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a b s t r a c t

Accurate determination of the spin Hamiltonian (SH) parameters, describing the electron paramagnetic
resonance (EPR) spectra of paramagnetic impurity ions in wide band gap semiconductor nanocrystals,
is essential for determining their localization and quantum properties. Here we present a procedure,
based on publicly available software, for determining with higher accuracy the SH parameters of isolated
Mn2+ impurity ions in small cubic ZnS nanocrystals. The procedure, which can be applied to other cubic
II–VI semiconductor nanocrystals as well, is based on the analysis of both low and high frequency EPR
spectra with line shape simulation and fitting computing programs, which include the hyperfine forbid-
den transitions and line broadening effects. The difficulties, limitations and errors which can affect the
accuracy in determining some of the SH parameters are also discussed.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Dopants play a key role in providing alternative means for con-
trolling the remarkable properties of the semiconducting nano-
crystals (NCs) associated with the quantum confinement effect
(QCE). In the case of nanocrystalline II–VI semiconductors, usually
prepared at relatively low temperatures (<350 �C), the mechanisms
responsible for the incorporation of isoelectronic impurity ions
such as Mn2+ or Co2+ are still hotly debated after more than
20 years of investigations [1,2]. Moreover, even in the case of cubic
ZnS (cZnS) NCs doped with transition ions, a material well known
for its outstanding optoelectronic properties, the results concern-
ing the influence of the QCE on its optical properties are contradic-
tory [3–5]. To better understand these properties, essential for any
further industrial applications, one needs to know the exact local-
ization of the activating ions in the NCs, the structure of the neigh-
boring ligands.

Electron paramagnetic resonance (EPR) spectroscopy can pro-
vide essential information concerning the location of the paramag-
netic impurities in the semiconductor crystal lattice and their
ground electronic state properties [6]. To reach this goal one firstly
needs to determine accurate values of the spin Hamiltonian (SH)
parameters which describe the observed spectra. Previous EPR
investigations on nanocrystalline cZnS doped with Mn2+ ions
resulted in the observation of several isolated Mn2+ type paramag-
netic species [7–12]. However, the differences in the reported SH
ll rights reserved.
parameter values raise questions if they were genuine or resulting
from the lower accuracy of their determination, as some of the
Mn2+ centers with close SH parameter values could actually corre-
spond to the same structure. Thus, even in the case of the centers
with g-factors and hyperfine parameter values around g = 2.002
and |A| = 64 � 10�4 cm�1, close to those of the substitutional
Mn2+ ions in the cubic ZnS single crystals (SCs), which are expected
to be localized at Zn2+ cation sites with Td local symmetry [13],
additional non-cubic zero field splitting (ZFS) terms, characterized
by the axial D and even rhombic E parameters, with values spread
over a two orders of magnitude range, were reported [8,10–12]. No
convincing explanation for the presence of such terms was offered.
In the case of the other centers with larger hyperfine splittings,
attributed to Mn2+ ions localized at the surface of the cZnS NCs,
the large errors in determining their SH values could also lead to
erroneous structure identification.

Therefore, any further progress in determining the exact struc-
ture/localization of the Mn2+ centers in the cZnS NCs, at both sub-
stitutional and surface sites, is conditioned by an increased
accuracy in determining the SH parameters. This is a difficult task
considering that many characteristic features of such polycrystal-
line type spectra are wiped out not only by the spatial averaging,
but also by the strong line broadening due to the increased crystal
lattice disorder, characteristic for nanomaterials [7,14,15]. Thus the
efforts had to be directed to both obtaining nanocrystalline mate-
rials with a lower degree of lattice disorder, resulting in EPR spec-
tra with narrower lines and better resolution, and improving the
quantitative analysis of the recorded EPR spectra.

We have recently shown that EPR spectra of Mn2+ impurity ions
with improved resolution can be obtained by self-assembling small
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Fig. 1. X- and W-band EPR spectra of the cZnS:Mn nanopowder. The transitions
belonging to the three Mn2+ centers from the nanopowder are marked with vertical
lines.
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cZnS NCs into a mesoporous structure. Based on a simple analysis
of the X-band spectra, three types of isolated Mn2+ centers were
identified in such samples and tentative values for the g- and
A-parameters were reported [16,17]. Later on we have developed
a more precise procedure for the determination of the SH parame-
ters of the Mn(I) center localized in the core of the cZnS NCs from
the EPR spectra measured at two microwave frequencies. The pro-
cedure was based on the simulation and fitting of the line shape of
the experimental EPR spectra, including the analysis of the hyper-
fine forbidden transitions and line broadening effects, by using
publicly available software. Besides determining accurate values
for the isotropic Zeeman and hyperfine parameters, we were able
to confirm the presence of an axial ZFS term with |D| = 41 �
10�4 cm�1 [18]. From its close SH parameter values with those of
the substitutional trigonal Mn2+ center (the PN center) in mixed
polytype ZnS SCs [19–21], we explained the local axial distortion
at the substitutional Mn2+ ion in the core of the cZnS NCs as due
to its localization next to an extended stacking defect. The pro-
posed model was further supported by a high resolution electron
transmission microscopy (HRTEM) study on the same mesoporous
cZnS:Mn samples. Because the main focus of that paper has been
the determination of the localization of the Mn(I) centers, the sur-
face centers were not discussed and the method employed in
obtaining the SH parameters was not detailed.

The present paper gives a detailed description of the two-steps
line shape simulation procedure used to determine accurate SH
parameter values from the EPR spectra recorded at both low (X)
and high (W) microwave frequencies, illustrated for the case of
the mesoporous cZnS:Mn nanocrystalline powder. An important
part is dedicated to the analysis of the line broadening mecha-
nisms, based on the results of a similar line shape analysis for
the EPR spectrum from a micron sized powder sample obtained
by crushing a high quality cZnS:Mn SC. By applying this procedure
to the three Mn2+ centers observed in our cZnS:Mn NCs we were
able to obtain a very good fitting of the experimental spectra,
which did allow us to determine the specific localization of the
Mn2+ ions in the observed centers. A discussion of the difficulties
and limitations in determining with high accuracy the various SH
parameters of the Mn2+ centers in cubic nanocrystals by the pre-
sented procedure is also included.
2. Results and discussions

2.1. EPR spectra of the Mn2+ centers in nanocrystalline cZnS:Mn

The EPR spectrum of the Mn2+ ions reported in various cubic
ZnS nanocrystalline materials consists of sets of six lines from
the allowed central hyperfine transitions with characteristic sepa-
rations and line widths [7–12,16,17]. Each set of lines corresponds
to Mn2+ ions in a certain location in the nanomaterial, and, for
higher doping levels, in various aggregation states. At lower man-
ganese doping levels (under 0.5% mol), of interest in the present
work, the spectra are usually better resolved, due to decreased
dipolar broadening, resulting in smaller line width values. In the
case of the presently investigated mesoporous, nanocrystalline
cZnS doped with 0.2% mol manganese, the EPR spectra consisted
of three partially superposed sets of allowed central hyperfine
transitions (MS: �1/2 M +1/2, DMI = 0) attributed to the distinct
Mn(I), Mn(II) and Mn(III) centers, corresponding to different local-
izations of the Mn2+ ions in the nanocrystalline material [16–18].
In all cases the non-central transitions (MS: ±1/2 M ±3/2, ±3/
2 M ±5/2, DMI = 0) are completely smoothed out (Fig. 1), a feature
further explained by the strong line broadening effects. The three
spectra are quite well separated, even in the X-band, due to the
small line width values, e.g. 0.4 mT in the case of the substitutional
Mn(I) centers, which is 50% less than the previously reported
smallest value of 0.6 mT [11].

The proposed localization of the Mn2+ ions corresponding to the
three centers was based on the preliminary values of the g and A
parameters, as well as on their behavior under annealing. The most
intense Mn(I) spectrum, with the narrowest component lines and g
and A parameters close to those found in cZnS SCs [13], which re-
mains unaffected by annealing up to 200 �C, was attributed to
Mn2+ ions substituting Zn2+ ions at the core of the cZnS nanocrys-
tals. The Mn(I) spectrum also exhibits ten forbidden central hyper-
fine transitions (MS: �1/2 M +1/2, DMI = ±1) of a much larger
relative intensity than in the spectrum of the substitutional Mn2+

ions in cZnS polycrystalline powder (Fig. 2). As will be further
shown, such larger intensity reflects the presence of a supplemen-
tary non-cubic local crystal field component at the substitutional
Mn2+ ions in the core of the cZnS nanocrystals.

The other two Mn(II) and Mn(III) centers, which are sensitive to
the thermal history of the sample, were attributed to Mn2+ ions
localized on the NCs surface [17]. From pulse annealing experi-
ments it was observed that the Mn(III) centers transform into
Mn(II) centers during heating, by the temperature activated
desorption of neighboring water molecules [17].

As expected, the spectra of the three Mn2+ centers in the meso-
porous cZnS are better separated at the higher microwave fre-
quency, in the W-band (Fig. 1). This, together with the increased
magnetic field resolution, allows a more precise reading of the
transition fields. Moreover, the forbidden transitions of the Mn(I)
centers are practically unobservable in the W-band spectrum, as
the intensity ratio of the forbidden vs. allowed hyperfine transi-
tions If/Ia is proportional to D2/(glBB)2, where lB is the Bohr mag-
neton and B is the applied static magnetic field [22]. No further
improvement in the spectra resolution in both microwave fre-
quency bands was observed by decreasing the measuring temper-



Fig. 2. The X-band EPR spectrum of the polycrystalline cZnS:Mn sample: (a)
experimental; (b) detailed view of the broadened non-central transitions in the
experimental and simulated (with and without line broadening) spectra. The
forbidden transitions are marked with vertical lines.
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ature down to 40 K. Therefore the two EPR spectra employed in
this study were recorded at RT, in the X (9.87 GHz)- and W
(94.04 GHz)-band microwave frequencies, respectively.

2.2. Description of the EPR spectra of Mn2+ ions in cubic ZnS (nano)
crystals

The EPR spectra of the Mn2+ ions embedded in a cubic crystal
field with small axial or rhombic distortion are described by the
spin Hamiltonian [22]:
Table 1
The EPR parameters of the paramagnetic centers attributed to isolated Mn2+ ions in single c
is mentioned next to the line width DBpp.

Lattice host/center g |A| (10�4 cm�1)

cZnS:Mn single crystal/
substitutional Mn2+

2.00225 A = �63.88

Mixed polytype ZnS:Mn
crystal/PN

2.0018 A = �64.9

Nano ZnS:Mn/NC1 2.003 64.5
Nano ZnS:Mn/NC2 2.001 89

Nano ZnS:Mn/SI 2.001 63.9

Nano ZnS:Mn/SII 2.001 90.0
Nano ZnS:Mn/SIV 2.0025 90.0
Nano ZnS:Mn/Signal I 2.0024 64.5

Nano ZnS:Mn/Signal II 2.0013 84.13

Nano ZnS:Mn-samples 1,
2

gxx = 2.0064, gyy = 2.0064,
gzz = 2.0066

|Axx| = 63.9, |Ayy| = 64
|Azz| = 64.4

Nano ZnS:Mn/sample Ib g\ = 2.0075, g|| = 2.004 |A\| = 63.8, |A||| = 65

Nano ZnS:Mn/sample Ih g\ = 2.006, g|| = 2.003 |A\| = 79.5, |A||| = 84

Nano ZnS:Mn/sample SD g\ = 2.006, g|| = 2.003 |A\| = 79.5, |A||| = 84

Nano ZnS:Mn/Mn(I) 2.0020 ± 0.0002 A = �63.9 ± 0.4

Nano ZnS:Mn/Mn(II) 2.0009 ± 0.0005 A = �80.6 ± 0.5
Nano ZnS:Mn/Mn(III) 2.000 ± 0.002 A = �87.0 ± 1.0
H ¼ glB
~B �~Sþ A~S �~I þ HZFS � gNlN

~B �~I ð1Þ

Here the first two terms represent the main Zeeman and hyperfine
interactions of the S = 5/2 electron spin with the external magnetic
field B and the I = 5/2 nuclear spin of the 55Mn (100% abundance)
isotope, respectively. The next ZFS term describes the interaction
of the electron spin with the local crystal field, while the last term
corresponds to the nuclear Zeeman interaction. The ZFS term is a
sum of the Stevens operators:

HZFS ¼ B0
2O0

2 þ B2
2O2

2 þ B0
4O0

4 þ Bm
4 Om

4 ð2Þ

where m = 4 for the cubic and tetragonal symmetry and m = 3 for
the trigonal symmetry. For cubic symmetry, in a reference frame
with the z axis along a h0 0 1i crystalline direction, the second order
ZFS parameters fulfill the conditions B0

2 ¼ D=3 ¼ 0, B2
2 ¼ E ¼ 0 and

B4
4 ¼ 5B0

4, as is the case in the cZnS SC. If a trigonal reference system
is used instead, with the z axis along the h1 1 1i crystalline direc-
tion, the relations between the ZFS parameter values become
B0

2 ¼ B2
2 ¼ 0 and B3

4 ¼ 20
ffiffiffi

2
p

B0
4.

The EPR spectra of the Mn2+ centers in nanocrystalline cZnS:Mn
reported in literature were usually described with the SH (1),
where the ZFS contribution from a local distortion superimposed
on the cubic crystal field was taken as:

HZFS ¼ B0
2O0

2 þ B2
2O2

2 ð3Þ

Table 1 presents the previously reported parameter values of
the isolated Mn2+ ions in cubic ZnS bulk and nanopowders, as well
as a few relevant reference data on bulk single crystals. The deter-
minations used only the positions of the six allowed central hyper-
fine transitions. One can see in the case of the nanocrystalline cZnS
a large spread in the reported parameter values, especially for the
B0

2 parameter. This seems very likely to be due to the rough approx-
imations used in their determination, as will be discussed in Sec-
tion 2.5. However, differences in the SH parameters due to
variations in the localization of the Mn2+ ions cannot be excluded
in all reported cases.

2.3. EPR spectra of Mn2+ ions in cZnS crystalline powder: line
broadening effects

For cubic single crystals the SH parameters are usually deter-
mined by fitting the line positions from spectra recorded at several
rystals, powders and nanostructures of ZnS. The measuring microwave frequency band

ZFS (10�4 cm�1) DBpp (mT) Refs.

z||h0 0 1i: B0
4 ¼ 0:0666, B4

4 ¼ 0:3330.

z||h1 1 1i: B0
4 ¼ �0:0444, B3

4 ¼ �1:2558

0.035 (X) [13]

jB0
2j ¼ 12:03, B0

4 ¼ �0:0411,

B3
4 ¼ �1:1549

[19,20]

[7]

jB0
2j ¼ 167—333 [7]

jB0
2j ¼ 0:3 0.9 (X) [8]

4.7 (X) [8]
20.4 (X) [8]

jB0
2j ¼ 30:3 0.7 (X), 0.45 (Q) [10]

jB0
2j ¼ 53:3 1.08 (Q) [10]

.0, jB0
2j ¼ jB

2
2j ¼ 12:47 0.6 (X) [11]

.2 jB0
2j ¼ jB

2
2j ¼ 12:47 0.6 (X) [12]

.0 jB0
2j ¼ jB

2
2j ¼ 124:6 [12]

.0 jB0
2j ¼ jB

2
2j ¼ 46:7 [12]

jB0
2j ¼ 15� 3 0.4 (X) [17]

0.6 (X) [17]
1.5 (X) [17]
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orientations of the magnetic field in a (1 1 0) and/or (1 0 0) crystal
plane [6]. Due to the large number of available experimental
points/data and to the narrow lines, one can obtain, for well ori-
ented single crystals, full sets of highly accurate SH parameter val-
ues, as was recently reported for Mn2+ ions in a pure cubic phase
ZnS SC [13]. In the case of the nanocrystalline powders, the number
of experimental data (as line positions) available for determining
the SH parameters is greatly reduced, not only by the spatial aver-
aging of the spectra, but also by the strong line broadening. Until
now, this latter effect has been very little taken into consideration
for this particular case. Therefore, due to the important role that
the line broadening plays in the determination of the SH parame-
ters in nanocrystals, we shall firstly discuss its importance and role
in the line shape simulations of the EPR spectra of the Mn2+ in crys-
talline powders.

The EPR line broadening effect has been observed even in single
crystals of high structural perfection doped with Mn2+, such as cal-
cite [23], tungstates [24–26] or cZnS [13]. Its presence was attrib-
uted to random strains, electrical fields and other perturbations
from the extended lattice defects in the crystal lattice [27], result-
ing in a variation in the local crystal field at the paramagnetic ions,
both in magnitude and orientation.

In a previous investigation of two cZnS SCs [13], one nominally
pure and the other doped in the melt with 0.5% MnCl2, we have ob-
served in both crystals EPR spectra from Mn2+ ions localized substi-
tutionally at the tetrahedral Zn2+ sites, in a concentration ratio of
�1/1000. The observed broadening of the EPR lines corresponding
to the allowed non-central transitions (MS: ±1/2 M ±3/2, ±3/
2 M ±5/2, DMI = 0) from the Mn2+ spectra was explained by fluctu-
ations in the EPR parameter values induced by a random distribu-
tion of lattice strains. For the allowed central transitions (MS: �1/
2 M +1/2, DMI = 0) the isotropic line width depended solely on
the manganese concentration, being �2.5 times larger for the man-
ganese doped SC compared with the nominally pure one. This ef-
fect was attributed to the increased dipolar interaction, at higher
concentrations, between the Mn2+ ions embedded in the crystal
lattice. The following analysis of the line broadening effects in a
polycrystalline cZnS:Mn sample obtained by crushing a manganese
doped cZnS SC is based on this result.

The X-band EPR spectrum of the crushed/polycrystalline sample
is displayed in Fig. 2a. It exhibits, between the very intense six in-
tense allowed central hyperfine transitions, five pairs of lines from
the forbidden non-central hyperfine transitions (MS: �1/2 M +1/
2, DMI = ±1), marked with vertical lines in Fig. 2b. These transitions
are noticeably less intense relative to the allowed central transi-
tions compared to the nanocrystalline cZnS (Fig. 1 – X-band spec-
trum). Several lines of intensity comparable to the intensity of the
forbidden transitions, corresponding to the allowed non-central
transitions, are also visible, unlike in the NCs case.

The simulated spectrum, obtained with the cZnS SC parameter
values from Ref. [13], without line broadening effects, is given in
Fig. 2b (r = 0). One can see that the line positions from the simu-
lated spectrum are in very good agreement with the line positions
from the experimental spectrum. However, the simulated spec-
trum also exhibits around each intense allowed central transition
several additional lines resulting from the allowed non-central
transitions. Not only the number, but also the intensity of these
lines in the simulated spectrum is different from the experimental
spectrum, an effect which is attributed to the line broadening.

Our attempts to reproduce the line broadening in the polycrys-
talline sample spectrum by including fluctuations in the cubic
ðB0

4; B4
4Þ and axial B0

2 parameter values in the line shape simulation,
based on the similar SC analysis [13], were not successful. There-
fore we had to take into consideration the fact that new strains
were induced during the crushing of the cZnS:Mn SCs. We found
out that the best fit with the experimental spectrum was obtained
by considering the presence of trigonal distortions in the polycrys-
talline sample (Fig. 2b, r – 0). These distortions were accounted
for by including in the simulation procedure Gaussian distributions
of the ZFS parameters centered on the values of these parameters
calculated for cubic symmetry in a trigonal reference system
(see Table 1). The standard deviations for the parameter value
distributions employed in the simulated spectrum from Fig. 2b
are: rðB0

2Þ ¼ 1:27� 10�4 cm�1, rðB0
4Þ ¼ 0:0085� 10�4 cm�1 and

rðB3
4Þ ¼ 0:085� 10�4 cm�1.
One should notice that although the positions, amplitudes and

line widths of the allowed transitions are quite well reproduced
in the spectrum simulated with this model, the forbidden hyper-
fine transitions intensity is much lower (about nine times) in the
simulated spectrum than in the experimental one. A similar situa-
tion has been observed in the SC spectra [13], where the forbidden
transitions in the experimental spectrum were two times more in-
tense than in the simulations, a result which could not be ex-
plained in a satisfactory manner. One could only suggest that the
much larger difference between the experimental and simulated
spectra of Mn2+ in the polycrystalline ZnS sample might be due
to the presence of other distorted Mn2+ centers formed during
the crushing process, for which additional non-zero axial ZFS terms
would contribute to the forbidden transitions intensity.

2.4. Determination of the SH parameters of the Mn2+ centers in
cZnS:Mn nanopowders

2.4.1. The substitutional Mn(I) centers
The accurate determination of the SH parameters of the Mn2+

centers in the cZnS nanocrystals is based on a two steps procedure.
Thus, in the first step accurate g and A parameters, very close to
those found in cZnS SCs, were determined by fitting the W-band
spectrum with the calculated line positions obtained by neglecting
the contribution of the ZFS terms, contribution estimated to be
within the experimental errors at such high magnetic fields. In
the second step, the axial ZFS parameter value B0

2 was obtained
by fitting the experimental line shape of the more sensitive X-band
spectrum, using the previously determined g and A values. The
possible presence of other ZFS terms, as well as of anisotropies in
the g and A values, were also checked in this step.

As starting SH parameters we used the approximate values
g = 2.0020 ± 0.0002, A = �(63.9 ± 0.4) � 10�4 cm�1 and
jB0

2j ¼ ð15� 3Þ � 10�4 cm�1, determined by fitting the experimen-
tal line positions of the allowed and forbidden central hyperfine
transitions from the X-band powder spectrum with the values cal-
culated based on the diagonalization of the SH [17]. A similar pro-
cedure was employed in the first step to determine the g and A
parameters from the line positions in the high frequency W-band
EPR spectrum, considering only the Zeeman and hyperfine terms.
Perturbation calculations up to the third order have shown [28]
that in the powder spectra the positions of the observed allowed
and forbidden central transitions are influenced by the axial ZFS
term only in the second [�D2/(glBB)] and third [�AD2/
(glBB)2, �A2D/(glBB)2] approximations. As these higher order con-
tributions to the line positions are orientation dependent in a sin-
gle crystallite, the resulting line width in the powder spectrum is
roughly proportional to D2/(glBB) [29]. Therefore, for the W-band
spectrum, the effect of the ZFS terms of moderate magnitude
(jDj ¼ 3jB0

2j < 50� 10�4 cm�1) on both line positions and line
shape of the central hyperfine transitions is practically negligible,
which also explains the narrower component lines at this fre-
quency. The resulting accurate g- and A-parameter values were
further used as fixed values in the simulation of the X-band spec-
trum in the second step (Table 2).

In the second step we initially performed simulations of the X-
band spectrum with a SH consisting of the Zeeman (electronic and



Table 2
The EPR parameters and line width values resulted from fitting the experimental X- and W-band spectra of the Mn2+ centers in cZnS NCs.

Center g A (10�4 cm�1) B0
2 (10�4 cm�1) Bm

4 (10�4 cm�1) DBpp (mT)

Mn(I) 2.0022 ± 0.0001 �63.70 ± 0.05 �13.7 ± 0.9 B0
4 ¼ �0:0411, B3

4 ¼ �1:1549 0.31 (X), 0.34 (W)

Mn(II) 2.0012 ± 0.0002 �80.5 ± 0.2 20–30 0.4 (X, W)
Mn(III) 2.0009 ± 0.0002 �86.8 ± 0.2 25–35 1.1 (X, W)
Mn agglomerates 2.003 29 (X)
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nuclear), hyperfine and second order axial ZFS terms to find the
range of B0

2-values which were better reproducing the experimen-
tal spectrum. As the non-central transitions are wiped out by the
lattice disorder/strains, we have restricted our simulations only
to the six allowed and ten forbidden central transitions. The result-
ing simulated spectra were similar enough to those obtained when
including all transitions and broadening effects, but the calculation
time was much shorter. The determining factors in choosing the
appropriate B0

2 value were the resulting line positions and inten-
sity, as well as the best reproduction of the line shape. Fig. 3a dis-
plays the simulations performed for a range of B0

2 values from 12 to
18 � 10�4 cm�1 and a peak-to-peak line width value of 0.31 mT.
The Lorentzian line shape was assigned to match the shape of
the experimental powder lines. The line shape choice was sup-
ported by the results of the EPR study on the cubic ZnS:Mn SCs
[13], where the Mn2+ spectrum lines were observed to remain iso-
tropic and Lorentzian in shape even when the higher concentration
of Mn2+ resulted in a dipolar broadening of the lines. The line width
input value fits reasonably well the experimental lines for this
range of B0

2 values. For smaller B0
2 values the line width would have

to be increased in order to acquire the match between the simu-
lated and experimental lines.

It is obvious from Fig. 3a that a larger B0
2 value results in higher

forbidden transitions intensity and a better line amplitude ratio
reproduction in the simulated spectra, but the line also becomes
broader and the line shape is distorted. This last effect is better ob-
served on the higher field lines (Fig. 3a, right hand side). An in-
crease in the input line width in order to cover the line shape
distortion would only result in a simulated line width broader than
experimentally observed. Taking these opposing effects into con-
sideration, the best fit was found for B0

2 values around 13.3 �
10�4 cm�1, with an upper limit of 15 � 10�4 cm�1.

The presence of a clearly non-zero axial ZFS parameter value
proves that the local symmetry at the substitutional Mn(I) center
is lower than cubic. Our next goal was to determine the degree
of anisotropy, which was reported in a few publications [11,12],
by checking the limits for a possible anisotropy in the g- and A-
parameter values, as well as the possible presence of other, non-
axial ZFS terms. Fig. 3b displays the results of simulations of the
X- and W-band spectra performed for B0

2 ¼ 14� 10�4 cm�1; by
including small axial anisotropies Dg = gz � g\ and DA = Az � A\,
where g\ = gx = gy and A\ = Ax = Ay. Here and in all following simu-
lations the line shape was considered to be Lorentzian, with the
DBpp(X) = 0.31 mT and DBpp(W) = 0.34 mT line width values in
the X- and W-band, respectively. The individual line width used
for the W-band spectrum simulation matches the experimental
peak-to-peak line width, as for such small values of the B0

2 param-
eter the higher order contributions are insignificant. We have no-
ticed that the g-anisotropy had a stronger effect on the W-band
spectrum, while the influence of the A-anisotropy was stronger
in the X-band spectrum. Therefore, on the left hand side of
Fig. 3b we have displayed the highest field line of the W-band
spectrum simulated for different values of Dg. One notices that a
limiting g-anisotropy value, for which the simulated line shape
and width are still acceptable, is Dg = 0.0002. Similarly, in the case
of the A-anisotropy the limit value is DA = 0.5 � 10�4 cm�1, as one
can see from the highest field lines of the simulated X-band spectra
on the right hand side of Fig. 3b.

We have also checked the influence on the simulated spectrum
of the second order rhombic term and of the fourth order ZFS
terms, respectively. In the first case we have considered for the
rhombic parameter the highest absolute value jB2

2j ¼ jB
0
2j ¼ D=3,

according to the standard range of values for the ZFS parameters
�1 6 3E=D 6 0 determined by Poole et al. [30]. According to the
same standard system, D and E and, therefore, B0

2 and B2
2, have

opposite signs. In the second case, we considered a tetragonal local
symmetry, with the B0

4; B4
4 parameter values of the Mn2+ center in

the cubic ZnS SCs [13], as well as a trigonal local symmetry, with
the B0

4; B3
4 parameter values of the PN center in mixed polytype

ZnS [19,20], respectively. Both sets of values are given in Table 1.
Because the values of these ZFS parameters were too small to influ-
ence noticeably the W-band spectrum, the simulations were per-
formed only in the X-band, with the g, A values from Table 2 and
B0

2 ¼ �15� 10�4 cm�1. The resulting simulated spectra are dis-
played in Fig. 3c. A comparison of these simulations with a similar
set obtained for B0

2 > 0 showed that the negative sign of B0
2 results

in a better simulation of the relative amplitude ratios of the al-
lowed central transitions.

Indeed, the widths and amplitudes of the simulated powder
spectrum lines are affected by the sign of the AB0

2 parameters prod-
uct. This is explained by the higher order, orientation dependent,
contributions of these parameters to both line positions and inten-
sities of the allowed and forbidden central transitions. Their
summed contribution affects differently the powder lines corre-
sponding to distinct values of m [29], giving rise to dissimilar
amplitude ratios of the allowed central transitions for the two
signs of the AB0

2 product. Because the sign of the A parameter for
the Mn2+ ions in ZnS is negative [13], it follows that the sign of
the B0

2 parameter can be determined from fitting the pattern of
the powder-like spectrum.

In what concerns the other ZFS parameters, the only one which
seems to make a difference is B2

2 whose presence determines a
slight asymmetry of the lines, but the effect is too small to be dis-
tinguished in the experimental spectrum. Therefore, from such
simulations we could not ascertain the presence of any other ZFS
term besides the second order axial one, and could not make a
more nuanced statement about the local symmetry at the Mn2+

ions.
In order to further improve the accuracy of the line shape sim-

ulations we proceeded to the investigation of the line broadening
effect, considering the presence of various combinations of ZFS
terms in the SH and all transitions in the simulated spectra.
Fig. 4a and b displays the experimental (top most) spectra followed
by the simulated spectra in the X- and W-band, respectively, with-
out (left hand side) and with (right hand side) line broadening in-
cluded. The simulations were performed with the g, A and DBpp

values from Table 2, B0
2 ¼ 15� 10�4 cm�1, B2

2 ¼ �B0
2 and the fourth

order ZFS parameter values as previously discussed for the tetrag-
onal and trigonal symmetries. One should mention that in the case
of the spectra simulated without including line broadening a par-
tial smoothing out of the non-central transitions is noticeable in
the case of the rhombic symmetry.
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b

c

Fig. 3. Experimental and simulated EPR spectra of the Mn(I) center in the mesoporous cZnS:Mn nanopowder. All simulations were performed only for the allowed and
forbidden central transitions. (a) Determination of the B0

2-value. Left: X-band spectrum simulations for different B0
2-values. Right: detailed view of the highest field line of the

spectra. (b) Evaluation of the limits for the g- and A-anisotropy. Left: W-band spectrum simulations with different Dg values and isotropic A-parameter. Right: X-band
spectrum simulations with different DA values and isotropic g-parameter. (c) Evaluation of the effect of the rhombic and fourth order ZFS terms on the X-band spectrum. The
ZFS terms included are mentioned for each spectrum simulation.
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Fig. 4. Experimental and simulated (a) X- and (b) W-band EPR spectra of the Mn(I) center in cZnS:Mn nanopowder. The simulations were performed for different ZFS terms by
including all transitions, without (left) and with (right) line broadening. The ZFS terms included are mentioned for each spectrum simulation.
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The line broadening effects were included in the simulations as
Gaussian distributions of the different ZFS parameter values, cen-
tered on the nominal values. The standard deviations of these dis-
tributions were determined as the minimum values for which the
non-central transitions were wiped out. The ZFS parameter distri-
butions were the same for both X- and W-band spectra. The stan-
dard deviations of the ZFS parameters used for the spectra
displayed in the right hand side of Fig. 4a and b were rðB0

2Þ ¼
6� 10�4 cm�1 for the A, C and D spectra and rðB0

2Þ ¼
4� 10�4 cm�1 and rðB2

2Þ ¼ 2� 10�4 cm�1 for the B spectra where
the rhombic term was included.

In the case of the fourth order parameters we have found that
the magnitude of their standard deviations bore little influence
on the resulting simulated spectra, whose shapes were mainly dic-
tated by the rðB0

2Þ parameter. One can see that the C spectra, with
rðB0

4Þ ¼ 0:03� 10�4 cm�1, rðB4
4Þ ¼ 0:15� 10�4 cm�1 and D spectra,

with rðB0
4Þ ¼ 0:02� 10�4 cm�1, rðB4

4Þ ¼ 0:58� 10�4 cm�1, show no
difference from the B spectra. Thus, unlike the case of the micron
sized powder sample, for the cZnS:Mn nanopowders we were not
able to evidence the influence of the fourth order ZFS terms on
the EPR spectra.
Comparing the broadened B and A spectra, one can also see that
the effect of the B2

2 parameter on the line shape can be reproduced
in the pure axial case by an increase in the value of rðB0

2Þ. There-
fore, the presence/absence of the rhombic distortion in the local
field at the Mn(I) centers cannot be ascertained.

A better insight in the structure of the Mn(I) center can be ob-
tained from the analysis of the accurate SH parameters, namely
g, A and B0

2, given in Table 2. While the g- and A-values are typical
for the Mn2+ ions in cubic Td symmetry [13], the B0

2 range of values
corresponds to the PN-type centers in strongly disordered cZnS
SCs, containing various polytypes (Table 1). The PN center was
found to consist of a Mn2+ ion localized substitutionally at a Zn2+

site with a neighboring extended lattice defect, such as a stacking
fault or twin, which induced a trigonal distortion [18]. Therefore,
the natural choice for the spectra simulation would be the trigonal
symmetry. Also, as previously observed in the case of the simula-
tions performed including only the central transitions, for B0

2 < 0
the spectra simulated including all transitions show a better match
of the amplitude ratio of the experimental lines than for B0

2 > 0.
According to our simulations, a possible contribution from a siz-

able amount of substitutional Mn2+ ions at pure unperturbed tetra-
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hedral sites is unlikely. Indeed, the intensity of the forbidden lines
of the cubic centers is negligible, while their allowed central tran-
sitions would practically overlap the corresponding lines from the
Mn(I) centers, due to the close values of their g- and A-parameters.
The total resulting relative intensity of the forbidden transitions vs.
the allowed transitions in the simulated spectrum would be thus
even smaller than the actually observed ratio, worsening the sim-
ulation of the experimental spectrum.

2.4.2. The surface Mn(II) and Mn(III) centers
In the case of the Mn(II) and Mn(III) centers, accurate g- and A-

parameter values were determined by the same two steps proce-
dure as for the Mn(I) centers (Table 2). As their EPR lines over-
lapped even at high frequency, we initially determined the SH
parameters of the Mn(II) centers from the analysis of the W-band
spectrum from a sample annealed at 175 �C, containing only the
Mn(I) and Mn(II) center lines [18]. The SH parameters of the
Mn(III) centers were further obtained from the EPR spectra of a
sample containing the lines of all three Mn2+ centers.

One should mention that for both surface centers the forbidden
central transitions could not be observed in the X-band spectrum,
due to the larger line width of �0.85 mT and �1.5 mT of the Mn(II)
and Mn(III) centers, respectively and the overlap of the more in-
tense Mn(I) centers spectrum. Therefore we could determine only
a range of values for the axial B0

2 parameter for which the broader
lines of the X-band spectra were reasonably well reproduced,
namely from 20 to 30 for the Mn(II) centers and from 25 to 35
for the Mn(III) centers (in 10�4 cm�1 units). These values were ob-
tained using as individual line widths in the spectra simulation the
corresponding experimental peak-to-peak line widths of the W-
band spectrum, of 0.4 mT and 1.1 mT for the Mn(II) and Mn(III)
centers, respectively. As the B0

2 parameter values are small enough
to have negligible effects on the W-band spectrum, the experimen-
tal line width matches the individual isotropic, Lorentzian-shaped
line. For diluted systems, the width of the homogeneously broad-
ened lines usually increases with the measuring microwave fre-
quency, due to changes in the dominant relaxation mechanism
from the multiphonon to the one-phonon direct relaxation one
[22,31]. Therefore, the individual X-band line width of the Mn2+

surface centers is expected to be actually narrower than for the
W-band spectra, as observed for the Mn(I) centers.

One should mention that the local symmetry at the Mn2+ cen-
ters localized on the surface of the NCs is expected to be lower than
axial, and the degree of disorder of their environment much higher
than for the substitutional Mn(I) centers. Therefore, besides the ax-
ial second order term, other ZFS terms are expected to be present
and the fluctuations in the values of the SH parameters to be con-
siderably larger, in agreement with our spectra analysis.

The final check of the validity of our approach has been the sim-
ulation of the entire X- and W-band spectra of the cZnS:Mn nano-
crystals. The final calculated spectra (Fig. 5) were obtained as a
summation of the simulated spectra of all Mn2+ centers. The fol-
lowing parameters were employed in these simulations:

For the Mn(I) center, considered to be of PN type: the g, A and
DBpp values from Table 2, B0

2 ¼ �14� 10�4 cm�1, B0
4 ¼ �0:0411�

10�4 cm�1, B3
4 ¼ �1:1549� 10�4 cm�1, rðB0

2Þ ¼ 6� 10�4 cm�1,
rðB0

4Þ ¼ 0:02� 10�4 cm�1, rðB3
4Þ ¼ 0:58� 10�4 cm�1.

For the Mn(II) center: the g, A and DBpp values from Table 2,
B0

2 ¼ 27� 10�4 cm�1, rðB0
2Þ ¼ 17� 10�4 cm�1.

For the Mn(III) center: the g, A and DBpp values from Table 2,
B0

2 ¼ 30� 10�4 cm�1, rðB0
2Þ ¼ 16� 10�4 cm�1.

Fig. 5 displays the experimental X- and W-band spectra to-
gether with the calculated spectra. The fitting is quite good, espe-
cially for the W-band spectrum. In the case of the X-band spectrum
we were unable to reproduce completely the broadening of the
lower part of the allowed transitions of the Mn(I) centers, which
is the source of the main differences between the experimental
and calculated spectra. We cannot at the moment provide an
explanation for this particular shape of the lines.

One should also mention that the experimental X-band spec-
trum contains a background broad line (DBpp � 29 mT) centered
at g = 2.003, better observed for large magnetic field modulation
amplitudes, which we attribute to aggregates of remaining doping
manganese acetate, very likely left in the nanopores of the meso-
porous ZnS. A similar EPR signal was previously observed in the
EPR spectra of cZnS powders doped with high concentrations of
manganese [32]. This signal was added in our simulations as a
Lorentzian line, with the above mentioned parameters and ad-
justed intensity.

2.5. Comparison with previously reported procedures for the
determination of the SH parameters of Mn2+ ions in cubic nanocrystals

Our results allow us to underline the significant differences be-
tween the Mn2+ centers in the crystalline bulk and nanostructured
cZnS. The substitutional Mn2+ ions in the nanocrystals were found
to be localized near an extended defect, unlike in the bulk cZnS
where the Mn2+ ions enter in cubic Zn2+ sites. The neighboring ex-
tended defects also seem to be involved in the incorporation/dop-
ing process of impurities in such nanocrystals prepared at low
temperatures. Also, while a rather large part of the Mn2+ ions
was found on the nanocrystals surface, no evidence of such centers
could be observed in the EPR spectra of the powder cZnS.

Very few attempts have been made up to now to determine the
ZFS parameters of the Mn2+ centers in cZnS nanocrystals. In the
case of the substitutional Mn2+ ions, to our knowledge only two
such studies have been reported. Igarashi et al. [10] have used Al-
len’s method [33], which allows the evaluation of the axial ZFS
parameter from a second order perturbation calculation of the
intensity of the allowed central hyperfine transitions. The resulting
B0

2 ¼ 30:3� 10�4 cm�1 value for their so called Signal I (Table 1) is
approximately two times larger than what we obtained for the
Mn(I) centers.

Gonzalez Beermann et al. [11,12], which reported the EPR
spectra of substitutional Mn2+ ions in cZnS nanocrystals with the
second narrowest lines (�0.6 mT), have determined the SH param-
eters by using a line shape simulation procedure which did not in-
clude the forbidden transitions and broadening effects. For two
types of samples with low concentrations of manganese, called
‘‘1’’ (0.003% Mn) and ‘‘2’’ (0.008% Mn) [11] and ‘‘Ib’’ (0.026% Mn)
[12], respectively, they reported different values for the SH param-
eters, which included anisotropic g- and A-parameters and a rhom-
bic parameter jB2

2j ¼ jB
0
2j (Table 1). For all samples the determined

g-values are considerably larger than those reported up to now for
Mn2+ in cZnS. Moreover, the reported A-parameters, although fall-
ing in the range of values expected for substitutional Mn2+ centers
in ZnS, exhibit, like the g-parameters, anisotropies quite difficult to
understand for Mn2+ ions in cubic crystal fields with such small
non-cubic distortions. The B0

2 ¼ 12:47� 10�4 cm�1 value reported
for both cases is close to the range of values determined by us.
The rhombic B2

2 term of the highest absolute value [30] was added
in order to wipe out the non-central transitions. However, when
making a simulation of the X-band spectrum by using their re-
ported SH parameters we found out that the expected effect of
the rhombic term is only partial, a complete smoothing of the
non-central transitions still requiring the inclusion of line broaden-
ing effects.

Based on the reported hyperfine parameter values, which de-
pend essentially on the nature and distribution of the first shell
neighboring ligands [34], we would venture to state that the re-
ported Mn2+ substitutional centers in cZnS NCs, i.e. NC1 [7], SI

[8], Signal I [10], samples 1, 2 [11] and Ib [12], are similar to our



Fig. 5. Experimental X- (left) and W-band (right) EPR spectra of the cZnS:Mn nanopowders, together with the calculated spectra resulted from the summation of the
simulated spectra of the three Mn2+ centers. The broad line from the agglomerates of Mn2+ ions was also included in the X-band spectrum simulation.
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Mn(I) centers. In all cases the nanocrystals were small enough so
that the main doping mechanism should be related with the pres-
ence of the stacking defects [18], which seems to be the determi-
nant factor for the localization of the substitutional Mn2+ ions.
The differences between the reported SH values do not seem to
be due to the differences in the starting materials and preparation
procedure, but rather to errors in the magnetic field calibration
(for the g-parameters) and inaccuracy in the ZFS parameter
determinations.

The SH parameters of some of the previously reported surface
Mn2+ centers in cZnS nanocrystals are close enough to the g- and
A-parameters of the Mn(II) and Mn(III) centers, but with larger ax-
ial ZFS parameter values (Table 1). This could be due to actual dif-
ferences in the structure of the centers, resulting from different
preparation procedures, including the NCs coating materials, but
also to larger calculation error margins. According to Simanek
and Mueller [34], the larger value of the hyperfine parameter of
the surface Mn2+ centers compared to the substitutional Mn2+ cen-
ter (Table 1) points to a more ionic environment for the Mn2+ ions
on the NCs surface. This seems to result from bonding with oxygen
and/or hydroxyl anions, similar to the case of manganese doped
nanocrystalline ZnO and Zn(OH)2 [35]. This hypothesis is also sup-
ported by our experiments which show the Mn(II) and Mn(III) cen-
ters transforming into each other by thermally induced desorption/
adsorption of water molecules [18].

Previous X- and Q-band EPR investigations [7,10] have reported
a glass-like behavior for the surface centers, with frequency depen-
dent EPR line width according to the formula DB � D2/g2b2B0 [36].
Using this formula Kennedy et al. [7] have determined rather high
values in the (167–333) � 10�4 cm�1 range for the B0

2 ¼ D=3
parameter of the NC2 surface centers in their methacrylic acid
coated cZnS NCs.

Igarashi et al. [10] determined a 53.3 � 10�4 cm�1 value for the
B0

2 parameter of the so called Signal II measured on poly(acrylic
acid) coated cZnS NCs, by using Allen’s method.

Two types of surface centers were reported by Gonzalez Beer-
mann et al. [12] in the cZnS NCs samples Ih (0.191% Mn) and SD
(0.027%), with similar g- and A-parameters, but with very different
axial ZFS parameter values. The larger B0

2 ¼ 124:6� 10�4 cm�1 va-
lue for the centers observed in the Ih sample, attributed to Mn2+

clusters in the near-surface sites, is close to the values reported
in Ref. [7]. The smaller B0

2 ¼ 46:7� 10�4 cm�1 value for the centers
observed in the SD sample, attributed to Mn2+ isolated ions in the
near-surface sites, is close to the value reported for Signal II in Ref.
[10].

Based on the close g- and A-parameter values previously re-
ported for the Mn2+ surface centers in cZnS NCs (Table 1), it seems
very likely that the Signal II centers reported in Ref. [10] represent
Mn2+ ions in the oxidized areas at the surface of the cZnS NCs, sim-
ilar to the Mn(II) centers. Also, the NC2 centers reported in Ref. [7]
and the SII centers reported in Ref. [8] could be Mn2+ ions in hydro-
lyzed surface areas of the cZnS NCs, similar to the Mn(III) centers.

To our knowledge, EPR line broadening effects have not been
previously analyzed in the case of the Mn2+ ions in cZnS NCs. Cou-
nio et al. [37] have used an approach similar to Allen’s [33] to ana-
lyze the EPR spectra of the substitutional Mn2+ ions in CdS NCs, but
they assumed a distribution of values of the D-parameter rather
than a unique value. From the intensity ratio of the allowed central
transitions they evaluated the half-width at half-height of the D-
distribution as DD � 84 � 10�4 cm�1. They attributed the local
crystal field distribution correlated with the D-parameter distribu-
tion centered on a D = 0 value to the finite size of the nanocrystals.
3. Conclusions

The quantitative analysis of well resolved EPR spectra from
Mn2+ impurity ions in small cubic ZnS:Mn nanocrystals self-assem-
bled into a mesoporous structure, recorded in both low (X) and
high (W) microwave frequencies, was performed using publicly
available powerful computer programs for spectra line shape sim-
ulation and fitting, including the forbidden transitions and line
broadening effects as well. Accurate SH parameters for the three
isolated Mn2+ centers observed in this system were determined,
resulting in a good fitting of the experimental spectra.

To our knowledge, this is the first reported case when the
broadening mechanisms were evaluated for the EPR spectra of
the Mn2+ ions in nanostructured cZnS. The resulting broadening
parameter values, orders of magnitude higher than in the manga-
nese doped cZnS SC [13], or even in the crystalline powder ob-
tained from crushing such single crystals, reflect the much higher
degree of disorder in the nanocrystals.

A comparison between the X-band EPR spectra of a cubic
ZnS:Mn NC sample and of a micron sized powder sample obtained
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by crushing a cubic ZnS:Mn SC allowed us to pinpoint the different
localization and structure of the substitutional Mn2+ centers in the
two systems, as well as the differences in the local lattice strains.

The analysis of the EPR spectra of the cubic ZnS:Mn NC with the
presented approach lead to the following results and conclusions
regarding the substitutional and surface Mn2+ centers.

In the case of the substitutional Mn(I) centers in cZnS:Mn NCs,
whose spectra were the most intense and had the narrowest lines:

– Accurate g- and A-parameter values were determined from the
high frequency spectrum, where the influence of the ZFS terms
is negligible, while the second order axial ZFS parameter was
determined from the X-band spectrum, where the forbidden
transitions could be observed. The best fit with the experimen-
tal data was obtained for a negative value of the B0

2 parameter.
– Limits for the g- and A-parameters anisotropies were deter-

mined as the maximum values for which the EPR line shapes
were not distorted.

– Based on the accurate SH parameters thus determined it has
been possible to explain the local axial distortion at the substi-
tutional Mn2+ ions as resulting from their preferential localiza-
tion next to extended stacking lattice defects [18].

– The line broadening effects due to strain induced fluctuations in
the local crystal field at the Mn2+ ions sites were included as
Gaussian distributions in the ZFS parameters. The width of these
distributions was determined as the maximum value which
would smooth out the non-central transitions.

– It was not possible to ascertain the presence of a local rhombic
distortion described by a B2

2 parameter, or to determine the
fourth order ZFS parameters. The effects associated with the
presence of such terms were hidden by the line broadening
effects.

– We found out that the relative intensity of the experimental for-
bidden transitions vs. the allowed transitions was about two
times larger than in the calculated spectrum, an effect previ-
ously observed in the case of the substitutional Mn2+ ions in
cZnS SCs.

In the case of the two surface centers, Mn(II) and Mn(III), with
lower intensity spectra and overlapping lines, we could still deter-
mine accurate g- and A-parameter values. Unfortunately, due to
the absence of resolved forbidden transitions in the X-band spec-
trum we could determine only a range of tentative values for the
B0

2 parameter, for which the corresponding EPR line shapes and
widths fitted reasonably well the experimental spectra. However,
based on the resulting values of the hyperfine splitting parameters
it was possible to get a better insight into their localization at the
surface of the cZnS NCs.

The above described approach for the quantitative analysis of
the Mn2+ centers in cubic nanocrystals represents a useful tool
for extracting maximum information from the CW EPR spectra, en-
abling a more accurate determination of the localization of the
paramagnetic impurities in these nanostructures, as well as of their
ground state properties.

4. Experimental

The X- and W-band EPR spectra of Mn2+ ions in mesoporous,
nanocrystalline cZnS doped with 0.2% mol manganese analyzed
in this work have been previously reported in Ref. [18], where
details regarding the investigated sample as well as the EPR exper-
iments and instruments are reported.

We have also recorded and analyzed the X-band EPR spectrum
of a micron sized polycrystalline sample obtained by crushing in an
agate mortar a small single crystal of high quality cubic ZnS doped
with 0.5% mol MnCl2, taken from the same growth batch of single
crystals which were thoroughly investigated by X-band EPR [13].

The analysis of all EPR spectra, including the determination of
the SH parameters and the line shape analysis by simulations/
deconvolutions, was performed with the SIM [38,39] and EasySpin
v.3.1 [40] specialized programs. The line broadening effects due to
parameter value fluctuations were included by employing the
weighted summation procedure outlined in Ref. [41].
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