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The magnetism of Fe and its alloys has been at the center of scientific

and technological interest for decades. Along with the ferromagnetic Ke\gwordsi b
. . . - carbon nanotubes
nature of body-centered cubic Fe, the magnetic properties of face- - e

centered cubic (fcc) Fe have attracted much attention. It is well known . ferromagnetism
that fcc Fe is thermodynamically unstable at ambient conditions and not - iron
ferromagnetic. Contrary to what is known, we report that elongated nano- * nanoparticles
particles of fcc Fe, grown within graphitic nanotubes, remain structurally

stable and appear ferromagnetic at room temperature. The magnetic

moment (2+0.5 uB) in these nanoparticles and the hyperfine fields for

two different components of *’Fe (33 and 21 T), measured by Méssbauer

spectroscopy, are explained by carbon interstitials in the expanded fcc Fe

lattice, that is, FeC, where x~0.10, which result in the formation of a

dominant Fe,C stoichiometry. First-principles calculations suggest that the
ferromagnetism observed in the fcc Fe is related to both lattice expansion

and charge transfer between iron and carbon. The understanding of

strain- and dopant-induced ferromagnetism in the fcc Fe could lead to the

development of new fcc Fe-based alloys for magnetic applications.

1. Introduction

It is well known that both pure face-centered cubic (fcc)
v-phase Fe and the fcc Fe-C phase, austenite, are thermody-

namically metastable at ambient conditions and not ferro-
magnetic.''! However, theoretical studies have predicted
the existence of two different magnetic states in y-Fe: a fer-
romagnetic (or high-spin) state and an antiferromagnetic
(or low-spin) state,”’ which depend on the lattice parame-
ter.** Attempts have been made in the past to stabilize y-
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Fe at room temperature by either reducing the dimensions
of specimens or by incorporating carbon atoms into the lat-
tice. These have resulted in ferromagnetic fcc Fe confined
to a thickness of only a few monolayers.”'”! The theoretical-
ly predicted magnetic transition from low-spin to high-spin
states in fcc Fe provides insight into complex magnetic phe-
nomena observed in fcc Fe-based alloys, such as the invar
effect.['>13)

Herein, we report that elongated nanoparticles of fcc Fe
can be grown within graphitic nanotubes by vapor-phase in-
teraction of ferrocene and hydrocarbons, and that they
remain structurally stable and appear ferromagnetic at
room temperature. The elongated Fe nanoparticles so pro-
duced are encapsulated within graphitic layers and, thus, are
both protected from easy oxidization and effectively shield-
ed from magnetostatic interactions that may otherwise arise
between particles.' Previously, it has been suggested that
ferromagnetism in the samples arises from body-centered
cubic (bec) Fe.'*' Our careful study, reported here, indi-
cates that the Fe nanoparticles exist primarily in the fcc
phase and are ferromagnetic at room temperature. First-
principles calculations suggest that the ferromagnetism ob-
served in these fcc Fe nanoparticles is related to lattice ex-
pansion and charge transfer between Fe and C.

2. Results and Discussion

Aligned arrays of multiwalled carbon nanotubes (CNTs)
trap large numbers of Fe nanoparticles in their hollow cores
during synthesis."”’ The encapsulated Fe nanoparticles are
anisotropic in morphology, as shown by the TEM image in
Figure 1a, and are 5-10 nm in diameter and 10-150 nm in
length (along the tube axis). HRTEM observations (300-kV
field-emission microscope with a wavelength of 0.01966 A),
together with selected-area diffraction and nanodiffraction
patterns taken from tens of individual nanoparticles, identi-
fied all the nanoparticles as fcc Fe. A typical lattice image
of the fcc Fe is shown in Figure 1b, with intersected atomic
planes (lattice fringes) marked (111) and (111). The corre-
sponding electron diffraction pattern is shown as the inset
of Figure 1b, which is a typical [110] zone axis diffraction of
an fcc iron crystal. In addition, the clearly resolved lattice
images and electron diffraction patterns taken from the v-
Fe particles show that the (111) plane of y-Fe is always par-
allel to the (002) plane of the nanotubes, which indicates
the existence of an orientational relationship between the v-
Fe nanoparticles and the CNT walls. The structure of the
iron nanoparticles in the bulk sample was also confirmed to
be fcc Fe by X-ray diffraction analysis (Figure 1¢; CuKo ra-
diation with a wavelength of 1.5405 A, 40 kV and 40 mA).
A lattice parameter of 0.362-0.364 nm is obtained from the
X-ray measurements as well as from electron diffraction.
This value is larger than the lattice parameter of fcc Fe sta-
bilized in Cu,™ which has a helical spin-spiral ground state.
In fact, TEM measurements were carried out throughout
the sample area. All particles checked showed fcc diffrac-
tion patterns. We did not find any bcc Fe, nor did we find
any cementite (DOy;) or hP8 Fe;C. This finding is consistent
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Figure 1. Structural characterization of nanoparticles trapped inside
vertically aligned carbon nanotube films. a) Typical TEM image of
elongated nanosized catalyst (Fe here) trapped inside the central
cavity of a nanotube which was grown on a SiO, substrate by chemi-
cal vapor deposition. The trapped anisotropic nanoparticles of Fe
form a metal array embedded in the whole nanotube forest, as
shown by the schematic. b) HRTEM image of the two-dimensional lat-
tice of Fe nanoparticles trapped inside the nanotube cavity. The Fe
particle is identified as fcc Fe from the selected-area diffraction pat-
tern (see inset), which is a typical [110] zone axis diffraction of an
fcc Fe crystal. The (111) is the most packed plane in fcc Fe and is
parallel to the (002) plane of the nanotubes. The parallel between
fcc Fe(111) and CNT(002) agrees perfectly with epitaxial growth. The
contrast in the Fe lattice is attributed to strains induced by either the
interstitial carbon atoms or the coherence between the nanoparticle
and the graphite wall. ¢) X-ray spectrum taken from the nanotube for-
ests, which shows the existence of fcc y-Fe with a lattice parameter
of 3.62-3.64 A.
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with other recent observations of trapped fcc Fe nanoparti-
cles synthesized using similar methods, but no magnetic
studies have been reported on these structures to date.*?"]

The phase diagram of Fe-CP! shows that y-Fe is ther-
modynamically stable at 800°C and normally might experi-
ence phase transitions during a cooling process to room
temperature, to give o-Fe, Fe;C, or a mixture of them de-
pending on its composition. With a saturated C atom and a
constrained force from the CNTs which trap the y-Fe nano-
particles, the phase transitions might be retarded or inhibit-
ed owing to a rapid cooling rate for the nanosized y-Fe par-
ticles, that is, quenching of the y-Fe nanoparticles by the
flowing Ar gas in our chemical vapor deposition (CVD)
process. As a result of different cooling rates, the phase
transitions to a-Fe, Fe;C, or a mixture thereof could also
occur, as reported by other researchers.'*¢

The magnetic properties of the Fe nanoparticle arrays
were measured at room temperature in an applied field (H)
of up to 0.5 T by using an alternating-gradient magnetome-
ter (AGM). The experimental results shown in Figure2a
demonstrate the ferromagnetic behavior of the materials.
Both sets of results (magnetic fields in parallel and perpen-
dicular to the tube axis) exhibit a sheared hysteresis loop
around zero field, where the magnetization is saturated for
the field above 0.4 T. Their squareness M,/M, and coercivity
H, are 0.59 and 85 mT in the parallel direction and 0.48 and
67 mT in the perpendicular direction, respectively, which
suggests the existence of slightly unidirectional magnetic
anisotropy, presumably due to the “imperfect” alignment of
the elongated shape of iron nanoparticles embedded in the
wiggly nanotubes and perhaps lattice strain in the fcc Fe
nanoparticles. The non-observation of bec Fe and analysis
of the Mossbauer data (below) show that the measured
magnetization comes from the trapped fcc iron nanoparti-
cles.

To gain atomistic-level insights into the origin of the
magnetic moment observed, *’Fe Mossbauer-effect measure-
ments were carried out at various temperatures between
300 and 5 K. Figure 2b shows the Mdssbauer spectrum ob-
served at 300 K. According to our analysis, the spectrum
contains four sets of patterns: Fe-(1) and Fe-(2) correspond
to hyperfine-field splittings with H;,=33 T (2.2 uB per Fe)
and 21 T (1.4 uB per Fe), respectively, which originate from
ferromagnetic iron atoms; Fe-(3) represents a broad singlet
originating from antiferromagnetic (low-spin state) y-Fe;
and FeO, corresponds to a wide hyperfine-field splitting
with H;,=49T from residual iron oxides, presumably
formed during sample preparation. On the basis of the
Mossbauer intensity ratio, we began with a model of a su-
percell with a plane of fcc Fe,C separated by two planes of
pure fcc Fe, and assumed that Fe-(1) and Fe-(2) are associ-
ated with Fe atoms in the Fe,C lattice at the corners and
face-centered positions of the fcc unit cell, as schematically
illustrated in Figure 2b. Based on the relative percentage of
spectrum area for H;,=33T (41%) and 21 T (26%), we
suggest that high-spin-state Fe-(1) atoms located at the
corner positions of both the pure fcc (no carbon) and Fe,C
unit cells are the major contribution (41 %) to the observed
ferromagnetism, along with intermediate-spin-state Fe-(2)
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Figure 2. Magnetic properties of Fe nanoparticles trapped inside
carbon nanotube films. a) Magnetic hysteresis curves for a CNT
sample containing iron nanoparticles; the blue and the red loops
represent the data obtained when a magnetic field was applied
along and normal to the axis of the CNTs, respectively.

b) *’Fe Mgssbauer spectrum of the iron nanoparticles measured at
room temperature. Four different states were obtained: Fe-(1) for Fe
at the corners of the fcc Fe,C lattice, Fe-(2) for the face-centered posi-
tions of fcc Fe,C, Fe-(3) for pure fcc Fe, and FeO, for iron oxides. The
corresponding hyperfine field (H,,), isomer shift (I.S.), and relative
percentage of the spectrum area estimated from the measured data
are shown in the inset table.

atoms (26 %) at the face-centered positions only within the
Fe,C unit cell (see Figure 2b). Indeed, a very similar mag-
netic structure has been found in fcc Fe,N, where a nitrogen
atom is incorporated at the octahedral interstitial site in the
fcc unit cell and the hyperfine fields for Fe atoms at the
corner and face-centered positions are 34 and 22 T, respec-
tively.*

Mossbauer and field-cooling (FC)/zero-field-cooling
(ZFC) magnetization measurements at low temperatures
have been reported on CNT samples containing bec Fe, fcc
Fe, and Fe;C, and it was proposed that the ferromagnetic
bee Fe is surrounded and interfaced with antiferromagnetic
fce Fe, as evidenced by a hysteresis shift in the FC curves.!
As discussed before, the formation of ferromagnetic fcc Fe
is very sensitive to the synthesis conditions, and the results
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presented here were obtained from CNT samples made
under different conditions than those in ref. [23]. Although
the hyperfine fields for fcc Fe particles measured by Moss-
bauer spectroscopy are coincidently very close to those of
the bee Fe and Fe;C phases, no diffraction peaks or patterns
from bec Fe or Fe;C were detected in the X-ray diffraction
and electron microscopy data. Hence, we conclude that the
observed magnetic moments must originate from the fcc
Fe,C nanoparticles.

A lattice expansion in fcc y-Fe can be caused by incor-
poration of carbon atoms in the solid. For Fe,C solid solu-
tions, in which carbons are in the interstitial sites inside the
crystal lattice, the lattice parameter depends nearly linearly
on the number of solute (C) atoms per solvent atom
(Fe).?*®! The lattice parameter obtained from our X-ray
data for the y-Fe is 0.362-0.364 nm, which is greater than
that of pure y-Fe (~0.3567 nm), thus indicating that less
than 10 at % of carbon atoms are interstitially inside the Fe
unit cells and therefore inducing the lattice parameter ex-
pansion.

Lattice expansion and changes in electronic structure
due to interstitial carbon not only cause the stable phase
formation of fcc Fe but also stabilize the ferromagnetic
state, as shown by first-principles calculations based on den-
sity functional theory (Figure 3). We used both the local
spin-density approximation (LSDA) and the generalized
gradient approximation (GGA).?®! The cohesive energy and
the magnetic moments for pure Fe in the fcc and bec phases
are summarized in Figure 3a. The equilibrium lattice con-
stants of pure Fe in bcc and fcc structures are 0.28 and
0.34 nm, respectively, in good agreement with the experi-
mental values of 0.286 and 0.357 nm.”” The magnetic mo-
ments corresponding to the lattice parameters of 0.28 nm in
bee Fe and 0.34 nm in fcc Fe are 2.2 and ~0 pB, respective-
ly, which indicates that their ground states are ferromagnetic
for bce Fe and nonmagnetic for fcc Fe, consistent with earli-
er results.?%1%

The effect of carbon incorporated in the interstitial sites
of the Fe lattice on the magnetic properties of the fcc phase
was computationally studied using a supercell method with
a carbon/iron concentration ratio of 1:4. In the fcc unit cell
(schematic in Figure 3b, inset), carbon atoms are placed at
octahedral interstitial sites, which have been used to study
the carbon content in the fcc Fe lattice (see ref. [27] and ref-
erences therein). The calculated data for the fcc Fe-C struc-
ture is shown in Figure 3b, where the lowest cohesive
energy for the fcc Fe-C is —6.7 eV corresponding to a lattice
constant of 0.37 nm. Compared with the results in Figure 3 a,
the following facts should be noted. Firstly, the cohesive
energy of the fcc Fe-C structure is substantially lowered
(—0.6 eV) compared to those of both the fcc and bec struc-
tures of pure Fe; the experimental cohesive energy of
graphite is very high—716 kJmol™ (7.4 eVatom ')—so this
is not enough to provide phase stability, as is also clear from
the experimental phase diagram.”'! Secondly, the ground
state for the fcc Fe-C is given for the lattice constant of
0.37 nm, which corresponds to a lattice expansion of
0.03 nm compared to 0.34 nm for pure fcc Fe. Significantly,
as shown in Figure 3b, fcc Fe-C is found to be ferromagnet-
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Figure 3. Theoretical calculation of the cohesive energy and magnetic
moment (MM) of iron. a) Cohesive energy and magnetic moment per
atom as a function of lattice parameter in the case of pure iron in fcc
and bcc structures using first-principles density functional theory.
The equilibrium lattice constant of iron in the bcc and fcc structures
is 2.8 and 3.4 A, respectively, while the ground states are ferromag-
netic (2.2 pB) for bce iron and nonmagnetic (~0 pB) for fcc iron.

b) Cohesive energy and magnetic moment per atom as a function of
lattice parameter in fcc iron with an interstitial C atom at the body
center. The equilibrium lattice constant is about 3.7 A. The ground
state of the fcc iron with carbon at the interstitial site is ferromagnet-
ic, in perfect agreement with magnetic experimental measurements.
Inset: schematic of a carbon atom at the octahedral interstitial site
in the fcc unit cell used for the Fe-C calculation. Arrows guide the
eye to the corresponding y axis.

ic. The nonmagnetic fcc Fe-C solution, corresponding to a
lattice parameter of 0.37 nm, lies ~0.22 eVatom ' above the
ferromagnetic phase and exceeds the Stoner criterion, thus
implying magnetism N(Eg)I=1.17>1. Without carbon in-
corporation in the Fe lattice, the y-Fe phase will not be
stable at room temperature, even with the same lattice ex-
pansion (fcc curve in Figure 3a), which confirms the stabili-
zation of the lattice distortion by the interstitial carbon
atoms. We also performed calculations with a carbon atom
at the tetrahedral interstitial site (P(—4)3m space group)
and found the Fe-C compound to be ferromagnetic. Howev-
er, the cohesive energy in the tetrahedral case is 0.6 eV
higher than that of octahedral configurations, thus ruling
out the tetrahedral configuration. Widom et al.?®! have re-
ported a metastable Fe,C tetrahedral configuration. We also
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did calculations within a larger (eight Fe atoms) cell with a
single carbon atom at an octahedral interstitial site. Again
we obtained ferromagnetism, in this case with a magnetic
moment of 2.27 uB.

To gain further insight into the effects of carbon atoms
incorporated in y-Fe on the onset of its magnetic moments,
we calculated the partial density of states associated with
the dbands of Fe atoms in the Fe-C structure (Figure 4).

oy —+— (fcc Fe (low spin) up)

—o— (fcc Fe-C up)
—o— (fcc Fe-C dn)

B

DOS (States/atom)

-8 -6 -4 =2 0 2 4 6 8

Energy (eV)

Figure 4. Theoretical calculation of spin-up (up) and spin-down (dn)
partial densities of state (DOS) associated with d bands of the fcc
Fe-C and pure fcc Fe structures. The d-band filling for fcc Fe-C is inter-
mediate between those of pure fcc Fe and fcc Co due to carbon
valence electrons, and is narrower than in fcc iron because of lattice
expansion. Spin-down densities of state are multiplied by —1 for pic-
torial clarity. Inset: 2D charge-density plot obtained from the first-
principles density functional calculations in the Fe-C supercell (con-
centration ratio between C and Fe is 1:4), which shows electron shar-
ing between carbon and iron. The color scale goes from blue for
small values, through green, to red for large values.

The d-band structure for Fe-C alloy is narrower than that
for pure fcc Fe with a higher band filling. Hence, both lat-
tice expansion due to interstitial carbon and charge sharing
between carbon and iron (which is corroborated by our
analysis of the charge-density plot shown in the inset of
Figure 4) play a role in inducing ferromagnetism in the
system. In fact, the charge sharing between the carbon and
iron stabilizes the ferromagnetic phase, as seen from the co-
hesive energy plot shown in Figure 3. The d-band filling for
fcc Fe-C is somewhat intermediate between those of pure
fcc Fe and fcc Co (see Figure 4), yet it is narrower than that
for pure fcc Fe because of the effect of lattice expansion.
We did not perform calculations for spin-spiral states, which
are known to be present in fcc Fe at lower lattice parame-
ters,””! but we note that both the larger lattice parameter
and the change in d-band filling (toward Co, which is ferro-
magnetic at room temperature) favor ferromagnetism over
antiferromagnetism.
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3. Conclusions

In conclusion, our experimental and theoretical studies
show that the fcc Fe nanoparticles are stabilized at ambient
temperatures because of carbon atoms incorporated in the
interstitial sites of the fcc Fe lattice. The interstitial atoms
produce lattice expansion and changes in electronic struc-
ture that stabilize a high-spin ferromagnetic phase. The
room-temperature magnetic measurements on these sam-
ples provide direct evidence that the fcc Fe nanoparticles
are ferromagnetic, and the magnetic moment observed in
this structure is supported by our first-principles theoretical
prediction.

4. Experimental Section

The three-dimensional arrays of carbon nanotubes, in which
iron particles were trapped, were grown in a CVD tube-furnace
system from a vapor-phase mixture of xylene (CgH,,) and ferro-
cene (Fe(CsHs),). The CVD chamber was pumped down to
1072 Torr, backfilled with a flow of argon gas at ~100 mTorr, and
gradually heated up to 800°C. A solution of ferrocene
(0.01 gmL™"; nanotube nucleation initiator with Fe) in xylene
(carbon source), which was preheated at ~150°C and sublimed
into the CVD chamber, produced vertically aligned multiwalled
nanotubes (MWNTs) tens of micrometers in thickness and 20-
30 nm in diameter, grown on polished SiO, surfaces. The aver-
age center-to-center spacing between adjacent nanotubes in
these samples was =50 nm. The reaction was terminated by in-
troducing argon gas and cooling the furnace to room tempera-
ture under an argon atmosphere. For more information, please
refer to refs. [17,30].

To confirm that the measured magnetization comes solely
from the trapped fcc iron nanoparticles, magnetic measurements
were performed on two other types of samples: one was a
random-oriented MWNT powder produced with the arc-discharge
technique (no catalyst in pristine sample); the other consisted
of aligned MWNT arrays synthesized by the CVD method, with
the iron catalyst removed by annealing the pristine sample at
1900°C in a vacuum. No iron particles were found in the an-
nealed sample, as deduced from TEM observations. No magneti-
zation was observed for these samples, which indicates that the
ferromagnetic behavior is solely from the magnetic moments of
the Fe nanoparticles.

To determine the ground-state structure and magnetic prop-
erties, Vanderbilt-type ultrasoft pseudopotentials were used to
describe electron—ion interactions. For the bulk calculation (both
fcc and bcc phase) of iron, we used a plane-wave cutoff of
21 Ry. The Brillouin zone was sampled with a 15x15x 15 Monk-
horst—Pack grid. The VASP code”" was used for the calculation.
Full-potential linearized augmented plane-wave (FLAPW) calcula-
tions were used for some of our calculations to confirm the accu-
racy of our results obtained by the pseudopotential approach.
The convergence threshold in electronic energy during the self-
consistent procedure was set to be 1x107° eV. The GGA calcula-
tion (not shown here) can provide more quantitative information
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on the stability of these phases, which arises due to a small dif-
ference in the cohesive energies between iron atoms in the fcc
and bcc phases. However, here we emphasize the LSDA results
because the GGA is known to sometimes overestimate magneti-
zation. To evaluate the effect of carbon incorporated in the inter-
stitial sites of the Fe lattice on the magnetic properties of the fcc
phase, a supercell method with a carbon/iron concentration
ratio of 1:4 was employed. Basically, we created the band struc-
ture by repeating the unit cell. As we placed carbon here, we car-
ried out the calculation by repeating the cell that contained both
iron and carbon.
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