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Single-crystalline SrMn3O6−� nanoribbons �width of 30–500 nm and lengths of up to several
hundred micrometers� are synthesized by a molten-salt method. In contrast with the
antiferromagnetism in bulk SrMn3O6−�, magnetization measurements show weak ferromagnetism in
these nanoribbons at low temperature. In particular, a notable exchange-bias effect, which strongly
depends on the cooling field, is observed in applied magnetic field H�5 kOe. These results suggest
that the exchange bias in the SrMn3O6−� nanoribbons can be effectively tuned by the cooling
field, which is of very special interests for applications. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3132056�

One-dimensional �1D� nanostructures such as nanotubes,
nanoribbons, and nanowires are not only of scientific but
also technological interests. The inherent anisotropy in these
nanomaterials provides unique properties which are expected
to be critical to the function and integration of nanoscale
devices.1–3 Among these materials, 1D nanostructural man-
ganites have been of particular interests for magnetic sensing
and recording devices, as they exhibit unique magnetoelec-
tric properties.4–7 Investigations have shown that these prop-
erties are critically dependent on the dimensions of the
material.5–7 Although advances have been made in the fabri-
cation of nano- and microcrystalline manganites,8,9 detailed
physical investigations of 1D nanocrystalline manganites
have not been possible due to the lack of reliable methods to
prepare well-isolated manganite 1D nanostructures with vari-
ous stoichiometry or crystal structures.

Here, we report a simple molten-salt method to prepare
the nominal SrMn3O6−� nanoribbons. The structure of
SrMn3O6−� consists of unusual “figure-of-eight” shaped tun-
nels. These tunnels are made up of double chains of edge-
and corner-sharing MnO6 octahedra, with the Sr2+ ions situ-
ated in the tunnel cavities, which is a complex incommensu-
rate modulated tunnel structure.10,11 In the well-known
double chains of MnO6 octahedra systems, quantum spin
fluctuations or geometric frustration play a very important
role, which can lead to various magnetic ground state such as
antiferromagnetic �AFM� order, ferromagnetic �FM� order,
spin-glass �SG� order, and complex multistate coexistence.12

In particular, the exchange bias caused by the exchange in-
teraction at the interface between a FM and an AFM compo-
nent draws a significant interest in recent years.13,14 In gen-
eral, the exchange bias is manifested by a shift in the
hysteresis loop along the field axis, when the FM-AFM sys-
tem is cooled down in an external magnetic field through the
Néel temperature of the antiferromagnet. But recent studies
have shown that, in addition to FM/AFM systems, exchange

bias phenomenon was also observed in samples involving
a ferrimagnet �FI� or a SG phase �FI/AFM, FM/SG,
SG/AFM�.15 In this article, the single crystalline SrMn3O6−�

nanoribbons show an appearance of weak ferromagnetism
and exchange bias effect at low temperature, which is dis-
tinct from their bulk counterparts with a typical AFM order
�TN�46 K�.10

Single crystalline SrMn3O6−� nanoribbons were prepared
by a molten-salt method. Polycrystalline SrMnO3 powders
�purity: 99.9%� and chlorides �molar ratio NaCl /KCl=1:1�
at a weight ratio of 2% were thoroughly mixed in an agate
pestle and mortar before being transferred into an alumina
crucible. The source materials were heated to 800 °C at a
heating rate of 5 °C /min for 5 h and then cooled naturally to
room temperature. The resulting powders were collected and
washed with distilled water. The crystallization and morphol-
ogy of the SrMn3O6−� nanoribbons were investigated by
x-ray diffraction �XRD�, scanning electron microscope
�SEM�, and transmission electron microscope �TEM�. As a
function of T and H, the magnetization �M� was measured
using superconducting quantum interference device magne-
tometer.

Low magnification SEM observations shown in Fig. 1�a�
reveal that the as-synthesized products consist of a large
quantity of 1D nanostructures with typical lengths from tens
to hundreds micrometers. Energy dispersive x-ray spectros-
copy �EDS� microanalysis as the inset in Fig. 1�a� shows the
presence of the elements O, Sr, and Mn. The EDS analysis
revealing that the molar ratio of Sr:Mn:O is about
1.00:3.05:5.95 within the instrumental accuracy. The XRD
pattern in Fig. 1�b� shows that the as-synthesized product is
orthorhombic SrMn3O6−� �Ref. 16� with lattice constants of
a=9.133 Å, b=2.821 Å, and c=12.095 Å.10 The TEM im-
ages of SrMn3O6−� are shown in Figs. 2�a� and 2�b�. Selected
area electron diffraction �SAED� patterns of a single nanor-
ibbon, as shown in the inset of Fig. 2�a�, indicates that the
nanoribbon is a single crystal, which is further proved by
high-resolution TEM image �inset in Fig. 2�a��. The TEM
images in Fig. 2�b� reveal that each SrMn3O6−� nanoribbon
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has a uniform width within 20–200 nm. To further verify the
morphological characteristic of the nanoribbons, a cross-
sectional TEM image of rectanglelike-shaped end of a ribbon
around 40 nm thick is given in Fig. 2�b� inset.

To explore the original magnetic phase in SrMn3O6−�

nanoribbons, we carried out magnetic measurements. Figure
3 shows the temperature dependent magnetization M�T�
curves of the nanoribbons in zero-field-cooled �ZFC� and
field-cooled �FC� processes with an applied field of 2 kOe.
The ZFC magnetization curve exhibits a sharp peak at
Tm��26 K� accompanied by a clear bifurcation of ZFC and
FC magnetization curves, which indicates a glassy behavior
at low temperature.9,17 Simultaneously, the linear fit for the
temperature dependence of the inverse magnetization shows
that the material exhibits Curie–Weiss behavior above about
50 K and gives an extrapolated Curie–Weiss temperature ���
of 150 K higher than the one of bulk ���−450 K�,10 which
indicates that the AFM phase is weakened in the nanosized
SrMn3O6−�. In particular, an anomalous behavior is seen be-
low �10 K, i.e., both curves �FC and ZFC� show sudden
increase in magnetization, pointing out the weak FM ten-
dency at low temperature. It has been reported that oxygen

vacancies can also lead to an anomalous magnetic behavior
in manganites. For example, CaMnO3−� nanoparticles18 and
LaxCa1−xMnO3−� single crystals19 show a weak FM phase
due to formation of FM clusters near defects. Recently, stud-
ies have shown that the antiferromagnetism in bulk manga-
nites is suppressed in both nanowires and nanoparticles, ac-
companied with an appearance of weak ferromagnetism.6,20

A core-shell phenomenological model was proposed, where
the relaxation of superexchange interaction on the surface
of nanowires or nanoparticles allows the formation of a
FM or SG shell, resulting in natural AFM/FM or FM/SG
interface.18,21 Considering the SG-like characteristic of mag-
netization curves in Fig. 3 and the unsaturated M-H curve at
3 K in fields up to 5 kOe like other conventional SG systems
in Fig. 4, a similar description, an AFM core and a SG-like

FIG. 1. �a� SEM image of the as-synthesized SrMn3O6−� nanoribbons and
their EDS pattern �inset a�. �b� XRD pattern of the nanoribbons. The JCPDS
Card No. 28–1233 database standard �SrMn3O6−�� is shown at the lower
part of panel b.

FIG. 2. �a� Typical TEM micrograph of SrMn3O6−� nanoribbon. Insets are
the corresponding SAED pattern �upper left� and high-resolution TEM im-
age �lower right�. �b� TEM images of several straight nanoribbons. Inset is a
rectanglelike-shaped end of a nanoribbon.

FIG. 3. �Color online� Temperature dependence of the magnetization M�T�
of SrMn3O6−� nanoribbons for ZFC and FC under a 2 kOe field �left axis�
and inverse magnetization versus temperature �right axis�. Solid line repre-
sents linear fit between 50 and 150 K. Inset: enlargement of M �T curve
under ZFC below 40 K.

FIG. 4. �Color online� �a� Magnetization as a function of external magnetic
field at 3 K for SrMn3O6−� nanoribbons. �b� Shows the enlarged view of the
low field region, which indicates the shift of the hysteresis curve due to
exchange bias coupling.
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shell, for the magnetic structure of the SrMn3O6−� nanorib-
bons could be easily guessed, where the SG-like surface lay-
ers may act as the weak “FM” on AFM nanoribbons.15 The
SG-like order probably arises as a result of the higher
surface-to-volume ratio afforded by the nanoribbon geom-
etry, i.e., surface effects, which can result in uncompensated
spin and a suppression of the long-range AFM order ob-
served in the bulk. The clarification as to whether any or all
of these factors are operative behind our observation is be-
yond the scope of this present work and will form the subject
of future studies.

As mentioned above, exchange bias is manifested as the
hysteresis loop shift observed when an antiferromagnet is in
contact with a ferromagnet or SG.15 Thus, exchange bias
could also be expected based on the fact that there exists a
coupling between the SG-like shell and the AFM core in the
SrMn3O6−� nanoribbons. To prove it, we measured the hys-
teresis loops of the nanoribbons at 3 K after both the ZFC
and the FC processes from 300 K under a magnetic field of 5
kOe, as shown in Fig. 4. It is also observed in the hysteresis
curve that the saturation did not show in fields up to 5 kOe
like other conventional SG systems.17 The observed M-H
curve at 3 K reveals weak ferromagnetism probably due to
spin freezing. The ZFC hysteresis loop keeps good central
symmetry with a coercive field of HC�95 Oe. However, for
the FC process, where the sample was cooled in magnetic
field of 0.5, 2, and 5 kOe respectively from 300 to 3 K,
asymmetrical magnetic hysteresis loop exhibiting shifts both
in the field and magnetization axes is observed, which re-
veals the existence of exchange coupling in the nanoribbons.
We notice that traces of hysteresis are closed loops for
Hmax�3 kOe shown in Fig. 4�a�, where Hmax is the maxi-
mum field applied for the loop trace. Therefore, hysteresis
loop with Hmax=5 kOe in Fig. 4 is not a minor loop, indi-
cating the exchange bias effect in SrMn3O6−� nanoribbons is
a genuine observation which is not a simplified phenomenon
of the minor loop effect of a ferromagnet.22 We define the
exchange bias field as HE=−�H1+H2� /2, where H1 and H2

are the left and right coercive fields, respectively. For the FC
loops in magnetic field of 0.5, 2, and 5 kOe, the value of HE
is about 165, 450, and 860 Oe, respectively, indicating the
exchange bias is strongly dependent on the cooling field. The
shift to positive magnetization axis for the FC loops suggests
the presence of a unidirectional exchange anisotropy
interaction.15 The remanence asymmetry ME, defined as the
vertical axis equivalent to HE, is about 0.012 emu/g for the
FC loop of 0.5 kOe and 0.065 emu/g for the one of 5 kOe
respectively. Results indicate that the exchange bias in the
SrMn3O6−� nanoribbons increase with the increasing cooling
field. It could be explained simply, for small cooling fields,
only a part of spins at the SG/AFM interface are pinned
along the cooling field direction. With the increase in the
cooling field, more of the spins are pinned along the field
direction and the exchange interaction is enhanced. Accord-
ingly, HE increases with the cooling field. It means that the

exchange bias in the nanoribbons can be tuned by the cool-
ing field, which contributes to the development of multifunc-
tional spintronic devices.

In summary, we have developed a facile molten-salt syn-
thesis method to prepare long single-crystalline SrMn3O6−�

nanoribbons and characterized them by various techniques.
Magnetization measurements show that these nanoribbons
exhibit weak ferromagnetism at low temperature. A signifi-
cant exchange bias phenomenon, which is strongly depen-
dent on the cooling field, is observed in the 1D SrMn3O6−�

system. Our results suggest that the exchange bias in the 1D
manganite can be effectively tuned by the cooling field,
which is of very special interests for applications.
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