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Ferrimagnetic Mn,SnQO4 nanowires
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Single-crystalline Mn,SnO,4 nanowires were first synthesized by
chemical vapor deposition; they consist of inverse spinel
structure grown with the [111] direction; the nanowires have a
ferrimagnetic phase below 46 K (7) with large hysteresis; this
ferrimagnetic transition is probably due to the presence of Mn**
ions at octahedral sites.

One-dimensional (1-D) nanostructures have attracted considerable
attention due to the potential as building blocks for assembling
active and integrated nanosystems.! Fabrication of nanodevices
with novel function demands more diverse well-characterized 1-D
nanostructures. Manganese stannate (Mn,SnQy4) is a unique
magnetic material, which is known to undergoes a ferrimagnetic
transition at a Curie temperature (7¢) of 53-58 K, despite the
expectation that it should be antiferromagnetic.>* Manganese
stannate has an inverse spinel structure, symbolized as
Mn*[Mn**$n*"]0,, in which tetrahedral sites (A-sites) are
occupied by Mn?" ions, and octahedral sites (B-sites) by Mn>"
and Sn** ions. The origin of ferrimagnetic properties was
suggested to be due to high-spin Mn* ions occupying B-sites.”
Therefore this inverse spinel phase could be formulated as Mn?*
M0 y2yMn*,Sn* (4104

The ferrimagnetism was also explained by a canting of the B-site
moments.” Further works suggested that Mn>" jons are liable to
induce, by a cooperative Jahn-Teller effect, a distortion of the
cubic structure in the solid solution Mn;O4~Mn,SnO,.* The
Mn,SnO, nanostructures are thus expected to be promising
materials, not only for spintronic nanodevices, but also for an
important question of how much difference of magnetic properties
exists between bulk and nanosize materials. In the present work,
we report for the first time the synthesis of single-crystalline
Mn,SnO, nanowires by chemical vapor deposition (CVD), and
their unique ferrimagnetic properties, which are distinguished from
those of the corresponding bulk phase.

MnCl, (99.99%, Aldrich) and Sn (99.8%, Aldrich) powders were
placed in a source boat inside a quartz tube reactor. The silicon
substrate was coated with an HAuCly-3H,O (98+%, Sigma)
ethanol solution, and then positioned on the source boat. High-
density nanowires were grown on the substrates at 900-1000 °C,
by 1 h reaction under oxygen flow. The products were analyzed by
scanning electron microscopy (SEM, Hitachi S-4700), field-
emission transmission electron microscopy (TEM, Jeol JEM
2100F), high-voltage TEM (HVEM, Jeol JEM ARM 1300S,
1.25 MYV), energy dispersive X-ray fluorescence spectroscopy
(EDX), and high-resolution X-ray diffraction (XRD) using the
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8C2 beam line of the Pohang Light Source (PLS) with
monochromatic radiation (1 = 1.54520 A). X-Ray photoelectron
spectroscopy (XPS, ESCALAB 250, VG Scientifics) using a
photon energy of 1486.6 eV (Al-Ka)) was employed to investigate
the electronic states. Magnetic properties were studied by a
superconducting quantum interference device (SQUID, Quantum
Design) magnetometer. Photoluminescence (PL) measurement was
carried out using a He—Cd laser (4 = 325 nm) as excitation source.
Raman spectrum (Renishaw RM 1000) was measured using Ar
ion laser (4 = 514.5 nm).

Fig. 1(a) shows SEM images of high-density nanowires grown
on a large area of Si substrate. A TEM image explicitly reveals the
smooth surfaces and average diameter of 80 nm of the Mn,SnOy
nanowires (Fig. 1(b)). TEM images of selected nanowires and the
corresponding ED pattern reveal a single-crystalline Mn,SnOy,
cubic structure which grew in the [111] direction (Fig. 1(c) and
inset). An atomic-resolved image shows a distance between
neighboring (111) planes of ca. 5.1 A (Fig. 1(d)), which is
consistent with that of the bulk material (¢ = 8.879 A; JCPDS No.
75-1516). All the nanowires that we observed have the [111]
growth direction. EDX line-scanning reveals that the nanowires
are composed of Mn, Sn and O, with an Mn:Sn ratio of ~2:1
(Fig. 1(e)). XRD patterns confirm that all products are pure
Mn,SnO, (Fig. 2). The peak position is consistent with that of
JCPDS No. 75-1516. There are no peaks corresponding to
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Fig. 1 (a) SEM micrograph of high-density Mn,SnO,4 nanowires. (b)
TEM image shows the uniform diameter of 80 nm. (c) TEM image and its
corresponding ED pattern (inset) for a selected nanowire reveal single-
crystalline Mn,SnO, crystal and the [111] growth direction. (d) Atomic-
resolved image shows that the distance between neighboring (111) planes is
about 5.1 A. (¢) EDX line-scanning of Mn, O and Sn, for the cross section
of the nanowire as shown in the inset.
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Fig. 2 XRD pattern of Mn,SnO, nanowires along with the peaks of
JCPDS No. 75-1516.

manganese oxide (e.g. Mn3O,, MnO) or SnO,. These Mn,SnO,
nanowires would be grown by a vapor-liquid-solid mechanism,
involving the Au nanoparticles deposited on the Si substrates.
Fig. 3(a) shows the full-range XPS spectrum comprising of Mn,
O and Sn peaks. No contaminants other than C (from carbon
tape) were detected. The ratio of Mn:Sn is approximately 2:1.
Finely scanned Mn 2p;,, and 2p;,, peaks are displayed alongside
those of MnO and Mn;0, powders (Fig. 3(b)). The electronic state
of Mn in Mn,SnO, nanowires is close to that of Mn in tetragonal
Mn;0,, in which Mn>" fons occupy A-sites and Mn*" ions occupy
B-sites. Therefore, our result suggests that Mn>* jons may exist in
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Fig. 3 (a) Full-range XPS spectrum showing Mn, O and Sn peaks. (b)
Fine-scanned Mn 2p;» and 2p;, peaks of Mn,SnO4 nanowires are
displayed alongside those of MnO and Mn;0, powder. (c) Fine-scanned
Sn 3ds), and 3ds, peaks are displayed alongside those of SnO, powder.

B-sites of Mn,SnO,. Fine-scanned Sn 3d3, and 3ds, peaks are
displayed alongside those of SnO, powder (Fig. 3(c)). The peak
position shifts to lower energy vs. SnO,, and the width becomes
broader with a shoulder at the lower energy side. The lower-energy
shift, which corresponds to increased reduced levels, can be
explained by the electronegativity (y) difference between Sn** (4p =
1.96) and Mn>" (yp = 1.55) ions. As the Sn*" ions withdraw the
electrons from the Mn>" ions, the Mn”* ions can be oxidized to
Mn** ions. The broad electronic state of Sn suggests various
reduced forms, probably due to inhomogeneous distribution
among the sites.

Fig. 4(a) displays field-cooled (FC) and zero-field-cooled (ZFC)
magnetization vs. temperature (M-T) curves in a field of 500 Oe.
The high-temperature data exhibit paramagnetic behavior,
whereas low-temperature data show a ferrimagnetic transition
with Tc = 46 K. As has been reported, the origin of the
ferrimagnetic nature could be associated with high-spin Mn>" ions
occupying B-sites.> The T¢ of the nanowires is lower than that of
the bulk (53-58 K).>* One possibility is that the present nanowires
have a lower Mn”>" or Mn™" content than the bulk. Earlier studies
reported that the 7 of bulk Mn,SnO,4 decreases as the number of
Mn?" ions decreases by the substitution of divalent ions,>* and the
Tc of solid solutions Mn;O4~Mn,SnO, tends to increase as the
content of Mn®" ijons increases.* Unfortunately we cannot
determine the content of Mn>' jons from the magnetization, since
the mass of nanowires is not exactly known and only estimated to
be below 10™* g. However, it is noteworthy that the T¢ value is
close to that of Mn3;O4 nanowires, 7¢ = 43 K (bulk Mn;0O,4 has
Te = 42 K).° Since the XPS data shows that the electronic
structure of magnetic component Mn in Mn,SnQy is close to that
in Mn30y, the similar 7 would not be surprising. Therefore we
presume that the nanowires would contain a high level of Mn*
jons, which results from the oxidation of Mn>" ions at the surface.
Nevertheless the correlation between the Mn>" content and T¢ of
the nanowires needs further investigation. Fig. 4(b) displays the
magnetization vs. magnetic field (M—H) at different temperatures.
Below 60 K the M—H curves show hysteresis loops with large
coercivity and remanence, which are indicative of ferrimagnetic
components. The inset shows that the coercivity at 5 K is nearly
600 Oe.

Temperature-dependent (7-300 K) PL spectra of Mn,SnOy
nanowires were measured (Fig. 5). To the best of our knowledge,
those have not been previously reported for Mn,SnO,4. At low
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Fig. 4 (a) Temperature-dependent FC and ZFC magnetization of
Mn,SnO,4 nanowires measured in a magnetic field of 500 Oe. (b) M-H
curves measured at 5, 40, 50 and 100 K. Inset represents magnified scaled
hysteresis loops near zero field.
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Fig. 5 Temperature-dependent PL spectrum of Mn,SnO, nanowires.
Inset represents their Raman spectrum.

temperatures a broad band appears at around 2.52 eV, which
probably originates from the d-d (*T; — °A) transition of the
tetrahedrally coordinated (A-site) Mn>" ions. Mn-doped spinels,
e.g., Zn,Si0y4, MgrSn0y, ZnGa, 0y, usually show green emission at
2.4-2.5 eV, coming from tetrahedrally coordinated Mn>" ions.””
As the temperature increases, the peak intensity decreases
significantly, and then another band centered at 2.15 eV becomes
dominant. The Mn>" ions present in B-sites would show a different
form of crystal-field splitting, which may cause this red-shifted
emission band. A series of peaks at 3.32, 3.24 and 3.16 eV,
separated by 0.8 eV (644 cm ™), was tentatively assigned to a zero
phonon line and its phonon replicas of donor—acceptor pair
emission. First-order Raman spectrum of Mn,SnO, nanowires,
reveals the corresponding vibrational mode 640 cm ™' (inset). Its
peak position is close to that of the Mn-O lattice vibration
frequency of Mn;O,.'°

In summary, we synthesized single-crystalline Mn,SnO, nano-
wires by CVD. They consist of inverse spinel structure, grown with
the [111] direction. The average diameter is 80 nm. XPS data reveal
the existence of Mn*" ions, which probably determine their
ferrimagnetic behaviors. Magnetization measurements indicate
that the Mn,SnO4 nanowires have a ferrimagnetic structure
(Tc = 46 K), with significant hysteresis. The PL spectrum shows a
broad band at around 2.52 eV, which originates from the d-d
(“T, — °A)) transition of the tetrahedrally coordinated Mn?* ions.
We suggest that Mn,SnO, nanowires have a great deal of potential
for applications in spintronic nanodevices.
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