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Magnetic properties and microstructural observations of oxide coated
FeCo nanocrystals before and after compaction

Z. Turgut,a) N. T. Nuhfer, H. R. Piehler, and M. E. McHenry
Materials Science and Engineering Department, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

A radio frequency~rf! plasma torch has been used to produce FeCo nanoparticles with a thin
protective oxide coating from metal powder precursors. Structural characterization by conventional
and synchrotron x-ray diffraction indicated a disordered bcca-FeCo phase. High resolution
transmission electron microscopy revealed spherical particles with several monolayer thick
protective oxide coatings. Thermomagnetic measurements were carried out using a superconducting
quantum interference device magnetometer and a vibrating sample magnetometer at temperatures
between 5 and 1050 K. Antiferromagnetic~exchange bias! coupling was observed due to the
presence of the oxide layer. Relatively high coercivities were observed~280 Oe at 5 K and 250 Oe
at room temperature!. Néel’s surface~interface! anisotropy model was employed to explain the
origin of the observed coercivities. As produced powders were hot isostatically pressed at 1023 K
and 22 ksi for 2 h. Dense structures were observed and compacted particles revealed coercivities as
low as 25 Oe at room temperature. ©1999 American Institute of Physics.
@S0021-8979~99!52808-9#
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I. INTRODUCTION

Soft magnetic materials for high temperature appli
tions such as in electric aircraft engine components are
demand. Conventional soft magnetic materials cannot m
the demands at elevated temperatures where mecha
creep resistance and magnetic eddy current losses be
important material properties. Recent developments in na
crystalline materials suggest a promising future for these
terials at temperatures up to 875 K. A magnetic nanostr
ture embedded in a highly resistive matrix may offer
solution for core loses. However, superplastic behavior1 in
nanocrystalline materials is still an issue to be solved.
grain size is reduced below a critical size, the deformat
mechanism changes from dislocation nucleation and mo
to sliding in the grain boundaries. This suggests the idea
developing a composite material where the high resistive
tergranular phase would also have enough mechan
strength to meet the desired mechanical properties, be
enough to ensure neighboring grain coupling, and be st
at elevated temperatures in order to prevent coarsening.
clearly poses a significant materials challenge.

Two routes for synthesizing exchange coupled nanoc
talline materials are crystallization of amorphous precurs
and production of free standing nanocrystalline partic
through a plasma arc or plasma torch synthesis. In both c
compaction of precursor materials in a dense bulk form
unavoidable.

Here we report on the synthesis of oxide coated Fe
nanoparticles in a rf plasma torch reactor and their ac an
magnetic properties before and after compaction. The F
alloy system was selected because of higher magnetic in
tion and magnetic transformation temperatures of this s
tem. At first glance, even though freestanding particles
hibit coercivities that are too large for soft applications w
have observed reduction in the coercivities after compact

a!Electronic mail: turgut@andrew.cmu.edu
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We explain the origin of the higher coercivities in the oxid
coated particles through the Ne´el’s surface anisotropy mode

II. EXPERIMENT

We have previously described production of graphi
coated FeCo nanoparticles by plasma torch synthesis2,3 start-
ing with a mixture of Fe–Co metal precursors. For synthe
of the oxide-coated particles, air was introduced into
plasma gas mixture as an oxidation agent. The plasma po
was kept at 50 kW and argon flowing at 40 slpm was used
the plasma gas while the sheath gas consisted of 80 slp
Ar mixed with 9 slpm of hydrogen. The pressure in the r
actor was maintained at 250 Torr during the synthesis.

Structural characterization was carried out by conv
tional and synchrotron x-ray diffraction~XRD! on powder
samples. High resolution transmission electron microsc
~HRTEM! was performed on a JEOL JEM4000EX micr
scope. An AVG HB501 high resolution scanning transm
sion electron microscope~STEM! equipped with an Oxford
energy dispersive x-ray~EDX! for the high resolution el-
emental mapping and a Philips XI-30FEG field emissi
scanning electron microscopy~SEM! were employed for
morphological observations and statistical characterizatio
particle sizes. The dc magnetic properties of as-produ
powders were studied using a superconducting quantum
terference device~SQUID! magnetometer and a vibratin
sample magnetometer~VSM! equipped with a furnace tha
can operate up to temperatures 1300 K.

As produced powders were hot isostatically press
~HIPed!. A powder precursor was first packed into a cyli
drical iron container~2 cm diameter and 2.2 cm height wit
a wall thickness of 0.25 mm! yielding an ;65% packing
density under 2.5 ksi pressure. The Fe canisters were se
by electron beam welding under vacuum and HIPed at 1
K and 22 ksi pressure for 2 h. A Walker-401 type hysteres
graph was employed in determining ac magnetic proper
on a toroidal sample cut from a compacted material.
6 © 1999 American Institute of Physics

 AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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III. RESULTS AND DISCUSSION

Initial x-ray diffraction ~XRD! structural characteriza
tion was carried out using a Rikagu-diffractometer. XRD
dicated the presence of bcc FeCo. Further structural ana
by a synchrotron x-ray diffraction revealed that the
formed particles consisted of a disordered bcca-FeCo phase.
The presence of CoFe2O4 was also detected and was furth
confirmed in thermomagnetic data. Scherrer analysis of
full width at half maximum~FWHM! indicated an average
particle size of 60 nm, that is in good agreement with sta
tical particle size analysis carried on the SEM images.

Figure 1~a! shows a HRTEM image of as produced pa
ticles. Spherical particles with a several atomic layer th
protective CoFe2O4 were observed. Elemental mapping b
EDX indicated homogeneous alloying by plasma torch s
thesis and a continuous protective oxide layer formation
large size distribution was observed ranging from seve
nanometers tomm size particles. This large size distributio
is believed to be due to not having a continuous pow
feeding of powder precursors into the plasma stream
having a nonuniform temperature gradient into the reac
vessel. Further effort to keep a continuous powder feed
yielded particle size distributions between 5 and 200 nm
an average particle size of 27 nm.

Room temperature hysteresis loops taken on the V
indicated an antiferromagnetic coupling between the h
nanoparticles and ferrite coating. Evidence of this came fr
a shifted~exchange-biased! hysteresis loop. The room tem
perature specific magnetization was found to be 190 em
Similar to previous reports in oxide-coated nanoparticl4

relatively high coercivities were observed. SQUID measu
ments indicated coercivities as high as 280 Oe at 5 K
strong temperature dependence of the coercivity and sa
tion magnetization were observed~Fig. 2!. The temperature
dependence of the coercivity can be explained in part

FIG. 1. Elemental mapping~a! and bright field image of as produced pa
ticles showing protective ferrite coating around them~b!.
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considering the temperature dependence of the ferrite coa
and host FeCo. As the temperature is increased the mag
moment in the ferrite is more strongly T-dependent than t
of the core FeCo since the Ne´el temperature of CoFe2O4 is
much lower than the ferromagnetic ordering temperature
FeCo. Due to the diminished exchange coupling betw
shell and core with increasing temperature, the core beco
magnetically softer resulting in lower coercivities. Diffe
ences in field cooled and zero field coercivities support t
idea where one can expect higher coercivities in the fi
cooled state than in the zero field cooled state.

Among various anisotropy terms magnetic surface a
interface anisotropy play an important role in determini
the magnetic properties of nanocrystalline particles since
surface/volume ratio of these particles are many times la
than that of the bulk materials. This term itself may be a
to explain higher coercivities and lower magnetization th
are found in many nanocrystalline systems. In this work
have employed Ne´el’s5 surface and interface anisotrop
model in order to explain origin of the observed higher c
ercivities. In our model we have incorporated the modific
tions made by O’Handleyet al.6

Néel proposed that atoms in an environment of a
duced symmetry, such as those at a surface or interface,
give rise to anisotropy that is different from the bulk~mag-
netocrystalline! anisotropy in the material. In this model th
elementary or magnetic interaction energyw(r ,w) is consid-
ered be a function of the separationr ~that is the bond dis-
tance between two atoms! and the angle between the spo
taneous magnetization and the bond axis. This energ
expanded in Legendre polynomials

w~r ,w!5G~r !1L~r !~cos2 w2 1
3!

1Q~r !~cos4 w2 6
7 cos2 w2 3

35!1... .

The first term, which is independent of anglew, includes the
spatially isotropic effects such as magnetic exchangeEex

52Ji j SI•Sj . It does not contribute to the magnetic aniso
ropy. The second, dipolar term describes dipolar anisotro
and the third quadrupolar anisotropy~the lowest order term
present for cubic symmetry!. The magnetic anisotropy en
ergy is calculated by summing this interaction ener
w(r ,w) over all pairs of atoms in the system.

It is obvious that strain is present in these nanopartic
due to the extremely nonequilibrium process conditions a
lattice misfit between the host FeCo and the ferrite coati

FIG. 2. Temperature dependence of coercivity and saturation magnetiza
 AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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In this case the Ne´el theory needs to be modified to consid
magnetoelastic terms. Since it is difficult to accurately de
mine internal strain in the host, here only strains due to
lattice misfit are considered in the calculations.
MATHEMATICA ® code was employed for the calculation
Qualitative anisotropy energy surface plots gives very r
sonable results explaining the origin of the canting of
surface moments and higher coercivities found in nanoc
talline powders. For an unstrained bcc bulk material,^100&
directions are the easy axes of the magnetization. When m
netization is rotated away from these directions it has hig
anisotropy energy. Thê110& family has higher anisotropy
energy than̂100& directions, and̂111& is the hard direction
for magnetization.

Moments closer to the surface of the particle exhibit d
ferent angular dependence to the anisotropy energies
those of the bulk moments far away from the surface. El
gation due to misfit between oxide coating and the host
tice creates an in plane magnetization where@001# becomes
the hard direction for magnetization and it can take any
rection in the~001! plane. The same kind of effect can als
be seen for the atoms that are lying on the~001! plane. What-
ever the magnetization direction is, surface moments
prefer to lie in thex-y plane. There is no energy differenc
between thê100& and ^110& directions.

For the atomic moments that are on the step-corner s
the ^100& directions will be easy. Particularly@100# will be
the energetically most favorable direction. Creation of$110%
type surfaces is not energetically favorable. While the@110#
direction has less anisotropy energy compared to all o
directions, it still holds some anisotropy, which makes t
type of surface higher energy states. Reduction in coerci
by annealing may be thought of as a result of elimination
internal strains which are due to the synthesis route but
effect of interface anisotropy will always be there.

ac and dc thermomagnetic measurements were also
formed on compacted samples up to temperatures of 92
A weak temperature dependence was observed and the
ence of CoFe2O4 with a Néel temperature around 520 °C wa
confirmed as a small bump inM (T). ac magnetic measure
ments were performed on a toroidal sample with dimensi
of 18 mm outer diameter~OD!, 16 mm inner diameter~ID!,
and 2.1 mm thick. Relatively low permeabilities were o
served. The temperature dependence of the real and im
nary parts of permeabilities were measured up to 825
@Figs. 3~a! and 3~b!#. Measurements taken with a 5 Oefield
amplitude, and in a 0.1–100 kHz frequency range, revea
that the loss component of the permeabilitym9 peaks at 25.1
kHz supporting the idea that presence of high resistance
ide layer keeps eddy current loses low.

Even though a detailed microstructural analysis has
been performed on compacted samples, low values of in
permeabilities are believed to be due to residual poro
rather than a fully dense compact. It should be noted that
ac aircraft applications the permeability requirements are
as high as for other soft magnetic devices. Since the per
ability of a magnetic core is reduced as a result of air g
then the loss factor is reduced proportionally,7 and one can
infer that high loss peak frequencies are not only caused
Downloaded 23 Jan 2001  to 128.2.132.154.  Redistribution subject to
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the oxide shell but also porosity. It was also found that te
perature has no effect on peak frequencies form9 in these
materials. At 600 °C, the peak frequency is found to be
same as that at room temperature. On the other hand,
and imaginary parts of initial permeability were found to
temperature dependent@Fig. 4~b!#. While m8 changes expo-
nentially with temperature,m9 has a linear dependence. Th
presumably mimics the temperature dependence of the
anisotropy of FeCo.
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