongly asymmetric and broader compared to the
one corresponding to pristine tubes and the encapsulated
nanowires. This can be attributed to both the charge trans-
fer induced by the metallofullerenes and to the broader
linewidth of the metallofullerenes with lower symmetry
and higher binding energy position as compared to the
pristine carbon nanotubes.5 Interestingly, the line width of
nanotubes compared to the nanowire inside the nanotube
exhibits practically no broadening. This suggests that no
hybridization occurs. Here it is important to remark that
all these spectra were recorded with an effective energy
resolution better than 30 meV, which allows us to clearly
identify changes upon possible hybridizations.
Regarding the bonding environment of Gd in these sam-

ples, the peak position is very similar in both cases, which
indicates that the valence state of the Gd atom in the
peapods is the same as that of Gd@C82. In other words, the
encapsulation into SWCNTs does not affect the valence
state of the Gd atoms. Similar investigations have been
carried out on other nano-peapods9 and rare-earth filled
SWCNTs,32 revealing that the valence state of rare-earth
metals does not alter upon incorporation into the tubes.
This has also been observed in the case of other metallo-
fullerenes of rare earths.
Complementary to the core level photoemission studies,

XAS was performed. The carbon 1s edge is not shown
here, but it is worth mentioning that not surprisingly,
the signal obtained for the reference sample exhibits the
fine structure corresponding to very clean nanotube sam-
ples, which was also confirmed by the observation of van
Hove singularities (vHs) in the unoccupied matrix element
weighted density of states (DOS) in very good agreement
with our previous studies.29�33�34 In the case of peapods,
the vHs signal is broadened, whereas for the Gd nanowires
inside the nanotubes, the vHs signal vanishes. This is
a strong indication of a charge transfer to the SWCNT.
In addition, the XAS response in the 3d and 4d levels
of Gd was recorded for the Gd@C82 peapods and Gd
nanowires@SWCNTs. Subsequently we are able to carry
out a detailed analysis of the charge transfer in these 1D
hybrid materials making use of RESPES across the Gd
level’s resonances. This technique basically consists of a
photoemission process, which is resonantly enhanced by
the participation of an additional electron excited in an
XAS process. This electron relaxes into the valence band
and subsequently, another electron is ejected contributing
to the photoemission process. With this, we are able to
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study in detail, and site selectively, the density of states at
the Fermi level for the Gd metallofullerene chains and the
Gd nanowires.
Figure 3 shows a RESPES study with the valence

band recorded across the 4d edge on the Gd@C82

peapods (black curves) and Gd nanowires@SWCNTs
(green curves). The photon energies at which the spectra
were recorded correspond to values before, on- and after
the resonance observed in the Gd 4d XAS response for
both peapods and nanowires (not shown here). At the 4d
edge, the Gd 4f signal (red arrow in Fig. 3) is resonance-
enhanced compared to the carbon � response. This XAS
spectrum does not differ from the fingerprint of Gd metal,
which means that in both cases Gd is clearly trivalent and
does not change upon the nano-chemical reactions in ques-
tion. At about 12 eV BE an additional peak, correspond-
ing to the resonance enhancement of the 4f 7 multiplet,
appears in the 149 eV on-resonance spectra. Besides this
resonance enhancement of the Gd 4f response the overall
shape of the valence band response at these low photon
energies is dominated by the carbon derived valence bands
of the peapods and nanowires.
Additionally from these spectra, it is possible to unravel

the charge transfer in these novel hybrid structures by
evaluating the DOS at the Fermi level. As depicted in
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Fig. 3. RESPES study recorded on the Gd 4d edge of the valence band
of the Gd@C82 peapods (black curves) and Gd nanowires@SWCNTs
(green curves). At about 12 eV BE an additional peak corresponding to
the resonance enhancement of the 4f 7 multiplet is shown for the 149 eV
on-resonance spectra. The inset in the figure shows the vicinity of the EF.

Figure 3 for the Gd@C82 peapods, we do not observe an
enhancement of the photoemission response at the Fermi
level on the Gd resonance. This clearly points to the Gd
ions being isolated within the metallofullerenes. Further-
more, the charge transfer of electrons to the fullerene cage
does not lead to the formation of a metallic fullerene
chain inside the SWCNT as we do not find an enhance-
ment of the photoemission signal corresponding to the
DOS compared to the spectrum of the pristine reference
sample. The story completely changes after transformation
to the Gd nanowires inside the SWCNT (green lines in
Fig. 3). We clearly observe a strong increase of the DOS
at the Fermi level (see for example the inset in Fig. 3 for
the spectra recorded before the resonance). This points to
the nanowire samples having an increased metallicity in
comparison to the peapods. The observation of a Fermi
edge shows that the SWCNTs are highly doped when the
structure is filled in this manner, and the SWCNT bundle
is driven into a metallic state.35 In such a case, the charge
transfer from the Gd nanowires induces the transition of
the Tomonaga-Luttinger liquid ground state of a 1D metal
into a normal Fermi liquid.29

An additional point to consider is related to
the interaction between the nanotube and the Gd
nanowires@SWCNTs. We do not observe an additional
increase of the DOS at the Fermi level at 149 eV (on-
resonance) with the Gd 4d absorption. This clearly sug-
gests that the Gd nanowires are not isolated from the
SWCNTs and the system can be seen as a novel metal-
lic hybrid structure of the encapsulated Gd wire and the
SWCNT host with a novel band structure. Interestingly,
there is a charge transfer in this hybrid system but there
is no additional DOS at the Fermi level due to Gd 5d-C�
hybridization at the Fermi level. Hence, our results suggest
that these novel one dimensional hybrid nanostructures are
all metallic, and they can be pictured as a film of strongly
bundled nanowires, which behave like a normal 3D Fermi
liquid metal.
A much more detailed and direct description of the

effective valency of Gd can be extracted from the XAS
response across the much stronger 3d absorption, which is
not complicated by interference effects of the shallow 4d
and localized 4f multiplets. The spectra recorded for the
peapods and the encapsulated wires are shown in Figure 4.
The fine structure in the 3d5/2 and 3d3/2 absorption peaks,
of both the peapods and the nanowires, clearly resem-
bles the fingerprint of trivalent Gd as in Gd metal and
in Gd@C82. The dashed lines in Figure 4 are a guide to
the eye to identify the photon energies at which RESPES
across the 3d edge of the samples were studied.
In Figure 5 we look more in detail at the resonance

enhancement for the 4f multiplet across the 3d5/2 edge.
From the line-shapes, we can clearly observe that the
response for the measurements conducted at 1189 eV (pink
lines in Fig. 5) strongly depends on the hybridization.
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Fig. 4. XAS response in the 3d levels of Gd recorded in a sample
of Gd@C82 peapods. The dashed lines serve as a guide to indicate the
energy values at which the RESPES spectra shown in Figure 5 were
recorded.

If it is compared to Gd metal, the resonance of the 4f
multiplet in Gd@C82 is around a factor of 5 lower. On the
other hand, the intensity of the metallofullerene response
does not change when weighed against the response for
the peapods. However, once the formation of metallic
nanowires is considered, again the signal of the 4f reso-
nance recovers to its original value, as is expected for a
metallic nanowire.
In order to analyze the different 4f multiplets in the

structures we have compared the 4f response of Gd metal
with the one of Gd@C82, the peapods and the nanowires
(see Fig. 6). Except for the case of the spectrum corre-
sponding to Gd metal, the off-resonance spectrum from
the carbon derived valence band was subtracted for better
visualization of the 4f multiplet. Compared to Gd metal
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Fig. 5. RESPES study recorded on the Gd 3d region of the valence
band of the Gd@82 peapods (left) and Gd nanowires@SWCNTs (right).
The spectra depicted in pink correspond to the high resonance condition,
where the signal is clearly enhanced.

Fig. 6. Position of the 4f multiplet in Gd metal, Gd@C82, Gd@C82

peapods and Gd nanowires after subtracting the off resonance background
from the carbon derived valence band. The fit corresponds to a broadened
4f 7–4f 6 atomic multiplet calculation.

the change in the chemical environment leads to a strong
upshift of the 4f multiplet to higher BE by about 2.7 eV in
the case of the metallofullerene. However comparing with
atomic multiplet calculations,36 a perfect match for triva-
lent Gd (a 4f 7 ground state) is observed. Interestingly, the
asymmetry in the response of Gd metal is clearly related
to a Doniac Sunjic asymmetric line shape indicating the
metallic ground state, whereas the response of the isolated
Gd atoms in Gd@C82 is totally symmetric, as expected for
insulators and semiconductors. In the case of the Gd@C82

peapods and the Gd nanowires, it is obvious that a strong
broadening of the 4f multiplet is observed. From a line
shape analysis this can be assigned to three different multi-
plets at 9 eV, 10.5 eV and 12 eV BE, which can be related
to different hybridization in the peapods leading also to
the aforementioned broadening in the C1s photoemission
response as compared to the reference SWCNT. For the
Gd nanowires, two 4f 7 multiplet components at 9 eV and
10.5 eV are observed with an asymmetric tail at higher BE.
This is consistent with the asymmetric line shape of Gd
metal, again proving the formation of 1D Gd nanowires
inside the SWCNTs.

4. CONCLUSIONS

We have used high energy spectroscopy to unambigu-
ously prove the formation of novel hybrid structures
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and the formation of novel 1D metallic Gd nanowires
inside carbon nanotubes. A clear modification of the low
energy electronic properties of SWCNTs by filling with
Gd metallofullerenes and transformation to novel hybrid
nanowires has been observed. The high quality of the pris-
tine nanotube starting material was verified by means of
photoemission and XAS. The 1D nature was confirmed by
the observation of vHs in the C1s XAS response. From
the XPS results it has been observed that peapods have
a strongly inhomogeneous broadened C1s response com-
pared to the pristine starting nanotube material and the
nanowires. The charge transfer and shift of the Fermi level
by 0.4 eV for the hybrid Gd nanowires, strongly increased
the DOS at the Fermi level. In addition, it has been
shown that encaged Gd ions are always trivalent. From the
RESPES it has been observed that there is no additional
DOS at the Fermi level due to Gd 5d-C� hybridization at
the Fermi level.
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