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Fast characterization of magnetic impurities in single-walled
carbon nanotubes
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We have demonstrated that the magnetic susceptibility measurement is a nondestructive, fast, and
accurate method to determine the residual metal catalysts in a few microgram single-walled carbon
nanotube~SWCNT! sample. We have studied magnetic impurities in raw and purified SWCNTs by
magnetic susceptibility measurements, transmission electron microscopy, and thermogravimetry.
The data suggest that the saturation magnetic moment and the effective field, which are caused by
the interparticle interactions, decrease and increase, respectively, with the decrease of the particle
size. Methods are suggested to overcome the uncertainty associated. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1630854#
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Since the discovery of carbon nanotubes,1 several syn-
thesis routines have been developed. Currently, all bulk s
thesis methods of single-walled carbon nanotu
~SWCNTs! make use of metal catalysts, which remain
impurities in the resulting NT material. Despite considera
efforts in purifying SWCNTs, it is practically impossible t
remove metal impurities completely, since some of the m
particles are protected by graphitic shells. Therefore, cha
terization of the residual metal impurities in the SWCN
becomes an important issue.

The nanoparticles of many metals and alloys~for ex-
ample, Co, Ni, Fe, Cu90Co10, etc.! can be described as su
perparamagnetic~SP! above the blocking temperature (TB).2

The SP behavior can be described by a Langevin-likeMA–H
curve (MA is the anhysteretic magnetization!, in a scaling
form with the reduced magnetizationM /MS and z
5 MSH/kBT:

M

MS
5Fcoth~vz!2

1

vzG , ~1!

where MS is the saturation moment, which is also call
spontaneous magnetization, andv is the volume per nano
particle. In most cases, especially well above the block
temperature, the Langevin law describes theM –H behavior
satisfactorily. However, there are deviations from the Lan
vin law, which are usually explained by anisotropic, lon
range interactions between particles.3,4

In this letter, we characterized amount and size distri
tion of iron particles by thermogravimetry analysis~TGA!
and transmission electron microscopy~TEM!, and compared
the results to those of magnetic susceptibility measureme
We demonstrated that the magnetic method can detect a
percent of impurities in raw SWCNT specimens with a to
weight as small as 7mg.

a!Electronic mail: fchen@uh.edu
b!Also at: Lawrence Berkeley National Laboratory and Hong Kong Univ

sity of Science and Technology.
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The SWCNT samples were produced by a high-press
carbon monoxide~HiPco! technique,5,6 using Fe as a cata
lyst. One of them was further purified by ‘‘soft baking’’7

~heating in wet air at 250 °C for 1 day, followed by stirrin
in HCl, careful washing and drying! to reduce iron content.

The iron particle size distributions were obtained fro
direct measurements of 200–300 particles in TEM. Me
particle size (d) and size distribution width~s! were deter-
mined by fitting TEM data with log-normal distribution.8

The weight percentage of iron was measured directly
TGA. Two–three mg of SWCNT were heated to 800 °C
5 °C/min in flowing air. All carbon~SWCNT, amorphous
carbon, etc.! and iron oxidize completely, leaving a residu
of Fe2O3, from which the iron content was calculated. Ea
sample was measured three times in order to calculate
mean and standard deviation of iron content.

The magnetic moment (M ) was measured using a Qua
tum Design MPMS~superconducting quantum interferen
device!. The magnetic fields (H) up to 104 Oe were applied.
The anhysteretic magnetization is given byMA(H)
5@M 1(H)1M 2(H)#/2, whereM 1 andM 2 are the magne-
tization at theH-increase and theH-decrease branches, re
spectively. We also define the remanent magnetiza
MR(H) as @M 1(H)2M 2(H)#/2; thus,MR(0) corresponds
to the remanence usually used to characterize perma
magnets.

Three samples were used: unpurified SWCNT with m
dium ~A! and high~B! iron content, and purified SWCNT
with very low iron content~C!. In Fig. 1, we display the
particle size distributions from the TEM micrographs. Iro
content ~wt %! in the samples was determined from TG
measurements described earlier. These results are pres
in Table I.

Figure 2 shows the anhystereticMA–H/T curve for the
sample A~1.643 mg weight! at T510, 60, and 300 K. It is
clear that the curves forT560 and 300 K overlap when
plotted againstH/T, while the curve forT510 K is shifted
to higher H/T. The overlapped curves can be fitted we
using Eq. ~1!. We can conclude that iron particles in th

-
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sample are typical SPs, with a blocking temperature betw
10 and 60 K.

Figure 3~a! compares the remanent magnetizationMR

and the anhysteretic magnetizationMA for the sample A. For
bulk Fe, MS

bulk is about 220 emu/g andMR
bulk is about 100

emu/g;2 that is,MR
bulk/MS

bulk'45%. The ratioMR /MS for the
sample A is very small (;0.5%), which also confirms the
SP behavior of Fe particles. AssumingMS5MS

bulk , we cal-
culated that the sample A contained 15 wt % Fe particles
average size 3.2 nm@dashed line in Fig. 3 is the fitting to Eq
~1!#. On the other hand, iron content measured by TGA w
26.5 wt %. This suggests thatMS of the iron nanoparticles is
about 125 emu/g, about half ofMS

bulk , which contradicts pre-
vious reports on transition metals. For instance, Co nano
ticles haveMS 25% larger than bulk Co.9,10 This is probably
due to the fact that our particle size is considerably sma
than that reported by others. In order to obtain the part
size value of 2.89 nm~the mean size measured in TEM! from
Eq. ~1!, we need to haveMS5319 emu/g, which is large
thanMS

bulk . This suggests that the interaction between na
particles is strong, which results an effective magnetost
energy larger thanMSH. Thus, we propose to rewrite Eq.~1!
into

M

MS
5Fcoth~bvz!2

1

bvzG , ~2!

where the effective permeabilityb>1 indicates strong fer-
romagnetic interparticle interactions. For sample A,MS

5125 emu/g andb52.55.

FIG. 1. The size distribution of iron particles in all SWCNT samples, m
sured from TEM micrographs:~a! sample A~unpurified HiPco NTs!, ~b!
sample B~unpurified HiPco NTs with higher Fe content!, ~c! sample C
~purified HiPco NTs!.

TABLE I. Summary of the parameters for the samples studied (d: mean
diameter,N: number of particles counted!.

Sample A~raw HiPco! B ~raw HiPco! C ~purified HiPco!

Fe ~TGA! 26.4662.89% 50.6862.52% 1.52660.33%
d ~TEM! 2.8960.06 nm 3.3260.04 nm 3.6860.05 nm
s ~TEM! 0.83 nm 0.97 nm 0.91 nm

N 268 283 183
MS 125 emu/g 144 emu/g 170 emu/g
b 2.55 1.23 ;1
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For sample B~0.918 mg!, MS is set to 144 emu/g in
order for TGA and magnetic measurements. The deduceb
is 1.23 in order for the particle size values from TEM~3.32
nm! and magnetic measurements to coincide.

In contrast, purified sample C~46.69 mg! showed much
larger MR50.4 emu per gram of carbon~emu/goc!, and
much smallerMS51.6 emu/goc@Fig. 3~b!#. In iron, single-
domain particles exist when the size is less than;10 nm,2

and the particles should be.5 nm to haveMR.0 ~using
magnetic anisotropyK5450 000 erg/cm3).11 Using MR

bulk

5100 emu/g andMS5170 emu/g~from the measurement
of nanoparticles with different mean size in samples A a
B!, we can estimate that 42% of Fe nanoparticles have di
eter greater than 5 nm, in rough agreement with TEM m
surements (d53.68 nm,s50.9 nm). This shows that aggre
gation of iron particles occurred during purification.

We have also tried to consider the effect of particle s
distribution. Dashed lines in Fig. 3 show the fit of the expe
mental data with a Langevin function utilizing single effe
tive particle size, while the solid lines are Langevin fits u
lizing the log-normal distribution of particle diamete
obtained from TEM measurements~Fig. 1!. It is obvious that

-

FIG. 2. Scaling effect of unpurified HiPco SWCNT~A!. The curves above
the blocking temperature scale into one curve and show Langevin beha

FIG. 3. ~a! MR ~triangles! is much smaller compared toMA ~circles! for
unpurified HiPco SWCNT~A!; ~b! MR is comparable toMA for purified
HiPco SWCNT~C!. Filled and open symbols are data obtained at 300 a
60 K, respectively. The dashed line is the Langevin fit with a single part
size, while the solid line is a better fit considering the log-normal parti
size distribution.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the Langevin fits with single particle size slightly underes
mate the iron content. Theb value obtained from the Lange
vin fit utilizing log-normal distribution is also larger than th
one obtained using a single particle size. This confirms
aforementioned conjecture and shows that the magnetic
teractions are enhanced with the decrease of the par
sizes.

To demonstrate the sensitivity of the magnetic method
determining iron content, we conducted the test on a par
sample A that weighs only 7mg. Figure 4 shows the anhys
teretic magnetization for this sample at 60 and 300 K. B
cause of the small sample size, the diamagnetic backgro
due to the sample holder is relatively large. At higher fiel
this diamagnetic background dominates the signal, mak
the total magnetic moment negative. However, at low
fields ~where curves taken at 60 and 300 K coincide! the
diamagnetic background contribution is relatively small. W
have fitted data from that region with a Langevin functio
and found that Fe content is underestimated by a facto
only 2, and the average particle size is;3.4 nm~compared
to 2.8960.06 nm from TEM and;2.9 nm from magnetic
measurement on a larger sample usingb52.55). This com-
parison demonstrates that diamagnetic background is a m
limitation to the accuracy of magnetization measurement
small samples. However, reliable values of iron content
average particle size can still be obtained for samples
small as 50mg. Careful measurement and subtraction of d
magnetic background can improve the sensitivity by anot
order of magnitude.

The experimental findings thatMS and b changes with
the particle size make simultaneous determination of
mean particle size and iron content somewhat inaccurat
magnetic susceptibility measurement alone. However,
MS value for iron particles in HiPco does not vary mu
~Table I!. In fact, if we useMS5135 emu/g~about half of
MS

bulk) and b51.7 for all HiPco samples, we can estima
the metal content within an 8% uncertainty and the aver
particle size within a 12% uncertainty. In addition, by ado
ing an empirical relationship betweenb and the particle size
we can get a particle size value that is much more accur
especially if the iron content is measured independently
TGA. Combined magnetic and TGA measurements all
one to avoid measuring hundreds of particles in TEM, wh
is a rather time-consuming and tedious procedure. In a
tion, if one only wants to determine the weight percentage
the Fe impurities, it is sufficient to measure just one mag

FIG. 4. MA for 7 mg of unpurified HiPco SWCNT~A! at 300 K ~open
circles! and 60 K~solid circles!. The line is the Langevin fit in the region
where data taken at 60 and 300 K overlap.
Downloaded 16 Dec 2003 to 129.7.158.16. Redistribution subject to AI
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tization value around 1–2 T at room temperature. Thus,
method is very fast and we estimate that the iron cont
determined this way is reliable within 10%.

Note that magnetization measurement has two ma
limitations. First, one needs to ensure that particles are
deed single-domain and SP; that is, their size does not
ceed;5 nm in the case of iron. This requirement compli
with what has been observed for all unpurified HiPco N
whereas particle aggregation effects are found in purifi
HiPco NTs. The particle size is known to be significan
larger in NTs produced by other techniques@for example, it
is 10–50 nm in NTs produced by pulsed-laser vaporizat
~PLV! technique#. Second, it is not clear as yet how to pr
ceed with catalysts being a mixture of two or more metals12

For example, PLV grows NTs efficiently in the presence
1:1 mixture of Co and Ni, and it is not known whether the
metals form alloy particles or segregate. Therefore, magn
zation measurements can be considered reliable only
HiPco NTs.

In conclusion, we have demonstrated that magnetiza
measurement is a fast, sensitive, and nondestructive wa
determine the average size and amount of iron nanopart
in HiPco NTs.13 We have also found thatMS for the iron
nanoparticles with;3 nm mean size in HiPco NTs is abou
half of that of bulk iron. The magnetic interactions are mu
stronger for the smaller particle sizes~particle size of 2.89
nm has twice of the magnetic interactions than particles
average size 3.32 nm!.
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