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ABSTRACT: Bi1.85Mn0.15Te3 hexagonal nanoplates with a
width of ∼200 nm and a thickness of ∼20 nm were
synthesized using a solvothermal method. According to the
structural characterization and compositional analysis, the
Mn2+ and Mn3+ ions were found to substitute Bi3+ ions in
the lattice. High-level Mn doping induces significant lattice
distortion and decreases the crystal lattice by 1.07% in the
a axis and 3.18% in the c axis. A high ferromagnetic state
with a Curie temperature of ∼45 K is observed in these
nanoplates due to Mn2+ and Mn3+ ion doping, which is a
significant progress in the field of electronics and
spintronics.

Bi2Te3 is a well-known candidate for applications as a
thermoelectric material or topological insulator, and it has

been confirmed to have a conducting surface state with a single
non-degenerate Dirac cone with linear dispersion in the
momentum space.1−7 With the eye-catching development of
topological insulators on both the theoretical and experimental
fronts, research referring to the profound aspect of modern
physics, such as quantized anomalous Hall effect8−11 and
topological magnetoelectric effect,12−14 is triggered. Meanwhile,
breaking the time reversal symmetry caused by the introduction
of magnetic impurities into these materials can induce a gap at
the Dirac point of the topological surface state, which is crucial
for the realization of the exotic phenomena mentioned
above.15−19 Therefore, the coexistence of both magnetic
order and topological state in these topological-based materials,
especially on the nanoscale, is exciting for the future
development of nano-spintronic devices.
To date, significant effort has been devoted to developing

long-range magnetic ordered Bi2Te3 in topological insulators by
doping with transition metals.20−23 Very recently, experiments
have shown that substitution of transition metals into Bi2Te3
can tune the electrical and magnetic properties of Bi2Te3
systems.24 Many transition metals, such as Fe,15,25−27 Cr,28−30

Mn,20,21,24,31 V,32 and Sn,33 are substituted into bulk Bi2Te3 to
produce dilute magnetic topological semiconductors. For
example, for bulk Bi2Te3, ferromagnetic ordering at the Curie
temperature (Tc = 10 K) was reported for Mn2+ substitution of
Bi3+.31 Current research has focused on bulk Bi2Te3 materials
doped with transition metals by various methods, such as the
Bridgman,34 vertical gradient solidification,31 and vapor−

liquid−solid methods.27 On the other hand, magnetic
impurities doped into the Bi2Te3 nanostructures are rarely
reported. It should be noted that, when compared with the
traditional bulk topological insulators, nanomaterials not only
reveal more enhanced and novel physical properties35−37 but
are also leading the way as devices for future spintronics
industries. For example, for bulk Bi2Te3 materials, the direct
manipulation of their edge/surface states is relatively difficult to
achieve because they are significantly outnumbered by the bulk
carriers.38−42 In contrast, our previous efforts have achieved
enhanced surface conduction by manipulating the surface states
in Bi2Te3 nanoribbons38 and Bi2Te3 nanoplates43 synthesized
by a solvothermal method. It is anticipated that the doping of
magnetic impurities into such Bi2Te3 nanostructures would lead
to a gap at the Dirac point of the topological surface state,
which may also move progress in spintronics ahead by leaps
and bounds.
In this study, we demonstrate that magnetic Mn2+ and Mn3+

can be readily doped into Bi2Te3 hexagonal nanoplates by a
low-cost and controllable solvothermal method. Through
detailed structural and compositional characterizations, Mn2+

and Mn3+ are found to substitute Bi3+ ions, which not only
leads to a decrease of the lattice parameters in the Bi2Te3 crystal
structure but also causes ferromagnetic ordering at a relevantly
high Tc = 45 K. This transition temperature is higher than that
of bulk materials.
Figure 1a shows typical high-sensitivity X-ray diffraction

(XRD) patterns, collected with synchrotron radiation, of the as-
prepared doped and undoped samples (detailed synthesis
procedure is given in the Supporting Information). The XRD
pattern of the Mn-doped sample can be indexed exclusively as
Bi2Te3 with a rhombohedral structure, and all diffraction peaks
shift toward lower diffraction angles (this can be seen by
comparing with the XRD pattern of undoped Bi2Te3). The shift
in diffraction peaks might be caused by the Mn doping. More
importantly, the fact that no other diffraction peaks were
observed indicates that the products are of high purity. The
lattice parameters of the Mn-doped Bi2Te3 are determined to
be a = 4.35 Å and c = 29.51 Å, decreases of 1.07% in the a axis
and 3.18% in the c axis when compared with those of undoped
Bi2Te3 (see Table S1). Figure 1b shows a representative low-
magnification scanning electron microscopy (SEM) image of
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the as-prepared products, in which nanoplates can be clearly
observed. From the high-magnification SEM image (Figure 1c),
the nanoplates are observed to have hexagonal facets with
lateral dimension of ∼200 nm and a thickness of ∼20 nm (see
the SEM and transmission electron microscopy (TEM) images
and thickness distribution data in Figure S1). To understand
the structural characteristics of such hexagonal nanoplates,
further detailed TEM characterizations were carried out. The
bright-field TEM image in Figure 1d demonstrates such a
hexagonal nanoplate. The corresponding selected area electron
diffraction (SAED) pattern (inset of Figure 1d) indicates that
the surface normal of the hexagonal nanoplate is parallel to the
c axis. The six side edges can be determined to be {101 ̅0} facets.
To accurately determine the lattice spacings of our products,
the TEM specimens were coated with Pt nanoparticles with
well-defined lattice spacings. Figure 1e shows a SAED pattern
superimposed with diffraction rings raised from Pt nano-
particles. Using Pt diffraction rings as a reference (aPt = 3.925
Å), d{112 ̅0} = 2.17 Å can be determined, which is in excellent
agreement with the results determined from the synchrotron
XRD. A typical high-resolution TEM image is shown in Figure
1f, confirming that this product is highly crystalline.
To clarify the fundamental reason behind the decreased

lattice spacing, chemical analysis, including electron dispersive
spectroscopy and electron energy loss spectroscopy (EELS),
was employed to determine the elemental speciation and
distribution within the hexagonal nanoplates. Figure 2a shows a
typical bright-field TEM image of a hexagonal nanoplate. Figure
2b,c shows EELS spectra taken from the nanoplate, in which no
O EELS edge (should be at ∼529 eV) is observed but the Mn-
L2,3-edges at 640 and 650 eV are found, which can be indexed
as Mn2+ and Mn3+ (standard Mn-L2,3-edges from Mn2+ and
Mn3+ manganese oxides as reference data44 are shown in Figure
2c). Therefore, two doped states of Mn (Mn2+ and Mn3+) are
observed to co-exist in the nanoplates. To further clarify the
distribution of the elements Bi, Te, and Mn, EELS maps were
collected and are shown in Figure 2d−f, respectively. From the
contrast of Figure 2f, Mn can be identified to be uniformly
distributed within the nanoplates. Due to the different doped
states of Mn (Mn2+ and Mn3+), additional X-ray photoelectron
spectroscopy (XPS) was performed to determine the bonding

behavior of our products. Figure 3 shows such an XPS
spectrum, with the insets being those of the enlarged spectra

(i.e., high-resolution narrow scans) for selected individual
elements. The predominant measured binding energies for Bi
and Te, corresponding to the Bi2Te3 phase, are 157.8 eV for Bi
and 573.7 eV for Te, respectively.45,46 Note also that, for each
of the narrow scans shown in Figure 3, the XPS spectra show
two series of peaks which are separated by a defined energy and
are in a defined ratio (e.g, 2:1, 3:2, and 4:3 for the 2p, 3d, and
4f orbitals, respectively) due to spin−orbit coupling. The
discussion to follow, therefore, focuses on the most intense
peaks at the lower binding energy. In the narrow scan of the Bi
4f region, a shoulder at ∼156.6 eV is observed on the main
peak at 157.8 eV, which is different from the reported Bi−O
binding energy at 158.5−161.5 eV.47 Therefore, we attribute
this binding energy to the Bi atoms in the vicinity of the Mn
dopants. As can also be seen, two bonding states are observed
in the Te 3d region at binding energies of 572.2 and 571.5 eV,
which are significantly different than expected for a Te−O
binding energy of 576.0−577.5 eV.47 In addition, there is little
evidence for oxygen in the XPS spectrum. Therefore, two kinds
of Mn−Te bonds are believed to coexist in our sample, ascribed

Figure 1. Structural characteristics of as-prepared doped and undoped
samples: (a) synchrotron radiation XRD patterns; (b) low-
magnification SEM image; (c) high-magnification SEM image; (d)
TEM image for a typical nanoplate; (e) SAED pattern taken from the
Pt-coated TEM sample; (f) high-resolution TEM image for the
nanoplate in (d).

Figure 2. Compositional analyses of the as-prepared products: (a)
bright-field TEM image for a typical nanoplate; (b) EELS spectrum
taken near the O edge, showing no O existence; (c) EELS spectra of
the Mn edge of the nanoplate and Mn-L2,3-edges taken from standard
Mn2+ and Mn3+ manganese oxides; (d−f) EELS mapping of Bi, Te,
and Mn.

Figure 3. XPS analysis for the as-prepared nanoplates and enlarged
spectra of Mn 2p, Bi 4f, and Te 3d.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja308933k | J. Am. Chem. Soc. 2012, 134, 18920−1892318921



to those between Te and Mn2+ and Mn3+ which were observed
in the EELS measurements shown in Figure 2c. Through
quantitative analysis of the XPS spectra, the composition of the
elements Bi, Te, and Mn was calculated as ∼37.1%, 59.9%, and
3.0%, respectively, which is equivalent to a Bi:Te:Mn ratio of
12.4:20.0:1.0. Therefore, the composition of the sample is
defined as Bi1.85Mn0.15Te3, in which the Mn atoms have
substituted at the position of the Bi atoms. In fact, the ionic
radii and covalent radii of Mn are smaller than those of Bi, so
substituting Mn atoms for Bi atoms should lead to decreased
lattice parameters of the synthesized products, which is
consistent with the obtained XRD results.
Based on the detailed structural, chemical, and bonding

characterizations outlined above, we have achieved Mn-doped
Bi2Te3 with Mn replacing Bi. For such a compound, magnetic
properties are expected. A SQUID magnetometer was used to
examine temperature-dependent magnetization in zero-field
cooled (ZFC) and field-cooled (FC) processes; the magnetic
field dependence of the magnetization and hysteresis loops at 5
K is shown in Figure 4. The ZFC curve was obtained by cooling

the sample in the absence of a magnetic field from 400 to 10 K,
and subsequently measuring the magnetic moments while the
sample was warmed under a field of 50 Oe. For the FC process,
however, the sample is cooled through its Curie temperature in
the presence of a magnetic field (50 Oe). The difference
between these two processes provides important insight into
the phase transition temperature (TC) and blocking temper-
ature (TB). Based on the temperature-dependent ZFC and FC
curves and hysteresis loops shown in Figure 4, the
Bi1.85Mn0.15Te3 nanoplates show several features, as elaborated
in the following: (a) The ZFC and FC curves have a turning
point at ∼45 K, indicating that the Bi1.85Mn0.15Te3 nanoplates
have a magnetic transition at ∼45 K. (b) The existing peak at
the ZFC curve indicates the TB (30 K) of the Bi1.85Mn0.15Te3
nanoplates. (c) The M−H curve demonstrates the typical
ferromagnetic behavior of Bi1.85Mn0.15Te3 nanoplates at T = 5
K, from which the saturation magnetization can be determined
as 0.074 emu/g. As mentioned above, Mn ions are doped in the
nanoplates. Therefore, the magnetic moments originate from
the doped Mn ions, and the ferromagnetic behavior is
contributed by the spin polarization of the electric band

structure of Bi1.85Mn0.15Te3, which is similar to the experimental
results for bulk crystalline Bi1.91Mn0.09Te3.

34 However, the
higher Curie temperature, at ∼45 K, for the Bi1.85Mn0.15Te3
nanoplates as compared to that of bulk Bi1.91Mn0.09Te3, at 12 K,
indicates that the increasing content of doped Mn ions (tuning
the carriers density34,48) or quantum confinement of carriers49

in such thin Bi1.85Mn0.15Te3 nanoplates (∼20 nm) may lead to
the enhancement of the Curie temperature for the topological
phase Bi2Te3. (d) Hysteresis loop with Hc = 300 Oe at 5 K
shows the typical soft magnetic performance, expected with the
observed ferromagnetic performance. This achievement of
forming magnetic Bi1.85Mn0.15Te3 nanoplates represents sig-
nificant progress in the field of electronics and spintronics.
In conclusion, uniform Bi1.85Mn0.15Te3 hexagonal nanoplates

were successfully synthesized by the solvothermal method.
Based on the structural, chemical, and bonding characteristics,
the substitution of smaller Mn2+ and Mn3+ ions for the Bi3+ ions
in the crystal lattice leads to reduced lattice parameters. Doping
the magnetic element Mn in the Bi2Te3 nanoplates caused the
transition to a ferromagnetic state at Tc = 45 K. This study
paves the way to develop tunable magnetic nanostructures
(Figures S2 and S3) for the design and development of future
electronic and spintronic devices.
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