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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 fluctuationsTfarlO K and an underlying positive magnetoconductance to
very high magnetic fields fof <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 dimensiohg0y/63-18207)03828-9

I. INTRODUCTION cally different behavior(i) conductance(T), in the range
2-300 K is 16—1C lower than that of similar-sized type-I
There have been several recent reports of electrical megamples; (i) appearance of random magnetoconductance
surements performed on a single multiwall carbon nanotub8uctuations forT <10 K; and(iii) a large underlying positive
announcing many interesting properties including largenagnetoconductance to very high fields o< 100 K.
jumps in resistivity over a narrow temperature range and It is remarkable that K intercalation of a type-I pristine
universal conductance fluctuatioh$However, the experi- Mmaterial produced nanotube bundles that exhibit the type-II
mental difficulties encountered are considerable. In this pabehavior. In this paper we report this range of phenomena
per we report the magnetotransport properties of macrocan be described within the framework of the theory of WL
scopic bundles of closely packed multiwall nanotubesand interaction effect in 3B.
successfully intercalated with guest atoms of potassium with-

out b_reaking the t_ub.ula_r structg?él?he success of the inter- Il. EXPERIMENT
calation process is indirect evidence that the nanotubes are
helicoidal rather than the closed Russian doll tyfiéhe ad- Full details of the intercalation of potassium and other

vantage of this approach is that it allows measurements to hguest atoms into nanotube bundles are given elsewhere.
performed on the same bundle in the pristine and intercalate@canning electron microscope studies revealed a dramatic
states and facilitates the handling of active K-intercalatecchange in the appearance of individual nanotubes. Straight
samples. These measurements elucidate the gross effectspafstine nanotubes are transformed after intercalation into a
K intercalation rather than modification of the electronic “bead-line” pattern comprising swollen intercalated sections
structure of individual nanotubes. and narrow nonintercalated “neckgK guest atoms are pre-
The nanotube bundles used in this study were producedented from propagating along the length of the nanotubes
by one of the authors by arc discharge in a He atmosphere &y defects in the graphene helicpidrig. 1. The appearance
described elsewhefe.Transmission electron microscopy of this characteristic pattern can only be explained in terms
studies confirm that the material comprises defectless)f the helicoidal model for multiwall carbon nanotubies.
aligned multiwall nanotubes close packed into bundles ofliffraction pattern similar to that for the corresponding
outer diameter several tens of nanomefefaese bundles in  stage-1 graphite intercalation compou(@IC), CgK, was
turn form bigger fiberlike structures of length 1-3 mm andobserved after intercalation from which we calculate that the
approximate diameter 0.1 miii,e., an ensemble of 1 intershell distance increases from 3.44 to 5.3°A.
102 individual multiwall nanotubes These structures were  Magnetotransport measurements were performed with a
used as the host material for intercalation. standard two-contact technique with the magnetic figld
Songet al. have reported the galvanometric properties ofapplied perpendicular to the sample axis. The K-intercalated
similar pristine bundles produced by one of the authorssample was protected against contact with air while transfer-
these can be summarized(@sT > 60 K, p-type semimetallic  ring from the inert atmosphere to the cold arm of a super-
behavior consistent with the simple two-band model forconducting magnet system. Measurements were performed
semimetallic graphitefii) low-temperature properties par- on the same nanotube bundle before and after intercalation.
tially described by two-dimension&2D) weak localization
(WL) theory® We also observed these properties for the ma-
jority of samples(labeled type ) taken from the growth on
the cathode used in the arc discharge method. However, a Figure 2 shows that the conductance variation of both the
minority of samples(labeled type I exhibited a dramati- pristine and intercalated states increases with temperature. It

IIl. RESULTS AND DISCUSSION
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a magnetic impurity, therefore quenches WL effects. Since
the inelastic scattering time,,(T)<T P, wherep depends
on the dominant scattering mechanism, WL effects are ob-
served at low temperature whefy, is much greater than the
temperature-independent elastic scattering timm perfect
periodic potentials, at low temperatur@ <5 K) 7,,xT ?
for the electron-electron scattering mechanism and at higher
temperatures when the electron-phonon interaction domi-
nates,r;,< T~ >. Electron-electron scattering is enhanced in
the 2pgresence of disorder, in 3p=32 2D, p=1; and 1D,
pP=3.
In 3D, the spatial extent of phase coherence, the phase
coherence length,= 3D 74, whereD is the elastic diffu-
sion coefficient andr,, is the coherence tife Coherence
time conveys the effect of inelastic and magnetic impurity
scattering viar,(T) " '=7,(T) "'+ 7, ', where 74 is the
FIG. 1. Scanning electron micrograph of a K-intercalated nano-magnetIC §catter|ng time; hentg(T) =aT P, .Here, since
tube showing the characteristic bead-line pattern. the m""_te”?" has been shown to be of u_It_rahlgh purity, Spin
scattering is neglectetin 3D, the conductivity due to WL is

is remarkable that for the entire temperature range condud'Ven by?

tance is lowered by K intercalation. The in-plane conductiv- Q2 1
ity of CgK is ~10* times higher than that of the host UWL(T):UoJrh—g—Tp/z- (1)
7 a

graphite’ The introduction of disorder and/or a weakening of
intertube couplings rather than a decrease in conductivity Of, the intercalated sampBy, =TS i.e., p=0.30, indi-

the individual nanotubes themselves is the probable cause @hing that none of the inelastic scattering mechanisms out-

this behavior. _ lined above are applicable. Possibly an anomalous situation
Conductance behavior, and that of the magnetoconduGy yhich the localization is 3D and the scattering process is

tance, is in qualitative agreement with the characteristics ofjisorder-enhanced 1D. as has been observed in Bi wires by

type-II pristine nanotube bundles described above. The temzg ytier and Giordano, is preséfitEither possibility implies
perature variation for both pristine and K-intercalated stateg, ¢ these processes are still not fully understood.

is rather weak implying intertube coupling is sufficiently 114 theory of magnetoconductivity changelo
strong to exclude a hopping mechanism. The conductance o(B,T)—(0T), due to 3D WL was formulated by
variation of the intercalated nanotube bundles signals 3Qcqwabatal

WL behavior, Eq.(1).6 For the K-intercalated nanotube

bundle, the signal became time dependent at temperatures Ac(B,T)=—Ac,(B)+ Aoy (B,T). 2
close to room temperature perhaps due to rearrangement of
the intercalant. HereAo,= oo(w.7)%*B? is the “normal” negative compo-

WL effects result from the constructive interference of nent, wherewc=e_B/m2* and op=ne?s/m* (symbols have
partially backscattered electron waves traveling back alongheir usual meanings® The positive WL contribution,

time-reversed pattfSWL effects therefore reduce conductiv- )

ity. A mechanism that destroys the phase coherence of the __*®
electron, such as an inelastic scattering event or scattering at Aow (B.T) szhlB F(9), ©

where the magnetic lengtliy= \%/eB. The functionF(6),

3X102 Pristine N t be Bundl ' where 6=3I§/4llin, inelastic scattering length,= /3D 7y,
ristin Nanotube Buncle and elastic scattering length=/3D 7, has two limits for
which an analytical solution of the ford oy, <B" exists,
o 102 Aoy (B)=2.9x10*VB O lcm™ (B in T) for s<1
v/ ) 4
© K-Intercalated Nanotube Bundle and
tos T I Aoy (B, T)=0o(Ain/N) ¥ @c7) /1243
X1 p 7015 xT~3PMB2  for §>1. (5)
3X10-4 - L 4 ..
1 10 100 Note that Eq.(4) is independent of system parameters, a
T(K) form unique to 3D WL. The quantitpxTP?/B, hence the

condition <1, is observed for high fields at low tempera-
FIG. 2. Conductance vs temperature for a nanotube bundle bdure. Whenlg~1, the positive WL componenh oy, will
fore and after K intercalation. tend to saturate and the negative normal compomant
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. . The qualitative agreement with E() is clearly seen in
R 60 () 300K the low-temperature variation d&fo, Fig. 3c). However, the
‘; observation of a temperature-dependent negative component
o 40 1 at high fields cannot be described by WL effects alone be-
- 150K cause botlA o, andA gy, for §<1 (i.e., for high fields and
Q. 20 100K 1 low temperaturesare temperature independent. Note that
< Ao remains relatively unchanged in the temperature range
0= — 25-50 K suggesting that the temperature-dependent negative
~ term is not significant forT>25 K, i.e., Ac=—Ao,
d + Aoy, for 25 K<T<50 K. [In Fig. 3, for T<50 K, the
oL 0 . Aoy, =B? dependence of the temperature-dependisat.
= SOK limit, Eq. (5), is observed foB<0.1 T, therefore\ o, is in
Q) the §<1 limit or tending to saturate for most of the field
< -If 75K ] range] The maximum in—Ao,+ Aoy, atB=3 T occurs
. P . when lg=I, hencel~10 nm for the pristine nanotube
= ' bundle; accurate curve fitting for higher fields is not possible
T because\ oy, tends to saturate.
S 25K At T~75 K both the WL and classical contributions to
'9 -1f . magnetotransport are evident, Figib For 75-100 K,
- 10K Aoy, collapses, indicating that the transition frofr<1 to
© 2p 4K 1 8>1 occurs in this temperature range.
< () 16K . P 9
Y N Subtraction of- Ao, + Aoy from Ac(T<25K) reveals
02 10 12 14 16 18 20 a negative term with the/B and yT dependencies at high

field (i.e.,h>1;if g=2 andT=4 K, h=1 atB~1 T) of the
3D interaction effect! Hence for T<50 K, the magne-

FIG. 3. Temperature variation of magnetotransport parametertotransport of the pristine nanotube bundle can be qualita-
for the pristine nanotube bundle showing three distinct temperaturéively described by the 3D WL and interaction effects.
regimes:(a) 100—-300 K,(b) 50-100 K,(c) 1.6-50 K.

dominatet! Hence the condition for observation of the

Dramatic changes in magnetotransport behavior after K
intercalation were observed, Fig. 4. Random fluctuations
about a positive underlying magnetoconductance were ob-
served to very high fields foF <10 K, Fig. 4c). In the range

unique temperature-lndependéntmoc B expressed in Eq. 10 K<T<100 K, the positive magnetoconductance col-
(4) can be writterl <l g<< I, ™ _ lapses with temperature and B&=200 K a small two-band-
Magnetotransport parameters @sat various tempera- type magnetoresistance is seen, Fitp)4This behavior of
tures for the pristine nanotube bundle are given in Fig. 3. Inhe underlying magnetoconductance can be described in
agreement with the report of Somyg al,, three distinct tem-  terms of 3D WL theory, Eqgs(1)—(5), but no saturation of
perature regimes were identifigdror T>90 K, magnetore-  AG is observed in the field range employed, thereforel
sistance Ap/po[Ap=p(B)—po] is a classical effect de- nm. The observed collapse of positive magnetoconductance
scribed by an angularly averaged simple two-band mbel. js simply the transition ofAay, from the 5<1 to the
Following the procedure of Soref al, curve fitting reveals  ss.1 |imit. For T<10 K, Aay, is in the system-independent
the ratio of hole to electron conductivities;,/o., t0 be  s<1 |imit for most of the field sweepfoxB? forB<0.1T
increasing with decreasing temperature in this regime. AcCgicating the field range of thé>1 limit and that the in-
cording to this model, asry/oe—=, Ap/po—0 hence teraction effect is weak in this casand far from saturation.
changes in low-temperature magnetotransport parameters gi@nce an expression embracing the field and temperature
due to quantum phenomena, i.e., due to WL and interactiogependencies of Eq2), 3D interaction effectassuming the
effecgse(ltPese are most conveniently described in terms of,s 1 |imit for most of the field sweep andA o, was fitted
Ag).>™ ) o _ . totheT<10 K magnetoconductance data. The result is given
.The interaction gffect or splitting of electron energies intojn Fig. 4(c) (the justification for fitting such a curve to a
spin-up and spin-down bands when the conditioncharacteristic that exhibits random oscillations is that inte-
h=gugB/kgT>1 is satisfiedwhereg is theg factor, ug  grated areas above and below the smooth curve should be
the Bohr magneton, ar the Boltzmann constanis char- equal provided the field range is sufficiently high
acterized by a conductivity change comprising two terms: Since Aoy, =fAGyy, , wheref contains the sample di-
Aoy(B,T)=Ac{(T)+Ac{(B). The actual forms of mensions and a filling factor, we calculate=2x10°
Ao((T) andAoy(B) are nontrivial andAo}(B) can be ei- ¢cm~1 via the temperature-independent coefficient/&f ob-
ther positive or negative; the reader should refer to Ref. 14ained from the above curve fitting procedure and &).
for full expressions. In 3D the effect is often manifested asThis value is equivalent to the approximate sample dimen-
Aca{(T)<\T and Ao|(B)x—+B for h>1 or Ac{(T) sions with a filling factor of 25%. Thus the absolute value of
«—B2 for h>12° In real systems the zero-field WL term, conductivity of the K-intercalated nanotube bundle in the
Eq. (1), andAg|(T) are both present; to the lowest order range 2 K<T<200 K is 10-18 Q~1cm™ . There are
they are believed to be simply additife. several possible reasons why the filling factor is less than
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4 1 . e .
6 where l=#AD/kgT is the thermal diffusion length. This

16K . . e .

< 2 1 value ofl is outside the limif <1 nm imposed above, there-

o fore there is some inaccuracy in the assumptions.

0 2 4 o6 8 10 12 14 16 18 20 Universal conductance fluctuatiotdCF) are often ob-
B(T) served in mesoscopic metallic or semiconductor structures

and recently in a single multiwall carbon nanotd3é.The

FIG. 4. Temperature variation of magnetotransport parametereffect is related to the Aharanov-Bohm effect and caused
for the K-intercalated nanotube bundle showing three distinct temguantum interference of electrons on different trajectories
perature regimesia) 200 K, (b) 25-100 K,(c) 1.6-25 K. In(c),  not averaging to zero over a few elastic scattering events. An
smooth curves are the best fit to the underlying magnetocondugncrease in applied magnetic field shifts the phases of the
tance described in the texsuccessive plots are offset by 10 electrons, therefore a different interference pattern results.
Q7" for clarity). Theory predicts sample-specific random fluctuations in con-

ductance as a function of magnetic field with a rms ampli-

100%: (i) the filling factor for the nanotubes themselves istude atT=0 of the ordere’/h independent of the sample
less than 100%ii) nanotubes are hollowjii) current does dimensions or degree of disorder if phase coherence is
not inject through all of the nanotube walls, atid) K in- maintained® Nevertheless it is remarkable that UCF are ob-
tercalation is not homogeneoWsnlikely since pristine ma- served in macroscopic samples since they are usually ob-
terial is of higher conductange served in mesoscopic wires. If phase coherence is not main-

Band calculations for closed nanotube structures revedhined throughout the volume of a macroscopic sample the
electronic properties can range from metallic to semiconducrandom magnetoconductance oscillations in any coherent
tor depending on the diameter of the structure and its degregubunits will sum to zero over the sample as a whole. In the
of chirality.!® The individual nanotubes comprising a bundle cases of pristine type-ll and K-intercalated macroscopic
are therefore expected to exhibit a range of electronic struaranotube bundles described here, UCF are observed, there-
ture. The low-temperature quantum effects described herre phase coherence must be maintained in a large part of
are not band transport phenomena, rather they are controlldde sample volume.
by the spatial distribution of defects, therefore the electronic The rms amplitude of the UCF was determined from the
structure of individual nanotubes plays no part in their de-deviation from fitted smooth curves, Fig. 5. The amplitude is
scription. constant below a critical temperatuife.=3.1 K, above

Since the type-ll behavior of K-intercalated nanotubewhich it acquires a temperature dependence. Similar behav-
bundles is also observed in some pristine nanotube bundlewr, with T.=0.3 K, has been recently reported for a single
we assume that charge transfer is low; thns-10®  multiwall carbon nanotubglf L is the confining dimension,
cm 3.2 With knowledge off and by assuming a value of then at temperatures such thats less than bott,(T) and
m* ~0.01m, that is typical for turbostatic graphitéwe cal-  1+(T), rms[ 8G]=const; at higher temperatures whenis
culate 7~10" 1 s from the normal component of magneto- greater than both length scales, ri@@G] has the tempera-
conductance determined by curve fitting. From the temperature dependence of the shorterlgfor I+ (herel y=1,; li,
ture variation of conductance, Fig. 2, and magneto-andl; are of the same order so the temperature dependence
conductance, Fig. 4, WL effects collapselat 100 K, hence is not simple.
7~ i, (T=100 K) or 7;,=4x 10 T~ %3s, From the behav- At T¢, l4=L, hence we calculate~10 nm using the
ior of Aoy, , Figs. 4b) and 4c), 6~1 at T~10 K and calculated expression fat, and value oD. This is in good
B~10 T, henceD~1 cm? s~ 1. From these calculated val- agreement with.~20 nm determined from UCF for a single
ues,|~5 nm and afT~2 K: |;;,=10 nm andlt~20 nm, multiwall carbon nanotubg.
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L corresponds to the mean diameter of the K-intercalategamples taken from the material deposited on the cathode in
beads of the bead-line pattern, suggesting the defects thtite arc discharge process; afig is described by WL and
prevent the propagation of the K guest atoms along thénteraction effect in 3D. Type-ll behaviofi) occurs in a
length of the nanotube also confine electrical charge carriersninority of samples taken from the cathode and also
The sample is therefore best modeled as a series and parallélintercalated host material of type (ij) exhibits universal
combination of units of dimensiob with comparable inter- conductance fluctuations wifi.~3 K; (iii) is described by
tube and intratube couplings. The statistical self-averaging ofvL and interaction effect in 3D with an unknown weakly
the UCF for each unit yields fluctuations of amplitude temperature-dependent inelastic scattering mechanism and
8G~(e?/h)(I/L) for L<I4 or I1.*° The observed value of |<10 nm. Since type-ll behavior is observed in both
rms[ 8G]~0.1(e’/h) is in agreement if~1 nm rather than  K_intercalated and some pristine material, charge transfer is

the higher calculated value 65 nm. not the dominant effect of intercalation. Rather, K intercala-
tion is accompanied by suppression of conductivity and
IV. CONCLUSION modification of inelastic scattering processes. This evidence

Two types of low-temperature magnetotransport behaviopugdgests the intgraction pf guest atoms and_ ho_st material is
in nanotube bundles of helicoidal carbon nanotubes hav&!ndamentally different in the case of helicoidal carbon
been observed. Type-I behavidit occurs in the majority of Nanotubes than that of GICs.
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