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(FesyCos)97V,Nb; nanoparticles were synthesized in an induction plasma torch and oxidized
isochronally at temperatures between room temperature (RT) and 900 °C. The particles exhibited
three stages of oxidation present at different temperatures. The initial oxide layer was nearly
Co-free, beginning at 3 nm at RT, and Co appeared to oxidize separately from the iron. Iron cations
were determined to be the mobile species during oxidation, yielding a progressively more Co-rich
core as oxidation progressed, decreasing from an average diameter of 42 to 25 nm, while the oxide
tripled in size. At 350 °C, the particles exhibited a less dense core, and at 900 °C the particles were
observed to have changed morphology completely with some sintering, forming completely
oxidized particles with an average diameter three times the as received size. © 2010 American

Institute of Physics. [doi:10.1063/1.3334197]

I. INTRODUCTION

FeCo nanoparticles are important materials in biomedi-
cal, electromagnetic interference (EMI) absorption, and other
applications.l’2 To understand their performance in varying
environmental conditions, their oxidation behavior needs to
be investigated, noting how the oxide couples to the core of
FeCo.

FeCo magnetic nanoparticles have the highest room tem-
perature (RT) saturation magnetization, lying at the peak of
the Slater—Pauling curve.>* When used in applications, there-
fore, one can often get the same property performance as
other materials, while using a lower concentration of the
nanoparticles. A high saturation induction along with a high
anisotropy field is essential to high frequency applications of
nanoparticles for use in gigahertz frequency EMI
absorption.5 The anisotropy field can be increased by in-
creasing the magnetocrystalline anisotropy of a material,
which can be accomplished in FeCo nanoparticles by oxida-
tion. For example, if Co is incorporated in the oxide, large
magnetic anisotropies associated with Co-ferrite can be real-
ized. If the oxide is well lattice-matched to the core, ex-
change bias effects can be observed.® This oxidation, both
compositionally and kinetically, depends on the surface ori-
entation of the faceted nanoparticles. While bulk studies
have been done on this alloy system, more in depth nanopar-
ticle analyses have yet to be completed.7 A general study of
the oxidation kinetics and morphology of these types of
nanoparticles is reported below, from RT to 900 °C, using
multiple experimental techniques.
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Il. EXPERIMENTAL PROCEDURE

Polydisperse  nanoparticles of composition (Fes,
Cos0)97V,Nb, were synthesized in a 50 kW, 3 MHz rf Tekna
induction plasma torch. These particles were then oxidized
isochronally for 2 h at varying temperatures, ranging from
RT to 900 °C, in a box furnace. Timing began once the
furnace returned to the desired temperature. After 2 h, the
samples were removed from the oven and allowed to cool in
air. The progress of oxidation and the oxidation products
were then analyzed by measuring changes in magnetization
using a Lakeshore vibrating sample magnetometer and
Rigaku powder x-ray diffractometer (XRD). The particles
were also imaged using a JEOL 2000EX transmission elec-
tron microscope (TEM) to observe any faceting of the par-
ticles, both natively and after oxidation, and the formation of
the oxide layer with increasing temperature. Mossbauer spec-
troscopy was employed to determine the occupation sites of
the iron and cobalt in the oxide and to further understand the
phases of oxide present in the nanoparticles.

lll. RESULTS AND DISCUSSION

The magnetization of the nanoparticles was observed to
decrease with increasing oxidation temperature, beginning
most notably above 350—-400 °C. Before this, the oxidation
seems only to progress to the same point of magnetization,
indicating the oxide is limited by diffusion through the oxide
layer at these lower temperatures. This is consistent with
observations that the nanoparticles are essentially passivated
by the thin oxide at RT. For low temperature applications this
oxide shell means that other passivating coatings, like C, are
unnecessary.®
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FIG. 1. RT nanoparticle saturation magnetization as a function of 2 h oxi-
dation temperature.

As the oxidation temperature approached 600 °C, how-
ever, an inflection point can be seen in the magnetization
versus oxidation temperature data (Fig. 1). This indicates a
change in the mode of oxidation, either by altering the oxide
species or a change in the diffusion rate due to the building
up of an oxide layer. Through XRD analysis, we observe the
rapid sharpening of peaks after 400 °C along with the intro-
duction of new oxide peaks, indicating that the oxide phase
is increasing in thickness. There is also some shifting in
peaks, which can either be attributed to the introduction of
strains due to the growing oxide-FeCo interface or the
changing of phases during oxidation. The different possible
phases are magnetite, hematite, maghemite, and wustite.

In Fig. 2, TEM images show that the minimally oxidized
particles are faceted along the low energy crystallographic
faces, previously shown to be the (100) and (110) FeCo
planes rather than (100) and (111) facets."”'® The more
heavily oxidized particles become more rounded (Fig. 2). At
RT, the particles form a passivating oxide shell that protects
the core from further oxidation; this is responsible for the
slight decrease in specific magnetization from literature re-
ported values for FeCo. The average oxide shell thickness is
3 nm, and is relatively independent of the particle size (the
oxide shell thickness ranges from about 2.5-4 nm). FeCo

FIG. 2. TEM bright field micrographs of FeCo nanoparticles oxidized for 2
h at (a) RT, (b) 200 °C, (c) 350 °C, and (d) 900 °C.
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cores are observed to have an average diameter of 42 nm but
with a large spread from 25 to over 60 nm. The mass-
thickness contrast present inside the FeCo cores of Fig. 2(a)
can be attributed to the underlying faceting of the particles.

The nanoparticles oxidized at 200 °C show a faceted
FeCo core with an oxide layer that follows the core faceting.
The oxide layer thickness has practically doubled and is still
quite invariant with particle size (~1 nm variance). Some of
the smallest particles are already oxidized through, and show
a lighter center, indicating a voided region. Ignoring these
small particles, the FeCo core has decreased to 36 nm, which
is consistent with the increase in the oxide shell thickness to
~5.7 nm.

The nanoparticles oxidized at 350 °C show a core with
less contrast (like the small particles at 200 °C), possibly
indicating a voided region. The oxide has begun to round,
similar to that seen in Ref. 11 for iron nanoparticles. The
metal cations are therefore determined to be the mobile spe-
cies during oxidation, diffusing out of the core and oxidizing
at the gas-oxide interface, as seen by the coalescence of
voids in the core. The oxide shell is now about 9 nm and the
FeCo core has decreased to 25 nm.

At the 900 °C oxidizing temperature, the nanoparticles
appear very rounded and are sometimes oval-shaped. At this
same temperature the saturation magnetization curve has be-
gun to flatten out, indicating that oxidation has been com-
pleted. The nanoparticles are also much larger than in the
other micrographs, about 127 nm in diameter, indicating that
sintering of particles has taken place, and the voids have
therefore been removed. There is no apparent FeCo core re-
maining in these nanoparticles.

Looking more closely at the magnetization curve in Fig.
1, the RT nanoparticles have a specific magnetization lower
than what is predicted for an FesyCos, alloy. Using literature
values for the specific magnetization of FeCo and magnetite,
at RT there is about 42% magnetite in the nanoparticles,
which initially seems inconsistent with the values measured
from TEM. The magnetization curve, however, was averaged
over a greater particle distribution, and may therefore have
many more small particles which are more fully oxidized
than the representative TEM images. At 900 °C, the specific
magnetization of the nanoparticles is below that of magne-
tite, indicating that other oxides have formed in the particles,
as observed by XRD, and are decreasing the overall moment
of the sample.

As observed through Méssbauer spectroscopy (see Fig.
3), the RT nanoparticles showed a single sextet with a mag-
netic hyperfine field (BHF) consistent with that of FeCo
(BHF=35.5 T). After being oxidized at 350 °C for two
hours, though, the core BHF decreased to 33.1 T, which can
be attributed to an increase in Co composition,12 and three
sextets were seen: one sextet for Co-rich FeCo and two sex-
tets for the octahedral and tetrahedral sites of magnetite.
While the decrease in the core BHF could also be attributed
to an increase in Fe, rather than an increase in Co, unpub-
lished thin film compositional studies have shown Fe to be
the mobile species, thus indicating that the decrease in BHF
is due to an enrichment of Co in the core. Given these sextets
and their specific BHF’s, it seems reasonable to conclude
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FIG. 3. Mossbauer spectrums of FeCo nanoparticles oxidized for 2 h at (a)
RT, (b) 350 °C, and (c) 900 °C.

that iron is the mobile species being oxidized, leaving the
core richer in cobalt as oxidation progresses. The magnetite
BHF values calculated here (BHF=46.5/49.5 T) are differ-
ent from those seen for cobalt-ferrite (BHF=47.5/50.5 T),
so cobalt does not enter the structure of magnetite.13 After
oxidation at 900 °C, only two sextets were seen, correspond-
ing to the two occupation sites of magnetite, showing that all
the iron remaining in the core at 350 °C has been oxidized to
form magnetite.
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IV. CONCLUSIONS

FeCo nanoparticles oxidize minimally until around
350-400 °C, at which point the diffusivity of the mobile
iron cations are able to penetrate through the growing oxide
layer. This initial oxide layer is approximately 3 nm thick,
with an FeCo core of 42 nm. At this point the specific mag-
netization of the powders begins to decrease due to the in-
troduction of magnetic oxides with a lower net moment than
FeCo, the oxide layer growing to 9 nm thick by 350 °C and
the core decreasing to a diameter of 25 nm. The oxidation
tails-off above 900 °C, where the particles are all oxidized
and begin to sinter, increasing the particle size threefold. The
growing oxide is mainly magnetite, with cobalt oxidizing
separately.
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