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Structure and magnetic properties of rf thermally plasma synthesized Mn
and Mn–Zn ferrite nanoparticles

S. Son,a) R. Swaminathan, and M. E. McHenry
Department of Materials Science and Engineering, Carnegie Mellon University,
Pittsburgh, Pennsylvania 15213

~Presented on 13 November 2002!

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 MHz rf~radio frequency! induction plasma torch.
We investigate these materials for soft magnetic applications. High-energy ball milled Mn1 Fe
powders and~Mn1Zn! 1Fe powders~,10 mm! 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 size of;20 nm
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 magnetizationMs and coercivityHc of Mn ferrite are 23.65 emu/g and 20 Oe,
respectively. The Ne´el temperatures of Mn ferrite powders before and after annealing~500 °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 Néel 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 Physics.@DOI: 10.1063/1.1557953#
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In recent years, as electronic devices have become m
miniaturized, offering increasingly high levels of perfo
mance, the trend has been towards much higher-signal
quencies. Ferrites have been of great importance in h
frequency soft magnetic applications owing to their lar
resistivities, low power losses, and high permeabilities.
ferrites and MnZn ferrites have especially come to light
essential materials for higher-frequency~up to MHz! appli-
cations such as inductors, transformers, and yoke coils.1–3

Mn ferrites and MnZn ferrites possessing the cubic s
nel structure are described by the formula~A!@B#2O4 where
~A! and @B# refer to tetrahedral and octahedral cation sit
respectively, in a face-centered cubic anion~oxygen! sublat-
tice. The type of cations and their distribution between
two interstitial sites in these ferrites determine many of
intrinsic magnetic properties of the ferrites.4 Interestingly,
some nanocrystalline spinel ferrites show different cat
distributions and, as a consequence, diverse resulting m
netic properties when compared with their bu
counterparts.5,6 It should be noted that the equilibrium distr
bution of cations in the spinel structure depends on io
radii, electronic configuration, electrostatic energies, and
larization effects. However, using non-equilibrium proce
ing routes, one can achieve nonequilibrium distribution
cations in the spinel ferrites.7

a!Electronic mail: sson@andrew.cmu.edu
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rf inductively coupled plasma synthesis has been pre
ously shown to be a viable route to producing nanocrys
line magnetite and Ni ferrite nanoparticles.8 In this study, our
goal is to produce nanocrystalline Mn ferrites and Mn
ferrites from metallic precursors by rf plasma torch synthe
and characterize their structural and magnetic properties

Two types of precursor samples were prepared
plasma synthesis. Precursor sample 1 was a mixture of
Mn ~,45 mm! powder and pure Fe powder~6–10mm! at the
atomic ratio of 1:2~i.e., that of the desired cation ratio!.
Sample 2 was a mixture of Mn, pure Zn dust~,10 mm!, and
Fe with overall Mn:Zn:Fe ratio51:1:4. Both samples 1 and
were ball milled for two hours using a high-energy ball m
~SPEX 800M Mixer/Mill, SPEX CertiPrep Inc.! to ensure
homogeneous mixing.

An rf induction thermal plasma system consisting of
TEKNA PL50 type plasma torch head with a 50 kW, 3 MH
power supply was used for producing the nanocrystall
ferrite powders with the ball-milled metallic precurso
samples. Argon gas was used as the plasma gas and
plasma sheath gas consisted of a mixture of Ar and H2 gas.
All the precursor powder was injected through the plasma
stream by Ar, a carrier gas. After the induction plasma w
established, compressed air was introduced into the rea
as an oxidizer. More detailed processing procedures ca
found elsewhere.9,10

X-ray diffraction ~XRD! of both the precursor powder
and the as-synthesized powders were performed on a Rik
diffractometer using Cu Ka radiation~l51.54 Å!. Scanning
5 © 2003 American Institute of Physics
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electron microscopy~Philips XI-30 FEG model! and high-
resolution transmission electron microscopy~TECNAI F20
model! with energy dispersion x-ray~EDX! and electron
energy-loss spectroscopy~EELS! were used to examine th
morphology and composition of particles. The chemistry
the ferrites was further studied by inductive coupled plas
~ICP! chemical analysis~Perkin-Elmer Optima 2000DV ICP
OES!. The magnetic properties of the samples were obtai
with a high-temperature vibrating sample magnetome
~VSM; Lake Shore Model 7300, with 1000 °C oven asse
bly!.

The formation of nanoparticles in the gas phase invol
the reaction of a supersaturated metal vapor with the oxy
containing species and rapid cooling to room temperature
the cold inert gas~Ar! or further on the surface of water
cooled chamber. Hence, this kind of processing is inhere
nonequilibrium. At the extreme temperatures in the plas
jet, vaporized metal atoms react with oxygen and are coo
rapidly, forming ferrite embryos within a very short tim
interval. In this supercritical region, numerous nuclei or e
bryos formed coalesce together, forming the stable nu
from the embryos. The growth of the particles stops wh
they travel out of the growth zone where there is no furt
supply of atoms, embryos, or nuclei. The temperatures in
growth zone are high. Finally, the particles are quenched
a cooled solid substrate that is a wall of reactor and m
filter. The temperature difference between the plasma plu
and the cooled substrate has been estimated to be a few
sand Kelvin.10 The ferrite nanoparticles are collected at roo
temperature.

Figures 1 and 2 show the XRD patterns of samples 1
2, respectively. After high-energy ball milling, the diffractio
peaks broadened@~a! versus~b! in both figures#, which indi-
cated that the ball-milled particle size was significantly
duced as compared with that of the mixture of precur
powders. XRD peaks on plasma-torched powders reve
that most of the metallic precursor powders were tra
formed into nanocrystalline ferrites. All major peaks we
indexed to the standard pattern for Mn ferrite and Mn

FIG. 1. X-ray diffraction patterns:~a! Mn1Fe raw powder;~b! Mn1Fe
ball-milled powder; and~c! plasma-torched Mn ferrite powder.
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ferrite, respectively. The average particle size of as-produ
ferrite powder was estimated from the Scherrer formula11

The~311! ferrite peak was chosen for calculating the avera
particle size. The Scherrer analysis showed that the ave
grain size of all the samples were reduced from;10 mm
starting powder size to;20 nm after plasma synthesis; M
ferrite and MnZn ferrite samples have an average size
about 15 and 21 nm, respectively. TEM analysis of 346 r
domly selected Mn ferrite particles shows that the aver
size is 9.2 nm and standard deviation is 9.2 nm. MnZn fer
has an average size of 9.6 nm in TEM analysis of 385 r
domly selected particles and its standard deviation is 10
ICP analysis on both samples indicated that the powders
not result in full stoichiometric alloying after the plasma sy
thesis. The EDX results showed that we were able to syn
size MnZn ferrites close to the stoichiometr
Mn0.5Zn0.5Fe2O4, but the Mn ferrites were off stoichiometr
(MnFe2O4) ~Table I!.

TEM observations of the ferrite nanoparticles revea
the faceting with polygonal growth forms, most of them e
hibiting ~111! faceting with truncated cuboctahedral shap
~Fig. 3!. For picturing polygonal faceting in the synthesize
powders, EELS is a good tool which has the capability

FIG. 2. X-ray diffraction patterns:~a! Mn1Zn1Fe raw powder;~b! Mn
1Zn1Fe ball-milled powder; and~c! plasma-torched MnZn ferrite powder

TABLE I. Physical properties of the as-produced ferrite particles.

Mn ferrite MnZn ferrite

Average particle size~nm! 15 21
Lattice parameter~Å! ;8.45 ;8.42
ICP result~at. %! Fe 56.82

and Mn 40.89a
Fe 78.1, Zn 17.6,

and Mn 4.3
Fe 74.1

and Mn 25.9
Fe 80, Zn 16.3,

and Mn 3.7
EDX result ~at. %! Fe 76.66, Zn 18.75,

and Mn 4.59
Coercivity,Hc ~Oe! 20 35
Saturation magnetization
Ms ~emu/g! 23.6 47.1
Néel temperature~°C! 200 600

aThere is also 2.3 at. % Ni in the Mn ferrite.
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getting the thickness profile of particles. EELS spectr
shows the energy loss due to both elastic and inelastic s
terings in TEM. Since the amount of all inelastic scatteri
increases with the specimen thickness, one can get the th
ness profile of the particle by measuring the ratio of zero-l
peak intensity to total intensity in the spectrum.12 The deter-
mination of thickness profile using EELS is shown in F
3~d!.

For faceted particles with cubic symmetry and with e
clusively ~100! and ~111! faces, the possibilities for particl
morphologies include cube, octahedron, truncated cube, t
cated octahedron, and cuboctahedron~Fig. 4!. In our obser-
vations, we seldom see perfect cubes or octahedra an
energetic argument~to be published later! shows that the
perfect cuboctahedron is also rare. We thus categorized
particles by the frequency of occurrence of the truncated
bic and truncated octahedral shapes at different particle s
The degree of truncation describes the fraction of~100! and
~111! faces in any particle~Fig. 5!. In both Mn ferrites and
Mn–Zn ferrites, in the size range of 12–32 nm, we see
marily truncated octahedra, which are seen in the TEM
crographs as six-sided figures~which are projections of a
truncated octahedron along the^111& direction!. In the size
range.12 nm, in the case of Mn–Zn ferrite we see more
the truncated cubes~eight-sided polygons when projecte
along the^100& direction! than the truncated octahedron a
exactly the opposite in the case of Mn ferrite. This analysi

FIG. 3. TEM images:~a! Mn ferrite particles;~b! MnZn ferrite particles;
and ~c! and ~d! EELS thickness profile of Mn ferrite particles.

FIG. 4. Truncation of cube and octahedron:~a! octahedron;~b! truncated
octahedron;~c! perfect cuboctahedron;~d! truncated cube; and~d! cube.
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important since~100! and ~111! faces in the ferrite structure
are terminated by different polyhedra and the degree of tr
cation determines the surface anisotropy.

Magnetic hysteresis and magnetization versus temp
ture curves were measured using VSM at room temperat
Coercivities valuesHc and Néel temperatures of both ferrite
are shown in Table I. The saturation magnetizationMs and
the coercivityHc of Mn ferrite are 23.6 emu/g and 20 Oe
respectively. The Ne´el temperature of as-produced Mn ferri
is around 200 °C. It is interesting to know that after furna
annealing of the powder at 500 °C for 30 min in open atm
sphere, the Ne´el temperature became 360 °C. The change
Néel temperature might be ascribed to the cation redistri
tion through heating process.

Our results clearly demonstrate the viability of plasm
torch synthesis for production of ferrite nanoparticles as
the previous report on Ni ferrite synthesis.7 Still more re-
search such as using alloy powder for precursor, control
of atmosphere in the reaction chamber and thermodyna
calculation of oxide formation will be required for optimum
control of the stoichiometry of the particles.
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Air Force Of Scientific Research, Air Force Material Com
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FIG. 5. Shapes and size distribution of~a! Mn ferrite particles and~b! MnZn
ferrite particles~T.O.: truncated octahedron, T.C.: truncated cube!.


