
ESR study of potassium-doped aligned carbon nanotubes

O. Chauvet, G. Baumgartner, M. Carrard, W. Bacsa, D. Ugarte,* Walt A. de Heer, and L. Forro´
Department of Physics, Ecole Polytechnique Fe´dérale de Lausanne, Switzerland

~Received 18 September 1995!

Opened, potassium-doped, and aligned carbon nanotubes were studied by electron spin resonance~ESR!
measurements. Moderate K doping lowers theg factor of the pristine sample to 2.0028, and erases all the
angular dependence. The Pauli susceptibility increases a factor of 3 upon doping, but the considerable Curie
component shows that the tubes have suffered serious damage during the doping/depletion procedure. The
temperature dependence of the ESR linewidth andg factor testifies that the K-doped tubes are still good
conductors.@S0163-1829~96!05021-7#

Intercalation of alkali metals in graphite strongly changes
the physical properties of the material. Semimetallic graphite
becomes metallic and even superconducting upon suitable
intercalation. Similarly, the pristine semiconducting C60
crystals exhibit a wide range of electronic properties~super-
conductors, paramagnetic insulator, anisotropic conductor,
etc.! upon intercalation. Besides the fullerene family the car-
bon nanotubes belong to the newly discovered form of car-
bon. The temptation to use intercalation to modify their elec-
tronic properties is obvious. Successful intercalation of
potassium and rubidium in a mixture of carbon nanotubes
and carbon nanoparticles has already been reported and stud-
ied by x-ray diffraction and electron microscopy.1

Our production method of aligned nanotube thin films
where the tubes are oriented perpendicular to the substrate,
i.e., a Teflon sheet, has been described previously.2 The
aligned nanotube films are reasonably free of carbon nano-
particles other than nanotubes. The nanotubes investigated
here are 10–20 nm in diameter with a length of the order of
1 mm. Their electronic properties have been characterized by
ellipsometry, dc resistivity,2 static magnetic susceptibility,
and electron spin resonance~ESR! ~Ref. 3! measurements.
They reveal that the pristine nanotubes are semimetallic with
a carrier density in the range 1018–1019 cm23 between 50–
300 K.3 The optical characteristics are in agreement with a
metallic behavior while the dc resistivity is dominated by
intertube transfer. Magnetic anisotropies of the static suscep-
tibility and g factor of the carriers have been reported, and
reveal axial symmetry.

Potassium doping of the nanotubes is performed as fol-
lows. We start from a purified powder of nanotubes and a
minority of nanoparticles. An oxydation treatment at 620 °C
is used to open the nanotubes.4 It is followed by annealing at
2000 °C under vacuum. This treatment has been shown to
anneal the defects caused by the opening procedure. After
washing, the powder is mixed withexcesspotassium and
enclosed in a copper tube. The doping is achieved under an
applied pressure of 10 kbar at 100 °C.5 After one day of heat
treatment the copper tube was opened to air; the KOH was
washed off with water/HCl solution in several steps. A thin
film of these nanotubes has been obtained according to Ref.
2. The film deposition method aids in separating nanotubes
from the remaining carbon nanoparticles.~It is important to
eliminate the majority of the nanoparticles, since they can

mask the intrinsic properties of the nanotubes.6! Here, we
will compare the ESR properties of a pristine material~de-
posited nanotube film of the purified powder! and of a
potassium-doped sample~K sample!.

Effective incorporation of 1–2 % of potassium in the
tubes is attested by x-ray microanalysis. This content is
much lower than the reported KC8 composition~first stage
intercalation! of Ref. 1. This is the reason why we use ‘‘dop-
ing’’ instead of ‘‘intercalation,’’ although we believe that the
potassium is in between the graphitic layers of the nano-
tubes. With respect to the low resolution of this method
~beam size;200 nm!, K is distributed homogeneously in the
film. A smaller amount of oxygen~;0.5%! is also found.
Oxygen may be responsible for a partial dedoping and oxy-
dation of potassium. Before the doping procedure, the films
are almost oxygen free. Total oxydation of potassium is ex-
cluded: the oxygen content is significantly lower than the
potassium content and in 30% of the regions investigated
with the microprobe only potassium and no oxygen has been
detected.

We have performed high resolution electron microscopy
~HREM! on our samples. We did not find any evidence of a
staging phenomena. Electron microscopy gives no evidence
of potassium in the interior of the tube. Furthermore, micro-
probe analysis shows that the potassium is more or less uni-
formly distributed along the entire length of the tube and not
concentrated at the ends as would be expected if the metal
had entered from the opened ends. Most likely, as in Zhou’s
case, the potassium is intercalated. Note that potassium on
the tube surfaces would have reacted with oxygen, and not
given rise to an ESR signal. A strong evidence that the po-
tassium is deep between the graphitic layers and the ob-
served changes in the electronic properties are due to K dop-
ing comes from the fact that at high temperatures the signal
changes as a function of time on the order of months, shift-
ing back to the pristine values~i.e., both theg factor and the
linewidth, however, not the Curie tail!.

A disordered layer of carbon covering some nanotubes is
sometimes detected by HREM. In these tubes, the external
carbon shells resemble turbostratic carbon. Such a disordered
layer may be due to destruction following the dedoping of
potassium upon air exposure.1 However, the majority of the
nanotubes are intact with long continuous and parallel car-
bon shells.
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As mentioned above, theg factor of the ESR line is very
sensitive to the orientation of the tube axis with respect to the
magnetic field~measured by the angleu!. Figure 1 shows the
room temperature dependence of theg factors withu after
each step of the interacalation procedure~i.e., for the pris-
tine, opened, opened plus annealed, and K-intercalated
samples!. Before doping, theg factor varies between
g52.014 ~tube axis parallel to the field! to g52.010 ~tube
axis perpendicular to the field! while it is almost isotropic
with g52.002860.0002 after K doping. This behavior~re-
duction of the anisotropy, decrease of the angular averageg
factor! is characteristic of a successful doping.7

In graphite, the principalg factors and their variation with
temperature are intimately related to the semimetallic behav-
ior. The Fermi level is located in the band mixing region
insuring coexistence of electrons and holes having different
g factors. The measuredg factor is the average of the indi-
vidual values. When rotating the sample in the magnetic
field, the weight on the individual values is modified because
electrons and holes are located in different parts of the Bril-
louin zone. This leads to the anisotropic behavior.8 The tem-
perature dependence arises from the redistribution of elec-
trons and holes. When the Fermi level is pushed away from
the band mixing region, the previous arguments hold no
longer. Intercalation induced charge transfer shifts the Fermi
level away from the band mixing region and the temperature
dependence is strongly depressed. Another way of suppress-
ing the anisotropies andT dependence of theg factor is by
pinning the Fermi level by defects.7,9,10

Qualitatively, we expect the same behavior in the nano-
tubes. We have already reported strong anisotropy and tem-
perature dependence of theg factor in pristine material.3 It
was recently argued11 that this behavior is not intrinsic but
related to the defected structure of the nanotubes and that
2800 °C heat treatment anneals these defects and leads to an
isotropic and temperature independentg factor. Our experi-
ment contradicts the results of Ref. 11. For example, it can
be seen in Fig. 1 that neither the opening procedure nor the
subsequent annealing affect theg factor anisotropy~nor the
temperature dependence as well!.12 Very low levels of boron
doping ~!1%! already reduces theg factor, and potassium
doping leads to an almost isotropic and temperature indepen-

dent g factor. Following the previous discussion, this sug-
gests that charge transfer is at the origin of these changes.
~Pinning of the Fermi level by defects can be ruled out since
the spin susceptibility is still Pauli-like.!

The comparison of spin susceptibilitiesxS of the pristine
and K-intercalated nanotubes is given in Fig. 2. A significant
increase of the susceptibility is associated with the doping
process. In order to emphasize the Pauli contribution of the
susceptibility, we have plotted the productxT versusT in
Fig. 3. In this representation, the slope of the straight lines
gives the magnitude of the temperature independent~Pauli!
component of the susceptibility. 1–2 % K doping leads to
an increase of a factor 3 of the Pauli susceptibility: 7.531028

emu/mole for pristine to 2.831027 emu/mole for the K
sample.12,13We attribute this increase entirely to the charge
transfer from the potassium to the nanotubes.@Note that nei-
ther theg factor nor the linewidth are in agreement with
conduction-electron spin resonance~CESR! of metallic po-
tassium particles.#

More dramatic changes are observed in the Curie tails of
the susceptibilities~given by the intercept of the straight line
at 0 K!. It is less than 1018 cm3 in pristine materials;
1.731019 cm3 is found in the K sample~;1–2 spins per 100
potassium atoms!. These characteristics closely resemble
those observed in high stage graphite doping compounds
~GIC!: the distorsion of the graphite lattice due to the in-
corporation of intercalants causes the formation of localized

FIG. 3. ProductxT of the susceptibilityx with the temperature
T versus temperature for the pristine and K-intercalated films. The
solid lines identify the Pauli component of the susceptibility. See
Ref. 12.

FIG. 1. Angular dependence of theg factor at room tempera-
ture. ~j! pristine sample;~d! K-intercalated sample. For the sake
of comparison, the dependence after the opening procedure~3!,
opening and annealing~1!, and for a B-doped film~Ref. 11! ~s!
are given.u50° corresponds to the magnetic field parallel to the
tube axis.

FIG. 2. Susceptibility of the pristine sample~1! and of the K
sample~d!. The ~s! points correspond to the susceptibility of the
K-intercalated powder before the film deposition procedure.
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spins. The localized spins may also come from the outer
disordered shells of the tubes observed by HREM.

In absence of Coulomb enhancement, the density of states
at the Fermi levelN(EF) is 8.431023 states/eV/atom for the
K sample. In high stage GIC where the dilute limit model
based on the Slonczewski-Weiss-McClure~SWC! ~Refs. 14–
16! band structure of graphite gives satisfactory results,
N(EF)58.431023 states/eV/atom corresponds to a Fermi
energy EF;0.15 eV and a carrier~electron! density
Ne;106131019 cm3. It is essential to note thatEF;0.15 eV
is above the region of band intermixing: in this regime the
two-dimensional density of states holds and the relations be-
tweenN(EF) andEF or Ne are quite insensitive to the inter-
plane organization. Because of this argument and despite the
differences17 in the interlayer organization between graphite
and nanotubes, we believe that the previous estimates still
give the correct order of magnitude ofNe in the K-doped
nanotubes. Magnetotransport measurements are in progress
to clarify this point. Indeed, this model cannot be used for
the pristine sample.

An electron density of 1019 cm3 corresponds to a charge
transfer ratef50.1 for 1% intercalated potassium. We have
already seen that a fraction of the potassium might be
oxydized: f50.1 is thus a lower limit.f is close to 1 in
high stage alkali GIC,18,19 while it is ;0.1 in acceptors in-
tercalated GIC.16

The temperature dependence of the susceptibility is due to
the localized spins. As can be deduced from Fig. 3, the frac-
tion of the total susceptibility due to conduction electrons
decreases strongly with temperature from its room tempera-
ture value;50% ~this fraction reduces to 35% at 150 K,
15% at 50 K!. The temperature dependence of theg factor
and of the ESR linewidth shown in Fig. 4 probes this de-
creasing fraction and cannot be used, as such, as a signature
of the conduction electrons in the whole temperature range.
In graphitic materials, localized and itinerant spins are usu-
ally strongly coupled and the so-called bottleneck regime is
achieved.10 In this regime, the effectiveg factor and line-
width are obtained from the individual values by20

g5
glx l1gcxc

x l1xc
, ~1!

DH[
1

Teff
5

x l /Tl1xc /Tc
x l1xc

, ~2!

where the subscriptsl andc refer to localized and conduc-
tion electron spin contributions, respectively,xl andxc being
their respective susceptibilities. Using forgl the experimen-
tal value at 30 K~gl52.0024!, where the line is almost en-
tirely due to localized spins, we findgc by inverting formula
~1!: gc increases from 2.003 to 2.004 with decreasing tem-
perature from 300 to 30 K. These values are close to those
reported for KC24, KC36 or RbC36 GIC.

7 Using the same
method for the linewidth withDHl54 G, the CESR line-
width is found to decrease from 9 to 6 G when the tempera-
ture is decreased from 300 to 30 K.21

In metallic systems, the ESR linewidth is usually deter-
mined by spin relaxation due to lattice scattering according
to the Elliott mechanism:8,22 the momentum scattering by the
phonons which determines the resistivity scattering timetR
contributes to the spin relaxation with an efficiency mea-
sured by (Dg)2 ~Dg is the shift of theg factor with respect to
the free electron value!. The spin-lattice relaxation timeT1
(DH[1/T1) is related totR by the phenomenological rela-
tion

T15atR /~Dg!2. ~3!

a is a constant in the range 0.1–1.22,23We have suggested3

that this mechanism is valid for the pristine sample forT.50
K. It is also responsible for the linewidth variation of
GIC.10,24The productT1(Dg)

2 is plotted versus temperature
for both the pristine and K sample in Fig. 5. The decreasing
product upon heating is in agreement with the thermal varia-
tion of tR ~tR is expected to vary as 1/T at high tempera-
ture: a 1/T law is drawn as a solid line in Fig. 5!. These
observations indicate that the Elliott mechanism is respon-
sible of the spin relaxation in K-intercalated nanotubes.

Relation~3! may be used to determine the resistivity re-
laxation timetR if one knows the value ofa. Compiling
available ESR and transport data at room temperature10,18on
K-intercalated GIC, it can be shown thata;1 in stage IX
GIC ~i.e., similarg as our pristine nanotubes! while a;0.1
in stages II, III, and IV GIC~hence the sameg as our K

FIG. 4. Variations of theg factor and linewidth of the pristine
and K-intercalated films with temperature~u50°!.

FIG. 5. ProductT1(Dg)
2 of the spin-lattice relaxation timeT1

with the square of theg shift Dg for the pristine and K-intercalated
films ~u50°!. The solid line corresponds to an arbitrarily scaled 1/T
law.

13 998 53BRIEF REPORTS



sample!. Using these values at room temperature, the differ-
ence in the productT1(Dg)

2 is reduced to one order of mag-
nitude with tR;4310213 s for the pristine sample and
tR;4310214 s for the K sample. These values are compa-
rable to the graphite and high stage K-intercalated GIC, re-
spectively.

In conclusion, the electronic and magnetic properties of
the carbon nanotubes are very sensitive to potassium doping.
The spin susceptibility increases considerably, while the

ESR linewidth andg factor decrease, similarly to the effects
observed for GIC. However, all these properties of the inter-
calated nanotubes move towards those of the pristine sample
with time as oxygen diffuses into the sample and oxidizes
the potassium~e.g.,DH has changed from 6 G of thefresh
sample to 9 G in twomonths!.
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