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Introduction
Nanocrystals (NCs) have been wildly studied due to 

the properties different from bulk materials [1-3]. Re-
searchers focus on doped NCs for some excellent per-
formances compared with un-doped NCs [4-8]. As one 
kind of doped NCs, Mn-doped NCs have gain great at-
tention due to their Photo Luminescent (PL) properties 
and been used for devices manufacturing [9,10]. Further, 
Mn-doped NCs also show some magnetic properties 
which were detected by Electron Paramagnetic Reso-
nance (EPR) spectra [9,11,12].

It is well known that the emission of Mn2+ in NCs is 
attributed to the 4T1 to 6A1 transition [7,13,14]. This emis-
sion has been found to be effected by shell thickness in 
core/shell ZnSe and CdS/ZnS NCs [15-17]. The change 
of luminescent color was suggested to be resulted from 
change of the splitting of the 6A1 state of Mn2+ ions due to 
different shell thickness. Additionally, enhanced crystal 
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field was demonstrated to be the reason for bigger split-
ting of the 6A1 state [18], which illustrated that stronger 
crystal field, resulted in PL red-shift.

Due to unpaired electrons, the local environment of 
Mn2+ ions in Mn-doped NCs has been explored by EPR 
spectra [9,11,12,13]. The values of superfine splitting 
constant (A) of EPR spectra can evidence the position of 
Mn2+ ions [12,19,20]. Additionally, the EPR spectra also 
demonstrate the covalency between the anion and cat-
ion [8,21]. Larger value of A suggested weaker covalency 
[12,20,21]. In Mn-CdSe NCs, larger A value was suggest-
ed to be resulted from the Mn aggregation at the surface 
of the NC, which implied reduced covalency [14]. Sim-
ilar report was shown in core/shell CdS/ZnS NCs [22].

Our previous work has investigated the relationship 
between crystal filed and covalency by Mn-doped NCs 
with different binding symmetry [8]. To a certain degree, 
this structure-dependent result clarified the relationship 
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mentioned above. In this work, both the structure-de-
pendent and temperature-dependent properties of Mn-
doped NCs were considered for further understanding of 
this relationship.

Experimental Details
All Mn-doped NCs in this work were synthesized 

through the method as shown in our previous work [8]. 
The process includes core fabrication, elimination of re-
sidual Mn2+ in the solution and shell growing. The syn-
thesis procedure in this work contained the elimination 
of the residual Mn in the solution, which suggested there 
were no Mn2+ ions in the ZnS shell. The synthesis pro-
cess are as follows: (1) ZnSe cores preparation and pu-
rification; (2) Mn adsorption on ZnSe at 120 °C and the 
elimination of the residual Mn in the solution; (3) ZnSe 
shell growth at 270 °C. This could demonstrated that 
the Mn2+ ions were at the interface of the core/shell NCs 
and no Mn2+ ions were at the surface. Furthermore, EPR 
spectra also suggest that the Mn2+ ions were at the inter-
face of core and shell of the NCs. The NCs are ZnSe:Mn/
ZnS (sample I), ZnSe/ZnS(1ML):Mn/ZnS (sample II), 
ZnSe/ZnS(2ML):Mn/ZnS (sample II) and ZnSe:Mn/
ZnSe (sample IV), respectively. Location of Mn2+ ions at 
the interface of the core/shell NCs results in increasing 
binding symmetry from sample I to IV [8]. Transmission 
Electron Microscopy (TEM) images were gained from 
a Tecnai G2 Transmission Electron Microscope (FEI). 
X-ray Diffraction (XRD) spectra were recorded on a D/
max 2500VL/PC diffractometer using Cu Kα radiation. 
PL spectra were gained on a FLS920 F900 luminescence 
spectrometer (Edinburgh). EPR spectra were measured 
with an X-band EMX-10/12 spectrometer (Bruker). 
ZnSe:Mn/ZnSe NCs were spin coated on quartz glass 
and mounted in a vacuum liquid nitrogen cryostat for 
the temperature-dependent measurement. The tempera-
ture range was from 77 to 297 K.

Results and Discussion
Figure 1 and the inserts show the typical TEM images, 

the selective area electron diffraction pattern (SAEDP, 
insert (a)), and high-resolution TEM (HRTEM) im-
ages of single crystal at different areas (insert (b)). The 
ZnSe:Mn/ZnSe NCs are with cubic zinc blende structure, 
which is demonstrated by the SAEDP. The rings corre-
sponding to (1 1 1), (2 2 0), and (3 1 1) diffraction can 
be observed clearly in insert (a) of Figure 1. The HRTEM 
images indicate that there is no lattice distortion after the 
Mn adsorption and shell coating. Histogram (c) in Fig-
ure 1 shows that the NCs are at good size distribution. 
The other three NCs samples show similar results.

The XRD spectra of the four samples are shown in 
Figure 2. The XRD patterns indicate that all samples are 
zinc blende phase, according with the results of SAEDP 
in Figure 1. No Mn diffraction peaks are observed in all 
the samples, which indicate that Mn2+ ions had doped 

     

Figure 1: TEM image of ZnSe:Mn/ZnSe NCs at room temperature. Insert (a), (b) and (c) are the electron diffraction pattern, 
HRTEM image (1, 2, 3, 4 are single crystal at different area) and size distribution, respectively.

     

Figure 2: X-ray diffraction patterns for all samples. The 
XRD patterns corresponding to bulk cubic ZnSe (solid) and 
ZnS (short dot) are shown at the bottom.
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red shift of the luminescence [23]. In this work, the PL 
peak shifts reflected by temperature-dependent and 
structure-dependent properties demonstrate that the 
strength of crystal field decreased.

Some previous reports have demonstrated the cova-
lency between Mn2+ ions and the anions around them by 
the EPR spectra, which showed that increasing A value 
or/and decreasing g value correspond to weakening co-
valency [8,21,22,24]. Mn2+ ions have been doped into the 
NCs, which is indicated by the well-resolved hyperfine 
structure in Figure 5. No Mn-Mn pairs formed during the 
synthesis because there are no broad background lines in 
the spectra under different temperature [25]. Addition-
al weak transitions between the six hyperfine lines due 
to spin forbidden transition are also observed. From the 
two inserts in Figure 5, the horizontal narrowing of the 
spectra was demonstrated with increasing temperature. 
It means that A becomes smaller in higher temperature. 
From Figure 6, decreasing A value can be observed both 
in ZnSe:Mn/ZnSe NCs under elevating temperature and 
NCs with more symmetrical binding structure. Mean-
while, all the values of A are 66.5~69.5, which indicates 
no Mn2+ ions are at the surface of NCs [19]. This agrees 
with the synthesis strategy and ensures that this work 
is based on the Mn2+ ions at the interface of the core/
shell NCs. Figure 7 shows the g values of EPR spectra. 
In ZnSe:Mn/ZnSe NCs under elevating temperature and 
NCs with more symmetrical binding structure, g values 
become bigger. According to references [8,21,22,24] el-
evating temperature can resulted in stronger covalency 
in ZnSe:Mn/ZnSe NCs and more symmetrical binding 
structure also did this. The decreasing crystal field re-
flected by PL shift is interrelated to stronger covalency 
suggested by EPR spectra. This relationship between 

into QDs successfully and no phase transformation was 
resulted from the doping. The ZnSe and ZnS patterns in 
Figure 2 demonstrate that sample II, III and IV have ZnS 
shells. The shift of (1 1 1) peak is due to the oppression 
of ZnS shell.

Typical PL spectra of ZnSe:Mn/ZnSe NCs under dif-
ferent temperature are shown in Figure 3. All the peaks 
are around 585 nm due to the transition from 4T1 to 
6A1 [7,13,14]. The PL peaks of ZnSe:Mn/ZnSe NCs un-
der different temperature and NCs with different bind-
ing symmetry are shown in Figure 4. The PL peak of 
ZnSe:Mn/ZnSe NCs shift to higher energy under elevat-
ing temperature (Figure 4a). This temperature-depen-
dent trend demonstrates that increasing temperature 
results in smaller splitting of the 6A1 state of Mn2+ ions in 
ZnSe:Mn/ZnSe NCs. Figure 4b shows the structure-de-
pendent PL peak of the four samples. Except the PL shift 
resulted from the pressure of shell in core/shell NCs [17], 
the PL peak of NCs has a blue shift with decreasing bind-
ing symmetry. This also demonstrates smaller splitting 
of the 6A1 state Mn2+ ions. Stronger crystal field results in 
bigger splitting of 6A1 state of Mn2+, which brings about 

     

Figure 3: Typical PL spectra of the ZnSe:Mn/ZnSe NCs 
under different temperature.

     

Figure 4: PL peaks of ZnSe:Mn/ZnSe NCs under elevating 
temperature (a) and Mn-doped NCs with strengthening 
binding symmetry (b).

     

Figure 5: EPR spectra of the ZnSe:Mn/ZnSe NCs under 
different temperature (77, 112, 157, 192, 257, and 297 
K). Insert (a) and (b) reveal the details of the EPR spectra 
around 3200 Gauss and 3550 Gauss, respectively. The 
inserts show the narrowing of the spectrum with increasing 
temperature.
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crystal field and covalency is demonstrated by tempera-
ture-dependent and structure-dependent properties of 
Mn-doped NCs. This relationship can be interpreted 
as: the crystal theory is based on the ionic electrostatic 
field, so stronger covalency (weaker ionicity) weakens 
the crystal field.

Conclusion
In summary, PL and magnetic properties of NCs with 

different binding symmetry and ZnSe:Mn/ZnSe NCs 
under different temperature were discussed. Mn2+ ions 
were at the interface of the cubic core/shell NCs. Increas-
ing crystal field and weakening covalency was associat-

ed through PL peaks and g/A values of the EPR spectra. 
Both temperature-dependent and structure-dependent 
results clarified this relationship.
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