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Observation of an ultrahigh-temperature ferromagnetic-like transition in iron-contaminated
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Guo-meng Zhao and Pieder Beeli
Department of Physics and Astronomy, California State University, Los Angeles, California 90032, USA

(Received 12 February 2008; revised manuscript received 5 May 2008; published 23 June 2008; publisher error corrected 27 June 2008)

We report magnetic measurements up to 1200 K on iron-contaminated multiwalled carbon nanotube mats
with a Quantum Design vibrating sample magnetometer. Extensive magnetic data consistently show a ferrro-
magnetic transition at about 1000 K and a ferromagnetic-like transition at about 1275 K. The ferromagnetic
transition at about 1000 K is associated with an Fe impurity phase and its saturation magnetization is in
quantitative agreement with the Fe concentration measured by an inductively coupled plasma mass spectrom-
eter. On the other hand, the saturation magnetization for the ferromagnetic-like phase (at 1275 K) is about 4
orders of magnitude larger than that expected from the measured concentration of Co or CoFe. We show that
this ultrahigh-temperature ferromagnetic-like (UHTFL) transition is not consistent with ferromagnetism of any
Fe-carbon phases, carbon-based phases, or magnetic impurities. Alternatively, the observed magnetic behavior
of the UHTFL phase is phenomenologically explained in terms of the paramagnetic Meissner effect (orbital

ferromagnetism) due to the existence of 7r Josephson junctions in a granular superconductor.

DOI: 10.1103/PhysRevB.77.245433

There are reports of intrinsic weak ferromagnetism in
graphite and carbon-based materials well above room
temperature,l’4 as well as a theoretical prediction of a ferro-
magnetic instability in graphene sheets.’ On the other hand,
Talyzin et al.’ showed that the observed high-temperature
ferromagnetism in rhombohedral Cg, (Ref. 7) is not intrinsic
but caused by contamination of magnetic impurities. There
are also several reports of high-temperature superconductiv-
ity in carbon films,®° carbon nanotubes,'® and graphite or
graphite-sulfur composite.>*!! Gonzalez et al.'? showed that
both high-temperature ferromagnetic and p-wave supercon-
ducting instabilities can occur in defective regions of graph-
ite, where topological disorder enhances the density of states.
Schrieffer!? predicted ultrahigh-temperature superconductiv-
ity at a quantum critical point where ferromagnetic fluctua-
tions are the strongest. Lee and Mendoza'* showed that su-
perconductivity as high as 500 K can be achieved through
the pairing interaction mediated by undamped multiple
acoustic plasmon modes in a quasi-one-dimensional elec-
tronic system.

Here we report magnetic measurements up to 1200 K on
iron-contaminated multiwalled carbon nanotube mats. Our
extensive magnetic data consistently show a ferrromagnetic
transition at about 1000 K due to an Fe impurity phase and a
ferromagnetic-like transition at about 1275 K. We show that
this ultrahigh-temperature (1275 K) ferromagnetic-like
(UHTFL) transition is not consistent with ferromagnetism of
any Fe-carbon phases, carbon-based phases, or magnetic im-
purities. Alternatively, the observed magnetic behavior of the
ultrahigh-temperature ferromagnetic-like phase is phenom-
enologically explained in terms of the paramagnetic Meiss-
ner effect (PME) (orbital ferromagnetism) due to the exis-
tence of 7 Josephson junctions in a granular superconductor.

Purified multiwalled nanotube (MWNT) mat samples are
obtained from SES Research of Houston. Two different
samples (Lot Nos. RS0656 and RS0657) were prepared by
chemical vapor deposition using an iron catalyst. By burning
off carbon-based materials in air, we find the weights of the
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residuals to be 2.25% and 1.73% for RS0656 and RS0657,
respectively. On the assumption that the residual contains
Fe,03, Co,,0,, and Ni,O, (where m, n, p, and ¢ are inte-
gers), we determine the relative metal concentrations of the
residual using a Perkin—Elmer Elan-DRCe inductively
coupled plasma mass spectrometer (ICP-MS). Since the Co
and Ni concentrations are negligibly small, the relative metal
contents are nearly independent of the valences of Co and Ni
we choose for their oxides. From the ICP-MS result and the
weight of the residual, we obtain the metal-based magnetic
impurity concentrations (ppm in weight) for RS0656, Fe
=5340, Co=0.5, and Ni=13.7, and for RS0657, Fe=6940,
Co=36.1, and Ni=20.5.

Magnetization was measured by a Quantum Design vi-
brating sample magnetometer (VSM). As checked by the Cu-
rie temperatures of both Ni and Fe, the absolute uncertainty
of the temperature is less than 10 K. Figure 1(a) shows the
temperature dependence of the susceptibility in a field of 2
Oe for a virgin MWNT mat sample (RS0657). This virgin
sample was inserted into the sample chamber without going
through the linear motor used for vibrating the sample. A 2
Oe field (using the ultralow-field option) was then applied
after the sample was inserted. From the initial warming data,
we clearly see a dip feature at about 833 K, which is caused
by the competition between the ferrimagnetic transition (at
about 860 K) of the Fe;0, impurity phase and the decompo-
sition of Fe;0, into the higher Curie temperature «-Fe phase
facilitated by the high vacuum inside the sample chamber
(better than 9X 107 torr). From the subsequent cooling and
warming data, we see that the Curie temperature (7) of the
Fe impurity is about 1000 K, which is lower than that (1047
K) for the bulk pure a-Fe. This is possibly due to the doping
of carbon into Fe, which can significantly lower T¢."

From Fig. 1(a), it is also apparent that a substantial low-
field susceptibility (about 2.3 10™* emu/g) persists up to
1100 K. Naturally, one is inclined to attribute this behavior to
ferromagnetism originating from the Co (T-= 1400 K) or
CoFe (T-=1250 K) impurity phase. However, it is interest-
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FIG. 1. (Color online) (a) Temperature dependence of the sus-
ceptibility in a field of 2 Oe for a virgin MWNT mat sample of
RS0657 where the metal-based magnetic impurity concentrations
(ppm in weight) are Fe=6940, Co=36.1, and Ni=20.5. (b) Tem-
perature dependence of the susceptibility in a field of 5 Oe for a
virgin MWNT mat sample of RS0656 where the metal-based mag-
netic impurity concentrations (ppm in weight) are Fe=5340, Co
=0.5, and Ni=13.7. The susceptibility at 320 K appears to be pro-
portional to the Fe concentration, while the susceptibility at 1100 K
is independent of the Co concentration.

ing that this same magnitude of susceptibility is also seen in
sample RS0656 [see Fig. 1(b)] where the Co concentration is
only 0.5 ppm, almost 2 orders of magnitude less. Further, the
concentration of Co (0.5 ppm) or CoFe (about 1 ppm) is over
3 orders of magnitude, too small to explain the measured
susceptibility.'® Therefore, this observed large susceptibility
well above T, of the Fe impurity phase cannot originate
from a Co or CoFe impurity phase.

In Fig. 2(a), we plot magnetization vs magnetic field at
320 and 1100 K for sample RS0657, which were measured
after the above low-field measurements. The coercivity H,. is
about 140 Oe at 320 K and is negligibly small at 1100 K.
The saturation magnetizations (M,) are 1.63 emu/g at 320 K
and 0.60 emu/g at 1100 K. It is clear that M at 1100 K is
substantial, indicating a second magnetic transition above
1100 K. This second UHTFL phase cannot be associated
with the Co (or CoFe) impurity phase whose concentration is
only 36.1 ppm (or 72 ppm) in this sample. Such a small Co
or CoFe impurity concentration can contribute a saturation
magnetization of <1.0 X 102 emu/g (see Ref. 16), which is
about 2 orders of magnitude smaller than the measured value
(0.63 emu/g). For sample RS0656, which contains 5340 ppm
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FIG. 2. (Color online) (a) Magnetization vs magnetic field at
320 and 1100 K for sample RS0657 where the Co concentration is
36.1 ppm. (b) Magnetization vs magnetic field at 320 and 1100 K
for sample RS0656 where the Co concentration is 0.5 ppm. The
saturation magnetization at 1100 K is independent of the Co
concentration.

Fe impurity and 0.5 ppm Co impurity, M, are 1.60 emu/g at
320 K and 0.59 emu/g at 1100 K [see Fig. 2(b)]. These M,
values for sample RS0656 are very similar to those for
sample RS0657. The measured M, at 1100 K for sample
RS0656 is about 4 orders of magnitude larger than the value
expected from the measured Co or CoFe impurity concentra-
tion. This definitively excludes a Co or CoFe impurity phase
from being the origin of the UHTFL behavior.

Since the magnetization in 20 kOe is close to the satura-
tion magnetization (see Fig. 2), the temperature dependence
of the saturation magnetization is approximated by the tem-
perature dependence of the magnetization in 20 kOe. In Fig.
3(a), we plot the temperature dependence of the magnetiza-
tion in a field of 20 kOe for another virgin sample of
RS0657. One can clearly see that the magnetization above
the Curie temperature of the Fe impurity phase is large up to
1200 K, implying that the transition temperature of the
UHTFL phase is higher than 1200 K. If we assume that the
curve of M(T)/M(0) versus T/ T for this UHTFL phase is
the same as that for Ni (see the solid line), we find T and
M (0) to be 1275 K and 0.97 emu/g, respectively. The satu-
ration magnetization of the Fe impurity phase is then found
to be about 0.57 emu/g at 320 K.

In Fig. 3(b), we show the temperature dependence of the
magnetization in a field of 20 kOe for a thermally annealed
sample of RS0657. This sample was annealed in air at
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FIG. 3. (Color online) (a) Temperature dependence of the mag-
netization in a field of 20 kOe for a virgin MWNT mat sample of
RS0657. The temperature dependence of the magnetization in 20
kOe should be similar to that of the saturation magnetization (M,).
The solid line is a fit using the curve of M(T)/M(0) versus T/T¢
for Ni, appropriately scaled to T-=1275 K. (b) Temperature depen-
dence of the magnetization in a field of 20 kOe for a thermally
annealed sample of RS0657. This sample was annealed in air at
480 °C for about 5 min.

480 °C for about 5 min and its mass was measured about 1
h after it was cooled down to room temperature. The mass of
the annealed sample was found to be smaller than that of the
pristine sample by about 2%. This mass decrease may be due
to the removal of amorphous carbon and/or the outershells of
MWNTs. These data were taken after an M-H loop was mea-
sured at 1100 K. With such a high temperature and vacuum,
all the Fe oxides have been converted to «-Fe. It is remark-
able that the magnetization at 1100 K is reduced by 1 order
of magnitude compared to that for the pristine sample [see
Fig. 3(a)] while the magnetization at 320 K increases by
about 10%.

Figure 4 shows the temperature dependence of the mag-
netization in a field of 20 kOe for the residual of sample
RS0657, which is obtained by burning off carbon-based ma-
terials in air at 550 °C for about 10 min. The data were
similarly taken after an M-H loop was measured at 1100 K.
The specific magnetization is calculated using the mass of
the pristine MWNT mat sample. As indicated by the arrow,
the ferromagnetic transition temperature is about 1037 K
which is the same as T of a-Fe if one considers a thermal
lag of about 10 K. Consistent with the two phase model of
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FIG. 4. Temperature dependence of the magnetization in a field
of 20 kOe for the residual of sample RS0657, which was obtained
by burning off carbon-based materials in air at 550 °C for about 10
min. The specific magnetization is calculated using the mass of the
pristine MWNT mat sample.

Fig. 3(a), the magnetization of the residual at 320 K is three
times smaller than that for the annealed sample containing
MWNT mats [Fig. 3(b)]. This implies a giant enhancement
of the magnetization of the Fe impurity due to the presence
of MWNTs. It is interesting that such a giant enhancement of
the saturation magnetization was also observed in one of the
Canyon Diablo graphite nodule samples (see the results for
sample 1.1 of Ref. 17).

From M-H loop measurements of the residual, we find the
saturation magnetizations at 320 and 1100 K to be 0.52 and
45X 1073 emu/g, respectively. The M, value of the a-Fe
impurity at 320 K inferred from the data of the residual is in
excellent agreement with that (0.57 emu/g) inferred from the
data of the pristine sample [(Fig. 3(a)]. If we calculate M,
using the mass of the Fe impurity in the residual, we find M
to be 74.9 emu/g of Fe in agreement with the value used in
Ref. 17. Our magnetic measurements on Fe;O,4 nanoparticles
with an average diameter of 40—-60 nm also show that M
=77.0 emu/g of Fe at 320 K after the decomposition of
Fe;0, into Fe via a thermal cycle up to 1100 K in high
vacuum. This implies that the M value of Fe nanoparticles is
significantly smaller than the bulk value (~200 emu/g),
which could be caused by spin disorder on the surface of
nanoparticles.'® Moreover, the measured M value at 1100 K
(4.5X 107 emu/g) is the same as the bulk M, value at 1100
K (45X 107 emu/g) calculated from the measured Co im-
purity concentration (36.1 ppm).'® Such excellent consisten-
cies between the magnetic data of the residual and the
ICP-MS results further show that the UHTFL phase seen in
Figs. 1, 2, and 3(a) is not associated with any magnetic im-
purity phase.

Now we discuss the origin of the UHTFL behavior. We
entertain the possibility that the UHTFL behavior could arise
from a magnetic proximity effect'” in a coupled Fe-carbon
system. Since our two phase (Fe and UHTFL) model pro-
duces a fit [Fig. 3(a)] where the Fe concentration is in quan-
titative agreement with that determined by both M value on
the residual (Fig. 4) and the ICP-MS analysis, the majority of
the Fe impurities must be isolated from carbon. This leaves
only a very small fraction of the Fe impurities to couple
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strongly with carbon to polarize the spins of carbons such
that the saturation magnetization of the coupled system in-
creases enormously from that of isolated Fe. One imagines
that an annealing procedure could destroy this Fe-carbon
coupling so that the magnetization of the UHTFL phase
would then be removed both above and below T~ of Fe. This
is in contradiction with Fig. 3(b) where the sharp decrease in
magnetization above T of Fe does not have a corresponding
decrease in magnetization below T.. For the same reason,
the UHTFL behavior cannot originate from ultrahigh-
temperature ferromagnetism of any unknown Fe-carbon
phase with an M many times larger than that of isolated Fe.
A third possibility is that MWNTSs and/or an unknown carbon
phase are ferromagnetic with an ultrahigh Curie temperature
(1275 K). This interpretation is very unlikely because, as
with our magnetic proximity-effect scenario, the saturation
magnetization of any ferromagnetic carbon would be re-
moved both above and below T of Fe when the ferromag-
netic phase was destroyed by an annealing procedure. Finally
the same argument used to rule out ferromagnetic carbon can
also be used to rule out any non-Fe-based magnetic phase as
the origin of the UHTFL behavior.

It is clear that the comparisons among Figs. 3(a), 3(b),
and 4 rule out interpretations based on ultrahigh-temperature
ferromagnetism of any carbon-based phases, Fe-carbon
phases, or magnetic impurities. Alternatively, if MWNTs are
superconducting, a MWNT mat should be a granular super-
conductor. The existence of magnetic impurities in the Jo-
sephson network should lead to the formation of 7 junctions
with a negative Josephson coupling energy J.!° If the critical
current is large enough, an odd number of 7 junctions within
a loop generates a spontaneous orbital moment (a fractional
quantum flux) associated with the circulation current around
the loop.2?! The interaction of these orbital moments can
lead to ferromagnetic-like ordering (orbital ferromagnetism),
which is the origin of the PME.? Since the diameters of
nanotubes are comparable to the magnetic penetration
depth,'® the diamagnetic Meissner effect is negligibly small
so that magnetic field can enter into the Josephson-coupled
network even in a zero-field-cooled condition. Since 7 junc-
tions can be formed even if the impurities are not in the
ferromagnetic state,'” the ferromagnetic-like ordering of the
orbital moments can occur above the Curie temperature of
the magnetic impurities. This can explain the data shown in
Fig. 3(a), where the transition at 1275 K is associated with
the onset of the PME. On the other hand, if the Josephson
coupling is substantially reduced by the removal of the out-
ershells of MWNTs after annealing in air at 480 °C, the
critical current might not be large enough to sustain a spon-
taneously generated vortice within a 7 loop when the mag-
netic impurities are in the paramagnetic state. Then the or-
bital moments associated with the spontaneously generated
vortices will be significantly reduced above T of the mag-
netic impurities. On the other hand, if some ferromagnetic
impurities are inside the 7 loops, the large magnetization of
magnetic impurities below T can greatly enhance the stabil-
ity of the spontaneous vortex state due to a large decrease in
the magnetic energy compared with that for the nonvortex
state. This picture naturally explains the result in Fig. 3(b)
where the saturation magnetization of the UHTFL phase is
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restored just below T, of the Fe impurity phase. We thus
observe a symbiotic relationship between the magnetic im-
purities and the magnetic behavior of our superconducting
MWNT mat. A more quantitative explanation based on the
model in Ref. 20 will be given elsewhere. If the PME is the
only plausible interpretation, our present results imply
ultrahigh-temperature superconductivity in MWNT mat
samples.

If the interpretation based on the paramagnetic Meissner
effect is relevant, there should be other signatures of super-
conductivity in carbon nanotubes. Zhao and Wang'® showed
over 20 independent signatures of superconductivity includ-
ing the resistive superconducting transition, nearly zero on-
tube resistance at room temperature in individual MWNTs,
and large single-particle excitation gaps in both single-
walled nanotubes (100-150 meV) and MWNTs (about 200
meV). While previous high-temperature superconductors of
the late 1980s and early 1990s have quickly exhibited the
thermal coincidence of a near 100% diamagnetic Meissner
fraction with the zero resistance state, one must recognize
that these are bulk signatures and our MWNTSs are nanosize
materials. If our MWNTs are superconductors they cannot
exhibit these traditional bulk signatures. For example, the
on-tube resistance of individul tubes will never go to zero
due to significant thermally activated and quantum phase
slips in this quasi-one-dimensional superconductor with a
small number of transverse conduction channels. Similarly,
because the diameters of our tubes are less than the penetra-
tion depth (see below), the diamagnetic Meissner effect is
expected to be small. Nevertheless, one should be able to
observe this small diamagnetic Meissner effect if the super-
conducting tubes are free of magnetic contaminants so that
the paramagnetic Meissner effect is no longer pronounced.
Since the orbital diamagnetic susceptibility in a magnetic
field perpendicular to tubes’ axes is large, it is difficult to
separate the Meissner effect from the large orbital diamag-
netic susceptibility. On the other hand, the orbital suscepti-
bility in a magnetic field parallel to tubes’ axes is predicted
to be very small at room temperature,?” similar to the case of
graphite in a field parallel to the plane. This makes it possible
to extract the Meissner effect from the measured susceptibil-
ity in a parallel field.

Figure 5 shows the temperature dependence of the suscep-
tibility for aligned MWNTSs in a magnetic field parallel to the
tubes’ axes. The data for physically separated (PS) tubes are
from Ref. 23 and the data for physically coupled bundles are
from Ref. 24. Although the average diameters of these tubes
are similar (about 10 nm),?>? it is apparent that the diamag-
netic susceptibility of physically separated tubes is quite dif-
ferent from that of physically coupled bundles. Because the
orbital diamagnetic susceptibility in the parallel field is cal-
culated to be negligible at room temperature,? the observed
large diamagnetic susceptibility just above 265 K is difficult
to explain if these tubes are not superconductors.

We can quantitatively explain the observed large diamag-
netic susceptibility (—0.8X 107 emu/g) at 265 K for the
physically separated tubes if we attribute it to the diamag-
netic Meissner effect due to superconductivity. For physi-
cally separated superconducting tubes in a magnetic field
parallel to the tubes’ axes, the diamagnetic susceptibility due
to the Meissner effect is given by
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Here r is the radius of a tube, 7* is the average value of 2,
and \y(7) is the penetration depth when carriers move along
the circumferential direction. The above equation is valid
only if \(0) is larger than the maximum radius of the tubes,
which is the case for our MWNTSs (see below). Equation (1)
indicates that the Meissner effect is inversely proportional to
1/NYT). Since T.o>1275 K, 1/N}(T) and thus x;(7) are
nearly independent of temperature below 265 K. Then we
have x7(0)=x;(265 K)=-0.8X 107> emu/g. If we assume
that the radii of tubes have a Gaussian distribution, exp[—(r
-50)2/252], we find #=2801 A2 With the weight density of
2.17 g/cm?® (Ref. 26) and XHS(O)z—O.SX 107 emu/g, we
calculate \,(0)=1265 A. This value of the penetration
depth corresponds to n/my=1.77 X 10?'/cm®m,, where n is
the carrier density and m), is the effective mass of carriers
along the circumferential direction. If we take m,=0.012m,,
which is typical for graphites,”’ we estimate n=2.12
X 10"/cm?, in quantitative agreement with a Hall-effect
measurement?® which gives n=1.6 X 10"/cm?.
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From Eq. (1), we can see that | )(”s (7)| will increase linearly
with increasing 7. For Josephson-coupled MWNT bundles,
the effective 72 is larger than that for physically separated
tubes. As the temperature decreases, the Josephson coupling
strength increases so that the effective 7> and | /\/HS(T)| also
increase. This can naturally explain why the diamagnetic
susceptibility for physically coupled MWNTSs is larger than
that for physically separated MWNTs and why the enhance-
ment in the diamagnetic susceptibility increases significantly
with decreasing temperature (see Fig. 5). At the lowest tem-
perature, the enhancement factor is over 2. Without invoking
superconductivity in these MWNTs, it is very difficult to
account for such a large enhancement in the diamagnetic
susceptibility upon bundling of the tubes.

In summary, we report magnetic measurements up to
1200 K on iron-contaminated multiwalled carbon nanotube
mats. Extensive magnetic data consistently show a ferrro-
magnetic transition at about 1000 K and a ferromagnetic-like
transition at about 1275 K. The ferromagnetic transition at
about 1000 K is associated with an Fe impurity phase and its
saturation magnetization is in quantitative agreement with
the Fe concentration measured by an inductively coupled
plasma mass spectrometer. On the other hand, the saturation
magnetization for the ferromagnetic-like phase (at 1275 K) is
about 4 orders of magnitude larger than that expected from
the measured concentration of Co or CoFe. We show that this
ultrahigh-temperature ferromagnetic-like transition is not
consistent with ferromagnetism of any Fe-carbon phases,
carbon-based phases, or magnetic impurities. Alternatively,
the observed magnetic behavior of ultrahigh-temperature
ferromagnetic-like phase can be consistently explained in
terms of the paramagnetic Meissner effect (orbital ferromag-
netism) due to the existence of 7 Josephson junctions in a
granular superconductor.
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