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Magnetoresistance of an entangled single-wall carbon-nanotube network
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The resistivity p(T) and magnetoresistand®R) (Ap/p) of an entangled single-wall carbon-nanotube
network are investigated. The temperature dependence of the resistivity shows a ndg&diVefrom T
=4.3-300 K with no resistivity minimum, which is fitted well to the two-dimensional variable-range-hopping
(VRH) (p(T)=poexd(To/T)*3]) formula with T;=259.2 K. The MR shows a negati¥¢* behavior at low
magnetic field. AtT<3.8 K and high magnetic field, the negative MR becomes positive. The positive MR
tends to be saturated fot>10 T. The negative MR with a positive upturn can be decomposed into a positive
contribution from the two-dimensional spin-dependent VRH and a negative contribution from the two-
dimensional weak localization, with some contribution of the Ni impurities in the sample found with the
transmission electron microscope and by energy dispersive spectrometer ah8y56&3-18208)07848-3

I. INTRODUCTION the energy barriers in the heterogenous model. In the local-
ization picture, structural defects and impurities might cause

Since lijima discovered the carbon nanotube, many theyyeay or strong localizations depending on the degree of dis-

oretical and experimental works have been done on thigrder. There were many reports based on the weak-
noble structuré-* The geometric structure of a carbon |ocalization(WL) picture, suggesting that the conduction is
nanotube is known to determine the electronic structures ahainly that of a two-dimensional conductor at low
metals, semimetals, and semiconductors, depending on tha#mperaturé:*?> Lee, Kim and Tamanék argued theoreti-
diameter, number of concentric shells, and chirdliymong cally about the role of nickel particles in forming the SWCN.
the various kinds of carbon nanotubes, the single-wall carbofihe Ni catalyst is essential for synthesis of SWCN. The ex-
nanotubgSWCN) is the most simplified structure, and espe-istence of Ni impurities in the SWCN can lead to an argu-
cially the (10,10 structure is believed to be metalfiz1:2#26  ment similar to the Kondo effect, because of their magnetic

The temperature dependence of the susceptibifitghows properties. In fact, the susceptibility data of a carbon nano-

the Pauli paramagnetic susceptibility of conduction electronj,Ube show a Curie-type contribution of the localized moment

at high temperature, and the gyromagnetic ratio in th arger than_ﬁthat of conduction electron itself at low
electron-spin resonantewas reported to be 2.0022, close to temperﬁturé, even aftelr a cal_mousKhealt tr?ﬁtment t% re-
that of the free electron. Thermoelectric power measureme ovdet t\)eltra?smon meta |mpur|t|i%.s OI.S ) repor':je f
also shows a metallic temperature dependence without arfjf€ double electron-spin-resonar(&sR lines composed o

gap opening at low temperatLﬁ‘éHowever, the resistivity he condl:cﬂonEglsclt_ron a]}ndlthel_locgllzed mombent, andl_the
increases upon cooling for most of the carbon nanotub§"ange of the Ine of a localized moment, by annealing

samples. Recently, Fischet all” reported the metallic lin- the sample at high temperature, indicating the existence of a

ear temperature dependence of the resistivity for the SWCI\[Eagnhet'C moment of the Impurities. Thle_refore_,_we can m;f:r
The resistivity decreases approximately 5% from room tem:[hatt ere remalrllflsome trlaq3|t|on-rrlleta hlmpulrmes (—;-]venf? er
perature down toT=35 K, and then increases fof the caup_ous puri |c_at|on._ .t |s_n9t clear how arge_t e effect
<35 K of transition-metal impurities is in the low-dimensional con-

At extremly low temperatures, Langer and co-workéPs ductor, but we were first motivated by the existence of the Ni

reported an abnormal temperature dependence of the res %qurities?l“‘o We have attempted quantita_tive ana_tly_si_s of
tivity, showing two resistance maxima with a saturation pe.the temperature dependence of the zero-field resistivity as

havior of T— 0. The temperature dependence of the resistivyve” as the magnetoresistan®R) with the localization

ity changes very sensitively with different samplespicturesg,"10'12"‘1““3\/\/ith an additional contribution from the

depending on the preparation methods such as the he agnetic impurity Ni. The results are rather consistent with
treatment>2425To understand the absence of metallic resis-11€ Wo-dimensional variable-range-hoppifigRH) model,

tivity at low temperature, the authors of Ref. 20 proposed ith the two-d_lmensmna_ll \.NL. under a magnetic f|e_|d._ The
heterogeneous model composed of energy barriers and m ondo-effect-like analysis indicates that the magnetic impu-
tallic islands. Recent studies by scanning tunnelingnty Ni may also play a significant role in the observed MR.
spectroscopy?° showed the existence of various energy
gaps in the SWCN of different chirality on the surface of the
bundle, and, even in the same tube, various energy gaps were SWCN’s were synthesized by the arc-plasma method in
found depending on the position. These may correspond tthe presence of a Ni-Y catalyst. Mats of entangled

II. EXPERIMENTS
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SWCN’s were obtained. These mats were cut into rectangu fmw 5 -2 w Tarduare Fauie
lar bars, 2<1x0.1 mn? in size. Platinum wire pressure |- 't W0 Rewimne B
contacts were applied in a four-probe configuration. The Ni
temperature dependence of the resistivity betwéem.3 1
and 300 K was measured by an Oxford variable temperature
cryogenic system equipped with a 12-T superconducting|
magnet. Two EG&G 5210 Lockin Amplifiers with a refer- Si1 .
ence frequency,=13.7 Hz were used for the measurement. N1
We measured the MR by sweeping the magnetic field slowly
to avoid electromotive induction and self-heating. The cur- 2
rent we applied was 1uA. To obtain a stable temperature |
in MR measurement, we waited a reasonable amount of timg
while monitoring the zero-field resistance after setting the
optimum helium vapor pressure for the temperature control
After the temperature became stable, we applied the mag
netic field. To confirm the stability of the temperature, we
checked the zero-field resistance again after the magnetid
field sweeping. At high temperaturd,=225 K, we con-
trolled the heating power applied to the sample holder to
stabilize the temperature. To characterize the SWCN samplg
some mats were sonicated in the presence of a sodium dodj
cylsulfate in an aqueous environméhfThe suspension was
deposited on silicon oxide substrate and investigated b
scanning force microscopy. These studies revealed typica
tube sizes of 1.2um in length and 1.1 nm in heighf. Thick
objects were interpreted as ropes, not completely decom
posed into individual tubes during sonication. From these
studies, we concluded that our sample was an entangled net-
work, predominantly of ropes of SWCN's. FIG. 1. TEM image of the SWCN bundles which contain nickel
impurities. Inset: EDS show the sharp peaks originated from the
nickel particles.

Ill. RESULTS AND DISCUSSION

The transmission electron microscope picture of the=4-3 and 300 K. and the room-temperature conductivity
SWCN network sample is shown in Fig. 1. The finest tubed¥aS orr=400 (S/cm). By heating the sample (@
of diameter=1.5 nm shown in Fig. 1 can be identified as =370 K, the positivedp/dT begins to appear at around
the SWCN's. One may notice that the majority of the tubesT* =320 K. Thus the shallow resistance minimum tempera-
are in bundle forms whose diameters are larger than 5 nniure T* is shifted to a higher temperature than those reported
This indicates that the individual SWCN's form the ropesby Fischeret al*” The highT* can be understood as due to

where the intertubular interaction could be signific4rt the h_igh inte_rtubular couplings i_n the present sample. It is
In addition, dark spots are observed near the stem of thgonsistent with the recent studies on the pressure effects
bundles. Independently, energy dispersive spectromet transport of SW.CN s by F'Sheﬁ al,”" who _revealed the
(EDS) data for the sample show clear peaks identified as nimportance of the intertube ordering and attributed the inter-
impurities, as in the inset of Fig. 1. The Ni impurities could
originate from the catalyst in synthesizing the SWCN, and

are located in the dark-spots area, forming a mixture with  0.10
carbon particles.

The MR’s are plotted in Fig. 2 for different temperatures.
The overall MR'’s are negative, similar to what was found by
others/®18 At T=1.5, 2.33, 2.92, 3.8, and 6.7 K, the MR’s
show upturns toward positive values. In the case Tof
=1.5 K, there is a reduction of positive slope which may " g o0l
indicate the saturation fdi>10 T. The negative minimum
of the MR moves to a higher field as temperature rises. At
T=225 K, the MR remains negative up to=$0 T, which
is different from Songet al’s result! showing the positive
H? dependence at high temperature. We must emphasize thi S
the MR generally becomes significant at low temperature in H (Tesla)
most of the samples.

The temperature dependence of the zero-field resistivity iS FIG. 2. MR of the SWCN network af=1.5, 2.33, 2.92, 3.8,
plotted in the inset of Fig. 2. The zero-field resistivity showsé.7, 11.75, 21.01, 37.71, 67.80 and 225 K. Inset: Temperature de-
a negativedp/dT without a resistivity minimum betweeh pendence of the zero-field resistivity betweks 4.3 and 300 K.
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FIG. 3. Temperature dependence of the zero-field resistivity fit- FIG. 5. Temperature dependence of the zero-field resistivity fit-
ted to the two-dimensional variable range hopping formui@r) ted to the Kondo equation. The left inset denotes the linear region

=1003.9 exp—(259.2I1)?]. Inset: the slope gives the dimensional between—T2AR/H? and InT below T<10 K.
exponentd=1.922, indicating the two-dimensional VRH.

tion under a magnetic field. However, since the fitting regime

actions between the nanotubes to the crossover temperatwéthe H2 dependence of MR is limited to the low magnetic
T*. field (H<1 T), the effect of the wave-function shrinkage is

In view of the strong localization picture, we consideredexpected to be small. Therefore the negative MR cannot
VRH-type conduction at first. The model fits our temperatureoriginate due to the strong localization efféotRH).
dependence of the zero-field conductivity data very well as Second, we tried to fit the zero-field conductivity with the
shown in Fig. 3. In Mott and Davis's VRH mod&, WL theory at low temperatures (4.3 <KT<10 K) to see
the conductivity follows the formula o(T)= its suitability for our systerff® In the WL theory, the char-
aoexd —(To/TYE+D] (d is the dimension of the systam acteristic length scale is the Thouless length=aT P2
We have obtained the dimensional constdat1.92 by fit-  The value ofp is determined by the temperature dependence
ting In[—In (¢/1000)] versus IfT as in the inset of Fig. 3, of the scattering rater{( ' TP) from the dominant dephas-
indicating that the two-dimensional VRH is dominant, anding mechanism. We have tried to fit the data with the one-
obtainedT;=259.2 K. One might try to fit the observed and two-dimensional WL formulas, as well as the three-
negative MR data to the VRH theory of Fukuyama anddimensional WL formula. However, the one- and three-
Yoshida. Although theH? dependence of MR at low field dimensional WL formulas do not fit both the zero-field resis-
(H<1 T) can be explained under this scheme, the fittingtance and the MR result together by the appropmatalues
results according to the theory of Ref. 42 of negative MRconsistent with the theory. On the other hand, the two-
show the dimensionality parameter=0.70 which is not dimensional WL formuldEg. (1)] can fit the data reasonably
consistent with the resultdE 1.92) of the zero-field resistiv-  well, as shown in Fig. 4:
ity data fitting. One might argue that the reduction of dimen-

sionality could occur due to the shrinkage of the wave func- e? 3.
0'(T)=0'(T0)+2 = ap+ 1_ZF" In T_o (€N)
60 T v T L) v 1 M T T M T
o For an orbitally nondegenerate free-electron gas,1,
lo)

,-E\ 501 P . andp/2 is the temperature index of the Thouless lerigth.
R} The Coulomb term is (+ $F,), where the size of the Har-
Z 4o . tree partF, depends on the screening length. The inset of
Z2 Fig. 4 shows the fitting of the negative MR using the two-
B dimensional WL model of Eg(2). The p value obtained by
g 3 1 the fitting wasp=0.828=1, which is consistent with the
'2 predicted value by the two-dimensional WL theory. This
8 20 i value is similar to that of Songt al,’
10 Temperaturel?K) ez 1 1
A e A Ao(HT)=— |5+ 5| +in(0
Temperature (K)
) . - 2 4eH —(pl2)
FIG. 4. Temperature dependence of the zero-field resistivity at «T"PH x=Lmn7 <1, LepT P,

low temperature fitted to the two-dimensional WL theory. Inget:
value fitting according to the two-dimensional Wh0.828). 2
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where ¢ is the digamma function. The general behaviors in 0.6 7 - y T T - -
both the zero-field resistivity and the MR are indicative to 0.5
those of the two-dimensional WL, although the estimated < 04l
value is slightly smaller than expected. ﬁ o
On the other hand, we have considered the effect of nickel s 0.3
impurities by fitting the data to the Kondo-effect formula as L 0.2+
shown in Fig. 5. Kond® suggested the contribution of extra g 014
s-d exchange interaction to the temperature dependence of =~
zero-field resistivity as following Eq3) for T>T: 0.0
3c Q
Ap — sintp—2m23%p2S(S+1)cod psint
et N 1 00
S -0.14
cos 5 cos 2 g |
+ PSS e (3 S 0]
[1-2Jp4In(T/D,)] S
&
g-o.z-
7 is the phase shift due to the potential scattering given as & -0.4
tannp=—mVp,, wherep, is the carrier concentration per 05‘

one spin degree of freedom near the Fermi energy \atie T 2 4 6 8 10 L
magnitude of the potential energQ. is the volume of the (b) H (Testa)

host metal S the effective spin angular moment of unpaired
spin in the existing magnetic impuritied,. the cutoff energy
which corresponds to the Fermi energy, ahthe effective  data ofH>7 T to a Kamimura-type positive MR formula in two
exchange interaction integral givends J co$z. The nega-  dimensionsa=0.220, b=0.145, andly=259.2 K. (b) The nega-
tive (positive J value corresponds to the antiferromagnetictivé MR obtained by subtracting the calculated positive N&R
(ferromagnetit s-d exchange coupling between the conduc-om the experimental raw MR data.

tion electrons and the localized moments. Because of the

FIG. 6. (a) Calculated positive MR obtained by fitting the MR

complexity of the equation, the fitting is not simple. The 37 m cuglgugH )2
Origin 3.78 made by Microcal Software, Inc. was used to Apz————o( 8 ) J°S(S+1)
26|: ezﬁ 9 kBT

plot the data. The data fitting is done by the user-defined

function program in the menu of the Origin 3.78. By repeat-

ing the numerical fitting in the menu with proper initial val- X
ues, the errors between the fitted curve and the data could be
reduced. The resultant fitting parameters are given in Table I.
At extremely low temperature, there may be screening
around the localized magnetic moment, which reduces the
effective magnetic moment, reaching zerd@at0. The small

magnetic moment%=0.140) may come from the screening yherey is the atomic volume of the host metalthe im-

around the nickel impurities. By a complete screening of the, i, concentration, and the number of conduction elec-
magnetic moment, the resistivity change will be gradually;,,q per atom.

reduced as the temperature is lowered below the Kondo tem- If —T2 is multiplied by Eq.(4), we can infer33SInT
perature T<T), following the Na_tgaoka’s equatio%T_he dependence of T?A p/H2(— T2A p/H233SInT). At each
Kondo temperature we have obtained’jg=1.03 K, which (o erature, we have fitted the? dependence of the low-
is lower than the range of our measurement. Thus the Cond’ﬁeld MR data to Eq(4), and plotted—T2A p/H? versus IAT
t'OT\IT>T.K to use Eq.(3)_|s Sat'Sf'ed'ld - d he d in the inset of Fig. 5. The negative slopeTat 10 K versus
egative magnetoresistance could originate due to the dgg 1 gicates that the exchange coupling is antiferromagnetic
pression of the spin-flip scattering in the Kond_o effect, WhICh(J<0), which is consistent with the zero-field result. Re-
can be fitted to Eq(4) (Ref. 39 at low magnetic field: garding the Kondo effect, Gurgenishvili, Kharadze, and
Nersesian calculated the MR in the case of large phase shift,
TABLE |. Fitting parameters of the temperature dependence ofyhich showed negative at low field and positive MR satu-

3zJ keT
1+4S(S+1)+ — [1+4S(S+1)]In=——
€E 26|:

+6.275(S+1)+1.11,

( gugH
a=

T <1), (4

the resistivity obtained by the Kondo formula.

7 Jpy S D, (meV)? Ty (K)

/19.6 -0.618 0.140 0.2 1.030

&Cutoff energy corresponding to the Fermi energy.

The negative value refers to the antiferromagnetic coupling.

‘Kondo temperature is given a8 = (D/kg)exp(—1/2|J|p4).

rated at high field® Although we tried to fit our MR data to
this scheme, the phase shift turns out to he/2which is
larger thanw/4. Since the Kondo formulgEgs. (3) and (4)]
used to fit our data are based on the small phase shift (
<m/4), the large phase shift and its sensitive change with
the variation of parameters are difficult to understand. There-
fore, the positive upturn of MR cannot be understood reason-
ably with the Kondo effect only.
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To understand the positive upturn of MR at low tempera-the effect of Ni is. Interestingly, there were reports that WL
ture, we made the following two assumptictf$.(i) The MR may have difficulties in thin metal films containing magnetic
data are the sum of the positive and negative contributionsmpurities®® To understand the effect of magnetic impurites
(Aplp)=(Aplp)y+(Ap/p),. (i) At high magnetic field, and the intrinsic conduction mechanism clearly, further ex-
the positive contribution dominates the negative MR compoperimental studies are ongoing.
nent which is saturated at this field. For the positive MR
contribution, we use the magnetoconductad®/G of a

Kamimura-type spin-dependent VRH contribution in two di- V. SUMMARY
mensions, as followEEqg. (5)]:%4344 We have measured the MR of a SWCN'’s network up to
H=10 T as a function of temperature. The zero-field resis-
AG H? B To\ M3 tivity follows a two-dimensional VRH behavior well into the
E__AKKW' meHik=akgT T/ measured tempearture range. The negative MR data can be

() fitted by the two-dimensional WL theory. The positive up-
To| 13 turn of MR at low temperature seems to originate from
?) } Kamimura-type two-dimensional spin-dependent VRH. The

inter tubular coupling could be important in our mat-type

(Hkk is the characteristic field for spin alignmewnt,, the  samples, leading to the high crossover temperafiireand
saturation value of the magnetoconductance,aaddb are  the possible contribution from the magnetic impurityi)
constants depending on the systeidnder assumptiofii),  introduced in synthesizing the SWCNs has been discussed.
we fitted the data to Eq(5) in the high-field regime
>7 T). By fitting, we obtaineéi=0.220 anch=0.145. The
fitting curve for the positive MR is plotted in Fig(®. Sub-
tracting the positive contribution in Fig.(® from the raw We would especially like to express our gratitude to Dr. J.
MR data shown in Fig. 2, the pure negative MR could beH. Smet and Dr. A. Christian at MPI, Stuttgart, for allowing
extracted as in Fig.(6). The overall behavior is monotonous us to use their magnet system, and to Mee Jeong Kang at the
without crosses and/or abrupt changes. With these scheméter-University Center for Natural Science Research Facili-
we can explain the positive upturn in MR data by addigg  ties in Seoul National University for the elemental analysis
and (b) of Fig. 6. The positive MR may come from the using TEM and EDS. This work was jointly supported by the
two-dimensional spin-dependent VRH among the defects oiorea Science and Engineering FoundatiK®@SEPR, Korea
the surface of tubes, and the negative MR might originateand the Deutsche ForschungsgemeinsdiizfG), Germany.
from the WL contribution. The negative contribution to the Partial support for G.T.K. was provided by the DAAD-
MR from the WL might be deformed by the extra spin ex- KOSEF program and the European Community through the
change coupling with Ni particle¥.It is not clear how large TMR contract NAMITECH.
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