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Multiferroic materials, in which more than one of ferromagnetic,
ferroelectric, and ferroelastic properties appear simultaneously, have
received renewed interest in recent years because of potential
applications in new devices based on the mutual controls of
magnetic and electric fields.1 Many efforts have been devoted to
finding new multiferroic materials or to investigating multiferroic
properties in known oxides, such as BiCrO3,2 BiMnO3,3 BiFeO3,4

BiCoO3,5 BiNiO3,6 BiScO3,7 and double perovskite Bi2MnNiO6.8

Recently, multiferroic effects have been found in some rare earth
manganates. Hur et al. reported a profound interplay between
electrical polarization and the applied magnetic field in TbMn2O5.9

Kimura et al. observed giant magnetocapacitance and magneto-
electric effects in TbMnO3.10

For most multiferroic perovskite oxides, a high-pressure tech-
nique is required to get a single phase. Not only is the equipment
for the synthesis complicated, but also the microstructure of the
sample cannot be controlled well. As is well-known, the properties
of the samples strongly depend on their morphologies, sizes, and
defect densities.11 Thus the synthesis method is important for the
functional materials. Our previous work on BiFeO3 nanospindles
showed that a facile, mild, and easily controlled hydrothermal route
is available to synthesize multiferroic materials with uniform
microstructure.12 In this Communication, we describe a one-pot
selective synthesis of multiferroic TbMn2O5 nanorods and TbMnO3
micrometer crystals with a convenient hydrothermal route.

All chemicals were purchased from Shanghai Chemical Reagents
Company and used without further purification. For a typical
synthesis of TbMn2O5 nanorods, 1.4 mmol MnCl2‚H2O, 0.6 mmol
KMnO4, 1.0 mmol Tb(NO3)3‚6H2O and 0.5 mol NaOH were
dissolved in distilled water. After stirring for half an hour, the
homogeneous solution was transferred into an 80 mL Teflon-lined
steel autoclave and heated at 250°C for 72 h. TbMnO3 micrometer
crystals were obtained via the same procedure as TbMn2O5 nanorods
by just changing the molar ratio of reactants MnCl2‚4H2O and
KMnO4 from 7:3 to 4:1.

The crystallinity and purity of the products were examined by
X-ray diffraction (XRD) measurements on a Bruker X-ray diffrac-
tometer with Cu KR radiation. XRD patterns of freshly prepared
TbMn2O5 nanorods and TbMnO3 crystals are shown in Figure 1.
All diffraction peaks of TbMn2O5 can be perfectly indexed by an
orthorhombic phase with space groupPbam(No. 55). The lattice
parameters, refined with the Rietveld program MAUD,13 area )
7.3272(2),b ) 8.5223(1), andc ) 5.6776(2) Å (Figure S1). For
TbMnO3, the peaks can be indexed to an orthorhombically distorted
perovskite phase with space groupPbnm (No. 62). The lattice
constants are:a ) 5.3011(2),b ) 5.8510(1), andc ) 7.4006(3) Å
(Figure S2). X-ray photoelectron spectroscopy (XPS, PHI Quantera
SXM) shows that both TbMn2O5 and TbMnO3 consist of Tb, Mn,
and O elements. The Mn 2p3/2 binding energy of 641.8 eV is a
characteristic of Mn3+ (Figures S4b).14 The Mn 2p doublet of

TbMn2O5 shifts by 0.7 eV toward higher binding energy compared
to the Mn 2p doublet of TbMnO3, which is evident for a mixed
Mn4+/3+ state in TbMn2O5.15

The morphology and microstructure of the samples were
investigated with scanning electron microscopy (SEM, SHIMDAZU
SSX-550). As shown in Figure 2A, TbMn2O5 particles exhibit a
uniform, rodlike morphology with an average size of about 2µm
in length and 200 nm in diameter. We further examined the
microstructure with transmission electron microscopy (TEM) and
high-resolution TEM (FEI CM-200 at 160 kV). The inset of Figure
2A shows a low-magnification TEM image of a typical TbMn2O5

nanorod. The selected area electron diffraction (SAED) pattern in
the inset of Figure 2B, taken along the [010] zone axis from an
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Figure 1. XRD patterns of (A) TbMn2O5 and (B) TbMnO3.

Figure 2. (A) SEM image of TbMn2O5 nanorods; right inset shows the
TEM image of a single TbMn2O5 nanorod; (B) HRTEM image of the same
nanorod; right inset shows a SAED pattern of the same nanorod; (C) SEM
image of TbMnO3 crystals; (D) HRTEM image of a single TbMnO3 micron
crystal; right inset shows a SAED pattern of the same crystal.
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individual nanorod with very sharp diffraction spots, indicates that
the as-prepared TbMn2O5 nanorods consist of single crystals that
grow along the [001] direction (thec-axis). Moreover, the SEAD
images taken from different positions along the nanorod (without
tilting the sample with respect to the electron beam) are found to
be almost identical, which demonstrates that the entire nanorod is
one perfect single crystal. The corresponding HRTEM image
(Figure 2B) shows interplanar distances of 0.571 and 0.369 nm,
which correspond to (001) and (200) planes, respectively. Figure
2C shows an SEM image of as-prepared TbMnO3. Its morphology
is quite different from that of TbMn2O5. Micron crystals with flat
faces and regular shapes are observed. Figure 2D shows a HRTEM
micrograph of a TbMnO3 crystal with clearly resolved interplanar
distancesd001 ) 0.743 nm andd110 ) 0.395 nm.

To gain further insight into the structural features of TbMn2O5

nanorods and TbMnO3 crystals, unpolarized Raman-scattering
spectra (Jobin-Yvon HR800) were measured with a liquid-nitrogen-
cooled CCD camera in the backscattering geometry at 298 K
(Figures S3). Ten Raman peaks at 108, 174, 212, 237, 649, 497,
535, 624, 668, and 688 cm-1 are observed in TbMn2O5; whereas
five Raman peaks at 376, 487, 505, 526, and 609 cm-1 are observed
in TbMnO3. The highest-frequency peaks appear at 609 and 588
cm-1 for TbMn2O5 and TbMnO3, respectively; these peak positions
are well consistent with reported data.16

The TbMn2O5 structure with space groupPbam consists of
Mn4+O6 octahedra and Mn3+O5 pyramids. The octahedra share
edges to form ribbons parallel to thec-axis, and adjacent ribbons
are connected by pairs of corner-sharing pyramids. TbMnO3 has
an orthorhombic perovskite structure that is quite different from
TbMn2O5. Under the high-pressure condition of a hydrothermal
process, the redox reaction between KMnO4 and MnCl2 in an
alkaline solution can be carried out completely, and the Mn valence
in the product depends on the molar ratio of Mn7+ and Mn2+ ions
in the reactants. Therefore, the molar ratio of Mn7+ and Mn2+ is
critical to the final product. The formation of TbMn2O5 and
TbMnO3 can be written as follows:

In the hydrothermal process, the size and the morphology of the
product depend on the competition between crystal nucleation and
crystal growth, which are determined by the inherent crystal
structure and the chemical potential in the precursor solution. The
differences in size and shape between TbMn2O5 and TbMnO3 are
ascribed to their different structures and the speed of the redox
reactions.

Figure 3 shows magnetic susceptibilityø(T) and magnetic
hysteresis loops for the TbMn2O5 nanorods and the TbMnO3
micrometer crystals. No difference is observed between the zero-
field-cooled (ZFC) and field-cooled (FC) susceptibility curves of
TbMn2O5. Above 50 K, the susceptibility obeys the Curie-Weiss
law, ø ) C/(T - θ), with θ ) -28 K; below 50 K, theø(T) curve
increases dramatically owing to a weak ferromagnetism below a
Néel temperatureTN near 50 K. For TbMnO3, a separation between
the ZFC and the FC curves is observed below 44 K, and an anomaly
occurs around 8 K; 44 and 8 K correspond, respectively, to theTN

due to the Mn3+ spins and the ordering temperature of the Tb3+

spins.17 TheM(H) of TbMnO3 at 5 K shows a two-step magnetiza-
tion process, which may be ascribed to the spin reorientation of

Tb3+ ions in Mn3+ sites owing to Tb3+ spin reversal.10 For both
samples, a slight magnetic hysteresis is observed at 5 K, and the
magnetization is almost saturated at high field, which is due to a
weak ferromagnetism of Mn arrays.
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Figure 3. Temperature dependence of zero-field-cooled (ZFC) and field-
cooled (FC) susceptibility (ø) measured in a field of 100 Oe for TbMn2O5

and TbMnO3. The inset shows their field-dependent magnetization at 5 K.

5Tb(NO3)3 + 3KMnO4 + 7MnCl2 + 26NaOHf

5TbMn2O5 + 12NaNO3 + 14NaCl+ 3KNO3 + 13H2O (1)

5Tb(NO3)3 + KMnO4 + 4MnCl2 + 22NaOHf

5TbMnO3 + 14NaNO3 + 8NaCl+ KNO3 + 11H2O (2)
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