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Hysteresis shift in Fe-filled carbon nanotubes due toy-Fe
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The phase distribution of high aspect ratio, Fe-filled carbon nanotubes prepared by pyrolyzing a mixture of
powered ferrocene andgghas been determined by means of Sdbauer spectroscopy. Our results for that
characterization are closely related to the observation, after field cooling processes, of a hysteresis loop shift
and clearly suggest a spatial phase distribution which includes the presence-Bé/a-Fe interface. The
temperature dependence of the hysteresis loop shift is discussed in terms of localized regions at that interface
exhibiting uncompensated antiferromagnetism within reduced dimensions.
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Since their first synthesis carbon nanotubes have been ap- Fe-filled carbon nanotubes were prepared by pyrolyzing a
preciated by their unique combination of electronic and me4:1 mixture (by weigh) of powered ferrocene andggat
chanical propertiés’ that make them a very promising can- atmospheric pressure under an Ar atmosphere at 1050 °C.
didate system to be used on the development of a broadhis procedurgenerates carpetlike flakes or filrt® mn?;
range of new devices, which already includes field emissior<40 um thick) of aligned Fe-filled carbon nanotubes. The
lamps, nanotransistors, spin polarized electron sources, flghcapsulated nanowires, exhibited single crystalline-type
display panels, and hydrogen storing systéthleverthe-  €electron diffraction patterrisand dimensions ranging from 5
less, one of the most natural and attractive possibilities ofo 40 nm outer diametefOD) and <10 um in length. The
these materials, closely linked to their morphology and excarbon tubes, which coat the wires, have external diameters
tremely high aspect ratio, is their use as nanocontainers fdf 20-70 nm OD, and<40 um in length® >Fe Massbauer
secondary phases and, particularly, for magnetically orderedata were recorded in the transmission mode with a conven-
ones’ In fact, the encapsulation of magnetic phases in cartional constant acceleration spectrometer antfGo (Rh)
bon nanotubes could constitute, due to the very large magsource. Low temperature spectra were recorded between 298
netic shape anisotropies acting on the encapsulated materi@id 18 K using a He-closed cycle criogenerator. All the iso-
a feasible approach to, on the one side, the achievement gier shifts were referred to the centroid of thd-e sextet at
magnetic order stabilization against thermal fluctuations irfoom temperature. Low temperature magnetic characteriza-
systems having extremely reduced dimensions and, on th#&on was carried out in the range from 5 up to 300 K by using
other, the exploration of the physics of the magnetic order irh SQUID magnetometer under applied fietdS T. The evo-
close-to-one-dimensional structures. From the point of viewution of the magnetization and the coercive force were mea-
of the practical uses, carbon nanotubes filled with magnetiéured after zero fiel@FC) and field cooling FC) processes.
phases could also develop giant coercivitiesercivity val- ~ The high temperature properti€300-1000 K were mea-
ues above those predictable on the basis of the bulk magnéured by using a vibrating sample magnetometer under a
tocrystalline anisotropylinked to their reduced transverse maximum field of 0.15 T.
dimension and the consequential large influence on the mag- All the Transmission Mesbauer spectréFig. 1) con-
netization reversal phenomenology of the reduced symmetry@ined three different components: two sextets and a singlet.
high anisotropy interfaces. The control of the coercivity of The Masshauer parameters obtained from the fit of the room
these magnetic phase-filled nanotubes would make possiblemperature ~ spectra ~ for  the ~ most intense
their use as very high density recording media, as magnesextet (6=0.00mms* A=0.00 mms* H=33.0 T,area
toresistive elements suitable to be packed to high densities; 50%), corresponded unequivocally ta-Fe. The room
as probes for magnetic force microscopy, and, even, as réemperature Mssbauer parameters of the second sefdet
cording heads. =0.23mms1,A=0.10 mms ! H=20.2 T,area 20%) are

In this work, we present and discuss results about theharacteristic of F£.” High temperature magnetization
structural and magnetic properties of Fe-filled nanotubes. Weneasurements showed two magnetic transitions: the first
will show how the presence in the as-prepared samples afne, at around 530 K, was attributed to the order transition of
antiferromagnetic fcey-Fe results, through the coupling to the FgC phase. The second one, at around 1000 K, was
bcc a-Fe, on the occurrence of the so-called exchange biagédentified with the Curie point otr-Fe. The room tempera-
ing a phenomenology underlying the operation of the spirture isomer shift of the singleté=—0.11 mms? area
valves, one of the most relevant developments of the mag=30%) is similar to that shown by-Fe. As the temperature
netoelectronics. decreases from 298 K down to around 100 K, and as it could
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FIG. 2. Variation with temperature of the linewidth of the sin-
glet.

diffraction studies(results not shownconfirm the presence
of small y-Fe domains.

The thermal evolution of the magnetization measured, af-
ter ZFC and FC processes, under an applied field of 5 T is
shown in Fig. 3. The ZFC and Fc curves coincide up to
around 50 K and they split below that temperature. A similar
behavior has been reported to occur in ZFC-FC high field
processes measured in Fe nanoparticles coated with@; Fe
shell. In that case, the antiferromagnetic character of the
Fe,O; was in the origin of the low temperature
irreversibility° Thus, we attribute our results to the combi-
nation of ferromagnetic-antiferromagnetia-Fe/y-Fe) ex-
change and high antiferromagnefig-Fe) anisotropy which
is known as exchange induced anisotrGpfonsequently,
both phases should have a common interface and, from this,
we will consider that the samples are formed by an inner
a-Fe core surrounded, from inside to outsidejblfe, FQC,
and carbon layers. The increase with the temperature of the
ferromagnetic phase magnetization is correlated to the fact
that at the lowest temperature and after a ZFC process, the
a-Fe moments are not fully aligned with the large applied

57 P \ / | 3 ) A
FIG. 1. >'Fe transmission Mesbauer spectra recorded betweenfia|q, The observation of an increase of the ZFC magnetiza-

18 and 295 K from the iron-containing nanotubes sample.

be expected, both the hyperfine magnetic fields ofdtee
and FgC components and the linewidth of the singl&g,
increasgsee Fig. 2 At around 100 K[I';, suffers an abrupt
change of increase rate. Both the shape oflthisvs T curve

and the linewidth values measured at low temperatures re-

semble those reported forFe (Ref. 8 and therefore confirm
the assignment of the singlet to that Fe phébe kink at

around 90-100 K in Fig. 2 should correspond to the onset of

antiferromagnetic order of fccy-Fe). The relative spectral

tion corresponding to a 4% of the minimum temperature FC

M (emu/Q)

areas of the different components remain about the same at
any given temperature. This precludes the possibility of the
existence of a superparamagnetié-e fraction contributing

to the observed singlet at room temperature. The existence of
contributions corresponding to iron oxides is also discarded.
Similar spectra, containing-Fe, F@C, and+y-Fe contribu-
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tions, have been reported in studies about the magnetic prop- FIG. 3. Thermal dependence of the 5 T magnetization measured
erties of iron in nanocapsul@sn this context, x-ray powder after ZFC and FC processes.
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. 7rC for the. loop _shift variation rate. The broad range of tempera-
L /\‘\ /\‘ o FC(T tures in which the loop shift increases with temperature
[ = - could be understood on the basis of the occurrence at the
L] e | . . . . . . .
ferromagnetic-antiferromagnetic interface of a distribution of
local properties. More concretely, and taking into account the
fact that the coupling develops at temperatures below the
Neel temperature of the-Fe, the observed rapid increase of
the loop shift magnitude with the decrease of the temperature
is compatible with the presence of reduced sized antiferro-
magnetically uncompensated centers, which due to the ther-
aal R s e e mal fluctuations only get ordered at temperatures below the
I T bulk Neel temperature. In this simple picture, clearly similar
2 T T 00 s0 200 250 300 to the conventional description of the superparamagnetic
() phenomenology, the d!StI’IbUtIOh of local orden(tgjoc;kmg) .
temperatures should directly reflect that of local anisotropies.
FIG. 4. Thermal dependence of the hysteresis loop shift meal he inset in Fig. 4 shows the thermal evolution of the satu-
sured, after ZFC and FQL T) processes, under a maximum applied ration (5 T) coercivity after ZFC and FC processes. It is
field of 5 T. The inset shows the temperature dependence of the 5 Tioteworthy that the high coercivity obtained is not compat-
ZFC, and FC coercivities. ible with the bulk a-Fe anisotropy constants.This feature
should be attributed to the combination of three effects: first,
magnetization value clearly means that taé¢-e/y-Fe cou- to the reduced transverse dimensions of the nanotubes, which
pling results in ax-Fe hardening that a 5 T applied field is are of the order or lower than theFe exchange correlation
not able to overcome. It is knowhthat in the systems ex- length!* second, to the high magnetic anisotropy of the fcc/
hibiting exchange induced anisotropy, which are cooled fronbcc interface(related to its reduced symmetrgnd finally,
above the Nel temperature of the antiferromagnetic phaseand below 100 K, to the hardening linked to the occurrence
under the action of an applied field, the local coupling isof coupling at they-Fela-Fe interface. According to the ex-
polarized and the observed macroscopic effect associated ferimental magnitudes of the loop shift, the FC coercivity
that polarization corresponds to a shift of the hysteresis loopnd that of the difference between the FC and ZFC coercivi-
in the sense of the fields opposite to that applied during thées, the influence on the reversal field of the interfacial an-
cooling process. That effect is also observed in our Fe-filledsotropy should be larger than that of the exchange induced
carbon nanotubes. Figure 4 displays the temperature depeanisotropy. This result is in evident correspondence with the
dence of the hysteresis loops shift, measured under a maxingle crystalline character of the Fe phases.
mum applied field of 5 T after ZFC and FC T) the In summary, from the Mssbauer and hysteretic charac-
samples. Our results evidence that the measured shift is negerization, we propose that the occurrence in our nanotubes
ligible in the case of the ZFC samples and also that the FGf a phase distribution consisting ofcaFe core surrounded
shift markedly increases with the decrease of the temperatuigy ,-Fe, FgC, and carbon layers. The occurrence of ex-
below around 100 K. We should point out in that respect thathange induced anisotropy at the ferromagnetieFe-
the a-Fe—y-Fe coupling does not evolve with the tempera-antiferromagnetic;-Fe interface determines both the ther-
ture as it could be expected if it were associated to the onsehomagnetic and the hysteretic behaviors. Concretely, the
of the antiferromagnetic order in a bulklike dletransition.  occurrence of interfacial, antiferromagnetically uncompen-
In that case, the only expected variation with the temperatureated local neighborhoods is in the origin of the high field
of the loop shift, below the order temperature of the antifer-rreversibility observed in the ZFC and FC curves and also in
romagnet, should be linked to the temperature dependence gfat of the hysteresis loop shift and its temperature depen-
the antiferromagnetic anisotropy which typically is propor-dence. Differently from this, we propose the magnitude of
tional toM(T) (with n=2-3) and therefore corresponds to the saturation coercive force seems to be primarily linked to
a much weaker temperature evolufibthan that observed the reduced symmetry of the fcc/bee interface.
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