JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 8 15 APRIL 1999

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

Z. Turgut,? 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 lbeEeCo 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. Antiferromagnefiexchange bigscoupling was observed due to the
presence of the oxide layer. Relatively high coercivities were obséB&Oe at 5 K and 250 Oe

at room temperatuje Neel'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. 99 American Institute of Physics.
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I. INTRODUCTION We explain the origin of the higher coercivities in the oxide-
coated particles through the dl&s surface anisotropy model.
Soft magnetic materials for high temperature applica-
tions such as in electric aircraft engine components are in
demand. Conventional soft magnetic materials cannot meét EXPERIMENT
the demands at elevated temperatures where mechanical

) . We have previously described production of graphite-
creep resistance and magnetic eddy current losses becor@gated FeCo nanoparticles by plasma torch synth@start-
important material properties. Recent developments in nanao-

. . . cing with a mixture of Fe—Co metal precursors. For synthesis
crystalline materials suggest a promising future for these M3t the oxide-coated particles, air was introduced into the

terials at tempera_ltures up to 875. K A mag_netlc nanostrucblasma gas mixture as an oxidation agent. The plasma power
ture embedded in a highly resistive matrix may offer a

. . " was kept at 50 kW and argon flowing at 40 slpm was used as
solution for core loses. However, superplastic behavior P g g P

) . ) . . the plasma gas while the sheath gas consisted of 80 slpm of
nanocrystalline materials is still an issue to be solved. ASAr mixed with 9 slpm of hydrogen. The pressure in the re-

grain size is reduced below a critical size, the deformatior}:lctor was maintained at 250 Torr during the synthesis
mechanism changes from dislocation nucleation and motion g ,ctural characterization was carried out by coﬁven-

to sliding in the grain boundaries. This suggests the idea of, 4 and synchrotron x-ray diffractioKRD) on powder
developing a composite material where the high resistive ing,mpies - High resolution transmission electron microscopy
tergranular phase would also have enough mechanice(ll_'RTEM) was performed on a JEOL JEM4000EX micro-
strength to meet the desired mechanical properties, be thlgbope. An AVG HB501 high resolution scanning transmis-
enough to ensure neighboring grain coupling, and be stablg, electron microscop€STEM) equipped with an Oxford
at elevated temperatures in order to prevent coarsening. Th&ergy dispersive x-rayEDX) for the high resolution el-
clearly poses a significant materials challenge. emental mapping and a Philips XI-30FEG field emission
~Two routes for synthe5|z'|ng'exchange coupled NanocrySgcanning electron microscop§SEM) were employed for
talline materials are crystallization of amorphous precursorg,qhological observations and statistical characterization of
and production of free standing nanocrystalline part'deﬁ)article sizes. The dc magnetic properties of as-produced
through a plasma arc or plasma torch synthesis. In both caseRwders were studied using a superconducting quantum in-
compaction of precursor materials in a dense bulk form igg ference devicdSQUID) magnetometer and a vibrating

unavoidable. _ _ sample magnetomet&¥SM) equipped with a furnace that
Here we report on the synthesis of oxide coated FeCq,p, operate up to temperatures 1300 K.

nanoparticles in a rf plasma torch reactor and their ac and dc = pq produced powders were hot isostatically pressed
magnetic properties before and after compaction. The FeC@_”Pe@. A powder precursor was first packed into a cylin-
alloy system was selected because of higher magnetic indugyica) iron containex2 cm diameter and 2.2 cm height with
tion and magnetic transformation temperatures of this sys; \vall thickness of 0.25 mjnyielding an ~65% packing

tem. At first glance, even though freestanding particles €xyensity under 2.5 ksi pressure. The Fe canisters were sealed
hibit coercivities that are too large for soft applications Wepy electron beam welding under vacuum and HiPed at 1023
have observed reduction in the coercivities after compactiork and 22 ksi pressure for 2 h. A Walker-401 type hysteresis-
graph was employed in determining ac magnetic properties
dElectronic mail: turgut@andrew.cmu.edu on a toroidal sample cut from a compacted material.
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FIG. 2. Temperature dependence of coercivity and saturation magnetization.

considering the temperature dependence of the ferrite coating
and host FeCo. As the temperature is increased the magnetic
moment in the ferrite is more strongly T-dependent than that
of the core FeCo since the Bletemperature of CoR@, is
much lower than the ferromagnetic ordering temperature of

(b) N FeCo. Due to the diminished exchange coupling between
FIG. 1. Elemental mappinég) and bright field image of as produced par- Shell and core with increasing temperature, the core becomes
ticles showing protective ferrite coating around thésn magnetically softer resulting in lower coercivities. Differ-

ences in field cooled and zero field coercivities support this
idea where one can expect higher coercivities in the field

IIl. RESULTS AND DISCUSSION cooled state than in the zero field cooled state.
Initial x-ray diffraction (XRD) structural characteriza- . Among various amsotropy terms magnepc surfacg _and
interface anisotropy play an important role in determining

tion was carvied out using a Rikagu-diffractometer. XRD in_the magnetic properties of nanocrystalline particles since the
dicated the presence of bcc FeCo. Further structural analysis g brop Y P

. : surface/volume ratio of these particles are many times larger
by a synchrotron x-ray diffraction revealed that the as . ) i
. . . than that of the bulk materials. This term itself may be able
formed particles consisted of a disordered heeCo phase. to explain higher coercivities and lower magnetization that
The presence of CoF®, was also detected and was further P 9 g

. . . . are found in many nanocrystalline systems. In this work we
confirmed in thermomagnetic data. Scherrer analysis of thﬁave employed Ke's® surface and interface anisotropy
full \.N'dth.at half maX|mum(FWHM) indicated an average . odel in order to explain origin of the observed higher co-
particle size of 60 nm, that is in good agreement with statls_ercivities In our model we have incorporated the modifica-
tical particle size analysis carried on the SEM images. tions made by O'Handlegt al®
. Figure ]@ shows_a HRT.EM image of as prloduced par- Neel proposed that atorﬁs in an environment of a re-
ticles. Spherlcal particles with a several atomic Iaygr thICI(duced symmetry, such as those at a surface or interface, will
prote(_:t|v_e CoFgO, were observed._ Elemental mapping by give rise to anisotropy that is different from the butkag-
EDX indicated homogeneous alloying by plasma torch syn-

thesis and a continuous protective oxide layer formation. Anetocrystallméa anisotropy in the material. In this model the

large size distribution was observed ranging from Severa?lementary or magnetic interaction energff , ¢) is consid-

. . . : ...~ “ered be a function of the separatiorithat is the bond dis-
nanometers tum size particles. This large size distribution
: . . : tance between two atomand the angle between the spon-
is believed to be due to not having a continuous powde

feeding of powder precursors into the plasma stream an%’:\neous magnetization and the bond axis. This energy is

having a nonuniform temperature gradient into the reactoFXpalndecj in Legendre polynomials

vessel. Further effort to keep a continuous powder feed rate  W(r,¢)=G(r)+L(r)(cos ¢—3)
yielded particle size distributions between 5 and 200 nm and
an average particle size of 27 nm. +Q(r(cos' 3o o= 35)+ ...

Room temperature hysteresis loops taken on the VSM he first term, which is independent of angeincludes the
indicated an antiferromagnetic coupling between the hosspatially isotropic effects such as magnetic exchakgge
nanoparticles and ferrite coating. Evidence of this came from=—J;;S,- S; . It does not contribute to the magnetic anisot-
a shifted(exchange-biasecysteresis loop. The room tem- ropy. The second, dipolar term describes dipolar anisotropy,
perature specific magnetization was found to be 190 emu/@and the third quadrupolar anisotrofihe lowest order term
Similar to previous reports in oxide-coated nanopartfcles present for cubic symmetyy The magnetic anisotropy en-
relatively high coercivities were observed. SQUID measureergy is calculated by summing this interaction energy
ments indicated coercivities as high as 280 Oe at 5 K. Aw(r,¢) over all pairs of atoms in the system.
strong temperature dependence of the coercivity and satura- It is obvious that strain is present in these nanoparticles
tion magnetization were observegig. 2). The temperature due to the extremely nonequilibrium process conditions and
dependence of the coercivity can be explained in part byattice misfit between the host FeCo and the ferrite coating.
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In this case the Na theory needs to be modified to consider Initial Permeability Data

magnetoelastic terms. Since it is difficult to accurately deter- 70

mine internal strain in the host, here only strains due to the 60 e

lattice misfit are considered in the calculations. A = Nt

MATHEMATICA® code was employed for the calculations. 50 5y

Qualitative anisotropy energy surface plots gives very rea- < 0 :

sonable results explaining the origin of the canting of the = v

surface moments and higher coercivities found in nanocrys- %30

talline powders. For an unstrained bcc bulk matek&Q0 -

directions are the easy axes of the magnetization. When mag- 20 i

netization is rotated away from these directions it has higher 10

anisotropy energy. Th€l10 family has higher anisotropy

energy than100 directions, and111) is the hard direction 00‘1 p 10 .

for magnetization. (a) Frequency (kHz)
Moments closer to the surface of the particle exhibit dif-

ferent angular dependence to the anisotropy energies than 200_ L skoa - expoo1758 1) A= 007028

those of the bulk moments far away from the surface. Elon- ] T ’

gation due to misfit between oxide coating and the host lat- i [ Ty = 35009 DodssicR= 0083

? . . 150 oA

tice creates an in plane magnetization wh@@1| becomes E /

the hard direction for magnetization and it can take any di- g [ / o

rection in the(001) plane. The same kind of effect can also £ 100l o *

be seen for the atoms that are lying on (@@1) plane. What- 3 I //

ever the magnetization direction is, surface moments will a / .

prefer to lie in thex-y plane. There is no energy difference 50 L S )

between thg€100 and(110 directions. i
For the atomic moments that are on the step-corner sites _____,.('——""‘

the (100 directions will be easy. Particularfyl00] will be I S,

the energetically most favorable direction. Creatior{ 0} 0 006" 506506406 50660000

type surfaces is not energetically favorable. While [th&0] () T(C)

d!reCtion h?-S |(?SS anisotropy energy compa_red to all OthqflG. 3. Real and imaginary parts of initial permeabiligy and temperature
directions, it still holds some anisotropy, which makes thisdependence of these permeabilitis

type of surface higher energy states. Reduction in coercivity

by annealing may be thought of as a result of elimination ofne oxide shell but also porosity. It was also found that tem-
internal strains which are due to the synthesis route but thBerature has no effect on peak frequencies6rin these
effect of interface anisotropy will always be there. materials. At 600 °C, the peak frequency is found to be the
ac and dc thermomagnetic measurements were also pP&fame as that at room temperature. On the other hand, real
formed on compacted samples up to temperatures of 925 Kyng imaginary parts of initial permeability were found to be
A weak temperatL_Jre dependence was observed and the Pre8mperature dependeffEig. 4(b)]. While .’ changes expo-
ence of CoFgO, with a Neel temperature around 520 °C was pentially with temperaturey” has a linear dependence. This

confirmed as a small bump i (T). ac magnetic measure- presumably mimics the temperature dependence of the bulk
ments were performed on a toroidal sample with dimensiongisotropy of FeCo.

of 18 mm outer diametefOD), 16 mm inner diametetiD),

and 2.1 mm thick. Relatively low permeabilities were ob- ACKNOWLEDGMENTS
served. The temperature dependence of the real and imagi-
nary parts of permeabilities were measured up to 825 Iﬂ?e
[Figs. 38 and 3b)]. Measurements taken wwita 5 Oefield
amplitude, and in a 0.1-100 kHz frequency range, reveale
that the loss component of the permeability peaks at 25.1
kHz supporting the idea that presence of high resistance o
ide layer keeps eddy cu_rrent I_oses low. _ 13, Yip, Nature(London 391, 532 (1998.
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