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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, (@and x-ray diffraction(XRD), usingin situ electro-
chemical methods. The spin susceptibility of the K-saturated phase is independent of temperature; a lower
bound is 5< 10 8 emu/g. At 300 K bothr and yp increase monotonically and reversibly with K/C. The spin
relaxation rate ang 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.

The electronic properties of alkali doped single-wall car-Cyclic voltammetry on separate samples confirmed that the
bon nanotubesSWNT) exhibit dramatic changes with re- graphite in grade Il contributes negligibly to the total K up-
spect to the undoped material. Vapor phase potassium dopake. With this scheme the saturation value of K/C is 1/24
ing decreases the 300 K resistivity by a factor of'30. rather than~1/8 with vapor dopind,the same two values
Electron transfer was inferred from doping-induced redshiftghat are found with graphite as host. Vapor-doped
of intratube Raman-active modéReversibility of the dop-  KC,-graphite is a stage 1 binary compound in which all sites
ing process has yet to be demonstrated. The structure @fe occupied. The electrochemically doped version is a stage
doped material, and the degree of long-range order, remaingsernary compound K(THF)<C,, in which THF partially
controversial. Models have been proposed assuming an Ogy|yates the transferred electron and thereby occupies a vol-
dergd su_perlattlcé,whlle most exgerlments show that alkali o equivalent to- 2/3 of the sited”*8The fact that we find
doping Q|s_rupts the rope SUUCHUFE. _ the same two K/C ratios in SWNT suggests that both the

In principle conducuon electron spin resonar((*;EESR charge-transfer/steric limits per carb@rapor doping, and
can probe the doping dependence of the electronic structure, vati ffectgelectrochemical dopinre about the same
The temperature-independent Pauli paramagnetism of copo vauon e PING
duction electrons is a signature of metallicity, apg is a in both _hos.ts. . .
direct measure of the density of states at the Fermi energ The in situ ESR cell consistedfoa 4 mm diam quartz
N(E;). Also, comparison of the temperatuf® and doping gbe, a Kovgr/pyrex graded seal, and a Swagelok compres-
dependences of the CESR linewidfitoportional to the spin  SION fitting with a teflon pIug for the two electrode leads. The
relaxation ratgwith the momentum relaxation ratgropor- sample was contacted with Pt, and' the K cqunterelectrqde
tional to resistivity can reveal non-Fermi-liquid and/or re- Was 4 cm above the sample to avoid perturbing the cavity.
duced dimensionality effectS.CESR was observed in un- EX situsamples fofT-dependent CESR measurements were
doped SWNT by Petiet al'! but not by Bandowet al;*?  doped to saturation and sealed in quartz after evacuation and
and was recently reported in K-doped SWNT at fixedbackfilling with 50 mtorr He for heat transfer. Absolute sus-
concentratiort® ceptibilities were referenced to Cug®H,O. Four-proben

Electrochemistry is a powerful doping method because isitu o and XRD were measured as described previo(sly.
affords precise control of guest concentration, facilitates Constant-current doping/dedoping was interrupted at inter-
situ experiments on air-sensitive materials, and provides &als to accumulate XRD profiles for several hours. All ma-
controlled method to test reversibility. Examples includenipulations were carried out in a circulating Ar glove box.
CESR of doped polyacetyledéCH)K, ], vs y,** and x-ray Figure 1 shows the evolution of ESR spectra with the K/C
diffusion (XRD) of Li-doped SWNT"®Here we use electro- ratio. Two signals are observed: a broad ferromagnetic reso-
chemical doping ané situ CESR,o, and XRD to elucidate nance(FMR) from the Ni and a narrow line which we iden-
the structural and electronic properties of K-doped SWNTt1ify as CESR in doped SWNT. The microwave skin effect
Our samples were in the form of highly purified,50um  alters the line shapes of both as doping proceeds. If the
thick “buckypaper.”® Grade | had no detectable graphite or sample thickness is comparable to or larger than the skin
amorphous carbon and little nickel by XRPwhile grade Il depthd, the phase of the exciting field is inhomogeneous and
contained~5% graphite and~5 times more nickel than a mixture of absorption and dispersion is detected. Defining
grade |. Below we show how the impurities turned out to bethis ratio asR=tan(¢), the phase of the detected signal var-
very useful, without affecting our conclusions. Electrochemi-ies between the limitgp=0 (t< ) and ¢= /4 (a 1:1 ratio
cal cycling was carried out with a small fixed current to of absorption and dispersiprfor 5<t.° Kramers-Kronig
ensure equilibrium conditions for physical measurementstransforms were performed to obtain the doping dependence
using 1M KCN in anhydrous (§Hs)3B/THF electrolyte’®  of phase and intensity for both resonances.

0163-1829/2000/68)/48454)/$15.00 PRB 62 R4845 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R4846 CLAYE, NEMES, JMOSSY, AND FISCHER PRB 62

FIG. 1. (@ Ferromagnetic resonance of Ni
catalyst particles in the undoped and fully doped
SWNT (light and heavy curves, respectivelA
linear superposition of the undoped spectrum and
its Kramers-Kronig transfornjopen circles fits
the doped line very well. The narrow CESR line
is visible atg=2.002 in the doped spectrurth)
The CESR line grows continuously with increas-
ing K concentration; the susceptibilitypropor-
tional to the amplitudeincreases monotonically
while the spin relaxation rat@vidth) andg factor
(position remain constant. The spectra as pre-
sented are not corrected for the skin efféste
text).
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Ni particles are not affected by doping and are much The absence of CESR in undoped material is surprising
smaller tharnd, so we used the FMR to determigé&t and the  since ~1/3 of the tubes in bulk SWNT are believed to be
corresponding phase change with doping. Figus 4hows intrinsically metallic. Also unusual is the independence of
that after saturation doping to K#0.04, the FMR is well fit  the CESR linewidth on K/C. The usual mechanism for relax-
by a linear combination of the undoped spectrum and its K-Kational broadening in guest-host systems is spin-orbit scatter-
transform, yielding the doping dependence of the phase angg on the dopants, which increases strongly with atomic
intensity. The intensity decreases monotonically with K/C,nymper and depends sensitively on the electronic structure.
consistent with a continuous decreasedjro increases with | the doping were homogeneous, the linewidth would in-
doping, and the fraction of Ni particles excited by the micro-crease with increasing K concentration. Anticipating the
wave field decreases. The maximum phase change upon doRRD results presented below, we propose a two-phase
ing is 46 ° suggesting thai>t in the undoped sample and model of K-saturated domains embedded in undoped regions
o<t after saturation doping. We determinéK/C) from  in order to account for the K/IC—independent linewidth. The
the complex impedance by fitting the FMR intensity andCESR is, in principle, a coupled resonance of undoped and
phase. The resulting microwaveis plotted vs K/C in Fig.

2(a), normalized to the undoped value. Assumimdg-t - s

=50um for the undoped sample, thenr,,~100/ . B 1

(2 cm). The solid curve shows thén-situ four-probe g 1of

o (K/IC) from a different sample, for which the directly, LS

measured undoped valugyc is also ~100/(2 cm). Both T8 s } Evfa‘;l’;"ozng

measurements exhibit a continuous increase mpon dop- g o pwave de-doping

ing, which is fully reversible upon dedoping. The maximum = 0 .

o enhancement at 300 K is a factor of 15 for }Chalf that _ b) %

reported for vapor-doped SWNT-kG%° § g 0081 3 5|
Next we discuss thin situ CESR signal and its evolution g g 3 it

with doping. No CESR was observed in undoped material. A § 8 0.03r 3

well-defined line emerged with increasing K/C, while its &2 % * Doping

linewidth andg factor did not change, as shown in Figb}L 0.00 R 1 14 , o Dedoemne

The CESR intensity increased continuously with doping, and 1595[©) " "= = . "

the K-K phase of the CESR and FMR lines evolved together. & -

The S-correctedyp was obtained by multiplying the inte- g s 1500l L]

grated CESR intensity by the amplitude ratio of the K-K 5 ° .

transformed FMR in the undoped and doped states. Figure

2(b) shows thatyp increases monotonically with K/C and is 1585} , R

fully reversible upon dedoping. The slope gf vs K/C is 0.00 0.02 0.04

not constant; two inflection points can be observed at K/C K/C atomic ratio

=0.007 and 0.02. These two values coincide with features in FIG. 2. (a) Electrical conductivity increases monotonically with

the doping erendence of the Raman Spectra for K-_dopelg doping; four-probe d¢solid curve and microwave resultdilled
SWNT. In Fig. Zc) we pres_ent Fhe tangenylal mode shift of ;4 empty symbols for doping and dedoping respectivelhange
K-doped SWNT, measureth situ vs K/C™ Above KI/C  gnijarly and reversibly. Microwave conductivity is obtained by
=0.007, a continuougand reversibledownshift is observed  ana1yzing the skin effectb) Spin susceptibility also evolves revers-
due to charge-transfer-induced softening of the C-C bands,-b|y with K concentration; the slope change near K007 is
consistent with the concomitant increasessirand yp. At statistically significantsee text Results are volume-corrected to
lower K/C the shift is not monotonic, precisely in the rangeaccount for the K/C—dependent skin dept). The Raman shift of
where yp depends only weakly on K/C. We tentatively as- the SWNT tangential modes also evolves continuo(ahd revers-
cribe this regime to metallization of semiconducting tubes inibly; not shown with doping. Nonmonotonic behavior is observed
the sample. for K/C<0.007.
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FIG. 3. Susceptibility vsT for saturation-doped SWNT, K/C
=0.04. y is independent of T above-50K, characteristic of a
metal, and is independent of graphite impurity concentration.

FIG. 4. In situ XRD profiles as a function of doping level. The
(510) reflection from the 2D SWNT lattice (0.42A) loses inten-
Sity continuously and irreversibly, but does not shift, with increas-
erﬁg K/C ratio. Peaks associated with reversible staging transitions in
the ternary K/ITHF/graphite system are labeled by; these origi-
nate in the~5% graphite impurity contergrade Il, see text

doped regions. However, if the DOS and thuys is much
larger in the doped regions, they will dominate the observe
resonance even at small K/C ratios. The homogeneous lin
width is proportional to ;= (x,Vu/T1ut xaVa/T1q)/
(xuVut xaVa), where xyy, Vs Tiu are the suscepti-
bility, volume, and lifetime of undopetloped regions. In-
homogeneous doping increases the number and/or size @fich has been subtracted from the plotted profiles. Upon
K-saturated domains without changing their electronic StrUCUoping, we observed a gradual intensity loss of the(20)

ture; thusT, is independent of thglobal K/C ratio except at  reflection without any measurable shift in position. This in-
very low concentrations. _ tensity loss was irreversible, as seen in the bottom spectrum

We do not observe the CESR of undoped metallic nanosor the fully dedoped sample. At the same time the graphite
tubes. This is unexpected since carbon is a light element ar(@oz) intensity decreases and new peak} émerge. These
th_e spin lifetime should be very Ion_g. However, spin relax-can all be indexed agooL) reflections from stages 1—4
ation may be dommatgd by N|. particles. In pure .na”_OtUbefleHF/graphite ternarie® These disappear upon dedoping,
the momentum scattering timeis long, and the spin diffu- g the graphité002) is recovered, confirming that K inter-
sion lengthdspin= VugT17 is severalum, i.e., longer than calation in graphite is entirely reversible and that the cell
the average distance electrons travel to reach a Ni particle. functioned properly. On the contrary, the SWNKID) reflec-
this case the CESR is strongly broadened by coupling to th@on was not recovered, suggesting that K insertion intro-
FMR.# At higher K concentrations botfi, and 7 become  duces irreversible structural disorder in the 2D rope lattice.
shorter and the CESR is decoupled from the FMR since mosthis effect has been observed before fromsitu XRD of
spins relax within the nanotubes before reaching a Ni parti-doped SWNT (Ref. 7 and TEM and XRD studies of
ticle. SWNT exposed to K vapat® all of which showed a crys-

Figure 3 presentgp(T) for grade | and Il samples doped tallinity loss upon doping. It also implies that K ions, per-
to saturation.yp is independent of T above 50 K for both haps solvated by THF, invade the van der Waals spacings
samples, characteristic of a metal. Its absolute value3s between adjacent tubes in a rope, but in a disordered fashion
x 10 8 emu/g(close to that reported for K-doped multiwall which precludes the existence of intercalation superlattices.
tube$?), from which N(Eg)~0.015 states/eMC- spin. This  The fact that the10) intensity decreases but does not shift
value is~5 times smaller than a theoretical estimatdor  with increasing K/C is consistent with the inhomogeneous
tubes with an appropriate diameter distributidaniformly  doping picture. The continuous but incomplete intensity loss
doped with B~ per 24 C. This discrepancy may be due in suggests that some regions are fully doped and noncrystal-
part to solvation effects, i.e., less than one delocalized eledine, while some others are not doped and retain the pristine
tron per K. We can rule out significant contribution o  crystal structure. Two-phase behavior was not observed in
from doping the graphite impurities. First, is about the the Raman spectra, most likely because the linewidth in-
same for two samples with widely different graphite concen-creased with doping such that any unshifted contribution
trations. Secondyp for pure K(THF),Cy, is less than 4 from undoped domains was obscurédt is interesting to
x 108 emu/gl’ so 5% doped graphite impurity would ac- note that the undopea value and Raman frequency in Fig.
count for at most 4% of our measurgd Finally the line- 2 were fully recovered upon dedoping, suggesting that elec-
width in the graphite ternary is less than 1(Bef. 17 as  tron transport and the tangential modes are both insensitive
opposed to the-15G we observe here. to doping-induced structural disorder.

Figure 4 presents a series of situ XRD profiles for The continuous and reversible increasesaginand yp
K-doped SWNT, as the working electrotigrade 1) is taken  could be reconciled with homogeneous doping. On the other
through one full cycle. In the undoped spectrum, the broadiand, the most natural explanation for the concentration-
peak at 0.42A! is the (10) reflection of the two- independent CESR linewidth and the XRD results is the in-
dimensional(2D) triangular lattice, while the sharp peak at homogeneous model presented aboveN(Eg) increased
1.87 A1 is the graphite(002 reflection. The shoulder on continuously with doping, the CESR line should broaden
the low-Q side of graphite(002) is attributed to graphitic monotonically due to increasing spin-orbit scattering with
onions, with intershell spacings slightly larger than the 3.357ncreasing K content, as observed in K-doped (CHH
A ideal graphite value. Higher order reflections of the 2DHowever, the CESR linewidth for K-doped SWNT is inde-
lattice are obscured by strong scattering from the electrolytegendent of K/C, the simplest interpretation being tR&E)
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of the doped “domains” is constant, while the global K/C each other. We therefore expect a wide distribution of redox
ratio simply reflects the volume fraction occupied by suchpotentials such that redox peaks in CV and plateaus in CD
domains. XRD reveals no long-range order within domainsare completely washed out.

as the domains grow in number or size, the crystalline frac- In conclusion, we have detected CESR in doped SWNT

tion decreases. The ESR intensity is then proportional to thgnd measureg, and the spin relaxation rate as a function of

volume fraction of saturation-doped domains, which explaingjoping concentration for the first timén situ conductivity,
the quasilinear dependence gf on K/C ratio. The spin

relaxation rate is in turn constant, Sinb§Eg) in the do-
mains is independent of K/C.

spin susceptibility, and Raman spectroscopy show continu-
ous and reversible valence electron transfer from K to
SWNT. In situ XRD shows an irreversible loss of crystallin-

In general, a two-phase model implies one or more first1ty of the 2D rope lattice. We propose an inhomogeneous

order transitions vs chemical potenti@r global concentra-

structural model for the doped phase to explain the XRD and

tion), as one well-defined phase grows at the expense gfe constant spin relaxation.
another. No evidence of such transitions is found in cyclic

voltammetry(CV) or charge/dischargeCD) experiments;®
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