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Abstract. ZnS:Mn2+ nanocrystals embedded in Pyrex glass matrices have been studied
systematically. It has been found by photoluminescence (PL) and excitation (PLE) spectra that
doped Mn impurities can be classified as two types, occupying substitutional sites (Mn2+)sub and
interstitial sites (Mn2+)int . EPR experiments support this conclusion. In addition, Mn clusters were
also identified from the EPR spectra. We observed the increases in theg1 factors and hyperfine
structure (HFS) constants with decreasing diameters of the nanocrystals. These increases are due
to the hybridization between s–p states of ZnS and d states of the Mn ions by quantum confinement
effects and the surface states.

1. Introduction

ZnS:Mn2+ bulk powder has been used as one of traditional electroluminescence phosphors
for a long time. Ever since ZnS:Mn2+ nanocrystallites with high quantum efficiency (up to
18%) and a luminescence lifetime five orders of magnitude faster than in bulk ZnS were
reported in 1994 [1], many investigations [2–4] have been directed at the understanding of
the underlying physics of this high efficiency and fast radiation. The preparation and optical
properties of the glasses doped with intrinsic semiconductors were extensively studied. But
the reports on the glasses with dispersed doped semiconductor are very few. The glasses with
dispersed nanoparticles have interesting properties which make them potential candidates for
many technological applications, such as optical switches, bistability and waveguides. In this
paper, we report in detail the optical and EPR spectra of ZnS:Mn2+ nanoparticle-doped glasses,
and focus on the differences between ZnS:Mn2+nanocrystallites and bulk powder in spectra to
reveal the mechanism of the novel optical properties of the nanocrystallites.

2. Experiment

The Pyrex glass (Na2O–B2O3–SiO2) with dispersed ZnS:Mn2+ nanocrystallites was prepared
by a melting method. Na2O–B2O3–SiO2 and ZnS:Mn2+ (Mn2+/ZnS = 1% (g/g)) powders
were uniformly mixed and stirred. Then the mixture was heated at about 1300–1500◦C. After
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Table 1. Some parameters and data of Pyrex glasses with dispersed ZnS:Mn2+ nanocrystallite.

Emission Max. in PLE Diameter of Param. of
ZnS:Mn2+/glass peak spectrum nanocryst. HFS,
(wt%) (nm) (nm) (nm) g1 value |A|/gβ (mT) Aup/Adown

1 0.5 583, 423.4 303 3.4 2.0037± 0.0001 8.70± 0.01 0.73
2 10 575.8, 388.8 309.8 3.6 2.0035± 0.0001 8.41± 0.01 0.83
3 17 583.2 315.4 4.0 2.0034± 0.0001 8.33± 0.02 0.84
4 1 390 322 1.00
5 3 485 1.00
6 5 493 0.83
7 7 520 2.0050± 0.0005 8.49± 0.01 1.00
8 5 (ZnS/glass) 472
9 ZnS:Mn2+ 581 350.4 2.0027± 0.0001 6.99± 0.01 1.00

bulk powder

a time, the molten glasses containing ZnS:Mn2+ were cooled rapidly to room temperature
to suppress the nucleation of ZnS:Mn2+ nanocrystallites. The glasses were annealed at 500
and 600◦C, respectively, to obtain samples with different sizes. The glasses obtained are
transparent and uniform, colourless or light brown. As glasses containing even a small amount
of Mn3+ are deep purple [5], our samples contain only Mn2+. Some parameters of the samples
are given in table 1.

The PL and PLE spectra of the samples were measured with a Hitachi F-4000 spectrometer
at room temperature. EPR measurements were performed at room temperature with a
spectrometer ESR 320 at 9.78 GHz.

3. Results and discussion

3.1. PL and PLE spectra

The PL spectra of samples 1, 2, 3 and 9 (bulk powder) are shown in figure 1. The F-4000
spectrometer has a 1.0 nm resolution and wavelength accuracy within±2 nm. Although the
PL spectra were not corrected, the resolution and accuracy are enough for broad band PL
spectra measurement. The common feature of the samples is the observed orange emission
from the4T1–6A1 transition (around 583 nm) of Mn2+. The emission comes from the energy
transfer from sp3-hybridized orbital electrons of ZnS to d electrons of Mn2+. It is suggested
that Mn2+ substitutes Zn2+. The4T1–6A1 emission bands are broadened for the following three
reasons: (i) the size distribution of ZnS:Mn2+ nanoparticles, (ii) Mn2+ locate at different sites
in ZnS:Mn2+ nanoparticles and (iii) the increase of electron–phonon coupling in ZnS:Mn2+

nanoparticles. The4T2, 4A1–6A1 transitions maybe immersed in the4T1–6A1 broad emission
bands for exciting in the gap of the host lattice. The4T1–6A1 emission peaks in samples 1
and 3 shift to the red. This experimental fact is consistent with: (i) the decrement undergone
by the Mn2+–s distance when the nanocrystal size decreases [6] and (ii) the diminution of the
6A1→ 4T1 when the metal ligand distance increases [7]. Analysis of the reason that there is no
red shift for sample 2 is further needed. ‘Self-activated’ (SA) luminescence at 423.4 nm caused
by Zn vacancies (VZn) in the lattices was observed in sample 1 similar to 435 nm in [2]. With
increasing Mn2+ concentration, SA luminescence disappears in emission spectra of samples
2–8 (see figures 1 and 3). The orange emissions from the4T1–6A1 transition of Mn2+ were
not observed in samples 4, 5 and 6. This results from weak sp–d electron mixing or no energy
transfer between matrix ZnS and Mn2+. It is indicated that Mn2+ ions are not occupying Zn2+

sites, but may occupy interstitial sites, or (Mn2+)int . As the calcining temperature increases over
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Figure 1. Emission spectra: a× 25 for sample 1, b× 25 for sample 2, c× 25 for sample 3 and i
for sample 9.

Figure 2. Excitation spectra: a× 10 for sample 1, b× 10 for sample 2, c× 10 for sample 3, i for
sample 9.

950◦C, the phase of ZnS is a mixture of cubic and hexagonal [8]. In the cubic phase the lattice
constant (σ ) of ZnS is 5.41 Å. In the hexagonalσ = 3.81 Å in thea axis direction andσ =
6.23 Å in thec axis, respectively. As the ionic radius of Mn2+ is 0.91, even in the mixing phase
Mn2+ may locate at the sites among molecules of ZnS, and between ZnS and glass. As a result,
the (Mn2+)int configuration can be formed. Mn locates at the sites around ZnS:Mn2+, or Mn-
activated (outside) nanocrystals in solution [2, 9], which is only one of the cases of (Mn2+)int .

The energy of the lowest excited electronic states, a blue shift with respect to the bulk
band gap, as a function of nanoparticle diameter was given by Brus using the effective mass
approximation [10]. The sizes of the nanoparticles of the samples (table 1) were calculated
from the blue shifts in PLE spectra (figures 2 and 4), assuming 0.42me and 0.61me as the
effective mass of the electron and the hole respectively and a dielectric constant of 8.0 in ZnS.
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Figure 3. Emission spectra: d—sample 4, e—sample 5, f—sample 6.

Figure 4. Excitation spectra: d—sample 4, e—sample 5.

3.2. EPR spectra

In order to verify the consequences obtained in the optical measurements, EPR experiments
were carried out on the same samples at room and liquid nitrogen temperature, but there is no
difference at both temperatures. The observation of signals of Mn2+ gives clear evidence of
three kinds of site of Mn2+. The EPR spectra of samples 1–9 (see figures 5 and 6) consist of
three parts. The first part is a hyperfine sextet spectrum superposed on a broad background
centred at aboutg1 = 2.0027–2.0050. The six-line spectra result from Mn2+ occupying Zn2+

sites, or (Mn2+)sub, called type II sites of Mn also in glass hosts [5]. Pure compounds of Mn2+

(such as MnSO4 and MnCl2 etc) above room temperature do not exhibit hyperfine structure
as a result of exchange interaction between close Mn2+. The unequal signal intensities of
the hyperfine sextet demonstrate that the symmetry of Mn ions is lower than cubic phase and
hexagonal phase is dominant. It is clear that at least a portion of these sites are characterized
by crystal field effects small enough to be treated as perturbations. The second is the broad
backgrounds that are attributed to the strong dipole–dipole interaction between Mn ions in
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Figure 5. EPR spectra: a for sample 1, b for sample 2, c for sample 3 and i for sample 9.

Figure 6. EPR spectra: d for sample 4, e for sample 5, h for sample 8.

clusters. To distinguish the contributions to EPR signal from the first and second parts, the
six-line spectrum from (Mn2+)sub (figure 7 (C1)) was subtracted from figure 5(c). The broad
background assigned to the Mn cluster (figure 7 (C2)) is predominant in figure 5(c). The third
is that the wide bands centre at aboutg2 = 4.3, resulting from (Mn2+)int , denoted type-I sites
of Mn in [5]. The EPR signals of Fe3+ with 3d5 electron configuration were also observed at
aboutg3 = 4.27 (figure 6(h)) similar tog = 4.3 of Mn2+ in Li2O–B2O3 glasses containing
more than 1 mol% Li2O in [11]. The variations in amplitudesA,B andC (the inset in figure 8)
in mm g−1 unit (mm: signal strength in EPR spectrum, g: sample’s mass) with the percentages
of ZnS:Mn2+ in Pyrex glasses are shown in figure 8. The contributions of Fe3+ were eliminated
in the calculations for the amplitudesC. The amplitudesA, B andC can be thought of as
proportional to the numbers of (Mn2+)sub, Mn cluster and (Mn2+)int , respectively. Below 10%
composition of ZnS:Mn2+, the amplitudes change slightly except sample 1. Two consequences
about (Mn2+)sub can be drawn: (i) the amplitudesA for samples 1, 2 and 3 are greater than
that of the others in figure 8, corresponding to the strong4T1–6A1 emissions of (Mn2+)sub (see
figure 1(a)–(c)). (ii) If we draw a horizontal line through the centre of the EPR spectra for the
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Figure 7. The EPR spectrum for sample 3 (figure 5(c)) is separated into two parts, C= C1 + C2.

Figure 8. Intensity of EPR signals (mm g−1) versus the percentages of ZnS:Mn2+ in Pyrex glasses,•—A; —B (÷6);N—C.

samples, the squareA (integral strength) of the EPR signal can be divided into two parts,Aup
andAdown. The values ofAup/Adown are given in table 1. It is well known that the4G–6S
transition of Mn2+ is spin forbidden(1S = 1). The perturbation by the crystal field makes
the 4T1–6A1 transition partially electric dipole allowed. The EPR signals for samples 1–3
have stronger symmetry breaks than the others withAup/Adown = 1 (except the sample 6).
This is consistent with the samples 1–3 with the strong4T1–6A1 emission in figure 1. The
EPR spectrum for bulk powder (sample 9) has a good symmetryAup/Adown = 1, but it has
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Figure 9. Ratio versus the sample numbers.—A/(A +B +C);•—C/(A +B +C). The solid
line is for guiding the eyes.

many more Mn2+ luminescence centres than the samples 1–3, so it still has the strong4T1–6A1

transition. We found that the amplitudeB of the Mn cluster (divided by six in figure 8) is
enhanced with increasing concentrations of Mn ions. The amplitudesB are greater thanA and
C in all samples (1–8) apparently. It is shown that most Mn ions were aggregated, forming
Mn clusters during calcining. The sample 4 has a strong emission at 390 nm (figure 3(d)) from
(Mn2+)int . The ratioC/(A + B + C) of sample 4, or the fraction of (Mn2+)int in the total Mn
ions, is greater than the others, in figure 9.

The strengths of EPR signals are generally determined by the spin Hamiltonian, but, for
nanoparticles, also by their sizes. The spin Hamiltonian appropriate for an Mn2+ ion (S = 5/2,
I = 5/2) in the nanocrystals is given by [12, 13],

H = HZee +HHFS +Hcf +HFS = gβH · S +AS · I + (1/6)a(S4
x + S4

y + S4
z )

+D[S2
z − (1/3)S(S + 1)]. (1)

The first term describes the Zeeman energy.HZee has the typical magnitude 0–1 cm−1. The
second term is concerned with the hyperfine structure produced by the interaction of nuclear
spins with an unpaired electron.HHFS is of value 0–10−2 cm−1. The third term describes
the cubic-field splitting observed in oriented single crystals.Hcf is concerned with high
spin (S > 3/2). The fourth term is the fine structure splitting term resulting from spin–spin
interaction. The fine structure termHFS has the typical magnitude 0–1 cm−1. EPR spectra of
samples 1, 2, 3 and 9 are shown in figure 5. The EPR spectrum (figure 5(i)) of Mn2+ in ZnS
powder with zincblende structure (tetrahedral symmetry of the centre) is mainly determined
by the six HFS lines of the isotropic fine structure transition|1/2, m〉 to |−1/2, m〉. Theg
factor gives the information on situations of free and unbonded electrons. From the spectrum,
g1 = 2.0027± 0.0002 and|A| = 6.99± 0.01 mT were calculated. It is obvious that the
symmetry of the microenvironment of Mn2+ in figure 5(a)–(c) is lower than that in figure 5(i).
From sample 3 to 1 the diameters of the nanocrystals decrease, butg1 factors (2.0034±0.0002
to 2.0037±0.0001) and HFS constants|A|(8.33±0.02 to 8.70±0.01 mT) increase. The latter
increases more rapidly. As the hyperfine constant reflects the covalency of the bond between
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Mn2+ and the ligand [14] this trend is consistent with the parallel increase experienced by the
gapEg which would lead to an increase of the ionicity. It is suggested that there are two
reasons for theg shift1g. One is the changes of the discrete energy levels of host ZnS due
to the hybridization of s–p states of ZnS with d states of the Mn ions by quantum confinement
effects. The other is that the surface/volume ratio increases as the size decreases; surface states
(dangling bonds, defect sites etc) also play an important role ing shift.

4. Conclusions

To sum up, we have prepared Pyrex glasses with dispersed ZnS:Mn2+ nanocrystals. It is shown
that Mn ions are situated at three different microenvironments, or (Mn2+)sub, (Mn2+)int and
Mn cluster respectively by the optical and EPR spectra. With decreasing diameters of the
nanocrystals,g1 factors and HFS constants increase. Quantum confinement and surface states
result in the changes ing1 factors and HFS constants.
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