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Giant thermopower in carbon nanotubes: A one-dimensional Kondo system
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The electrical transport properties of single-wall carbon nanotubes are shown to be strongly influenced by
the presence of transition-metal impurities derived from the catalyst introduced to stimulate their growth. Data
on thermoelectric power and electrical resistance in the temperature range 10—400 K were obtained on a series
of samples prepared usimg-Y catalysts(M =Cr, Mn, Co, Fe, Nji. The unusual transport behavior observed
is tentatively assigned to an interaction between the magnetic moment & #item and the spin of the
conduction electrons of the nanotubes, i.e., the Kondo effg80163-18209)50240-3

Small diameter §<2 nm) single-wall carbon nanotubes bands with near mirror symmetry about the Fermi energy
(SWNT) have now been prepared in sufficient yield from E. Approximately equal numbers of electrons and holes in
catalyzed carbon plasmas to allow the widespread study afiese symmetrier bands are consistent with the sm@éga-
the chemical and physical properties of these moleculative) linear thermopower observed below room temperature.
filaments! In this work, we present the results of a system-Similarly, the one-dimensional band structures of isolated,
atic study of the transport properties of SWNT mats pro-gefect-free, metallic carbon nanotubese also found to be
duced from a series of transition-metal-€atalysts which uite symmetric aboutEq, although, in this case, the
show that the identity of the catalyst has a pronounced effe'fgonduction- and valence-band overlap bg eV. As appre-

onlth_e ilectnc?l transport, di ) ciated earlief, one should therefore anticipate small values
.t IS known from numerous studies on nonmagnehc.meﬂfor the room-temperature thermopower of SWNT's as well,
tallic hosts(X) that only ~10-100 ppm magnetic impurity gontrary to experiment. Tube-tube interactions within a

(M) can have a dramatic effect on the electrical transpor dle h b d | he d itv of
roperties of the ho$tA giant peak in the thermopower vs undie have been proposed as a means to alter the density o
P states at Eg which should impact the transport

temperature and an associated resistivity minimum were re= 7910
ported in the systemX:M, whereX=Au, Ag, Cu, andM properties.®*® However, the work presented here suggests
“Ti V. Cr. Mn. Ee. Co ’Niz,s These ot;serv’atioﬁs are ex. that magnetic impurities may be responsible for the anoma-

plained theoretically as the result of an interaction betweerPUSly large thermopower of metallic SWNT's and contrib-
the magnetic moments of the impurity atoms and the conUte to the upturn of the resistivity at loi ,
duction electron spins of the hdst. This interaction was SWNT mats, a single bundle of SWNT and even a single
shown to lead to a new spin-dependent scattering mechanisf@notube, have all been reported to exhibit anomalous resis-
and a narrow hybridization peak or “Kondo resonance” in tanceR(T) behavior(see Ref. 11 for a recent revigwfhese
the electronic density of states positioned near the Fermi erpanotube systems exhibit a very shallow minimumRirat
ergy Er .>* The Kondo temperature can be written approxi-T=T*~40-300K with dR/dT<0 for T<T*. Various
mately as mechanisms have been proposed to explain the anomalous
R(T) behavior, i.e., weak localization'? contact tunneling
Tk~ (Eg/k)exp{—1[2|I|D(Ep)1}, resistance between tube bundles in the thambe-tube in-
teractions within a bundI&? and contributions from both
where J is the antiferromagneticJ<0) exchange integral semiconducting and metallic tubes in the sarpla. this
between the localized electrons of impurity atofM) and  work, consistent with the model proposed in Ref. 11, the
the conduction electrons of the host, ddds the polarized electrical transport properties of mats of SWNT bundles are
electronic density of statd®OS) of the host(per atom per viewed as dominated by the contribution from bundles of
spin.? Ty is therefore most sensitive thand D(Eg). The  metallic tubegand interbundle electrical contagishich al-
width of the hybridization peak in the electronic DOSEgt  low the formation of percolating metallic pathways through-
is ~kT, .2 out the sample. Hereafter, when we refer to the experimental
The first measurements of the thermopower in SWNTSWNT mat thermopower or resistance, these quantities are
mats produced both by pulse laser vaporization, RRéf.  discussed in terms of a presumed dominant contribution
5) (Ni-Co catalyst and arc discharge, ADRef. 6 (Ni-Y from an interconnected metallic network of SWNT bundles.

catalysj yielded surprising resultdarge positive values at Our transport data were primarily collected on mats of
room temperature, i.eS(300 K)~ +40 to +60 uV/K, and a  tangled bundles of SWNT'’s taken directly from an AD ap-
strongly nonlineail dependence witdSdT>0."® This be-  paratus (CarboLex Inc., Lexington, KY;

havior is in a sharp contrast to that observed for the basalww.carbolex.com The approximate volumetric yield was
plane of graphite which exhibits a value f@(300K) estimated on the basis of Raman scattéririg be ~20—
=—4 uVIK and a nearly lineall dependence. Graphite has 70%, depending on the specific catalyst, ikl;Yttrium
a pair of weakly overlapping electron and hal@’ or #  (M=Mn, Cr, Fe, Co, NiM=4 at. %,Y=1 at. %). The bal-
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ance of the material in the mats was in the form~af0—-20 SR UL
nm diam carbon nanospheres and carbon-coated catalyst par- 80 A rey —
ticles which are presumed not to participate in the transport. g Lo E
After the initial transport measurements on the mats, a = 4, . Mm IV
postsynthesis iodine treatment of the samples was carried out & A Co-Y __“:u asst ]
in an attempt to convert the interstitid into M-1 com- E N LR PP TTTE R -
plexes. The treatment involves the intercalation and subse- g o f o= Ni-Y M:..‘.‘w“" E
quent deintercalation of charged polyiodide chaihg)(into & 4 .'/ﬂ'“’ oeet ;
the interstitial channels between the tubes in the buhdle. £ 20f = e iodine treated 3
X-ray diffraction (XRD), and scanning and transmission ey oD ;J(Fv?;.lg""m‘“é
electron microscopy were used to characterize the SWNT e Y

materials. All of the SWNT samples exhibited an x-ray dif- “S00 400

fraction peak in the range#25.9°-6.1°(CuK, radiation TEMPERATURE (K]

associated with the average tube separation in a bdfdle. ,
The existence of the XRD peak confirms the presence o FIG. 1. Temperature dependence of the Seebeck coeffi@ent
{?r the various samples indicated. A postsynthesis “iodine treat-

well-ordered, large bundles of nearly monodispersed tubes i " ; _
our samples. For the F¥; Co-Y, and Ni-Y derived m?nlt fse? te)()tl on mats pmdtlrj]ceg US('jng ';".N"Y’ or Co-Y
samples, we estimate the same mean diantktet.3 nm, catalysts sirongly stippresses the broad peak in
midway between the values expected 0r9 and (10,10
tubes, where the notatiorin,m refers to the SWNT plasma. The thermopower data for the “as-prepared” PLV-
symmetry! However, insufficient material was available for produced(Ni-Co) SWNT sample(Fig. 1) is similar to the
XRD analysis of the Ci¥ and Mn-Y catalyzed samples. “as-prepared” AD-produced samples (N, evidence that
Raman-scattering spectra for all sampl@scluding Cry  the anomalous thermopower peak is not associated with one
and MnY) taken with a yttrium aluminum garnet laser nanotube synthesis method or the other. The thermopower
(1064 nm excitation were very similar. In particular, the datafor Cr¥, Mn-Y derived SWNT's are nearly identical to
SWNT radial mode bartdin all the mat samples was found each other, much smaller in magnitude than those obtained
to exhibit an unresolved doublet with peaks-at65 and using Ni-, Co-, or FeY catalyst, and linear v&. This may be
~178 cm'!, suggesting very small differences in the meanevidence that Mn and Cr are not active Kondo centers in
tubule diametér from one sample to the next. In the AD SWNT bundles.
samples, the 165 cm peak is the stronger component of the ~ The pronounced effect of thgostsynthesis iodine treat-
doublet, whereas in the PLV sample the 178 ¢meak is menton the thermopower data from mats grown using¥e-
more dominant. The similarity of the Raman spectra in thes€o-Y, and Ni-Y catalysts is also evident in Fig. 1. As can be
AD-derived samples produced with different catalysts prob-seen, the iodine treatment very nearly suppresses the broad
ably stems from the fact that the arc conditighie pressure, (Kondo peak, leaving an almost linear thermopower,
current, voltagewere maintained identical; only the catalyst slightly larger than that obtained with as-synthesized mats
was changed from run to run. The thermopow®rand four-  grown from Cr¥Y and Mn-Y. After iodine treatment, the
probe resistancéR) measurements were carried out usingdata for Ni-, Co-, or Fe¥ derived samples are now almost
freshly prepared SWNT samples under He atmosphere adentical. This observation, and a similar response of the mat
described elsewhef&!” It is important to note that these resistanceR(T) to iodine treatmentdiscussed beloyy are
properties were observed to change if the samples wereonsistent with our proposal that the intercalated iodine
stored in ambient conditions over weeks or moriths. chemically reacts with the interstitial magnetic impurity at-
Figure 1 shows typical thermopower data in the rangeoms to form metal iodide complexes. This reaction alters the
10<T<400K. The data were obtained from “as-prepared” valence of the interstitial metgM), suppressing the Kondo
SWNT mats using thé-Y catalysts indicated in the figure. effect. Similar chemical effects have been observed, i.e.,
The thermopower datéFig. 1) are positive over the entire oxygen in the classic Kondo system Au:Fe, where the Fe is
range of temperature, indicating that the contribution fromcomplexed as an oxide suppressing the Kondo anofaly.
positive hole carriers dominates the response. The data for Metal-Y residue is also present in “as-prepared” mats as
mats grown usingv-Y (M =Fe, Co, N) can be viewed as a carbon-encapsulateld-Y nanospheres. Fortunately for this
superposition of a broad peak on a positive linear téai).  study, these nanospheres do not enjoy intimate contact with
Metallic materials normally exhibit this linear term which is the nanotube walls, and therefore are not expected to affect
associated with the “diffusion” of free carriers. The contri- the transport properties. Their presence in the sample does,
bution from the large thermopowereakis tentatively as- however, interfere with a chemical analysis for the concen-
signed to the presence of magnetic impurities within thetration of M in the interstitial channels. Finally, we mention
bundle. This general phenomenon has been studied extethat the fact that the thermopower of the iodine-treated mats
sively in many hosts and is known as a manifestation of thés found slightly higher than that found for mats grown from
“Kondo effect.” For example, as little as 200 ppm Fe im- Mn-Y and Cr-Y, suggests that the iodine treatment may have
purity in Au (Ref. 18 has been shown to introduce a “gi- failed to reach all interstitiaM within the bundles.
ant” thermopower peak similar in form to those shown in  To more quantitatively examine the broad peak in the
Fig. 1. Our dataFig. 1) clearly demonstrate that the magni- thermopower, the dat&(T) in Fig. 1 were fit to the sum of
tude and position of the broad thermopower peak depends metallic diffusion term $;=aT) and a pealSy=S—Sg,
strongly on the identity of the catalyst present in the arcwhere S¢ is the proposed contribution resulting from the
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R S % 3?) o 3 material. Of further significance may be the quasi-one-
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o2k x E In Fig. 3, we plot the logarithm of thenormalized
“E o E resistivity’> pn(T)=p(T)/p(300K) vs T for mats whose
oW E S(T) data appear in Figs. 1 and 2. The strong Bwpturn
00k ol vl in the py data is evident, and this anomaly has been the
A 0.1 I subject of much discussion in the literature on SWN#'E
(b) log T/Ty {arb. units] Importantly, our data show that the strength of pheupturn

correlates well with the strength of the broad peak in the
thermopower[Fig. 2(a)], suggesting that Kondo scattering
may make a substantial contribution to the ldwesistance.
We should add here that other mechanisms are probably also
contributing to this low¥ upturn inpy. It is important to
note that the iodine-treated mats all exhibit simifadata,
magnetic impurity. TheSy term was found by measuring with a significantly reduced loW- upturn. The fact that a
S(T) at high temperatures, typically 300 to 500 K, where theresidual lowT upturn remains after iodine treatment is cer-
data gradually became linear. In Fig. 2, as is usually done imainly consistent with an incomplete attempt to complex all
Kondo systems? we plot S [Fig. 2(@)] and the normalized theM (with iodine). However, it should be recalled that other
thermopowerSy /S max [Fig. 2b)] on a logarithmic tem- mechanisms should remain which also can contribute to the
perature scale. In Fig.(8), it can be seen that the Kondo low-T upturn”%112 All our AD-derived mats exhibited
contribution toS decreases as we pass through the end of thaegativedpy/dT over the entire range of temperature, in
3d transition metal row(Fe, Co, Nj, and is not discernible contrast to the behavior of the PLWi-Co) SWNT sample

for the early transition metal&Cr, Mn). On the scale of Fig. which exhibited weakly positivelpy/dT for T>150K, in

2(a), the small residual Kondo behavior is still evident after agreement with previous work on other PLV matefif.In
iodine treatment. In Fig.(®), the normalized thermopower is fact, the weakly negativdpy /dT for AD-derived mats sur-
plotted vs InT/T,.0, WhereT, . iS the temperature at the viving up to room temperature may well stem franter-
maximum value ofS¢ nax. It is common to use values of bundle contact resistance, as proposed in Ref(skk the
Tmax @S an estimate for the Kondo temperature, i%, inset to Fig. 3. As the thermopower is measured at zero
~Tmax.> For the samples studied here we fifig in the  current, the effect of interbundle contacts Sns observed
range 86<Tx <100 K, depending oM. These values fof g here to be very small.

fall about midway in the range discovered so far for Kondo The data obtained foM =Mn, Cr are tentatively inter-
systems, i.e., from a few degrees K to as high as 106§ K. preted as “intrinsic” behavior, yielding a diffusion coeffi-
The fact that the normalized thermopower data all fall on thecient 0.0314wV/K 2 and aS(300 K)~ +9 wV/K for a typical
same universal curvéFig. 2(b)] suggests that the same metallic nanotube bundle. This result is still a factor of 2—3
mechanism dominates the thermopower for all samples. Thiémes larger than those measured in the basal plane of graph-
shape of the universal curve suggests to us that a Kondite. Although the “intrinsic” linear thermopower we obtain
effect may be preseRt If our proposal is correct, SWNT’s is much smaller than the total thermopower observed in “as-

FIG. 2. (a) Temperature dependence ({g@) of the ther-
mopowerS, =S— Sy, where a linear contributioB;=aT has been
subtracted from the datalb) Normalized data are plotted vs
log;(T/Tk); see text.
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