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We study the electron spin resonance (ESR) signal of pristine
and potassium doped SWCNTs. We identify signals of a super-
paramagnetic background, a low intensity impurity, and of the
conduction electron spin resonance (CESR). The latter only
appears upon the alkali atom doping. To identify the CESR
signal, we critically assess whether it could come from residual

1 Introduction Electron spin resonance (ESR)
proved to be an efficient method to study different carbon
phases such as graphite or intercalated graphite [1] and
fullerides [2]. The ESR observables are the signal intensity
and line-width, which provide rich information about the
electron—electron and electron—lattice interactions and about
the immediate vicinity of the Fermi surface. In metals, the
ESR signal intensity is proportional to the Pauli spin-
susceptibility and the ESR line-width and g-factor are
determined by the spin—orbit coupling strength.

Carbon being a light element, it is expected that ESR
signal of its different phases should be narrow. It would thus
give rise to a relatively sharp, i.e., easily observable ESR
signal of the SWCNTSs. This, together with the spectroscopic
value of the ESR characterization motivated intensive
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graphitic carbon, which we clearly exclude. We give accurate
values for the signal intensities and the corresponding
concentration of spins and for the g-factors. The CESR signal
intensity allows to determine the density of states on the
SWCNT assembly.
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studies of the SWCNTSs. However, the interpretation of the
ESR results is still controversial.

Petit et al. [3] reported the observation of the ESR signal
of itinerant electrons. Salvetat et al. [4] reported that the ESR
signal occuring around g~2 is caused by defects in the
SWCNTs. Likodimos et al. [5] reported that a similar signal
is related to the itinerant electrons whose low temperature
behavior is accompanied with the opening of a spin-gap.
Corzilius et al. [6] reported the observation of the itinerant
electron ESR in SWCNT samples prepared by chemical
vapor deposition. While we intend to make no judgement on
this controversy, nor to clear the issue, we highlight some
recent developments.

It is now generally accepted that the SWCNTs are ideal
archetypes of a Luttinger-liquid (LL) [7, 8]. It was shown that
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the LL phase prevents observation of the ESR signal in the
pristine SWCNTs [9]. In turn upon doping with alkali atoms,
an ESR signal develops [10]. This could be identified as
originating from the conduction electrons and is therefore
termed as a conduction electron spin resonance (CESR). It is
also established that the doping induces a cross-over from the
LL phase to the Fermi-liquid phase [8], whose ESR signal
could be visible. However, the large heterogeneity of the
SWCNT samples, the presence of impurities, catalysts,
graphitic carbon, and the absence of a crystalline order calls
for careful analysis of the ESR properties in both the pristine
and the alkali doped samples.

Here, we report ESR measurements on SWCNTSs doped
with potassium. We find the emergence of the CESR signal
of itinerant electrons upon doping with a signal intensity, that
is, comparable to that expected from band structure
calculations. We identify other signals of the ESR spectra
such as that of the catalyst particles and an impurity phase.
We show that the CESR intensity could not be explained by
the presence of graphite, the CESR is therefore intrinsic to
the SWCNT material.

2 Experimental We used commercial arc-discharge
based SWCNTs prepared with Ni:Y catalyst and a mean
diameter of 1.4 nm. The SWCNTs were purified with a tube
weight content of 50%. Thoroughly ground fine powder
samples of 3 mg were vacuum annealed at 500 °C for 1 h in
an ESR quartz tube and inserted into an Ar glove-box without
air exposure. K of about 1.6 mg was added to the samples.
This is slightly higher than required for a KCg stoichiometry.
The doping proceeds in liquid ammonia, it evaporates and its
residue is removed with 200 °C vacuum annealing. The ~12/
cm upshift of the Raman G band [11] indicates a high level of
doping, probably till saturation: KC,, with x~7 [8]. ESR
was performed with a JEOL X-band spectrometer. We
measured the g-factors with Mn®":MgO (Mn>" content is
1.5 ppm, g =2.0014 [12]) by taking into account the second
order hyperfine interaction of Mn? . The signal intensity was
calibrated against CuSOy, - SH,O.

The pristine sample in the form of a bucky-paper was
studied by X-ray diffractometry with Cu Ko (A =0.1542 nm)
radiation. Radial averages of the two-dimensional spectra
were used to obtain the scattering intensity vs. the scattering
vector, g = 47/ sin 6, with 260 being the scattering angle.
Towards small g-values, a power-law background was
subtracted.

3 Results and discussion In Fig. 1, we show the
ESR spectra of pristine and potassium doped SWCNTs. The
broad background signal, which is observable on both
spectra, has a g-factor of g=2.227, and line-width of
AB~50mT. The g-factor is compatible with Ni*" spins,
which has usually g ~ 2.2...2.3 [12]. We thus identify this
signal as coming from the Ni*" ions in the sample. We note
that the Ni*" ions occur in a high (S = 1) and a low spin state
(S =0) depending on the surrounding crystal-field [12]. The
latter is ESR silent, thus the observed background signal
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Figure 1 ESR spectra of pristine and K doped SWCNTs at
T=300K. The broad and intensive background comes from the
magnetic Ni:Y catalyst particles. Arrow shows the narrow line
emerging upon doping. Note that the ESR signal of the K doped
sample is magnified to compensate for smaller signal intensity due
to microwave losses.

comes from Ni*" ions in the high spin state. We exclude the
presence of metallic Ni as it would give a ferromagnetic
resonance signal around 0.2 T.

The intensity calibration shows that the background
signal intensity is equivalent to 2.8 mg Ni** (S=1) spins.
Since the mass of the whole sample is 3 mg, it cannot contain
such an amount of Ni. The explanation for the observed large
signal intensity could be the super-paramagnetic behavior of
Ni clusters. Super-paramagnetism occurs when a few spins
are strongly interacting and form small clusters of N ions
with a super spin of N - S. If the clusters are uncorrelated,
their magnetism follows the Curie law at high temperatures.
We confirmed from temperature dependent measurements
(data not shown) that the background intensity indeed
follows a Curie temperature dependence. The amount of Ni
does not exceed 0.5 mg in our sample; thus the background
signal is explicable if super-paramagnetic clusters are
formed of eleven or more spins.

In addition to the background, a narrow AB=0.6 mT
signal with g =2.0031 is observed in the pristine sample,
whose intensity follows a Curie temperature dependence.
We identify this as coming from unpaired electrons,
probably at defects in the SWCNTSs. The intensity of this
defect signal to the background is: Ijefect/Iokg = 1 : 10°.

The ESR spectrum dramatically changes upon the alkali
doping: a narrow signal with AB =~ 1 mT line-width appears
at g =2.0029 (arrow in Fig. 1). As we shall show below, we
identify this signal as coming from the conduction electrons.
Upon doping, the signal intensity of the background
decreases by a factor 10 because of microwave absorption
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and de-tuning of the microwave cavity. However, the
background can be used as an intensity reference, since the
doping does not affect the Ni:Y catalyst. The proportion of
the CESR signal intensity to the background signal is
IcEsr/ Ipe = 1 : 500 for saturated doping. We note that this
is about a factor 3 higher than that reported on the same
samples using solid state vapor doping [13].

The intensity calibration gives that the CESR signal is
equivalent to 2 x 1073 §=1/2 spins per C. To obtain this
value, we used that SO0wt% of the sample consists of
SWCNTs. This is equivalent to a spin-susceptibility of
Xo = 2.5 x 107%emu/(mol C) or x, = 2.1 x 1077 emu/g.
This is about a factor 4 larger than reported previously on
electrochemically doped samples [10].

In the following, we critically assess the origin of the
signal identified as the CESR. It is known that SWCNT
samples may contain carbon in forms different from
SWCNTs. The best known of these is graphite. Figure 2
shows an X-ray diffractogram on the pristine SWCNT
samples, which indicates the presence of graphite. Although
the graphite peak is pronounced with respect to the SWCNT
bundle peaks, one cannot determine the relative amount of
graphite as the X-ray is affected by the level of crystallinity
of these carbon phases. Instead, we present spectroscopic
arguments which strongly support the above identification.

We first focus on the pristine material and in Fig. 3 we
show a comparison between undoped SWCNT and finely
ground graphite samples. The pristine SWCNT ESR
spectrum is identical to that shown in Fig. 1. For the graphite
powder sample, a line-shape, which is characteristic for a
randomly oriented powder with a g-factor anisotropy,
is observed. This is the result of the in/out-of-plane
anisotropy of the graphite g-factor, which is well known
[1]. A solid curve shows a simulation for the graphite
assuming a randomly oriented powder with a uniaxial
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Figure 2 X-ray diffraction profile of pristine SWCNT. Arrows
show the peaks due to the hexagonal SWCNT bundles. The graphite
[002] reflection peak around ¢ = 18/nm is indicated.
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Figure 3 ESRspectraofpristine SWCNTs, finely grounded graph-
ite sample (both mixed with MnO:MgO g-factor reference). Note the
six narrow lines coming from the Mn?* reference. Arrow indicates
the small impurity line inthe SWCNT sample. Solid curveisafitfora
powder with a uniaxial g-factor anisotropy.

g-factor anisotropy with g, = 2.0031 and g; = 2.0351, in
agreement with the literature data [1]. Clearly, the signal
observable in the graphite does not resemble the impurity
seen in the pristine SWCNT sample: it is broader and the
center of the graphite ESR signal is at lower magnetic field
than the one in the SWCNT sample. This supports that the
narrow line in the pristine SWCNT sample comes from an
impurity signal and is not related to graphite.

This also shows that there is no apparent graphite ESR
signal in the pristine SWCNTs. However, one has to exclude
that there is no unseen graphite ESR signal which could give
rise to the observed intensive CESR signal upon doping. It is
known about alkali intercalated graphite that its ESR signal
increases significantly upon doping. In Table 1, we give
for pristine graphite and KCg, which shows a 40-fold
increase in yq. Clearly, one has to prove that no signal is
observed with the 1/40th intensity of the CESR signal in
Fig. 1 in pristine SWCNT sample.

In Fig. 4, we show the spectrum of undoped SWCNTSs
measured in a way, that is, optimized to enhance a broad,
small amplitude ESR signal. We show a simulated powder
graphite spectrum on the top of the broad SWCNT
background signal with an intensity which corresponds to
the 1/40th of that observed in the doped SWCNT sample.
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Table 1 Density of states
aceous materials.

and spin-susceptibilities in carbon-

Xo D(Eg)
(1077 emu/g)  (states/eV - C atom)

graphite [1] 0.16 0.0058, 0.0126
KCg [1] 6.4 0.33

K5C¢o theory [2] 0.22-0.33
K5Ceo exp. [2] 8.4-13 0.33-0.53
pristine SWCNT [9] 0.0046

K doped SWCNT exp. 2.1 0.08

K doped SWCNT theory 0.12

Notethat xpisnotavailable forpristine SWCNTSs. The KC; stoichiometry was
assumed to obtain the theoretical DOS for the K doped SWCNT.

The simulation shows that such a graphite signal would be
visible beyond the experimental noise. This proves that no
substantial graphitic carbon is present which could explain
the observed intensive CESR signal in the doped samples.
On the other hand, it proves that one does not observe an ESR
signal from the undoped SWCNTs in agreement with the
theoretical result [9].

We proceed to relate the experimental x, of the doped
SWCNTs with the band structure calculations of the density
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Figure 4 ESR spectraof pristine SWCNTS, and a simulated graph-
ite signal on top of the broad background. The lower panel is an
expanded scale. Arrow shows the narrow impurity in the pristine
SWCNT. The broader graphite-like ESR signal is not observedin the
measurement.
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of states at the Fermi level, D(Ey). The latter gives 0.12
(states/eV - C atom) and the details of the calculation are in
Ref. [9]. The DOS is obtained from the Pauli susceptibility
through: xpui = 1/4g*3D(EF)Na in units of emu/mol,
where g~2, up, kg, and N are the Bohr magneton,
the Boltzmann and Avogrado constants in cgs units. When
this is related to the Curie susceptibility of S=1/2 spins
at room temperature, Xcuie = 1.25 x 1072 emu/mol, gives
Xpauli/ Xcurie = ks TD(Eg) = 2 x 1072 with the above value
of xo of the CESR signal. This gives the final result of
D(Eg) =~ 0.08 (states/eV - C atom) which is in good agree-
ment with the theoretical result, and shows that doped
SWCNTs behave as a Fermi liquid.

4 Summary In summary, we identified the different
ESR signals in pristine and potassium doped SWCNTs. We
argue that the signal observed upon the potassium doping is
related to the conduction electrons.
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