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Structure and electronic properties of potassium-doped single-wall carbon nanotubes
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The structure and electronic properties of potassium-doped single-wall carbon nanotubes have been studied
by conduction electron spin resonance, conductivity (s), and x-ray diffraction~XRD!, using in situ electro-
chemical methods. The spin susceptibilityxP of the K-saturated phase is independent of temperature; a lower
bound is 531028 emu/g. At 300 K boths andxP increase monotonically and reversibly with K/C. The spin
relaxation rate andg factor do not change with doping, and XRD reveals an irreversible loss of crystallinity
upon doping. We propose an inhomogeneous doping model to explain these results.
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The electronic properties of alkali doped single-wall c
bon nanotubes~SWNT! exhibit dramatic changes with re
spect to the undoped material. Vapor phase potassium
ing decreases the 300 K resistivity by a factor of 301,2

Electron transfer was inferred from doping-induced redsh
of intratube Raman-active modes.3 Reversibility of the dop-
ing process has yet to be demonstrated. The structur
doped material, and the degree of long-range order, rem
controversial. Models have been proposed assuming an
dered superlattice,4 while most experiments show that alka
doping disrupts the rope structure.5–9

In principle conduction electron spin resonance~CESR!
can probe the doping dependence of the electronic struc
The temperature-independent Pauli paramagnetism of
duction electrons is a signature of metallicity, andxP is a
direct measure of the density of states at the Fermi ene
N(EF). Also, comparison of the temperature~T! and doping
dependences of the CESR linewidth~proportional to the spin
relaxation rate! with the momentum relaxation rate~propor-
tional to resistivity! can reveal non-Fermi-liquid and/or re
duced dimensionality effects.10 CESR was observed in un
doped SWNT by Petitet al.11 but not by Bandowet al.;12

and was recently reported in K-doped SWNT at fix
concentration.13

Electrochemistry is a powerful doping method becaus
affords precise control of guest concentration, facilitatesin
situ experiments on air-sensitive materials, and provide
controlled method to test reversibility. Examples inclu
CESR of doped polyacetylene@(CH)Ky#x vs y,14 and x-ray
diffusion ~XRD! of Li-doped SWNT.7,8 Here we use electro
chemical doping andin situ CESR,s, and XRD to elucidate
the structural and electronic properties of K-doped SWN
Our samples were in the form of highly purified,;50mm
thick ‘‘buckypaper.’’15 Grade I had no detectable graphite
amorphous carbon and little nickel by XRD,16 while grade II
contained;5% graphite and;5 times more nickel than
grade I. Below we show how the impurities turned out to
very useful, without affecting our conclusions. Electrochem
cal cycling was carried out with a small fixed current
ensure equilibrium conditions for physical measureme
using 1M KCN in anhydrous (C2H5)3B/THF electrolyte.14
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Cyclic voltammetry on separate samples confirmed that
graphite in grade II contributes negligibly to the total K u
take. With this scheme the saturation value of K/C is 1/
rather than;1/8 with vapor doping,1 the same two values
that are found with graphite as host. Vapor-dop
KC8-graphite is a stage 1 binary compound in which all si
are occupied. The electrochemically doped version is a s
1 ternary compound K(THF)2.5C24 in which THF partially
solvates the transferred electron and thereby occupies a
ume equivalent to;2/3 of the sites.17,18The fact that we find
the same two K/C ratios in SWNT suggests that both
charge-transfer/steric limits per carbon~vapor doping!, and
solvation effects~electrochemical doping! are about the same
in both hosts.

The in situ ESR cell consisted of a 4 mm diam quartz
tube, a Kovar/pyrex graded seal, and a Swagelok comp
sion fitting with a teflon plug for the two electrode leads. T
sample was contacted with Pt, and the K counterelectr
was 4 cm above the sample to avoid perturbing the cav
Ex situ samples forT-dependent CESR measurements w
doped to saturation and sealed in quartz after evacuation
backfilling with 50 mtorr He for heat transfer. Absolute su
ceptibilities were referenced to CuSO4•5H2O. Four-probein
situ s and XRD were measured as described previous7

Constant-current doping/dedoping was interrupted at in
vals to accumulate XRD profiles for several hours. All m
nipulations were carried out in a circulating Ar glove box

Figure 1 shows the evolution of ESR spectra with the K
ratio. Two signals are observed: a broad ferromagnetic re
nance~FMR! from the Ni and a narrow line which we iden
tify as CESR in doped SWNT. The microwave skin effe
alters the line shapes of both as doping proceeds. If
sample thicknesst is comparable to or larger than the sk
depthd, the phase of the exciting field is inhomogeneous a
a mixture of absorption and dispersion is detected. Defin
this ratio asR5tan(f), the phase of the detected signal va
ies between the limitsf50 (t!d) andf5p/4 ~a 1:1 ratio
of absorption and dispersion! for d!t.19 Kramers-Kronig
transforms were performed to obtain the doping depende
of phase and intensity for both resonances.
R4845 ©2000 The American Physical Society
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FIG. 1. ~a! Ferromagnetic resonance of N
catalyst particles in the undoped and fully dop
SWNT ~light and heavy curves, respectively!. A
linear superposition of the undoped spectrum a
its Kramers-Kronig transform~open circles! fits
the doped line very well. The narrow CESR lin
is visible atg52.002 in the doped spectrum.~b!
The CESR line grows continuously with increa
ing K concentration; the susceptibility~propor-
tional to the amplitude! increases monotonically
while the spin relaxation rate~width! andg factor
~position! remain constant. The spectra as pr
sented are not corrected for the skin effect~see
text!.
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Ni particles are not affected by doping and are mu
smaller thand, so we used the FMR to determined/t and the
corresponding phase change with doping. Figure 1~a! shows
that after saturation doping to K/C50.04, the FMR is well fit
by a linear combination of the undoped spectrum and its K
transform, yielding the doping dependence of the phase
intensity. The intensity decreases monotonically with K
consistent with a continuous decrease ind; s increases with
doping, and the fraction of Ni particles excited by the micr
wave field decreases. The maximum phase change upon
ing is 46 ° suggesting thatd.t in the undoped sample an
d,t after saturation doping. We determinedd(K/C) from
the complex impedance by fitting the FMR intensity a
phase. The resulting microwaves is plotted vs K/C in Fig.
2~a!, normalized to the undoped value. Assumingd5t
550mm for the undoped sample, thensmw;100/
(V cm). The solid curve shows thein-situ four-probe
s (K/C) from a different sample, for which the directly
measured undoped valuesDC is also ;100/(V cm). Both
measurements exhibit a continuous increase ins upon dop-
ing, which is fully reversible upon dedoping. The maximu
s enhancement at 300 K is a factor of 15 for KC24, half that
reported for vapor-doped SWNT-KC8.1,20

Next we discuss thein situ CESR signal and its evolution
with doping. No CESR was observed in undoped materia
well-defined line emerged with increasing K/C, while i
linewidth andg factor did not change, as shown in Fig. 1~b!.
The CESR intensity increased continuously with doping, a
the K-K phase of the CESR and FMR lines evolved togeth
The d-correctedxP was obtained by multiplying the inte
grated CESR intensity by the amplitude ratio of the K
transformed FMR in the undoped and doped states. Fig
2~b! shows thatxP increases monotonically with K/C and
fully reversible upon dedoping. The slope ofxP vs K/C is
not constant; two inflection points can be observed at K
50.007 and 0.02. These two values coincide with feature
the doping dependence of the Raman spectra for K-do
SWNT. In Fig. 2~c! we present the tangential mode shift
K-doped SWNT, measuredin situ vs K/C.21 Above K/C
50.007, a continuous~and reversible! downshift is observed
due to charge-transfer-induced softening of the C-C bon3

consistent with the concomitant increases ins and xP . At
lower K/C the shift is not monotonic, precisely in the ran
wherexP depends only weakly on K/C. We tentatively a
cribe this regime to metallization of semiconducting tubes
the sample.
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The absence of CESR in undoped material is surpris
since;1/3 of the tubes in bulk SWNT are believed to b
intrinsically metallic. Also unusual is the independence
the CESR linewidth on K/C. The usual mechanism for rela
ational broadening in guest-host systems is spin-orbit sca
ing on the dopants, which increases strongly with atom
number and depends sensitively on the electronic struct
If the doping were homogeneous, the linewidth would
crease with increasing K concentration. Anticipating t
XRD results presented below, we propose a two-ph
model of K-saturated domains embedded in undoped reg
in order to account for the K/C–independent linewidth. T
CESR is, in principle, a coupled resonance of undoped

FIG. 2. ~a! Electrical conductivity increases monotonically wit
K doping; four-probe dc~solid curve! and microwave results~filled
and empty symbols for doping and dedoping respectively! change
similarly and reversibly. Microwave conductivity is obtained b
analyzing the skin effect.~b! Spin susceptibility also evolves revers
ibly with K concentration; the slope change near K/C50.007 is
statistically significant~see text!. Results are volume-corrected t
account for the K/C–dependent skin depth.~c! The Raman shift of
the SWNT tangential modes also evolves continuously~and revers-
ibly; not shown! with doping. Nonmonotonic behavior is observe
for K/C,0.007.
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doped regions. However, if the DOS and thusxP is much
larger in the doped regions, they will dominate the obser
resonance even at small K/C ratios. The homogeneous
width is proportional to 1/T15(xuVu /T1u1xdVd /T1d)/
(xuVu1xdVd), wherexu(d) , Vu(d) , T1u(d) are the suscepti
bility, volume, and lifetime of undoped~doped! regions. In-
homogeneous doping increases the number and/or siz
K-saturated domains without changing their electronic str
ture; thusT1 is independent of theglobal K/C ratio except at
very low concentrations.

We do not observe the CESR of undoped metallic na
tubes. This is unexpected since carbon is a light element
the spin lifetime should be very long. However, spin rela
ation may be dominated by Ni particles. In pure nanotu
the momentum scattering timet is long, and the spin diffu-
sion lengthdspin5AvF

2T1t is severalmm, i.e., longer than
the average distance electrons travel to reach a Ni particl
this case the CESR is strongly broadened by coupling to
FMR.22 At higher K concentrations bothT1 and t become
shorter and the CESR is decoupled from the FMR since m
spins relax within the nanotubes before reaching a Ni p
ticle.

Figure 3 presentsxP(T) for grade I and II samples dope
to saturation.xP is independent of T above 50 K for bot
samples, characteristic of a metal. Its absolute value is;5
31028 emu/g~close to that reported for K-doped multiwa
tubes23!, from which N(EF)'0.015 states/eV•C•spin. This
value is;5 times smaller than a theoretical estimate24 for
tubes with an appropriate diameter distribution15 uniformly
doped with 1e2 per 24 C. This discrepancy may be due
part to solvation effects, i.e., less than one delocalized e
tron per K. We can rule out significant contribution tox
from doping the graphite impurities. First,x is about the
same for two samples with widely different graphite conce
trations. Second,xP for pure K(THF)2.5C24 is less than 4
31028 emu/g,17 so 5% doped graphite impurity would ac
count for at most 4% of our measuredx. Finally the line-
width in the graphite ternary is less than 1 G~Ref. 17! as
opposed to the;15 G we observe here.

Figure 4 presents a series ofin situ XRD profiles for
K-doped SWNT, as the working electrode~grade II! is taken
through one full cycle. In the undoped spectrum, the bro
peak at 0.42 Å21 is the ~10! reflection of the two-
dimensional~2D! triangular lattice, while the sharp peak
1.87 Å21 is the graphite~002! reflection. The shoulder on
the low-Q side of graphite~002! is attributed to graphitic
onions, with intershell spacings slightly larger than the 3.3
Å ideal graphite value. Higher order reflections of the 2
lattice are obscured by strong scattering from the electrol

FIG. 3. Susceptibility vsT for saturation-doped SWNT, K/C
50.04. x is independent of T above;50 K, characteristic of a
metal, and is independent of graphite impurity concentration.
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which has been subtracted from the plotted profiles. Up
doping, we observed a gradual intensity loss of the 2D~10!
reflection without any measurable shift in position. This i
tensity loss was irreversible, as seen in the bottom spect
for the fully dedoped sample. At the same time the graph
~002! intensity decreases and new peaks (* ) emerge. These
can all be indexed as~00L! reflections from stages 1–
K/THF/graphite ternaries.18 These disappear upon dedopin
and the graphite~002! is recovered, confirming that K inter
calation in graphite is entirely reversible and that the c
functioned properly. On the contrary, the SWNT~10! reflec-
tion was not recovered, suggesting that K insertion int
duces irreversible structural disorder in the 2D rope latti
This effect has been observed before fromin situ XRD of
Li-doped SWNT ~Ref. 7! and TEM and XRD studies o
SWNT exposed to K vapor,5,6 all of which showed a crys-
tallinity loss upon doping. It also implies that K ions, pe
haps solvated by THF, invade the van der Waals spac
between adjacent tubes in a rope, but in a disordered fas
which precludes the existence of intercalation superlattic
The fact that the~10! intensity decreases but does not sh
with increasing K/C is consistent with the inhomogeneo
doping picture. The continuous but incomplete intensity lo
suggests that some regions are fully doped and noncry
line, while some others are not doped and retain the pris
crystal structure. Two-phase behavior was not observe
the Raman spectra, most likely because the linewidth
creased with doping such that any unshifted contribut
from undoped domains was obscured.21 It is interesting to
note that the undopeds value and Raman frequency in Fig
2 were fully recovered upon dedoping, suggesting that e
tron transport and the tangential modes are both insens
to doping-induced structural disorder.

The continuous and reversible increases ins and xP
could be reconciled with homogeneous doping. On the ot
hand, the most natural explanation for the concentrati
independent CESR linewidth and the XRD results is the
homogeneous model presented above. IfN(EF) increased
continuously with doping, the CESR line should broad
monotonically due to increasing spin-orbit scattering w
increasing K content, as observed in K-doped (CH)x .14

However, the CESR linewidth for K-doped SWNT is ind
pendent of K/C, the simplest interpretation being thatN(EF)

FIG. 4. In situ XRD profiles as a function of doping level. Th
~10! reflection from the 2D SWNT lattice (0.42 Å21) loses inten-
sity continuously and irreversibly, but does not shift, with increa
ing K/C ratio. Peaks associated with reversible staging transition
the ternary K/THF/graphite system are labeled by (* ); these origi-
nate in the;5% graphite impurity content~grade II, see text!.
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of the doped ‘‘domains’’ is constant, while the global K/
ratio simply reflects the volume fraction occupied by su
domains. XRD reveals no long-range order within domai
as the domains grow in number or size, the crystalline fr
tion decreases. The ESR intensity is then proportional to
volume fraction of saturation-doped domains, which expla
the quasilinear dependence ofxP on K/C ratio. The spin
relaxation rate is in turn constant, sinceN(EF) in the do-
mains is independent of K/C.

In general, a two-phase model implies one or more fi
order transitions vs chemical potential~or global concentra-
tion!, as one well-defined phase grows at the expense
another. No evidence of such transitions is found in cyc
voltammetry~CV! or charge/discharge~CD! experiments,7,8

which we attribute to the intrinsic disorder and nanosco
length scale of the doped and undoped ‘‘phases.’’ Both ki
of domain consist of tubes with different diameters, chira
ties, and lengths, such that there is no well-defined K-
binding energy. Furthermore, the small domain size is pr
ably of the same order as the width of the ‘‘domain walls
such that doped and undoped regions cannot be viewe
independent objects which merely exchange dopants
h
s;
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each other. We therefore expect a wide distribution of red
potentials such that redox peaks in CV and plateaus in
are completely washed out.

In conclusion, we have detected CESR in doped SW
and measuredxP and the spin relaxation rate as a function
doping concentration for the first time.In situ conductivity,
spin susceptibility, and Raman spectroscopy show cont
ous and reversible valence electron transfer from K
SWNT. In situ XRD shows an irreversible loss of crystallin
ity of the 2D rope lattice. We propose an inhomogeneo
structural model for the doped phase to explain the XRD a
the constant spin relaxation.
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