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The microstructures and magnetic properties of nanoparticles, each composed of an antiferromagnetic (AFM)
manganese-oxide shell and a ferromagnetic-like core of manganese—gallium (MnGa) compounds, are studied. The core-
shell structure is confirmed by transmission electron microscope (TEM). The ferromagnetic-like core contains three kinds
of MnGa binary compounds, i.e., ferrimagnetic (FI) D0O,,-type Mn3Ga, ferromagnetic (FM) MngGas, and AFM DO0;9-type
Mn3Ga, of which the first two correspond respectively to a hard magnetic phase and to a soft one. Decoupling effect be-
tween these two phases is found at 1ow temperature, which weakens gradually with increasing temperature and disappears
above 200 K. The exchange bias (EB) effect is observed simultaneously, which is caused by the exchange coupling between
the AFM shell and FM-like core. A large coercivity of 6.96 kOe (1 Oe = 79.5775 A-m~!) and a maximum EB value of

0.45 kOe are achieved at 300 K and 200 K respectively.

Keywords: nanoparticle, core-shell structure, exchange coupling

PACS: 75.75.—¢, 71.70.Gm

1. Introduction

Rare-earth (RE) permanent magnets with large values
of magnetocrystalline anisotropy (Ky), saturation magnetiza-
tion (Ms), and magnetic energy product (BH )yax are widely
used in various advanced electromagnetic devices such as trac-
tion motors of hybrid and pure electric vehicles and wind
generators./2l But the applications of RE permanent mag-
nets are being limited due to the high cost and the chemi-
cal instabilities of RE elements. There is economic and sci-
entific interest in developing new permanent magnetic mate-
rials containing no RE elements.>* High-performance per-
manent magnets must have a large K, a high Ms and a
high Curie temperature (7¢). Mn-based compounds such as
MnAl,[SJ Mn,Ga, [6-15] 3nd MnBil!0! are good candidates for
new permanent-magnetic materials free of RE elements. In
recent years, there is growing attention to Mn,Ga compounds
because of their many outstanding magnetic properties. The
magnetic properties of binary Mn,Ga are tunable in a wide
composition range. The crystal structures of Mn,Ga are of
tetragonal L1g-type and DOo;-type for 0.76 < x < 1.8 and
2 < x < 3,811 respectively. The theoretically expected
Ky, Ms, and (BH)pmax of Llg-type MnGa are 26 Merg/cc,
845 emu/cc, and 28.2 MGOe, while the values for D0p;-
type MnGa are 20 Merg/cc, 305 emu/cc, and 3.67 MGOe
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respectively.[®°] The structural and magnetic properties of

1011 me]t-

Mn,Ga have been investigated on bulk materials, |
spun ribbons!!”! and thin films grown on various substrates
including Si (Si/Si0,),1'>13] GaAs, %14 GaSb,[13] MgO, 5!
etc. Epitaxial Mn,Ga films exhibit excellent perpendicular
anisotropy when grown on lattice-matched substrates. Until
now, the research about nanoparticle-shaped Mn,Ga alloys has
been seldom reported. In the present paper, we investigate the
magnetic properties and exchange coupling in the manganese-
oxide-coated Mn—Ga nanoparticles with a core-shell structure
prepared by the arc-discharge technique.

2. Experiments

The manganese-oxide-coated Mn—Ga nanoparticles were
prepared by the arc-discharge technique.!'8! A MngyGayg in-
got to be evaporated was used as the anode, and a tungsten
needle was served as the cathode. The anode was placed in
a water-cooled copper crucible. The distance between the an-
ode and the cathode was about 1.5 mm. The base pressure of
the chamber was better than 5.0 x 1073 Pa. High purity ar-
gon was chosen as the source of plasma gas, which was kept
at a pressure of 2.0 x 10* Pa. After the arc was ignited, a cur-
rent of 60 A was maintained with a potential sustained in a
range of 8 V-10 V between the cathode and the anode. Subse-
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quently, Mn—Ga alloy nanoparticles were formed on the water-
cooled wall of the work chamber. Then the residual gases were
pumped out after turning off the arc, and pure argon gas with
a pressure of 1.0 x 10* Pa was introduced for passivating the
products for about 24 h. Manganese-oxide shells were formed
on their surfaces when the nanoparticles were exposed in air.
Thus manganese-oxide-coated Mn—Ga nanoparticles with a
core—shell structure were obtained. The products on the top
of the chamber were collected in air.

The crystal structures of the nanoparticles were inves-
tigated by means of X-ray diffraction (XRD) through a
D/max2500PC diffractometer with Cu Ko radiation at 50 kV
and 300 mA. The size distribution, morphology, and structure
of the manganese-oxide-coated Mn—Ga nanoparticles were
investigated by a Tecnai G*F20 transmission electron mi-
croscopy (TEM) with an emission voltage of 200 kV. The
magnetic properties of the manganese-oxide-coated Mn—Ga
nanoparticles were measured at different temperatures after
field cooling (FC) from 300 K in a field of 50 kOe using a
superconducting quantum interference device (SQUID, Quan-
tum Design MPMS-7) magnetometer.

3. Results and discussion

Figure 1 shows the XRD patterns of the manganese-
oxide-coated Mn—Ga nanoparticles. It is clear that MngGas,
Mn3Ga, and MnO coexist in the sample. The crystal structure
of MngGas, which is also called { phase, is primitive cubic
and it is ferromagnetic (FM) compound with a 7¢ of about
210 K."1 The Mn3Ga phase combines a tetragonal D0,,-type
Mn3Ga and a hexagonal D0O;9-type one, which are marked as
o and o' respectively in Fig. 1. The former is ferrimagnetic
(FI) compound with a T¢ of about 770 K,[?°! and the latter is
antiferromagnetic (AFM) compound with a Néel temperature
(Tx) of about 470 K.12!]
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Fig. 1. (color online) XRD patterns of the manganese-oxide-coated
Mn-Ga nanoparticles.

TEM images of the manganese-oxide-coated Mn-Ga
nanoparticles are shown in Fig. 2. A low magnification TEM

image in Fig. 2(a) shows that the nanoparticles present a good
dispersion property and a uniform size distribution. The cores
of the nanoparticles are about 40 nm—50 nm in diameter and
the thickness of the shells is about 5 nm. The core—shell struc-
tures of the present nanoparticles are observed in the high-
resolution TEM image (see Fig. 2(b)). From the results of
the energy dispersive spectrometer (EDS), the atomic percent-
ages of Mn to Ga in the core and the Mn to O in the shell
are both very close to 1:1. The existence of AFM MnO in the
shell is confirmed by the EDS results, which is consistent with
the XRD result. In addition, the O element and Ga element
are not observed in the cores and shells respectively. Since
the nominal composition ratios of Mn to Ga in Mn3Ga and
MngGas are both greater than 1:1, some pure nonmagnetic Ga
elements may exist in the nanoparticles.

Fig. 2. (a) TEM image and (b) high-resolution TEM image of the
manganese-oxide-coated Mn—Ga nanoparticles.

The magnetic hysteresis loops of the manganese-oxide-
coated Mn—Ga nanoparticles are measured at different tem-
peratures after FC procedure from 300 K at a field of 50 kOe,
and the results are shown in Fig. 3. Obvious shoulders are ob-
served in the hysteresis loops at the measuring temperatures
below 200 K, which may originate from the decoupling be-
tween two magnetic phases. The { phase and the tetragonal
D0,,-type Mn3Ga correspond to the magnetically soft phase
and the hard phase respectively. D0O»>-Mn3Ga probably has a
huge coercive field (Hc) at very low temperature, which means
that the K, of D02>-Mn3Ga is relatively large and has a nonlin-
ear dependence with temperature. The hysteresis loops mea-
sured above 200 K are more like a single-phase loop. The rea-
son is that the { phase becomes paramagnetic above 200 K.
As the applied field increases, an upward trend is kept in each
of all hysteresis loops, which indicates that it is hard to satu-
rate the magnetization of the nanoparticles. This is a common
feature of the nanoparticle-system consisting of an AFM com-
ponent.

As a result of the exchange coupling between the FM-
like core and the AFM shell, the exchange bias (EB) effect is
observed in the manganese-oxide-coated Mn—Ga nanoparti-
cles. The temperature dependences of Hc and EB field (Hg)
are shown in Fig. 4. A positive temperature coefficient of
Hc is observed as a result of the hard—soft exchange coupling.

087503-2



Chin. Phys. B Vol. 23, No. 8 (2014) 087503

M/ (emu/g)

10 K

50 K

100 K

150 K

175 K

/ 200 K//

_

|

230 K/

260 K

]

7

v D s
A

—40 0

40—-40 O

40—-40 O

40

Applied field/kOe

Fig. 3. (color online) Hysteresis loops measured at different temper-
atures after FC at a field of 50 kOe for the manganese-oxide-coated
Mn-Ga nanoparticles.

The Hg peak is corresponding to the Tc of the { phase. It
is concluded that the maximum of exchange coupling strength
is achieved at 200 K. The temperature dependence of the mag-
netization at a field of 50 kOe is shown in the inset of Fig. 4,
showing that the magnetization decreases linearly with in-
creasing temperature. A maximum value of magnetization is
15.35 emu/g at 10 K.

Figure 5 shows the temperature dependences of the FC
and zero-field-cooling (ZFC) magnetizations under a field of
50 Oe for the manganese-oxide-coated Mn—Ga nanoparticles.
A prominent irreversibility is observed between FC and ZFC
curves. A similar bifurcation between the ZFC and FC curves
has been observed in other core—shell nanoparticle-systems as

1,12223] which is an evidence for the existence of a thermal

wel
irreversibility of magnetization. The bifurcation between FC
and ZFC curves vanishes under a magnetic field of 10 kOe (see
the inset of Fig. 5). The Tc = 187 K of the { phase is obtained.
The Tc of D02 Mn3Ga cannot be achieved in our experiment,

because it is beyond the measurement range.
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Fig. 4. (color online) Temperature dependences of Hc and Hg of the
manganese-oxide-coated Mn—Ga nanoparticles, with the inset showing
the temperature dependence of the magnetization measured at 50 kOe.

At the temperatures below 200 K, Hc is mainly contributed
by the magnetically-soft { phase. After the { phase changes
into paramagnetic phase above 200 K, the hard phase grad-
ually plays a decisive role in the Hc of the nanoparticles.
The manganese-oxide-coated Mn—Ga nanoparticles present a
rather large coercivity of 6.96 kOe at 300 K. The large coer-
civity should be attributed to the small size of the nanoparti-
cles and the exchange coupling between the FI D02;-Mn3Ga
and the AFM DO0;9-Mn3Ga. The possibility that the Hc con-
tinuously increases with increasing temperature cannot be ex-
cluded. If the Mn—Ga system truly has this positive tempera-
ture coefficient of coercivity, this material can be widely used
in rare-earth-free permanent magnets. The EB effect is ob-
served from 10 K to 300 K, and a peak of Hg of 0.45 kOe is
found at 200 K in our system. It is noted that the AFM MnO
and D0;9-Mn3Ga are ordered at Ty = 119 K and 470 K re-
spectively. So the maximum Hg results from the exchange
coupling between FI D0y-Mn3Ga and AFM D0;9-Mn3Ga.
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Fig. 5. (color online) Temperature dependences of the FC and ZFC
magnetizations under a field of 50 Oe and 10 kOe (in inset) for the
manganese-oxide-coated Mn—Ga nanoparticles.

4. Conclusions

The manganese-oxide-coated Mn—Ga nanoparticles with
AFM shells and FM-like cores are synthesized by the arc-
discharge technique from an MngyGayg alloy ingot. The mi-
crostructures and magnetic properties of the nanoparticles are
studied. Decoupling effects at low temperature due to the co-
existence of the hard- and soft-magnetic phases are observed,
which disappears above 200 K. As a result of the exchange
coupling between the AFM component and FM component,
the EB effect is found simultaneously. A large Hc of 6.96 kOe
and maximum Hg of 0.45 kOe are achieved at 300 K and
200 K respectively.
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