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ABSTRACT: We spectroscopically analyze the effect of e-beam deposition of lanthanide
metals on the electronic structure and conductivities of films of semiconducting (SC)
single-walled carbon nanotubes (SWNTs) in high vacuum. We employ near-infrared and
Raman spectroscopy to interpret the changes in the electronic structure of SWNTs on
exposure to small amounts of the lanthanides (Ln = Sm, Eu, Gd, Dy, Ho, Yb), based on the
behavior of the reference metals (M = Li, Cr) which are taken to exemplify ionic and
covalent bonding, respectively. The analysis shows that while the lanthanides are more
electropositive than the transition metals, in most cases they exhibit similar conductivity
behavior which we interpret in terms of the formation of covalent bis-hexahapto bonds
[(η6-SWNT)M(η6-SWNT), where M = La, Nd, Gd, Dy, Ho]. However, only M = Eu, Sm,
Yb show the continually increasing conductivity characteristic of Li, and this supports our
contention that these metals provide the first examples of mixed covalent−ionic bis-
hexahapto bonds [(η6-SWNT)M(η6-SWNT), where M = Sm, Eu, Yb].
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■ INTRODUCTION

The diversity of electronic structures available in organometallic
complexes of the lanthanides has undergone a dramatic revision
over the last 40 years. The organometallic complexes of the
lanthanides were originally confined to the +3 oxidation state
and the field was dominated by studies of the π-bonded
tricyclopentadienyls [Ln(η5-C5H5)3], which are often associ-
ated in the solid state due to the their unsaturated
coordination.1 However, organometallic complexes of the +2
oxidation state followed and have been extended to all of the
lanthanide elements2 and zerovalent lanthanide organometallics
have been characterized in which substituted benzene
molecules function as the π-bonded ligand [Ln-
(η6-tBu3C6H3)2].

3

We have used this latter bonding motif to augment our use of
the transition metal chemistry of the graphene surfaces of
carbon nanomaterials,4,5 to enhance the conductivity of single-
walled carbon nanotube (SWNT) networks by e-beam
deposition of selected lanthanide atoms, Ln = La, Nd, Sm,
Eu, Gd.6 Prior to this work, the deposition of chromium had
led to the largest enhancement in the conductivity of SWNT
networks, exceeding the values obtained with M = Ti, V, Mn,
Fe,7 and M = Mo, W.8 However, when we examined the
lanthanide data we found that there were two different
behaviors: those which gave conductivity enhancements less
than Cr and fairly typical of other transition metals examined to
date (Ln = La, Nd, Gd), and those that exceeded the Cr values
(Ln = Sm, Eu).6 We were able to rationalize the conductivity
data by reference to a model which is based on the accessibility
of the 4fm 5d1 6s2 electronic configuration for the individual

lanthanide atoms.3,9 In applying this model we suggested that
the elements Sm and Eu were able to strongly enhance the
conductivity of the SWNT films due to the ability of these
metals to not only engage in bis-hexahapto-bonding [which is
the characteristic feature of all of these (η6-SWNT)M(η6-
SWNT) organometallic complexes], but to also transfer charge
into the conduction band of the SWNTs due to the symmetry
of the frontier molecular orbitals (FMOs) in the lanthanide
complexes, and the fact that the partially filled metal 5d orbitals
involved in the interaction lie relatively high in energy in the
case of Sm and Eu.6

Although the original work on the lanthanide complexes of
benzene [Ln(η6-tBu3C6H3)2] confirmed the formulation of
these compounds as neutral, covalent, π-bonded molecules in
which the metal was zerovalent,3 the lanthanide compounds of
C60 began with the idea that they would form salts10 in analogy
with the ionic alkali metal fullerides.11,12 Indeed, the
observation that some of these compounds (M = Yb, Sm)
are superconductors strongly supports the idea that there are
free electrons in these compounds which reside primarily on
C60,

10,13,14 as do the physical properties of the EuxC60

compounds.15 All of these authors assign the oxidation state
of the lanthanide as +2 but the importance of covalent
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character in these compounds is discussed at length.14,15 In this
respect, the C60 compounds are rather different from the
lanthanide complexes of benzene and SWNTs discussed above
in that C60 is strongly curved and possesses five-membered
rings (5-MRs); these features of the geometric and electronic
structure contribute to the ability of the fullerenes to stabilize
excess electron density.16,17 Although the fullerenes are
incapable of forming stable π-complexes with transition metals
requiring a hapticity greater than two, given the size and orbital
extent of the lanthanides, they may be effective in facilitating η5-
coordination of the 5-MRs.14,18 Nevertheless, it is apparent that
similar issues are relevant in the C60 and SWNT complexes of
the lanthanides; that is, the question of covalent and ionic
bonding, although the fullerides prepared to date only include
M = Sm, Eu, and Yb, which are known to readily form the +2
oxidation state.3

As noted above, we assigned a mixed [bis(hexahapto)]
covalent, ionic structure to the compounds formed on
interaction of the metals M = Sm, Eu with SWNT films on
the basis of their strongly enhanced conductivities.6 Given the
importance of this question, we wanted to substantiate this
suggestion with direct measurements of the charge density
distributions in the (η6-SWNT)M(η6-SWNT) compounds,
where M = Ln. Recently, we showed that both near-IR and
Raman spectroscopy were able to provide such information in
studies on SWNT films subjected to treatment with M = Au
(physisorption), Li (chemisorption with ionic doping) and Cr
(chemisorption with covalent hexahapto-bonding).19 In the
present paper we apply these techniques to SWNT films which
have been subjected to high vacuum e-beam lanthanide
deposition as well as extending our studies to include additional
lanthanides, M = Dy, Ho, Yb. We are able to confirm our
previous assignments regarding the lanthanide charge density
distributions and we show that this series of metals functions as
both neutral bis(hexahapto) π-complexes [analogous to the
Ln(η6-tBu3C6H3)2 compounds], but also as bis(hexahapto) π-
complexes in which there is charge transfer to the conduction
band of the SWNT backbone that further enhances the
conductivity−in analogy with the MxC60 compounds where M
= Sm, Eu, Yb,10,13−15 (discussed in detail below).

■ RESULTS

Electrical Conductivity. The metal deposition experiments
were performed on films of semiconducting (SC−) SWNTs
(thickness, t = 8 nm), which were mounted on substrates with
gold contacts and transferred to a cryo-pumped Temescal BJD
1800 e-beam evaporator equipped with custom fittings to allow
the measurement of the in situ film resistance (Figure 1a);7,20

the initial resistance of the films was R = 1 MΩ (σ = 2 S/cm).
In addition to the lanthanides, two other metals were included
for comparison purposes: Cr, which forms a covalent
hexahapto-bond to the SWNTs7,19,21−26 and Li, which exhibits
ionic doping of the SWNTs. The changes in the SWNT film
conductivity on deposition of various metals are collected in
Figure 1b and discussed in detail later in the paper. Briefly,
charge transfer is exemplified by Li, which induces a linear
enhancement of the SWNT film conductivity and produces a
100 fold increase in conductivity at metal thickness t = 1 nm,
whereas chromium shows an abrupt increase of conductivity
which saturates beyond t = 0.2 nm. As noted previously,6 in the
initial stages of the deposition of the lanthanide metals (below
0.1 nm), there is a sharp increase in the SWNT conductivity
which resembles the behavior of Cr. However, beyond this
initial increase, the lanthanides exhibit two divergent behaviors
in their effect on the SWNT conductivities: the enhancements
produced by Dy, Ho, and Gd are quite modest and show
saturation, whereas Sm, Eu, and Yb have a more pronounced
effect.
Figure 1c compares the conductivity increase due to the

deposition of Li, Cr and the lanthanides. The data are
normalized to the conductivity of the SC-SWNT films prior
to deposition. It is apparent that at very low metal coverage (t =
0.05 nm) the effect of Li is very small, whereas Cr increases the
film conductivity by more than 30 times and the lanthanides fall
between these two extreme cases giving conductivity enhance-
ments of ∼10.

Spectroscopy. To spectroscopically characterize the effect
of metal deposition on the SWNT samples it was necessary to
remove the substrates from the e-beam apparatus and because
of the sensitivity of the materials to the atmosphere, the
samples were coated with aluminum before exposure to the
atmosphere. Thus, for the spectroscopic experiments, the

Figure 1. Effect of metal deposition on electrical conductivity of SC-SWNT films: (a) Schematic illustration of the experimental configuration of the
in situ measurements of the film resistance during e-beam metal evaporation. (b) Change of SC-SWNT film conductivity as a function of deposited
metal thickness; the values are normalized to the conductivity of pristine SC-SWNT film. (c) Normalized conductivities of SC-SWNT films with
deposited metal of thicknesses 0.05, 0.5, 1, and 1.5 nm.
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SWNT films were mounted on thin borosilicate glass slides and
2.5 nm of the subject metal was deposited by e-beam
evaporation (Li, Cr, Sm, Eu, Gd, Dy, Ho, or Yb), followed
by an aluminum protective layer (50 nm). The optical
measurements were performed in reflection mode through
the thin borosilicate glass backside of the samples (Figure 2a).

Figure 2b displays a typical spectrum of the SC-SWNTs; the
arc-discharge semiconducting SWNTs have an average
diameter of 1.5 nm and their interband electronic transitions
occur at ∼0.6 eV (S11) and ∼1.1 eV (S22). The intensities of
these transitions are sensitive to the position of the Fermi level
and electron donation shifts the Fermi level into the van Hove
singularities, which suppresses the interband transitions due to

Pauli blocking, resulting in reduced peak intensities.27−29 Thus,
the intensities of the interband electronic transitions provide a
sensitive indicator of the charge density on the SWNTs and in
order to evaluate the electronic character of the interaction of
the lanthanide metals with the SWNTs we studied the
intensities of the S11 transitions of the SWNT films.
Figure 2c illustrates the baseline corrected spectra and in

each experiment the spectrum of SC-SWNTs with deposited
metal (2.5 nm) is compared with that of pristine SC-SWNTs
collected from the same film. For comparison purposes the
metal was deposited on one-half of the SWNT film, while the
other half was protected from metal deposition by placement of
a custom-made shutter in the path of the metal flux. Following
the deposition of the subject metal, the shutter was moved
aside to allow the deposition of a 50 nm protective aluminum
coating which covered the whole SWNT film, thereby allowing
the simultaneous preparation of a sample with a metal-SWNT
region and a pristine SWNT reference region in order to allow
a direct comparison of the effect of the metal on the sample
under study.
In agreement with our previous experiments, chromium

deposition exerted little or no effect on the intensity of the S11
peak,8,19 and the same was true of the lanthanides Ln = Gd, Dy,
and Ho, thus suggesting that the enhancement in conductivity
brought about by these metals is due almost entirely to metal
hexahapto-bond formation.6 Deposition of lithium completely
suppressed the S11 transition, in accordance with its strongly
electron donating nature. Similarly, the optical measurements
showed that Sm and Eu almost completely suppress the S11
peak, whereas in the case of ytterbium, there is still a detectable
S11 peak, suggesting a slightly weaker doping effect.

Raman Spectroscopy. The Raman spectrum of SWNTs is
also sensitive to the charge density and Figure 3a gives a typical
Raman spectrum of a SC-SWNT film; the spectrum displays
four main features:30 a G-peak - characteristic of all sp2

hybridized carbon networks and associated with the Γ-point
phonon mode; a small D-peak (disorder), associated with a K-
point phonon mode which is activated by inelastic scattering of
electrons on imperfections in the lattice such as defects, edges
or grain boundaries; a radial-breathing mode (RBM) peak,
related to the diameter of the nanotubes; and a 2D-peak, which
is an overtone of the D-peak but its activation does not involve
the presence of defects. In the presence of doping some of the
associated phonon mode frequencies are renormalized due to
electon-phonon coupling, resulting in a shift in the peak
position.31−33 For the purposes of our experiments we focused
on the effect of metal deposition on the 2D peak of the SWNT
films. The 2D peak position in semiconducting SWNTs is
downshifted by electron doping,32 and this effect can be utilized
to elucidate the extent of charge transfer between the active
metal and the SWNTs.
The samples for the Raman experiments were prepared in

the same way as for the absorption measurements (Figure 2a).
Figure 3b shows a comparison of the spectra of selected
samples; black curves represent the reference SC-SWNT
region, whereas red curves show the Raman spectrum of the
region with deposited active metal. Multiple spots were
measured on each sample and the mean values are compared
in Figure 3c. Li, Sm, and Eu induce a large downshift
corresponding to significant electron donation from the metal
to the nanotube, whereas Yb only moderately shifts the 2D
peak position of the SC-SWNTs. Cr, Al, Gd, Dy, and Ho show

Figure 2. Absorption spectroscopy of SWNT films as a function of
metal deposition. (a) Schematics of sample configuration and
measurement setup. (b) Spectrum of a SWNT sample covered with
50 nm aluminum layer. Dashed line illustrates the S11 region and the
linear baseline correction. (c) S11 interband transition of the nanotube
films after baseline correction: reference (black, without metal) and
sample (red, with deposited metal) (see text).
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little or no effect on the peak position, indicating the absence of
ionic character in their interaction with the SWNTs.

■ DISCUSSION

The standard model of bis-hexahapto-lanthanide complexation
requires the participation of the 4fm 5d1 6s2 lanthanide
electronic configuration,3,9,34 and this mode of bonding
operates with a 15 electron valence shell electronic structure.
According to this model the stability of the bis-hexahapto-
lanthanide complexes depends on the accessibility of the 5d1

6s2 electronic structure and we have previously shown that such
an analysis accounts for the variations in the conductivity
enhancements measured for the series, Ln = La, Nd, Sm, Eu,
Gd.6 In this analysis, we suggested that the additional
enhancement in the conductivities induced by Eu and Sm
relative to the other lanthanides (La, Nd, Gd) was due to the
ability of Eu and Sm to transfer electron density to the SWNT
conduction band via the bis-hexahapto-bonds at the SWNT
junctions.6 Thus, it was of interest to explore the relationship of
the Raman 2D peak shift because of electron density donation
to the SWNTs (Figure 4a) with the promotion energy
necessary to achieve the 4fm 5d1 6s2 lanthanide electronic
configuration and it may be seen in Figure 4a that the Raman
data suggest that Eu, Sm and Yb are able to transfer electrons to
the SWNT conduction band.
Although all of the metals enhance the SWNT film

conductivities, there are distinct differences in the character
of the conductivity response (Figure 1): the transition metals
and lanthanides are characterized by an abrupt change in
conductivity at low coverage (t ≤ 0.2 nm), whereas simple
doping (Li), shows a more gradual, continuous increase in the
film conductivity which we have attributed to the transfer of
electrons to the SWNT conduction band.4,7 Furthermore, in
our studies of the effect of Au, Li and Cr on the percolation
threshold of very thin SWNT films it was apparent that the
ability of Cr to form bis-hexahapto bonds and thereby bridge
SWNT junctions was most apparent at low metal coverage
because of the very small number of sites with the geometry
necessary for this reaction.19 To capture the distinction

between these two modes of metal−SWNT interactions, we
introduce the differential conductivity enhancement (Δσ),
which in the present context we define as Δσ = [σ(t=1.0 nm, metal)

− σ(t=0.2 nm, metal)]/σo (where σo is the conductivity of the
pristine SWNT film), with the goal of defining an index of
covalent and ionic character in metal-SWNT bonding. On the
basis of the previous discussion, this parameter should be
directly related to the promotion energy necessary to achieve
the 4fm 5d1 6s2 lanthanide electronic configuration (as shown in

Figure 3. Raman spectroscopy of SWNT films as a function of metal deposition. (a) Raman spectrum of a SC-SWNT film. The four most prominent
features are labeled: RBM, radial breathing mode, D, disorder peak, G, graphitic peak, 2D peak, peak overtone of the D peak. (b) 2D region of the
Raman spectra of selected samples of SWNT films with deposited metal (M = Sm, Eu, Gd, and Yb) (red) and reference spectra (black, pristine SC-
SWNT) (see text). (c) Mean and standard deviation of 2D peak positions of the samples.

Figure 4. Relationship of the lanthanide promotion energies (see text),
to the Raman shifts and conductivities of the SWNT networks after
lanthanide deposition. (a) Promotion energy as a function of the
Raman 2D peak position. (b) Promotion energy as a function of the
differential conductivity enhancement, Δσ = (σ1 nm − σ0.2 nm)/σ0.
Dashed lines are guides to the eye.
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Figure 4b), because this latter quantity determines the relative
placement of the lanthanide d-orbitals and the SC-SWNT
conduction band.6

■ CONCLUSION

The differential conductivity (Δσ), which provides a measure of
the conductivity enhancement as a function of coverage, reflects
the contribution of ionic character in the (η6-SWNT)Ln(η6-
SWNT) hexa-hapto bonds. Low values of Δσ imply purely
covalent bonding (La, Nd, Gd, Dy, Ho), whereas an increase in
Δσ is associated with the involvement of charge transfer to the
SWNT conduction band in addition to hexa-hapto bond
formation (Eu, Sm, Yb). As expected, Δσ is related to the
promotion energy necessary to achieve the 4fm 5d1 6s2

lanthanide electronic configuration (Figure 4b), because this
latter quantity dictates the energetics of the charge transfer
process.6 Thus, we conclude that all of the lanthanides exhibit
the initial abrupt increase in conductivity at low coverage,
which is characteristic of the transition metals, but only Eu, Sm,
Yb show the continually increasing conductivity characteristic
of strong electron donors (Figures 1 and 4b, large values of
Δσ), and this supports our contention that these latter metals
provide the first examples of mixed covalent−ionic bis-
hexahapto bonds [(η6-SWNT)M(η6-SWNT), where M = Sm,
Eu, Yb].6

The ability to modify and interconnect the electronic
structures of graphitic surfaces by single atom covalent and
ionic bonding (atomtronics),5 suggests the application of this
approach in catalysis, high mobility transistor, spintronic and
memory devices.22,35,36 Furthermore, there is the promise of
new ferromagnetic and superconducting materials based on the
organometallic single layer graphene and graphene sandwich
compounds and their relationship to the graphite and C60

intercalation compounds.4,5,10,12−15,21,35,37

■ METHODS

The experiments made use of electric arc separated semiconducting
SWNTs obtained from NanoIntegris Inc. (IsoNanotubes, 99%), with
average diameter and length of 1.2−1.7 nm and 300 nm to 2 μm,
respectively.
The in situ conductivity measurements were performed with 8 nm

thick SC-SWNT films prepared on alumina membranes via vacuum
filtration. Film thickness was determined using SWNT density of 1.2
g/cm3.38 One milliliter of SWNT solution (0.01 mg/mL) was mixed
with 50 mL of DI water, then vacuum filtered onto the alumina
membrane (Anodisc 47, 47 mm diameter, 0.02 μm) and was washed
with a mixture of DI water and ethanol to remove remaining surfactant
residues on the film. The alumina membranes were cut into 4 mm × 3
mm rectangles, positioned onto prepatterned gold electrodes, and
contacted with conductive silver paste. The films were annealed at 300
°C for 3 h in vacuum (1 × 10−7 Torr) to remove contaminants. The
SC-SWNT films showed initial conductivities of σ = 2 S/cm.
Near-IR (NIR) and Raman spectroscopic studies were performed

on 4 nm-thick SC-SWNT films prepared by vacuum filtration on
nitrocellulose membranes (Millipore, 0.1 μm VCWP). These samples
were made by first placing a small piece of SC-SWNT film on a
nitrocellulose membrane in contact with a thin borosilicate glass slide.
Then the filter membrane was removed in a bath of acetone vapors
over a period of 1 h. The films were then annealed using the same
conditions described above.
Li, Cr, Sm, Eu, Dy, Ho, Yb, and Al deposition sources were

obtained from Kurt Lesker. The in situ conductivity measurements
were carried out in a modified Temescal BJD 1800 e-beam evaporator
and used a Kiethley 2700 to measure the two point resistance of the
samples. All films were exposed to the metal vapor at a deposition rate

of 0.3−0.5 Å per second at a chamber pressure of 2−5 × 10−6 Torr.
For the optical spectroscopy, 2.5 nm of the metal of interest was
allowed to deposit on half of the film. A homemade in-chamber shutter
protected the other half from exposure to metal vapor and could be
mechanically removed while keeping the chamber in high vacuum
conditions. Once the shutter was removed, 50 nm of the covering
metal (aluminum) was deposited. This gave each sample two distinct
regions for characterization; a reference SC-SWNT film and a SC-
SWNT film area which was exposed to the metal flux. The
encapsulating Al layer allowed sample manipulation in the atmosphere
without degradation of the metal-SWNT films.

Near-infrared spectra were taken with a Jobin-Yvon iHR 320
spectrometer in combination with a Bruker Hyperion 1000 micro-
scope and a MCT detector. Raman spectra were collected on a Nicolet
Almega XS Raman spectrometer with 532 nm laser excitation and a
laser power not exceeding 10%. To perform the measurements, we
inverted the sample substrate, protected with an Al layer, and the
spectra were taken through the glass slide. In the optical absorption
measurements, the near-infrared radiation passed through the SWNT
layer twice by reflection from the protective aluminum layer.
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