
PHYSICAL REVIEW B 15 JULY 1997-IIVOLUME 56, NUMBER 4
Magnetotransport in bundles of intercalated carbon nanotubes
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Two types of quantum magnetotransport behavior were observed in pristine bundles of helicoidal carbon
nanotubes. Universal conductance fluctuations forT,10 K and an underlying positive magnetoconductance to
very high magnetic fields forT,100 K are the most notable features of one of these types. Remarkably, this
behavior was observed after intercalation of potassium guest atoms into pristine bundles of the other type. This
range of phenomena is explained within the theory of weak localization and interaction effect in three dimen-
sions. However, the observed inelastic scattering mechanism for K-intercalated bundles cannot be described by
the present theory for a common mechanism of the same dimensionality.@S0163-1829~97!03828-9#
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I. INTRODUCTION

There have been several recent reports of electrical m
surements performed on a single multiwall carbon nanot
announcing many interesting properties including la
jumps in resistivity over a narrow temperature range a
universal conductance fluctuations.1,2 However, the experi-
mental difficulties encountered are considerable. In this
per we report the magnetotransport properties of ma
scopic bundles of closely packed multiwall nanotub
successfully intercalated with guest atoms of potassium w
out breaking the tubular structure.3 The success of the inter
calation process is indirect evidence that the nanotubes
helicoidal rather than the closed Russian doll type.3 The ad-
vantage of this approach is that it allows measurements t
performed on the same bundle in the pristine and intercal
states and facilitates the handling of active K-intercala
samples. These measurements elucidate the gross effe
K intercalation rather than modification of the electron
structure of individual nanotubes.

The nanotube bundles used in this study were produ
by one of the authors by arc discharge in a He atmospher
described elsewhere.4 Transmission electron microscop
studies confirm that the material comprises defectle
aligned multiwall nanotubes close packed into bundles
outer diameter several tens of nanometers.4 These bundles in
turn form bigger fiberlike structures of length 1–3 mm a
approximate diameter 0.1 mm~i.e., an ensemble of 1010–
1012 individual multiwall nanotubes!. These structures wer
used as the host material for intercalation.

Songet al. have reported the galvanometric properties
similar pristine bundles produced by one of the autho
these can be summarized as~i! T.60 K, p-type semimetallic
behavior consistent with the simple two-band model
semimetallic graphite;~ii ! low-temperature properties pa
tially described by two-dimensional~2D! weak localization
~WL! theory.5 We also observed these properties for the m
jority of samples~labeled type I! taken from the growth on
the cathode used in the arc discharge method. Howeve
minority of samples~labeled type II! exhibited a dramati-
560163-1829/97/56~4!/2161~5!/$10.00
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cally different behavior:~i! conductance,G(T), in the range
2–300 K is 101–102 lower than that of similar-sized type-
samples; ~ii ! appearance of random magnetoconducta
fluctuations forT,10 K; and~iii ! a large underlying positive
magnetoconductance to very high fields forT,100 K.

It is remarkable that K intercalation of a type-I pristin
material produced nanotube bundles that exhibit the typ
behavior. In this paper we report this range of phenom
can be described within the framework of the theory of W
and interaction effect in 3D.6

II. EXPERIMENT

Full details of the intercalation of potassium and oth
guest atoms into nanotube bundles are given elsewhe3

Scanning electron microscope studies revealed a dram
change in the appearance of individual nanotubes. Stra
pristine nanotubes are transformed after intercalation int
‘‘bead-line’’ pattern comprising swollen intercalated sectio
and narrow nonintercalated ‘‘necks’’~K guest atoms are pre
vented from propagating along the length of the nanotu
by defects in the graphene helicoid!, Fig. 1. The appearanc
of this characteristic pattern can only be explained in ter
of the helicoidal model for multiwall carbon nanotubes.3 A
diffraction pattern similar to that for the correspondin
stage-1 graphite intercalation compound~GIC!, C8K, was
observed after intercalation from which we calculate that
intershell distance increases from 3.44 to 5.3 Å.3,7

Magnetotransport measurements were performed wit
standard two-contact technique with the magnetic fieldB
applied perpendicular to the sample axis. The K-intercala
sample was protected against contact with air while trans
ring from the inert atmosphere to the cold arm of a sup
conducting magnet system. Measurements were perfor
on the same nanotube bundle before and after intercalat

III. RESULTS AND DISCUSSION

Figure 2 shows that the conductance variation of both
pristine and intercalated states increases with temperatu
2161 © 1997 The American Physical Society



u
iv
t
o
y
e

u

em
te
ly
n
3
e
tu
nt

o
on
-
t
g

ce

ob-

her
mi-
in

ase

ity

pin

out-
tion
is

s by

a

a-

no

b
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is remarkable that for the entire temperature range cond
tance is lowered by K intercalation. The in-plane conduct
ity of C8K is ;104 times higher than that of the hos
graphite.7 The introduction of disorder and/or a weakening
intertube couplings rather than a decrease in conductivit
the individual nanotubes themselves is the probable caus
this behavior.

Conductance behavior, and that of the magnetocond
tance, is in qualitative agreement with the characteristics
type-II pristine nanotube bundles described above. The t
perature variation for both pristine and K-intercalated sta
is rather weak implying intertube coupling is sufficient
strong to exclude a hopping mechanism. The conducta
variation of the intercalated nanotube bundles signals
WL behavior, Eq. ~1!.6 For the K-intercalated nanotub
bundle, the signal became time dependent at tempera
close to room temperature perhaps due to rearrangeme
the intercalant.

WL effects result from the constructive interference
partially backscattered electron waves traveling back al
time-reversed paths.6 WL effects therefore reduce conductiv
ity. A mechanism that destroys the phase coherence of
electron, such as an inelastic scattering event or scatterin

FIG. 1. Scanning electron micrograph of a K-intercalated na
tube showing the characteristic bead-line pattern.

FIG. 2. Conductance vs temperature for a nanotube bundle
fore and after K intercalation.
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a magnetic impurity, therefore quenches WL effects. Sin
the inelastic scattering timet in(T)}T

2p, wherep depends
on the dominant scattering mechanism, WL effects are
served at low temperature whent in is much greater than the
temperature-independent elastic scattering timet. In perfect
periodic potentials, at low temperature (T,5 K! t in}T

22

for the electron-electron scattering mechanism and at hig
temperatures when the electron-phonon interaction do
nates,t in}T

23. Electron-electron scattering is enhanced
the presence of disorder, in 3D,p5 3

2;
8 2D, p51; and 1D,

p5 2
3.
9

In 3D, the spatial extent of phase coherence, the ph
coherence lengthlf5A3Dtf, whereD is the elastic diffu-
sion coefficient andtf is the coherence time.6 Coherence
time conveys the effect of inelastic and magnetic impur
scattering viatf(T)

215t in(T)
211ts

21 , where ts is the
magnetic scattering time; hencelf(T)5aT2p/2. Here, since
the material has been shown to be of ultrahigh purity, s
scattering is neglected.4 In 3D, the conductivity due to WL is
given by6

sWL~T!5s01
e2

\p3

1

a
Tp/2. ~1!

For the intercalated sampleGWL}T
0.15, i.e., p50.30, indi-

cating that none of the inelastic scattering mechanisms
lined above are applicable. Possibly an anomalous situa
in which the localization is 3D and the scattering process
disorder-enhanced 1D, as has been observed in Bi wire
Beutler and Giordano, is present.10 Either possibility implies
that these processes are still not fully understood.

The theory of magnetoconductivity change,Ds
5s(B,T)2s(0,T), due to 3D WL was formulated by
Kawabata,11

Ds~B,T!52Dsn~B!1DsWL~B,T!. ~2!

HereDsn5s0(vct)
2}B2 is the ‘‘normal’’ negative compo-

nent, wherevc5eB/m* ands05ne2t/m* ~symbols have
their usual meanings!.12 The positive WL contribution,

DsWL~B,T!5
e2

2p2\ l B
F~d!, ~3!

where the magnetic lengthl B5A\/eB. The functionF(d),
whered53l B

2/4l l in , inelastic scattering lengthl in5A3Dt in
and elastic scattering lengthl5A3Dt, has two limits for
which an analytical solution of the formDsWL}B

n exists,

DsWL~B!52.93104AB V21cm21 ~B in T! for d!1
~4!

and

DsWL~B,T!5s0~l in /l!3/2~vct!2/12A3

}T23p/4B2 for d@1. ~5!

Note that Eq.~4! is independent of system parameters,
form unique to 3D WL. The quantityd}Tp/2/B, hence the
conditiond!1, is observed for high fields at low temper
ture. Whenl B' l , the positive WL componentDsWL will
tend to saturate and the negative normal componentDsn

-
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dominate.11 Hence the condition for observation of th
unique temperature-independentDs

WL
}AB expressed in Eq

~4! can be writtenl, l B!Al l in.11
Magnetotransport parameters vsB at various tempera

tures for the pristine nanotube bundle are given in Fig. 3
agreement with the report of Songet al., three distinct tem-
perature regimes were identified.5 For T.90 K, magnetore-
sistanceDr/r0@Dr5r(B)2r0# is a classical effect de
scribed by an angularly averaged simple two-band mode13

Following the procedure of Songet al., curve fitting reveals
the ratio of hole to electron conductivities,sp /se , to be
increasing with decreasing temperature in this regime.
cording to this model, assp /se→`, Dr/r0→0 hence
changes in low-temperature magnetotransport parameter
due to quantum phenomena, i.e., due to WL and interac
effects ~these are most conveniently described in terms
Ds).5,6,11

The interaction effect or splitting of electron energies in
spin-up and spin-down bands when the condit
h5gmBB/kBT@1 is satisfied~whereg is the g factor,mB
the Bohr magneton, andkB the Boltzmann constant! is char-
acterized by a conductivity change comprising two term
Ds I(B,T)5Ds I8(T)1Ds I9(B). The actual forms of
Ds I8(T) andDs I9(B) are nontrivial andDs I9(B) can be ei-
ther positive or negative; the reader should refer to Ref.
for full expressions. In 3D the effect is often manifested
Ds I8(T)}AT and Ds I9(B)}2AB for h@1 or Ds I8(T)
}2B2 for h@1.6 In real systems the zero-field WL term
Eq. ~1!, andDs I8(T) are both present; to the lowest ord
they are believed to be simply additive.6

FIG. 3. Temperature variation of magnetotransport parame
for the pristine nanotube bundle showing three distinct tempera
regimes:~a! 100–300 K,~b! 50–100 K,~c! 1.6–50 K.
n

-

are
n
f

:

4
s

The qualitative agreement with Eq.~2! is clearly seen in
the low-temperature variation ofDs, Fig. 3~c!. However, the
observation of a temperature-dependent negative compo
at high fields cannot be described by WL effects alone
cause bothDsn andDsWL for d!1 ~i.e., for high fields and
low temperatures! are temperature independent. Note th
Ds remains relatively unchanged in the temperature ra
25–50 K suggesting that the temperature-dependent neg
term is not significant forT.25 K, i.e., Ds52Dsn

1DsWL for 25 K,T,50 K. @In Fig. 3, for T,50 K, the
DsWL}B

2 dependence of the temperature-dependentd@1
limit, Eq. ~5!, is observed forB<0.1 T, thereforeDsWL is in
the d!1 limit or tending to saturate for most of the fiel
range.# The maximum in2Dsn1DsWL at B>3 T occurs
when l B' l , hence l'10 nm for the pristine nanotub
bundle; accurate curve fitting for higher fields is not possi
becauseDsWL tends to saturate.

At T'75 K both the WL and classical contributions
magnetotransport are evident, Fig. 3~b!. For 75–100 K,
DsWL collapses, indicating that the transition fromd!1 to
d@1 occurs in this temperature range.

Subtraction of2Dsn1DsWL fromDs(T,25 K! reveals
a negative term with theAB andAT dependencies at high
field ~i.e.,h@1; if g52 andT54 K, h51 atB'1 T! of the
3D interaction effect.14 Hence for T,50 K, the magne-
totransport of the pristine nanotube bundle can be qua
tively described by the 3D WL and interaction effects.

Dramatic changes in magnetotransport behavior afte
intercalation were observed, Fig. 4. Random fluctuatio
about a positive underlying magnetoconductance were
served to very high fields forT,10 K, Fig. 4~c!. In the range
10 K,T,100 K, the positive magnetoconductance c
lapses with temperature and atT'200 K a small two-band-
type magnetoresistance is seen, Fig. 4~a!. This behavior of
the underlying magnetoconductance can be described
terms of 3D WL theory, Eqs.~1!–~5!, but no saturation of
DG is observed in the field range employed, thereforel<1
nm. The observed collapse of positive magnetoconducta
is simply the transition ofDsWL from the d!1 to the
d@1 limit. ForT,10 K,DsWL is in the system-independen
d!1 limit for most of the field sweep (Ds}B2 for B,0.1 T
indicating the field range of thed@1 limit and that the in-
teraction effect is weak in this case! and far from saturation.
Hence an expression embracing the field and tempera
dependencies of Eq.~2!, 3D interaction effect~assuming the
h@1 limit for most of the field sweep!, andDsn was fitted
to theT,10 K magnetoconductance data. The result is giv
in Fig. 4~c! ~the justification for fitting such a curve to
characteristic that exhibits random oscillations is that in
grated areas above and below the smooth curve shoul
equal provided the field range is sufficiently high!.

SinceDsWL5 fDGWL , where f contains the sample di
mensions and a filling factor, we calculatef523105

cm21 via the temperature-independent coefficient ofAB ob-
tained from the above curve fitting procedure and Eq.~4!.
This value is equivalent to the approximate sample dim
sions with a filling factor of 25%. Thus the absolute value
conductivity of the K-intercalated nanotube bundle in t
range 2 K,T,200 K is 10–102 V21 cm21. There are
several possible reasons why the filling factor is less th
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100%: ~i! the filling factor for the nanotubes themselves
less than 100%,~ii ! nanotubes are hollow,~iii ! current does
not inject through all of the nanotube walls, and~iv! K in-
tercalation is not homogeneous~unlikely since pristine ma-
terial is of higher conductance!.

Band calculations for closed nanotube structures rev
electronic properties can range from metallic to semicond
tor depending on the diameter of the structure and its de
of chirality.15 The individual nanotubes comprising a bund
are therefore expected to exhibit a range of electronic st
ture. The low-temperature quantum effects described h
are not band transport phenomena, rather they are contr
by the spatial distribution of defects, therefore the electro
structure of individual nanotubes plays no part in their d
scription.

Since the type-II behavior of K-intercalated nanotu
bundles is also observed in some pristine nanotube bun
we assume that charge transfer is low; thusn'1018

cm23.5 With knowledge of f and by assuming a value o
m*'0.01m0 that is typical for turbostatic graphite,

16 we cal-
culatet'10213 s from the normal component of magnet
conductance determined by curve fitting. From the tempe
ture variation of conductance, Fig. 2, and magne
conductance, Fig. 4, WL effects collapse atT'100 K, hence
t't in (T5100 K! or t in54310213T20.3 s. From the behav-
ior of DsWL , Figs. 4~b! and 4~c!, d'1 at T'10 K and
B'10 T, henceD'1 cm2 s21. From these calculated va
ues, l'5 nm and atT'2 K: l in'10 nm andl T'20 nm,

FIG. 4. Temperature variation of magnetotransport parame
for the K-intercalated nanotube bundle showing three distinct t
perature regimes:~a! 200 K, ~b! 25–100 K,~c! 1.6–25 K. In ~c!,
smooth curves are the best fit to the underlying magnetocon
tance described in the text~successive plots are offset by 1025

V21 for clarity!.
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where l T5A\D/kBT is the thermal diffusion length. This
value ofl is outside the limitl<1 nm imposed above, there
fore there is some inaccuracy in the assumptions.

Universal conductance fluctuations~UCF! are often ob-
served in mesoscopic metallic or semiconductor structu
and recently in a single multiwall carbon nanotube.2,17 The
effect is related to the Aharanov-Bohm effect and cau
quantum interference of electrons on different trajector
not averaging to zero over a few elastic scattering events.
increase in applied magnetic field shifts the phases of
electrons, therefore a different interference pattern resu
Theory predicts sample-specific random fluctuations in c
ductance as a function of magnetic field with a rms amp
tude atT50 of the ordere2/h independent of the sampl
dimensions or degree of disorder if phase coherence
maintained.18 Nevertheless it is remarkable that UCF are o
served in macroscopic samples since they are usually
served in mesoscopic wires. If phase coherence is not m
tained throughout the volume of a macroscopic sample
random magnetoconductance oscillations in any cohe
subunits will sum to zero over the sample as a whole. In
cases of pristine type-II and K-intercalated macrosco
nanotube bundles described here, UCF are observed, th
fore phase coherence must be maintained in a large pa
the sample volume.

The rms amplitude of the UCF was determined from t
deviation from fitted smooth curves, Fig. 5. The amplitude
constant below a critical temperatureTc53.1 K, above
which it acquires a temperature dependence. Similar beh
ior, with Tc50.3 K, has been recently reported for a sing
multiwall carbon nanotube.5 If L is the confining dimension
then at temperatures such thatL is less than bothlf(T) and
l T(T), rms @dG#5const; at higher temperatures whenL is
greater than both length scales, rms@dG# has the tempera
ture dependence of the shorter oflf or l T ~here lf5 l in ; l in
and l T are of the same order so the temperature depend
is not simple!.

At Tc , lf5L, hence we calculateL'10 nm using the
calculated expression fort in and value ofD. This is in good
agreement withL'20 nm determined from UCF for a singl
multiwall carbon nanotube.2

rs
-

c-

FIG. 5. Temperature variation of the root mean square of c
ductance fluctuation amplitude measured relative to the smo
curves as in Fig. 4.
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56 2165MAGNETOTRANSPORT IN BUNDLES OF INTERCALATED . . .
L corresponds to the mean diameter of the K-intercala
beads of the bead-line pattern, suggesting the defects
prevent the propagation of the K guest atoms along
length of the nanotube also confine electrical charge carr
The sample is therefore best modeled as a series and pa
combination of units of dimensionL with comparable inter-
tube and intratube couplings. The statistical self-averagin
the UCF for each unit yields fluctuations of amplitud
dG'(e2/h)( l /L) for L, lf or l T .

19 The observed value o
rms @dG#'0.1(e2/h) is in agreement ifl'1 nm rather than
the higher calculated value ofl'5 nm.

IV. CONCLUSION

Two types of low-temperature magnetotransport beha
in nanotube bundles of helicoidal carbon nanotubes h
been observed. Type-I behavior:~i! occurs in the majority of
d
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samples taken from the material deposited on the cathod
the arc discharge process; and~ii ! is described by WL and
interaction effect in 3D. Type-II behavior:~i! occurs in a
minority of samples taken from the cathode and a
K-intercalated host material of type I;~ii ! exhibits universal
conductance fluctuations withTc'3 K; ~iii ! is described by
WL and interaction effect in 3D with an unknown weak
temperature-dependent inelastic scattering mechanism
l<10 nm. Since type-II behavior is observed in bo
K-intercalated and some pristine material, charge transf
not the dominant effect of intercalation. Rather, K interca
tion is accompanied by suppression of conductivity a
modification of inelastic scattering processes. This evide
suggests the interaction of guest atoms and host mater
fundamentally different in the case of helicoidal carb
nanotubes than that of GICs.
pl.

-
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tronics, University of Liverpool, Brownlow Hill, Liverpool L69
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