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Transition-metal-doped nanosemiconductors have attracted more
attention in the past few years because of their interesting optical
properties.1-5 For example, the d electronic states of Mn ions act
as luminescent centers while interacting strongly with the s and p
electronic states of the host nanocrystal into which external
electronic excitation is directed, and an orange photoluminescence
is produced therein.3-5 However, when Mn-doped nanocrystals are
utilized in bioimaging, longer-wavelength emissions are more
desirable.6 To date, no approaches for achieving the red emission
of Mn dopants in situ have been reported, although their emission
could shift to lower energies when gigapascal-level hydrostatic
pressure is applied to them in a diamond anvil cell because the
external high pressure makes the crystal-field splitting of the Mn d
orbitals become narrower.7 To overcome the disadvantage of
hydrostatic pressure via a diamond anvil cell, we explored a new
way to introduce lattice strain to Mn dopants in host nanocrystal
via heteronanostructure growth, where Mn-doped CdS nanocrystals
crystallize onto the surface of MnS nanoparticles. Because of the
difference between the lattices of MnS and CdS, in situ lattice
compression of CdS occurs. Such compressions result in lattice
strain in CdS, as would occur with external hydrostatic pressure,
and further change the emission of Mn dopants to a longer
wavelength. In our studies, such an approach was able to change
the emission of Mn dopants from orange to red, meaning that
gigapascal-level stress occurred in Mn dopants in MnS-CdS
heteronanostructures in situ.7

The Mn-doped MnS-CdS heteronanostructures, pristine MnS
and CdS nanoparticles, and Mn-doped CdS were synthesized via
facile metal-organic reactions (see section S1 in the Supporting
Information). In order to observe the lattice compression of CdS
in MnS-CdS heteronanostructures, high-resolution transmission
electron microscopy (HRTEM) was used to study the lattice fringes
of MnS-CdS, MnS, and CdS nanoparticles (see section S2). Figure
1a shows the pristine MnS nanoparticles; the upper-left inset shows
nanoparticles with diameters of 2-3 nm. Fast Fourier transform
(FFT) analysis was conducted on a selected area of a single
nanoparticle in Figure 1a, and the results are displayed in the upper-
right inset. The FFT clearly showed that the d spacings of (110)
and (002) are 0.200 and 0.323 nm, respectively, which are in good
agreement with those of hexagonal MnS with the wurtzite structure
(see JCPDS card no. 41-1049). HRTEM images and FFT data of
single Mn-doped MnS-CdS heteronanostructures are displayed in
Figure 1b. FFTs of selected areas located in the lower and upper
parts of the MnS-CdS image are displayed in upper-left and upper-
right insets, respectively. In the lower part of the MnS-CdS image,
the d spacings of (100) and (002) are 0.352 and 0.325 nm,
respectively, which match those of hexagonal MnS with the wurtzite

structure (see JCPDS card no. 41-1049). Notably, the d spacing of
0.325 nm for this (002) is similar to the value of 0.323 nm for
pristine MnS in Figure 1a. In the upper part of the MnS-CdS
image, the d spacings of (100) and (002) are 0.357 and 0.335 nm,
respectively, which match those of hexagonal CdS with the wurtzite
structure (see JCPDS card no. 65-3413), and the (100) d spacing
of 0.357 nm is the same as that of pristine CdS displayed in Figure
1c. HRTEM observations of single MnS-CdS nanocrystals showed
no defects in the lattice fringes in MnS-CdS heteronanostructures
although there is a lattice mismatch between bulk CdS and MnS,
implying that the larger d spacing of CdS was compressed to match
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Figure 1. (a-c) HRTEM images and (insets) FFT patterns of (a) pristine
MnS, (b) Mn-doped MnS-CdS, and (c) pristine CdS. (d) EDS data for
Mn-doped MnS-CdS.

Figure 2. (a) XRD patterns of Mn-doped MnS-CdS. (b) Illustrations of
the compression of the d spacing of CdS at the MnS-CdS interface.
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the smaller spacing of MnS in the interfaces of MnS-CdS.7 The
energy-dispersive spectroscopy (EDS) data for MnS-CdS hetero-
nanostructures in Figure 1d clearly disclosed the Cd, Mn, and S
components in the MnS-CdS heteronanostructures.

It is known that bulk wurtzite MnS has a smaller d spacing than
wurtzite CdS. In our MnS-CdS growth, the d spacing of CdS
should shrink to match that of MnS, and Mn ions could diffuse
into CdS at the MnS-CdS interface to form Mn-doped CdS, where
Mn ions replace some Cd ions in CdS matrix.1,2,7 To further confirm
the MnS-CdS heteronanostructures, powders of MnS-CdS were
studied by X-ray diffraction (XRD; see section S3). The XRD
patterns in Figure 2a showed that wurtzite-structured MnS and CdS
are both present in the MnS-CdS heteronanostructures. In detail,
peaks of hexagonal CdS can be distinctly observed, and peaks of
hexagonal MnS at 25.4° {100}, 27.5° {002}, 29.05° {101}, 37.78°
{102}, and 44.78° {110} are also visible in the MnS-CdS samples;
these results are consistent with the HRTEM studies in Figure 1b.
The d spacings of MnS and CdS derived from the XRD patterns
are shown in Table 1. Obviously, these d spacings of MnS and
CdS are similar to those of bulk hexagonal MnS and CdS,
respectively (see JCPDS card nos. 41-1049 and 65-3413). Because
no defects were detected within the MnS-CdS heteronanostructures
in the HRTEM observations in Figure 1b, we believe that the
compression of CdS occurs mainly at the MnS-CdS interface,
where the Mn dopants are more concentrated in the CdS matrix.1,2

According the XRD data in Figure 2a and Table 1 as well as the
HRTEM studies in Figure 1, an illustration of the Mn-doped
MnS-CdS heteronanostructure is disclosed in Figure 2b. It is clear
that the d spacing of CdS is compressed to match that of MnS at
the interface; such shrinking of CdS introduces lattice strain and
further suppresses the Mn-S bond in the Mn-doped CdS matrix.7,8

Consequently, the crystal-field splitting of the 3d orbitals (4T1 f
6A1 transition) became narrower, resulting in a red shift of the Mn
ion emission.8

The optical absorption and emission of Mn-doped MnS-CdS and
Mn-doped CdS are shown in Figure 3a (see section S4). The absorption
peaks of Mn-doped MnS-CdS and Mn-doped CdS are located at
∼458 and 449 nm, respectively, which corresponds to a size-dependent
CdS transition. The normal emission of Mn-doped CdS is at ∼585
nm, which is very close to the wavelength reported for Mn ion emission
in doped II-VI semiconductors.3-5 However, such emission peaks
disappear in Mn-doped MnS-CdS because the electronic excitation
of the CdS matrix is directed into the 3d electrons of the Mn dopants
under exposure to lattice strain. Consequently, the stress-narrowed 4T1

f 6A1 transition of Mn ions produced the red emission at 650 nm. To
our knowledge, all previously reported emissions of Mn dopants in
II-VI nanosemiconductors are located at ∼585 nm when these
materials are under normal pressure.3-5 The lattice strain in MnS-CdS
induced a big shift in the Mn emission from orange to red, which
implies that gigapascal-level stress occurred in the CdS matrix.8 The
photoluminescence (PL) decay times of Mn dopants in CdS and
MnS-CdS matrix are displayed in Figure 3b (see section S4). The

decay curves were fitted with double-exponential functions according
to the following formula:

where Y is the PL intensity and B is the baseline intensity of the PL
curve. For Mn in MnS-CdS, the corresponding coefficients A1 and
A2 were 1.53 and 0.1, and the decay times t1 and t2 were 3.9 and 32.5
ns, respectively. For Mn in CdS, A1 and A2 were 1.5 and 0.21, and the
decay times t1 and t2 were 3.9 and 28.4 ns, respectively. Obviously,
Mn ions in CdS and MnS-CdS have similar PL decay characteristics,
and these data match the fast decay time previously reported for the
4T1f

6A1 transition of Mn.5,9 Recently, Godlewski and co-workers9

proposed a model of spin-flip interactions between Mn2+ and free
carriers that could well explain the nanosecond decay times of our
samples.

In conclusion, the red emission of Mn2+ dopants in MnS-CdS
heteronanostructures has been observed for the first time. Obviously,
such emission of Mn resulted from the lattice stress raised in
heterogrown MnS-CdS in situ and not from external hydrostatic
pressure. In detail, the lattice spacings of CdS are compressed to match
those of MnS at the MnS-CdS interface, and the compressed CdS
matrix further makes the crystal-field splitting of the Mn 3d orbitals
smaller. In addition, because Mn-doped MnS-CdS heteronanostruc-
tures combine the paramagnetism of MnS and the red emission of
Mn dopants, such nanostructures may have more advantages either
for magnetic resonance imaging or fluorescence imaging.10
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Table 1. Interplanar Distances of MnS and CdS in MnS-CdS
Heteronanostructures

plane MnS in MnS-CdS CdS in MnS-CdS

100 3.504 3.553
002 3.241 3.367
101 3.070 3.187
102 2.380 2.469
110 2.022 2.068
112 - 1.761

Figure 3. (a) UV-vis and PL spectra of Mn-doped CdS and Mn-doped
MnS-CdS. (b) PL decay spectra of Mn-doped CdS and Mn-doped CdS
upon excitation by a 355 nm laser.

Y ) A1 exp(-t/t1) + A2 exp(-t/t2) + B
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