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Abstract. Four ZnS nanopowders containing an uncontrolled impurity of manganese  
were studied using EPR technique. The powders with the average sizes (6…8 nm)  
were synthesized by either joint or sequential decomposition of diethyldithiocarbamate 
complexes of zinc and europium in high-boiling solvents at various temperatures.  
All samples demonstrated the EPR signal that is not typical for ZnS powders with  
µm-sized particles. Computer simulation showed that EPR spectra of all the samples  
could be fitted by two components. The first component with g = 2.0022 ± 0.0002, 

( ) 14 cm105.05.63 −−⋅±−=A , 140
4 cm105.3 −−⋅≥b  was assigned to Mn2+ ions in the cubic 

surrounding, Mn(C). The parameters of the second component were g = 2.0022 ± 0.0002, 
( ) 14cm105.05.63 −−⋅±−=A , ( ) 140

2 cm10136 −−⋅±−=b ; this component was attributed to Mn2+ 
ions associated with a planar lattice defect (stacking fault), Mn2+(D). The ratio of centers 
amounts Mn2+(C)/Mn2+(D) for the samples studied was 2.1/1 (in the samples 1 and 4) and 
1.7/1 (in the samples 2 and 3), respectively. EPR of Mn2+ ions was shown to be an effective 
method for detecting planar lattice defects in ZnS nanoparticles. 
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1. Introduction 

Materials containing zinc sulfide nanoparticles (NPs) 
have a great potential for wide range of technical 
applications. In particular, nano-ZnS is promising for 
applications in thermoluminescent dosimetry and solar 
batteries [1], in light sources [2]. Zinc sulphide NPs also 
attract attention of researchers due to size-dependent 
physical properties, e.g., blue shift of the fundamental 
absorption edge [3, 4], variation of the temperature of 
phase transition from the cubic to hexagonal structure  
[5, 6], enhancement of photoluminescence intensity, and 
low-voltage cathodoluminescence [7, 8]. ZnS NPs 
activated by various impurities are of particular interest, 
since doping essentially changes the properties of NPs. 
To elucidate the origin of these changes, the detailed 
study of the impurity centers structure, including 
impurity-related local distortions of the crystal lattice, is 
of utmost importance. 

Many works have been devoted to nano-ZnS 
containing Mn2+ ions (see, e.g., [9–14]). All these papers 
reported the EPR spectra of substitutional Mn ions 
( +2

ZnMn ) in cubic nanoparticles, which differ from the 
spectra observed in µm-sized cubic ZnS particles. The 
authors of the published works either did not pay 
attention to these discrepancies, or used exotic sets of 
spin Hamiltonian parameters including anisotropic g and 
A tensors, as well as zero crystal field terms 
corresponding to axial or even rhombic local distortions. 
In [11], being based on an accurate lineshape analysis of 
the multifrequency EPR spectra, the parameters of +2

ZnMn  

in nanoparticles were determined. The obtained center 
parameters were similar to those observed earlier in the 
mixed polytype ZnS crystals containing both cubic and 
hexagonal phases [15, 16]. Based on the above findings, 
the authors interpreted the EPR signal as that of the sub-
stitutional Mn2+ associated  with  a planar packing defect. 
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Later, this model was corroborated by direct 
observation of staking faults by high-resolution TEM 
[12]. The authors of [11, 12] suggested a hypothesis that 
formation of the above centers is caused by penetration 
of manganese ions into nanoparticles along planar lattice 
defect and the preferential localization of the Mn2+ 

impurity at Zn2+ cation sites next to a stacking defect. At 
the same time, in [13] two types of paramagnetic centers 
were detected in nano-ZnS: the above complex defects 
and substitutional Mn2+ ions in undistorted cubic 
surroundings. In this paper, we study EPR spectra of 
manganese-containing nano-ZnS of different sizes, 
synthesized using different technological routes, and 
analyze the structure of Mn2+-related centers in detail. 
 
2. Materials and methods 

The characteristics of the samples studied are listed in 
Table. The first column of the table shows the synthesis 
temperature of the samples. The second and third 
columns list the sizes of NPs, which were determined 
using transmission electron microscopy (TEM) and  
X-ray diffraction (XRD) methods. The samples 1 and 2 
were synthesized by joint decomposition of 
diethyldithiocarbamate complexes of zinc and europium 
in high-boiling solvents; the processes differed only by 
the synthesis temperature. In both processes, europium 
was used as an activating impurity. The sample 3 was 
obtained using sequential decomposition of the above 
complexes. The sample 4 was synthesized similarly to 
the sample 3, but afterwards a shell of zinc sulfide was 
formed around NPs by further decomposition of the 
corresponding complexes. For the detailed description of 
the synthesis, see [17]. 

XRD studies were done using the powder diffrac-
tometer Thermo Techno ARL X’TRA in the Bregg geo-
metry. Data were collected over the 2θ range 20…80°, 
with the steps 0.02°. The measurements were carried out 
at room temperature (wavelength Kα1 = 1.540562 Å,  
Kα2 = 1.544390 Å). For high-quality spectrum analysis, 
the Search Match software package was used. The 
particle sizes were determined using the Scherrer 
formula: Dhkl = 0.9λ/βhkl cosθ, where λ is the radiation 
wavelength, βhkl – full width of the reflection at half-
maximum, θ denotes the angular position of the peak.  

Photomicrographs were obtained using the Selmi 
PEM-125K transmission electron microscope under the 
accelerating voltage 100 kV. The average sizes of these 
nanoparticles were determined using the statistical 
analysis of sizes of more than 200 individual objects. 

EPR spectra were recorded with a Varian E12 
spectrometer at room temperature. To avoid distortion of 
EPR lines, the low microwave power (< 2 mW) and 
amplitude modulation 0.1 mT of magnetic field were 
used. EPR spectra were simulated using the POWDER 
program that is a part of the Visual-EPR software 
package [18], based on the algorithm described in [19]. 
The studied EPR spectra are caused by Mn2+ ions that are 
present in the NPs of ZnS as an uncontrolled impurity. 
EPR spectra of europium were not detected. 

Table. Characteristics of the samples. 
 

 

 

3. Results and discussion  

Usually, when manganese is incorporated into ZnS, it 
substitutes zinc and forms Mn2+ centers. To describe the 
EPR spectrum of this center, the spin-Hamiltonian (SH) 
containing electron and nuclear Zeeman terms, hyperfine 
term, and zero field splitting term (interaction of the 
electrons spin with crystal field) is generally used 
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Here, we use the standard notations (e.g., see [20, 21]). 
The values g, gN, β, βN, and A are assumed to be 
isotropic. The set of parameters m

nb  is defined by Mn2+ 

surrounding and depends on the type of ZnS lattice  
and its distortion. In macrocrystals of zinc sulfide,  
the Mn2+ center is studied well. Its EPR spectrum  
in the cubic crystal lattice is described by the following 
SH parameters: g = 2.0022, A = – 64.5·10–4 cm–1, 

140
4 cm109.3 −−⋅=b  [22]. In the hexagonal lattice the SH 

parameters are: g = 2.0016, A = – 65·10–4 cm–1, 
140

2 cm10105 −−⋅−=b ,   143
4

0
4 cm106.71.03 −−⋅=− bb    [23]. 

 
 

 
 
Fig. 1. EPR spectra of Mn2+ in nano-ZnS samples. The 
numbering of the spectra corresponds to that of the samples in 
the table. 

d, nm 
Sample 

Synthesis 
temperature, 

°C TEM XRD 

1 300 7.0 ± 1.0 5.3 ± 1.0 

2 240 6.0 ± 0.8 4.6 ± 1.0 

3 240 6.2 ± 1.0 4.5 ± 1.0 

4 240 7.7 ± 1.0 5.8 ± 1.0 
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Fig. 2. EPR spectrum of the sample 2 at high amplification.  
The arrows indicate the lines of forbidden transitions. 

 
 

 
 

Fig. 3. Experimental and model EPR spectra of the sample 2. 
The fitting components, Mn2+(C) and Mn2+(D), are also shown. 
Upper part of Fig. 3 demonstrates the XRD spectrum for the 
sample 2. The positions of cubic and hexagonal zinc sulfide 
reflections are shown below. 
 
 
The difficulties in studying the structure of nanomaterials 
by using the EPR method are related to the spatial 
averaging of the spectra originating from both allowed 
and forbidden transitions, as well as to possible local 
distortions of the crystal lattice. It should be noted that 
computer programs based on the second order 
perturbation theory do not give correct results when 
calculating EPR spectra of manganese in ZnS powders. 
To optimize the computer simulation of EPR spectra, it is 
important to understand the influence of certain 
parameters of the crystal field term on the resulting 
spectrum. In relation to Mn2+ in ZnS this problem has 
been studied in detail in [24]. It was found that,  when 0

4b  

 
 
Fig. 4. Low-field and high-field lines of the experimental and 
model EPR spectra of the sample 2. 
 
 
(cubic structure) prevails among the crystal field 
parameters, the sextet of equal intensity lines related to 
electronic transitions ±1/2 ↔ ±1/2 dominates in the 
spectrum. Forbidden transitions, as a rule, are not 
observed due to small value of 0

4b  parameter. 

In the case when 0
2b  parameter dominates (which is 

characteristic of the hexagonal lattice), the spectrum is 
determined by the same sextet, but the amplitude of these 
sextet lines decreases with increasing the magnetic field 
induction. In addition, each of these lines splits and 
forms a doublet (or becomes broadened with a distorted 
lineshape); the splitting increases with increasing the 
magnetic field. Forbidden transitions are also observed. 

The shape of EPR spectrum in hexagonal lattice 
strongly depends on the local crystal field parameter 0

2b  
[24]. Thus, to determine SH parameters of the centers in 
mixed cubic-hexagonal powders based on the computer 
simulations of experimental data, the positions of the 
allowed and forbidden transitions as well as the line-
shapes of the resonance lines must be taken into account. 

Fig. 1 shows the EPR spectra of four samples listed 
in Table. The samples have the same mass, so the 
differences in the EPR intensities of corresponding 
samples are, most likely, caused by different concen-
trations of substitutional manganese. Although, at first 
glance, the spectra are similar to the powder EPR spectra 
of Mn2+ in a cubic structure, the detailed analysis reveals 
the above-mentioned features related to hexagonal 
structure. Namely, in all spectra the intensities of lines in 
sextets decrease with increasing the magnetic field, while 
their width and distortion of lineshape increase. Thus, the 
observed spectrum cannot be the signal of only one type 
of centers; the observed behavior points to the 
contribution of Mn ions in different structural positions, 
namely, those where the crystal field has an axial 
component ( 00

2 ≠b ). At high amplification, the forbidden 
transitions can also be seen (look at Fig. 2). We have 
done computer simulations of all the above spectra; an 
example of modeling is shown in Fig. 3  for the sample 2. 
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Upper part of Fig. 3 demonstrates the XRD spectrum for 
the sample 2. The positions of cubic and hexagonal zinc 
sulfide reflections are shown by dashes. The reflections 
in the XRD spectrum are significantly broader as 
compared with those obtained for the powders that 
contain large particles. Despite the broadening, the XRD 
pattern can be ascribed to the cubic zinc sulfide. The 
XRD patterns of the samples 1, 3, 4 were similar to the 
XRD pattern of the sample 2 and did not demonstrate any 
significant differences. SH parameters were determined 
as based on the detailed fitting of lineshape (see Fig. 4). 
As a result, it was shown that each spectrum in Fig. 1 can 
be fitted by two components. The first component can be 
described by the parameters g = 2.0022 ± 0.0002, 

( ) 14 cm105.05.63 −−⋅±−=A , 140
4 cm105.3 −−⋅≥b  and is 

attributed to substitutional Mn2+ ions located in the  
cubic environment – Mn2+ (C). The second component  
of EPR spectra has g = 2.0022 ± 0.0002, 

( ) 14 cm105.05.63 −−⋅±−=A , ( ) 140
2 cm10136 −−⋅±−=b . 

According to (Nistor et al. [12]), the latter component 
corresponds to the substitutional Mn2+ associated with 
the planar lattice defect – Mn2+(D). 

The ratio of amounts of these centers 
Mn2+(C)/Mn2+(D) in the studied samples was equal to 
2.1/1 (samples 1 and 4) and 1.7/1 (samples 2 and 3). 
Fig. 5 shows the cubic structure of ZnS with the centers 
Mn2+(C) (Fig. 5a) and Mn2+(D) (Fig. 5b). As can be seen 
from Fig. 5b, when Mn2+ ion is situated nearby the planar 
lattice defect, an axial component appears in the crystal 
field of the ion’s nearest surrounding. Therefore, for the 
modeling of Mn2+(D) spectra the 0

2b  parameter and the 

appearance of the forbidden transitions must be taken 
into account. Note that the nearest surrounding of 
Mn2+(D) coincides with the nearest surrounding of Mn2+ 
in the hexagonal structure of ZnS. The difference in the 

0
2b  values for these cases is apparently caused by the 

substantial contribution to the crystal field of more 
distant coordination spheres that are not identical in 
distorted cubic and hexagonal lattices. 
 

 

 
 

Previously in [11, 12], Mn2+(D) centers were pre-
dominantly registered in Mn-doped nano-ZnS. Therefore, 
it was concluded that the planar lattice defects affected 
the manganese diffusion into NPs and caused the 
preferential localization of Mn2+ ions near these defects. 
In the studied nano-ZnS samples, both Mn2+(D) and 
Mn2+(C) centers were detected. Apparently, observation 
of Mn can be explained by the presence of an 
uncontrolled manganese impurity in the precursors and 
consequent incorporation of Mn into NPs during the 
growth process. As a result, manganese appears to be 
homogeneously distributed within NPs. In this case, the 
preferential formation of Mn2+(D) centers should not be 
observed. It follows from the foregoing that the ratio 
Mn2+(C)/Mn2+(D) depends both on the number of 
planar lattice defects and on the way how manga- 
nese is incorporated into NPs. Different values of 
Mn2+(C)/Mn2+(D) for the samples studied are most likely 
related to different numbers of the planar defects. 

The Mn2+ center, which is characteristic for the 
hexagonal structure, was not observed. 
 
4. Conclusions 

Four ZnS nanopowders containing an uncontrolled 
impurity of manganese have been studied.  
All the studied samples exhibited two EPR signals 
associated with Mn2+ ions. The first signal is described  
by the following parameters g = 2.0022 ± 0.0002, 

( ) 14 cm105.05.63 −−⋅±−=A , 140
4 cm105.3 −−⋅≥b  and 

belongs to the manganese ions in the cubic ZnS, the 
Mn2+(С) center. The second signal is characterized by 
g = 2.0022 ± 0.0002, ( ) 14 cm105.05.63 −−⋅±−=A , 

( ) 140
2 cm10136 −−⋅±−=b . The second signal is caused by 

Mn2+ ions associated with planar lattice packing defects, 
the Mn2+(D) center. The ratio Mn2+(C)/Mn2+(D)  
for the studied samples was 2.1/1 (samples 1, 4),  
1.7/1 (samples 2, 3), which, apparently, is due to the 
different numbers of planar defects in them. 

Fig. 5. Cubic structure of ZnS with the Mn2+ ions without a planar packing defect (a) and in the presence of this defect near Mn2+(b). 
The nearest surrounding of Mn2+ is marked out with the oval. 
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The analysis of our experimental results and 
available literature data show that no EPR signal related 
to the substitutional Mn2+ ion in hexagonal crystal 
structure is observed in ZnS NPs. This finding apparently 
demonstrates that all ZnS NPs have a cubic crystal 
structure, regardless of production technology. Besides, 
the analysis has shown that all Mn2+ EPR spectra in 
nano-ZnS demonstrate the features inherent to Mn2+(D) 
centers. Furthermore, these features were found in the 
EPR spectra of nano-ZnSe [25] and nano-CdS [26]. It 
indicates that the planar lattice defect is a common defect 
for nano-ZnS and occurs in other nanomaterials based on 
II-VI semiconductor crystals. This observation can be 
explained by formation of a stable (energy favorable) 
complex defect that includes substitutional Mn2+ ion and 
the stacking fault. This observation of Mn2+ EPR spectra 
allows researchers to control the presence of these 
complex defects (and, hence, the stacking fault) in NPs. 
This assumption is strongly supported by the observation 
of the stacking fault in undoped (Mn-free) nano-
crystalline ZnS using high resolution TEM [27]. 

It is worth to note that there is a possibility that the 
stacking faults in nano-ZnS can associate with other (not 
manganese) impurities. These complex centers can 
significantly affect the optical, electrical and magnetic 
properties of the nanoscale material and, therefore, 
require further investigations. 
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