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1. The synthesis of the Mn
2+

-doped cZnS/Zn(OH)2 core-shell and cZnS core QDs. 

 

The preparation of the Mn
2+

-doped cubic ZnS quantum dots (QDs) begun by adding 

0.2% mol manganese acetate [Mn(CH3-COO)2·4H2O] to the solution of zinc acetate [Zn(CH3-

COO)2·2H2O], which were mixed for another 15 minutes and afterwards co-precipitated with 

sodium sulfide [Na2S·9H2O], in the presence of the Tween 20 (polyoxyethylene sorbitan 

monolaurate) surfactant, under 99.998% purity argon gas. In the post synthesis steps the 

precipitate was filtered, washed with bi-distilled water and methanol and dried at 100 ºC for 

24 hours. The pH value of the precipitating solution was controlled by adding NaOH 2M in the 

Na2S solution. According to the XRD and TEM investigations, both samples prepared at pH = 8 

and pH = 6.5 exhibited a mesoporous structure with walls built from cZnS NCs, with a tight core 

size distribution centered at 1.9 nm and 3.1 nm, respectively and pores of comparable size.  

The concentration of the Mn
2+

 ions in the two samples was estimated from the EPR spectra 

to be 200  50 ppm. The absolute concentration determination of the paramagnetic centers was 

performed on the ELEXSYS E580 spectrometer equipped with the Super High QE (SHQE) 

cavity resonator (ER 4122SHQE), by using the absolute spin quantitation resonator calibration 

routine included in the XEPR software from Bruker, based on the double integration of the 

corresponding spectra. 
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2. The description of the EPR pulse annealing experiments procedure  

 

Pulse annealing experiments in air and in vacuum were performed on powder samples of cZnS 

QDs and crystalline Zn(OH)2 doped with Mn
2+

 ions contained in the pure silica sample tubes for 

EPR measurements. In the latter case the sample tube was firstly pumped to below 1 x 10
-4 

mbar. 

As shown in Figure S1, in our experiments the temperature of the furnace used for the thermal 

treatments was increased in steps of T = 10 
o
C / t =10 min. up to 200 

o
C and of T = 50 

o
C / 

t =30 min. at higher temperatures. After each annealing step the sample tube is withdrawn from 

the furnace, cooled down to room temperature RT, filled with 99.998% purity argon gas in the 

case of the samples treated in vacuum, sealed and transferred into the EPR spectrometer for 

recording the EPR spectrum (M) for further analysis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Schematic depiction of the pulse annealing procedure in which the EPR spectra of 

the investigated powder (nano)crystalline samples are recorded at the same low temperature 

value (RT in the present investigation) after each annealing step of equal length of time t at a 

temperature Ti = Ti-1 + T. The two sets of t and T values presently employed were selected 

according to the speed of the investigated thermally induced transformation. M represents the 

low temperature EPR spectrum recording, with the first one performed at the beginning of the 

pulse annealing procedure.  

100

200

300

400

500

M M M t (min.) 

t
2
=30 min.

T
2
=50

o
C

t
2

T
2

MMM M

t
1
=10 min.

T
2
=10

o
C

T
1

T
ann

 (
o
C)

t
1

M



 

3 

 

 

3. Description of the spin Hamiltonian of the Mn
2+

 centers in cZnS:Mn
2+

 QDs and of 

the EPR spectra analysis procedure 

 

The EPR spectra of the investigated Mn
2+

 centers were described with the spin Hamiltonian 

(SH) with axial symmetry:
1 
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Here the first two terms describe the interaction of the electron spin (S = 5/2) of the Mn
2+

 

(3d
5
 – 

6
S) state with the external magnetic field and the nuclear spin (I = 5/2) of the 

55
Mn (100% 

natural abundance) isotope, respectively. The third term describes the nuclear Zeeman 

interaction of the 
55

Mn nucleus, and the last three ones represent the zero field splitting (ZFS) 

terms, describing the interaction of the unpaired electron spin with the local crystal field. These 

terms provide information about the local symmetry at the Mn
2+

 ions site. Thus, for cubic 

symmetry, only the fourth order term with the a-parameter contributes to SH, while for axial 

symmetry the second order term with D-parameter and the fourth-order term with F-parameter 

have to be included. The x, y and z indices mark the electron spin components in the reference 

system associated with the fourfold symmetry axes of the cubic part of the crystal field.  

The SH parameter values of the Mn
2+

 centers in the cZnS/Zn(OH)2 core-shell QDs and 

cZnS core QDs were determined with a lineshape simulation procedure detailed in Ref. 2. The 

procedure consists in the lineshape simulation and fitting of both X- and Q-band EPR spectra, 

including line broadening effects.  

As shown in Figure 1 from the paper, the Mn
2+

 spectrum of a nanostructured powder 

consists of six central allowed ( 2/12/1: SM , 0 Im ) hyperfine transitions and ten 

forbidden ( 2/12/1: SM , 1 IM ) hyperfine transitions. The relative intensity of the 

forbidden transitions with respect to the allowed transitions If/Ia is proportional to  2
/ BgD B . 
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The positions of the allowed and forbidden transitions are also influenced by the axial ZFS term 

in the second [  BgD B/~ 2
] and third [

22 )/(~ BgAD B , 
22 )/(~ BgDA B ]  approximations, 

according to the perturbation theory.
3
 The frequency / field dependence of the transition 

intensities and positions shows that most information about the ZFS parameters can be retrieved 

from the low frequency spectra, while the Zeeman g- and hyperfine A-parameters are determined 

with higher accuracy from the higher frequency ones. A series of simplifying assumptions, valid 

for the Mn
2+

 centers in these systems, were made, namely that the g- and A parameter were 

isotropic
4
 and the fourth order ZFS terms had negligible contributions.

2
  

The line broadening effects due to the presence of random strains, electrical fields and 

other perturbations like the extended lattice defects or lattice disorder can be very large in 

nanocrystalline materials, resulting in a variation in the local crystal field at the paramagnetic 

ions, both in magnitude and orientation. The line broadening is reproduced in the lineshape 

simulation of the experimental spectra by including statistical distributions of the ZFS parameter 

values, with the broadening factors being described by the standard deviations of the ZFS 

parameter values. 

The lineshape simulations were performed with the EasySpin v. 4.0 software
5
 extended to 

include very large broadening factors by employing the weighted summation procedure outlined 

in Ref. 6. 

The SH parameter values of the Mn
2+

 centers in the investigated cZnS:Mn
2+

 QDs as well 

as in some reference (nano)materials are listed in Table 1 from the paper, together with the 

individual linewidth (B) and the broadening parameter D) values. The D) broadening 

parameter values offer supplementary information about the lattice quality/ordering and size of 

the investigated NCs.
7
 The SH parameters were determined from the EPR spectra of the 

cZnS/Zn(OH)2: Mn
2+

 core-shell QDs as follows: Mn
2+

(I) and Mn
2+

(III) centers from the as-

grown sample; Mn
2+

(II) centers from the sample annealed at 200 
o
C in air; the (Mn

2+
-ZnO)s,p 

centers from the sample annealed at 350 
o
C in vacuum and the (Mn

2+
-SOx) centers from the 

sample annealed at 500 
o
C in air.  

The most accurate SH parameters were determined for the substitutional Mn
2+

 centers, 

for which all six allowed and ten forbidden central hyperfine transitions were well separated in 

the EPR spectra. Based on these parameters we were able to determine that the Mn
2+

(I) centers 

consist of Mn
2+

 ions localized substitutionally at Zn
2+

  cation sites next to a stacking fault or 
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twin,  responsible for the axial symmetry of these centers.
8
 The preferential localization of the 

Mn
2+

 ions near these defects, recently used in the analysis of the excitation profile of doped QDs, 

9,10  
could also explain the high doping levels of bivalent cations observed in cZnS QDs prepared 

by colloidal synthesis through the proposed extended lattice defects assisted (ELDA) mechanism 

of incorporation.
11

   

For all surface centers we had a common problem, namely that the forbidden transitions 

were not visible, being overlapped by the more intense lines of other centers. Some, if not all of 

the allowed transitions were partly overlapped by the lines of other centers as well, which 

prevented the accurate evaluation of the linewidths and line intensity ratios. Therefore, only a 

range of values could be determined for their D-parameter instead of an accurate value. The 

simulations of the corresponding spectra were performed for a most likely D-value from the 

range, and the broadening parameter D) was determined for this value. 

In the case of the (Mn
2+

-ZnO)s centers, because their  g- and A-parameters are identical 

with those of the Mn
2+

 ions in disordered ZnO,
7
 the D-value was assumed to be the same as well.    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

6 

 

320 340 360

Mn
2+

(I)

(Mn
2+

- ZnO)s

 

AG

500 
0

C

400 
0

C

300 
0

C

350 
0

C

250 
0

C

 

 

Magnetic field (mT)

cZnS:Mn
2+

vs. Tann(air)

450 
0

C

(a)

R
(Mn

2+
- ZnO)p

4. The EPR spectra of the cZnS:Mn
2+

 core QDs pulse annealed in air and in vacuum 

up to 500 
o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2a. The sequence of EPR spectra from the cZnS: Mn
2+ 

core QDs recorded at RT, in the 

X-band, after each pulse annealing step in air, at increasing temperatures mentioned in the figure. 

For simplicity, only the spectra where significant changes took place have been included in the 

figure. The lines belonging to a specific paramagnetic species are indicated by vertical bars. In 

the case of the Mn
2+

(I) center the pairs of forbidden hyperfine transition between the six allowed 

hyperfine transitions are also marked. 
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Figure S2b. The sequence of EPR spectra from the cZnS:Mn
2+ 

core QDs recorded at RT, in the 

X-band, after each pulse annealing step in vacuum, at increasing temperatures mentioned in the 

figure. For simplicity, only the spectra where significant changes took place have been included 

in the figure. The lines belonging to a specific paramagnetic species are indicated by vertical 

bars. In the case of the Mn
2+

(I) center the pairs of forbidden hyperfine transition between the six 

allowed hyperfine transitions are also marked. 
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Figure S3. The XRD pattern of the Mn
2+

 

doped cZnS/Zn(OH)2 core-shell QDs sample: 

(a) as-grown, (b) pulse annealed in air up to 

500 
0
C, (c) pulse annealed in vacuum up to 

500 
0
C. 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. The XRD pattern of the Mn
2+

 

doped cZnS core QDs sample: (a) as-grown, 

(b) pulse annealed in air up to 500 
0
C, (c) pulse 

annealed in vacuum up to 500 
0
C. 
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Table S1. Results of the Rietveld analysis of the XRD patterns of samples of Mn
2+

-doped 

cZnS/Zn(OH)2 core-shell and cZnS core QDs, as-grown and pulse annealed up to Tann. 

 

Sample / Tann Phase Content 

(%) 

Lattice parameters 

(Å) 

Core 

size 

(nm) 

cZnS/Zn(OH)2 core-

shell QDs / as grown 

Cubic ZnS 100 a = 5.372 ± 0.001 1.9 

cZnS/Zn(OH)2  core-

shell QDs  / 500 
o
C in 

vacuum 

Cubic ZnS 

Hexagonal 

hZnS 

ZnO 

75 

20 

 

5 

a = 5.391 ± 0.001 

a = 3.810± 0.001 

c = 6.255 ± 0.001 

a = 3.257 ± 0.001 

c = 5.226 ± 0.001 

8 

13 

 

19 

cZnS/Zn(OH)2  core-

shell QDs /500 
o
C in air 

Cubic ZnS 

Hexagonal 

hZnS 

ZnO 

70 

24 

 

6 

a = 5.3980 ± 0.0003 

a = 3.792 ± 0.001 

c = 6.292 ± 0.004 

a = 3.257 ± 0.001 

c = 5.232 ± 0.001 

16 

6 

 

18 

cZnS core NCs 

 / as grown 

Cubic ZnS 100 a = 5.389± 0.001 3.1 

cZnS core QDs  

 /500 
o
C in air 

Cubic ZnS 

Hexagonal 

hZnS 

ZnO 

84 

14 

 

2 

a = 5.403± 0.001 

a = 3.804 ± 0.001 

c = 6.296 ± 0.001 

a = 3.257 ± 0.005 

c = 5.216 ± 0.005 

12 

8 

 

18 

cZnS core QDs   

/500 
o
C in vacuum 

Cubic ZnS 

 

100 a = 5.4052 ± 0.0002 9 
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