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Plasma synthesis has previously been shown to be a viable route to producing nanocrystalline
magnetite and Ni ferrite nanoparticles. In this work nanocrystalline powders of Mn and Mn-Zn
ferrites have been synthesized using a 50 kW—-3 MHzadio frequencyinduction plasma torch.

We investigate these materials for soft magnetic applications. High-energy ball mille¢t Fe
powders andMn+2Zn) +Fe powderg<10 wm) in the stoichiometric ratio of 1:2 were used as
precursors for the ferrite synthesis. Compressed air was used in the oxygen source for oxidation of
metal species in the plasma. X-ray diffraction patterns for the plasma-torched Mn ferrite and MnZn
ferrite powders were indexed to the spinel ferrite crystal structure. An average grain si2@ aim

was determined from Scherrer analysis confirmed by transmission electron microscopy studies. The
particles also exhibited faceted polygonal growth forms with the associated truncated cuboctahedral
shapes. Room-temperature vibrating sample magnetometer measurements of the hysteretic response
revealed saturation magnetizatibh, and coercivityH . of Mn ferrite are 23.65 emu/g and 20 Oe,
respectively. The Nal temperatures of Mn ferrite powders before and after anne&igg °C, 30

min) were determined to be 200 and 360 °C, respectively. Inductively coupled plasma chemical
analysis and energy dispersive x-ray analysis data on the plasma-torched powders indicated
deviations in the Mn or Zn contents than the ideal stoichiometry. MnZn ferrite was observed to have
a Neel temperature increased by almost 400 °C as compared with as-synthesized Mn ferrite but with
a larger coercivity of~35 Oe. © 2003 American Institute of Physic$DOI: 10.1063/1.1557953

In recent years, as electronic devices have become more rf inductively coupled plasma synthesis has been previ-
miniaturized, offering increasingly high levels of perfor- ously shown to be a viable route to producing nanocrystal-
mance, the trend has been towards much higher-signal fréine magnetite and Ni ferrite nanoparticfé this study, our
quencies. Ferrites have been of great importance in highgoal is to produce nanocrystalline Mn ferrites and MnZn

frequency soft magnetic applications owing to their |argeferrites from metallic precursors by rf plasma torch synthesis

resistivities, low power losses, and high permeabilities. Mna”d characterize their structural and magnetic properties.
Two types of precursor samples were prepared for

ferrites and MnZzZn ferrites have especially come to light as lasma svnthesis. Precursor sample 1 was a mixture of bure
essential materials for higher-frequen@yp to MH2) appli- b Y ) P P

. : Mn (<45 um) powder and pure Fe powdé—10um) at the
cations such as inductors, transformers, and yoke tolls. ( Hm) pow Pu powdes pm

i ) . ) .atomic ratio of 1:2(i.e., that of the desired cation ratio
Mn ferrites and MnZn ferrites possessing the cubic Sp"SampIe 2 was a mixture of Mn, pure Zn dgst10 um), and

nel structure are described by the form[B],0, where g \yith overall Mn:Zn:Fe ratie 1:1:4. Both samples 1 and 2

(A) and[B] refer to tetrahedral and octahedral cation siteSyere ball milled for two hours using a high-energy ball mill
respectively, in a face-centered cubic anjorygen sublat-  (SPEX 800M Mixer/Mill, SPEX CertiPrep Ing.to ensure

tice. The type of cations and their distribution between thehomogeneous mixing.

two interstitial sites in these ferrites determine many of the  An rf induction thermal plasma system consisting of a
intrinsic magnetic properties of the ferrittdnterestingly, ~TEKNA PL50 type plasma torch head with a 50 kW, 3 MHz
some nanocrystalline spinel ferrites show different catiorpower supply was used for producing the nanocrystalline
distributions and, as a consequence, diverse resulting maégrrite powders with the ball-milled metallic precursor
netic properties when compared with their bulk Samples. Argon gas was used as the plasma gas and the
counterpart&® It should be noted that the equilibrium distri- Plasma sheath gas consisted of a mixture of Ar apdQj&s.

bution of cations in the spinel structure depends on ionic! the precursor powder was injected through the plasma jet

radii, electronic configuration, electrostatic energies, and pogtream by Ar, a carrier gas. After Fhe mductlo_n plasma was
L . I established, compressed air was introduced into the reactor
larization effects. However, using non-equilibrium process- o ) .
as an oxidizer. More detailed processing procedures can be

ing routes, one can achieve nonequilibrium distribution Offound elsewher&10

cations in the spinel ferrite’s. X-ray diffraction (XRD) of both the precursor powders
and the as-synthesized powders were performed on a Rikagu
dElectronic mail: sson@andrew.cmu.edu diffractometer using Cu Kradiation(\=1.54 A). Scanning
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FIG. 1. X-ray diffraction patternsfa) Mn+Fe raw powder;(b) Mn+Fe FIG. 2. X-ray diffraction patterns(a) Mn+Zn-+Fe raw powder;(b) Mn
ball-milled powder; andc) plasma-torched Mn ferrite powder. +Zn+Fe ball-milled powder; an€c) plasma-torched MnZn ferrite powder.

electron microscopyPhilips XI-30 FEG modeland high- ~ ferrite, respectively. The average particle size of as-produced
resolution transmission electron microscofJECNAI F20  ferrite powder was estimated from the Scherrer fornitila.
mode) with energy dispersion X_raYEDX) and electron The (311) ferrite peak was chosen for Calculating the average
energy-]oss SpectroscopﬁEELS) were used to examine the particle size. The Scherrer analysis showed that the average
morphology and composition of particles. The chemistry ofgrain size of all the samples were reduced frert0 um
the ferrites was further studied by inductive coupled plasm#tarting powder size te-20 nm after plasma synthesis; Mn
(ICP) chemical analysi¢Perkin-Elmer Optima 2000DV ICP- ferrite and Mnzn ferrite samples have an average size of
OES. The magnetic properties of the samples were obtaine@bout 15 and 21 nm, respectively. TEM analysis of 346 ran-
with a high-temperature vibrating sample magnetometeflomly selected Mn ferrite particles shows that the average
(VSM; Lake Shore Model 7300, with 1000 °C oven assem-Size is 9.2 nm and standard deviation is 9.2 nm. MnZn ferrite
bly). has an average size of 9.6 nm in TEM analysis of 385 ran-
The formation of nanoparticles in the gas phase invo|ve§10m|y selected particles and its standard deviation is 10 nm.
the reaction of a supersaturated metal vapor with the oxygelP analysis on both samples indicated that the powders did
containing species and rapid cooling to room temperature biot result in full stoichiometric alloying after the plasma syn-
the cold inert gagAr) or further on the surface of water- thesis. The EDX results showed that we were able to synthe-
cooled chamber. Hence, this kind of processing is inherentlpizé ~ MnZn ferrites close to the stoichiometric
nonequilibrium. At the extreme temperatures in the plasma‘iNo.sZnosF&0,, but the Mn ferrites were off stoichiometry
jet, vaporized metal atoms react with oxygen and are cooletMnFe;0,) (Table ).
rapid|y, forming ferrite embryos within a very short time TEM observations of the ferrite nanoparticles revealed
interval. In this supercritical region, numerous nuclei or em-the faceting with polygonal growth forms, most of them ex-
bryos formed coalesce together, forming the stable nucldnibiting (111) faceting with truncated cuboctahedral shapes
from the embryos. The growth of the particles stops wher{Fig. 3). For picturing polygonal faceting in the synthesized
they travel out of the growth zone where there is no furthefowders, EELS is a good tool which has the capability of
supply of atoms, embryos, or nuclei. The temperatures in the

growth Zone,are high. Finally, ,the particles are quenched b¥ABLE I. Physical properties of the as-produced ferrite particles.
a cooled solid substrate that is a wall of reactor and metal

filter. The temperature difference between the plasma plume Mn ferrite MnZzn ferrite
and the co_ollgd substr_ate has been estimated to be a few th%'/érage particle sizénm) 15 21
sand Kelvin.” The ferrite nanoparticles are collected at roomy atice parametetA) ~8.45 ~8.42
temperature. ICP result(at. % Fe 56.82 Fe 78.1, Zn 17.6,

Figures 1 and 2 show the XRD patterns of samples 1 and and Mn 40.89 and Mn 4.3
2, respectively. After high-energy ball milling, the diffraction Fe 74.1 Fe 80, Zn 16.3,

. . . . and Mn 25.9 and Mn 3.7

peaks broadengda) versus(b) in both figureg, which indi- EDX result(at. % Fe 76.66. Zn 18.75
cated that the ball-milled particle size was significantly re- and Mn 459
duced as compared with that of the mixture of precursoiCoercivity,H, (O¢) 20 35

powders. XRD peaks on plasma-torched powders revealeghturation magnetization

that most of the metallic precursor powders were transMs (6mu/g 23.6 4rl
. . . . Neel temperaturg°C) 200 600

formed into nanocrystalline ferrites. All major peaks were

indexed to the standard pattern for Mn ferrite and MnZn2There is also 2.3 at. % Ni in the Mn ferrite.
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important sincg100 and(111) faces in the ferrite structure
are terminated by different polyhedra and the degree of trun-
FIG. 3. TEM images:(a}) Mn ferrite _particles;(b) MnZn f_errite particles; cation determines the surface anisotropy.
and(c) and(d) EELS thickness profile of Mn ferrite particles. . . e
Magnetic hysteresis and magnetization versus tempera-
ture curves were measured using VSM at room temperature.
Coercivities value$i . and Nesl temperatures of both ferrites
are shown in Table I. The saturation magnetizatidp and
getting the thickness profile of particles. EELS spectrumthe coercivityH. of Mn ferrite are 23.6 emu/g and 20 Oe,
shows the energy loss due to both elastic and inelastic scatespectively. The Nal temperature of as-produced Mn ferrite
terings in TEM. Since the amount of all inelastic scatteringis around 200 °C. It is interesting to know that after furnace
increases with the specimen thickness, one can get the thicknnealing of the powder at 500 °C for 30 min in open atmo-
ness profile of the particle by measuring the ratio of zero-lossphere, the N&l temperature became 360 °C. The change of
peak intensity to total intensity in the spectrdfifhe deter-  Neel temperature might be ascribed to the cation redistribu-
mination of thickness profile using EELS is shown in Fig. tion through heating process.
3(d). Our results clearly demonstrate the viability of plasma
For faceted particles with cubic symmetry and with ex-torch synthesis for production of ferrite nanoparticles as did
clusively (100 and (111) faces, the possibilities for particle the previous report on Ni ferrite synthe$istill more re-
morphologies include cube, octahedron, truncated cube, trusearch such as using alloy powder for precursor, controlling
cated octahedron, and cuboctahed¢Biy. 4). In our obser- of atmosphere in the reaction chamber and thermodynamic
vations, we seldom see perfect cubes or octahedra and aalculation of oxide formation will be required for optimum
energetic argumenfto be published latgrshows that the control of the stoichiometry of the particles.
perfect cuboctahedron is also rare. We thus categorized the _
particles by the frequency of occurrence of the truncated cu- 1 h€ authors thank T. Nuhfer and T. Ohkubo for helping
bic and truncated octahedral shapes at different particle size¥ith TEM analysis. E.E. Carpenter is gratefully acknowl-
The degree of truncation describes the fractiorflafo) and ~ ©dged for the ICP results. This work was sponsored by the
(111 faces in any particléFig. 5). In both Mn ferrites and Air Force Of Scientific Research, Air Force Material Com-
Mn—2Zn ferrites, in the size range of 12—32 nm, we see prinand, USAF, under Grant No. F49620-96-0454.
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