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Mn2+ ion-doped perovskite CsPbBr3 quantum dots embedded in glass were synthesized by using
the melt-quenching technique. An X- band electron magnetic resonance (EMR) spectrometry,
showed two sets of Mn2+ EMR spectra in the CsPbBr3 quantum dots at room temperature: One
originating from isolated Mn2+ ions and the other set from Mn2+ clusters. As the Mn concentration
was increased, the concentration of isolated Mn2+ ions decreased, whereas the concentration of
Mn2+ clusters increased. The spectroscopic splitting parameter (g = 2.011) and the hyperfine
constant (A = 9.66 mT) were determined using the effective spin Hamiltonian. The Mn2+ ion
resides at Pb2+ instead of Cs+ in CsPbBr3 QDs and/or in the fabricated CsPbBr3 glass. If the
Mn2+ ion substitute for Pb2+ in the CsPbBr3 QDs, the local site symmetry of the Mn2+ ion is cubic.
Keywords: EMR, CsPbBr3 quantum dot, Mn2+ impurity, Hyper-fine constant, Site location

I. INTRODUCTION
White light-emitting diodes (WLEDs) have useful
properties such as luminous efficiency, long lifetime,
and quick response, therefore suggesting potential uses
in display [1, 2]. Blue LED chips containing yellow
Y3 Al15 O12 :Ce3+ (YAG) phosphors are commonly found
in commercial WLEDs due to their economic cost and
uncomplicated structure [3]. However, this type of
WLED tend to lack green and red emission components, resulting in insufficient covering of color space
which weakens its attractiveness as liquid-crystal display
(LCD) backlight. Cadmium chalcogenide quantum dots
(QDs) are extensively used in LED display as it shows
tunable emission, good stability, narrow bands, and a
favorable photoluminescence quantum yield (PLQY) [4,
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5]. Nevertheless, cadmium chalcogenide QDs have a few
drawbacks, including high reaction temperature and selfabsorption [6].
Since various quantum dots candidates, such as CdSe,
ZnS, SnO2 , CdS, CdTe, CuInS2 , CuInS2 /ZnS, and
ZnInS, are studied as potential LED emitting materials [7–9], CsPbX3 (X = Cl, Br, I) perovskites quantum
dots (PQDs) have continuously gained attention in LED
researches as a very auspicious candidate due to their
remarkable electronic and optical properties: a suitable
photo-absorption coefficient, a tunable size-dependent
band gap, an impressive PLQY, long carrier lifetime and
diffusion length, and a photoluminescence (PL) emission
that is tunable over the entire visible spectrum with narrow full width at half maximum [10–12]. Owing to these
unique features, PQDs have been extensively explored,
considering various photonic and optoelectronic applications including LEDs [12,13], lasers [14], solar cells [15,
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16] and photodetectors [17]. However, a significant disadvantage of colloidal PQDs prevented its long-term use:
its unsatisfactory durability against exposure to light,
oxygen, humidity, and high temperatures [18,19]. As a
result, under such conditions, colloidal PQDs undergo
rapid degradation which leads to a fall in their PL emission properties, ultimately harming their long-term durability in various applications [18–20].
Seeking enhancement in the long-term durability of
PQDs, numerous measures have been taken, for instance
by means of surface passivation, ion co-doping, or introduction of novel inorganic and polymeric host materials [19]. Palazon et al. noted that X-ray exposure of
CsPbX3 nanocrystal films increase their durability as it
induces C=C double bonding of the organic ligands coating the PQD surface [21]. Ravi et al. improved the PQD
durability under exposure to light and water by employing CsPbBr3 /ZnS core/shell nanostructures [22]. Mir et
al. enhanced PQD stability under ambient conditions
via Mn-doping in CsPbBr3 nanocrystals [23]. Zhang et
al. sought enhancement in CsPbBr3 PQDS stability by
studying the synergic effect between the silica coating
and the surfactant [24]. Ma et al. demonstrated that
water-induced nanocomposites enhances the photoluminescent properties of cesium bismuth halide (Cs3 Bi2 X9 ;
X = Cl, Br, I) QDs [25]. Zhang et al. used silica encapsulation to stabilize CsPbBr3 PQDs under exposure
to light, heat, oxygen, and humidity [26]. Despite these
efforts, satisfactory expectations are yet to be met, and
these methods usually involve convoluted steps of chemical processing.
Recently, to solve these issues, PQD embedment in
oxide glasses has gained attention as a potential key
to stabilizing PQDs by exploiting the appropriate mechanical, chemical, and thermal properties of glasses [27,
28]. For instance, CsPbX3 PQDs have been embedded
in various glass hosts including phospho-silicate [29,30],
boro-silicate [31], boro-germanate [27, 32], tellurite [33]
and boro-tellurite [34], and the effects of the host materials on PQD luminescence and durability have been
explored. These investigations disclosed that CsPbX3
PQD embedment in glasses significantly enhance their
durability relative to colloidal counterparts and that
PQD-embedded glass nanocomposites demonstrate superior performance regarding luminescence from visible

New Physics: Sae Mulli, Vol. 71, No. 10, October 2021

to mid-IR spectra accompanied by a good quantum yield
[27,35].
However, the melting process of most oxide glasses at
extreme temperatures [27, 31, 36] tend to vaporize the
PQD components, reducing the amount of crystallized
PQDs in glasses as a result. One can circumvent this
problem by embedding PQDs in glass systems with comparatively low melting points, for example in tellurites
or phosphates [29,34]. Nevertheless, the asymmetric nature of the [PO4] tetrahedra in phosphate glasses cause
poor chemical durability, which limits practical application [37]. For the reasons stated above, tellurite glasses
are considered to be the most appropriate encapsulation
material with remarkable properties. Apart from its relatively low melting point, it also shows excellent chemical,
thermal, and devitrification resistances, a low phonon energy, and transparency from mid-IR to the visible region
[38,39]. Up until now, not many CsPbBr3 PQDs embedded tellurite-based glass systems have been extensively
studied [33,34,40]. Therefore, a detailed exploration on
PQDs embedded in novel tellurite glass systems may be
the key to finding an ideal encapsulating material for
efficient, long-lasting protection of luminescence [41].
Electron magnetic resonance (EMR) is powerful, sensitive, and a well-known technique for investigations of defects in crystalline as well as amorphous materials. The
parameters acquired from the analysis and the rotation
patterns of the observed spectra for the paramagnetic
impurity can elucidate the local site symmetry, substitutional site location, and local structure of the paramagnetic center in the host material. Besides, EMR permits
a chemical identification of the investigated center and
permits identification of associated defects along with a
determination of their charge states and an estimated of
their concentrations.
In this study, we adopted the melt-quenching technique to synthesize CsPbBr3 QDs embedded in glass.
EMR spectra of Mn2+ ions are detected CsPbBr3 QDs
loaded phosphate glasses as a function of Mn concentration at room temperature. The linewidth and intensity
of the paramagnetic resonance spectra for the CsPbBr3
QDs at 1 – 10 mol% concentrations in the Mn2+ ion
were quantitatively analyzed. Mn2+ impurity ions are
analyzed regarding the effective spin Hamiltonian. The
EMR parameters (g and A) and the local site symmetry
of isolated Mn2+ ion are determined. The substitutional
site of the Mn2+ ion is also discussed.
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II. CRYSTAL STRUCTURE AND
EXPERIMENTAL ASPECTS
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= 0.584451 and a = 0.58570 nm, respectively) and orthorhombic Pnma (where a = 0.82609, b = 1.17652, c
= 0.82124 nm and a = 0.8264, b = 1.1781, c = 0.82492

CsPbBr3 has continuously gained interest due to its
crystalline structure (orthorhombic phase) that is stable
at room temperature which depends on its morphology.
The crystal structures of CsPbBr3 are different from different researchers with different methods. CsPbBr3 crystallizes in the orthorhombic space group Pnma where a
= 0.82440(6) nm, b = 1.17351(11) nm, c = 0.81982(8)
nm at room temperature. The distortion occurs during
two consecutive phase transitions at 88 and 403 K, transforming the crystal structure to tetragonal (P4mm) and
cubic (Pm3�m), respectively [42, 43]. Twinning is also
supported by spectroscopic measurements. The space
group was transformed to Pbnm form Pnma by simple rearrangement of the crystallographic axes. The
crystal structure of CsPbBr3 confirmed with powder Xray diffraction and energy dispersive X-ray spectroscopy
is the orthorhombic structure with space group Pbnm,
where a = 0.820 nm, b = 0.824 nm, c = 1.174 nm [44].
CsPbBr3 was produced in the form of a yellowish polycrystalline powder in a planetary ball mill
via a mechanosynthesis procedure. The orthorhombic crystal structure (Pbnm) in perovskites comprises a
three-dimensional framework of corner-sharing octahedra (PbBr6 ). The �Cs−Br� distances undergo monotonic
contraction, whereas the �Pb−Br� distances of the PbBr6
octahedra remain unchanged at 4 K. A greater covalent
component exists between Pb−Br compared to Cs−Br
interactions. Crystallographic features were analyzed
using neutron powder and synchrotron X-ray diffraction within the temperature range of 4−773 K. An orthorhombic superstructure, which belongs to the Pbnm
space group, is detected at room temperature, which reforms into cubic Pm3�m above 473 K. Once the temperature is lowered beyond 4 K, the phase remains orthorhombic. Annealing at mild temperatures may produce quality crystals by minimizing defects in the sample
[45].
CsPbBr3 QDs were precipitated in phosphate glasses
via heat-treatment techniques. The cubic structure of
the CsPbBr3 nanocrystals formed in the glasses were
confirmed by X-ray diffraction patterns [46]. CsPbBr3
in Bulk and in 12.5 nm QD show cubic Pm3m (where a

nm, respectively) structures at room temperature, confirmed by Synchrotron X-ray diffraction as displayed in
Table S2 of ref. 47. Yet, there are still dissensions in
the literature concerning the accurate crystal structure
adopted by CsPbBr3 NCs, whether if it is cubic [48,49]
or orthorhombic [50]. The CsPbBr3 lattice is dependent on the crystallization temperature, varying between
tetragonal, cubic, and orthorhombic crystal structures.
The CsPbBr3 perovskite is known to occupy a tetragonal structure between 361 K and 403 K, a cubic structure
beyond 403 K, and an orthorhombic structure at room
temperature [51].
CsPbBr3 QDs embedded in glass were synthesized
via the melt-quenching method in our laboratory
as detailed below.

The required chemicals to pre-

pare glass compositions such as phosphorus pentoxide (P2 O5 ), silicon dioxide (SiO2 ), aluminum oxide
(Al2 O3 ), cesium carbonate (Cs2 CO3 ), lithium carbonate (Li2 CO3 ), lead bromide (PbBr2 ), manganese carbonate (MnCO3 ), and sodium bromide (NaBr) were purchased and used without further purification.

Glass

formula of each 20 g batch with quantum dot compositions, (56-X)P2 O5 :10SiO2 :3Al2 O3 :10Li2 O:4Cs2 CO3 :
8PbBr2 :9NaBr: XMnCO3 (X = 1, 3, 4, 6, 10), were prepared on the basis of mol%. The glass compositions were
designed to crystalize CsPbBr3 nanocrystals inside the
glass. Therefore, a modified glass making technique was
applied as in our previous report [52]. For the modified
glass making technique, the glass composition was saperated into two parts. The first part contains glass matrix
(P2 O5 :SiO2 :Al2 O3 :Li2 O:Cs2 CO3 :XMnCO3 ).

The sec-

ond part, the fine mixture of PbBr2 and NaBr is added
to glass and cooled to room temperature. A chunk of
glass was prepared by melting the first part of the glass
composition at 1573 K for 30 mins followed by quenching in a pre-heated graphite block (623 K). The chunk
of glass from the first part and second part powders were
mixed and melted for 6 mins and quenched for final glass.
The color of the quenched glass turned into yellow during cooling down to room temperature. QDs crystallized
during the cooling process of the quenched hot glass melt.
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Fig. 1. (Color online) The typical EMR spectra of the
2+
Mn2+
i and Mncl centers in CsPbBr3 QDs doped with 1.0
mol% of Mn. The microwave frequency is 9.434 GHz.
Our CaPbBr3 samples show a successful formation of cubic crystalline structure inside the glass matrix [52]. The
glasses were cut into appropriate dimension for electron
paramagnetic resonance (EMR) study.
band (=9.434 ± 0.004 GHz) EMR spectrometer (JESRE2X) at room temperature in our laboratory.
Mn

1.0 mol% is shown in Fig. 2. There is no angular dependence of the resonance spectra for the isolated Mn2+ ions
and Mn clusters. If the Mn2+ ion resides in amorphous
host material, the magnetic resonance fields of Mn2+ ion

The EMR experiments were performed using an X-

2+

Fig. 2. (Color online) The rotation pattern of EMR spectra for the Mn2+
and Mn2+
i
cl centers in CsPbBr3 QDs
doped with 1.0 mol% of Mn.

do not vary with different rotational angle. This means
that the Mn centers are resides in glass host material. If

The

the Mn2+ ion resides in crystal host material, the mag-

EMR spectra were obtained for the CsPbBr3 QDs

netic resonance fields of Mn2+ ion usually varies with

at a 10 mW microwave power, a 100 kHz modulation fre-

different rotational angle. However, when the Mn2+ ions

quency, and an 1 µT(10 G) modulation amplitude. We

substitute for the ions at cubic site in CsPbBr3 QDs, the

obtained only one fine structure line in our CsPbBr3 QDs

central magnetic resonance field of Mn2+ ions does not

as displayed in Fig. 1. The typical spectrum having two

vary with different rotational angle. This means that the

kinds of Mn2+ centers in a CsPbBr3 QDs (1.0 mol%)

Mn centers may reside at cubic site in CsPbBr3 QDs.

is displayed in Fig. 1. One set of the spectra is due
to the isolated Mn

2+

ions

(Mn2+
i )

having six hyperfine

lines, and the other one originates from Mn
ters

(Mn2+
cl )

2+

ion clus-

If Mn2+ ion resides in crystalline CsPbBr3 QDs, Mn2+
impurity ion can substitute for Pb2+ and/or Cs+ ions
in CsPbBr3 QDs.

There are several possibility: the

showing one broad resonance line without

first, Mn2+ ions can substitute both Pb2+ and Cd+ ions.

splitting. This hyperfine structure with six-line splitting

Then, Mn2+ ion has different kinds of EMR spectra.

stems from the interactions between the electron cloud

However, this case is not because only one kind of EMR

of Mn

2+

ions and their

55

Mn nuclei (100% natural abun-

dance) of spin I = 5/2.

spectra was obtained in this experiment. The second
possibility is that Mn2+ ion substitute one of the Pb2+
and Cs+ ions. The radii, coordination number, and ionic
states of Mn2+ , Cs+ , and Pb2+ ions are shown in Table

III. ANALYSIS AND DISCUSSION

1. The size of Cs+ and Pb2+ ions are sufficiently large
enough for Mn2+ ion to replace Cs+ or Pb2+ ions. How-

The angular dependence of EMR spectra of Mn2+ cen-

ever, the ionic state of Pb2+ ion is the same as Mn2+

ter in CsPbBr3 QDs doped with Mn2+ concentrations of

ion unlike Cs+ ion. When the Mn2+ ion substitutes for

Electron Magnetic Resonance Study of Mn-doped Quantum Dot CsPbBr3 · · · – Tae Ho Yeom · Hyo Young Yeom

823

Table 1. The ionic radii of the Mn2+ ion and the host
cations in the CsPbBr3 QDs.
Ions
Coordination number
Radius (Å)
Ionic state

Mn2+
6
0.67
+2

Cs+
8
1.74
+1

12
1.88

Pb2+
6
1.19
+2

the Cs+ ion, a charge mismatch arises. Also, the coordination number of Mn2+ ion is the same as that of Pb2+
ion, but not the same as that of Cs+ ion. Therefor, the
Mn2+ ion substitutes for the Pb2+ ion instead of Cs+
ion in CsPbBr3 QDs.
The EMR spectra of Mn2+ center in CsPbBr3 QDs of
Mn2+ concentrations of 1.0, 3.0, 4.0, 6.0, and 10.0 mol%
are displayed in Fig. 3, where relative intensities of the
Mn2+ EMR signals are not normalized. It is disclosed
that there are two distinct types of EMR signals that
depend on the Mn concentration. One (Mn2+
i ) is the
six-line hyperfine resonance spectrum, and the other one
(Mn2+
cl ) is the broad resonance without splitting. The
well-resolved resonance spectra originate from the magnetically diluted manganese in the CsPbBr3 QDs or in
CsPbBr3 glass host lattice. The well-resolved 6-line spectra were absent in CsPbBr3 QDs with manganese concentrations higher than 4.0 mol%. As the Mn concentration
is increased, the broad signal becomes dominant. Kreissl
and Gehloff ascribed the broad line spectrum to an inhomogeneous Mn distribution in the film [53]. These broadline spectra can also be explicated by the new Mn centers
appearing at high Mn concentrations, where Mn2+ ion
clusters exhibit strong influence on one another via their
magnetic moments. The EMR spectra of Mn2+ in our
CsPbBr3 QDs sample are also considerably similar to
those of the Mn2+ in the ZnS:Mn thin films and ZnS:Mn
powder samples [54], showing the same variation of the
signal shape as a function of the Mn2+ concentration.
The relative intensity of the single ion spectrum (Mn2+
i )
at low Mn concentrations falls as Mn concentration increases when we normalize the isolated Mn center of Fig.
3. This means that the concentration of isolated Mn2+
ions is decreasing with increasing Mn concentration.
The peak-to-peak line width and center of resonance
fields for the Mn2+ cluster (Mn2+
cl ) are shown in Figs. 4.
In the case of Mn cluster, the peak-to-peak line width
(∆Bpp ) increases with increasing Mn concentration. At

Fig. 3. (Color online) EMR spectra of the Mn2+
and
i
Mn2+
centers
in
CsPbBr
QDs
doped
with
1.0
mol%,
3
cl
3.0 mol%, 4.0 mol%, 6.0 mol%, and 10.0 mol% of Mn.

Fig. 4. (Color online) The peak-to-peak line width and
the resonance field of the Mn2+ ion cluster (Mn2+
cl ).
high Mn concentrations the spectrum becomes a single
line with a little wider linewidth. This line broadening
appears to stem from the magnetic dipole–dipole interactions with increasing Mn concentration in CsPbBr3
glass host lattice. In this case, the exchange interaction may be stronger than the hyperfine interaction. At
concentrations where the exchange becomes important,
however, the hyperfine lines merge together to make a
single broad line.
Fig. 5 shows the normalized relative peak-to-peak intensity and the intergrated intensity of Mn2+ clusters.
However, the relative intensity of the Mn cluster (Mn2+
cl )
at higher Mn concentrations increases as the Mn concentration increases as displayed in Fig. 5. The concentra-
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the central fine structure line because the local site symmetry of Mn center is cubic.
The hyperfine structure originates from the interaction
between the Mn2+ electron spin and its nucleus 55 Mn (I
= 5/2, 100%). The effective spin Hamiltonian suitable
for our system is as follows [58]:
H = HZ + Hhyp = µB B · g · S + S · A · I

Fig. 5. (Color online) The normalized peak-to-peak intensity and the intergrated intensity of the Mn2+ ion
cluster (Mn2+
cl ).
tion of Mn clusters, such as Mn2+ pairs, triples, and
so on, increases along with the total Mn concentration,
whereas isolated Mn2+ ions decrease. These experimental findings are congruent with the statistical probabilities of singles, pairs, triples, and others. [55] These clustering probabilities are based on assumptions approximating homogeneity of impurity distribution and the
effective interaction range between the impurities. The
doping dependent probabilities of the most frequently
appearing impurity clusters, considering interactions up
to the seventh-nearest neighboring site in the Zn lattice,
are presented in Fig. 10 of Ref. 56. It has been examined
that the concentrations of Mn2+ pairs or Mn2+ triples
in the layers increase with increasing total Mn concentration, whereas the concentration of the isolated Mn2+
ions remains roughly constant, [57] however, the concentration of the isolated Mn2+ ions (Mn2+
i ) decreases with
increasing Mn concentration in our results as discussed
above.
The Mn2+ ion has the ground state 3d5 electron configuration and is an S-state ion where the effective electron spin is S = 5/2 and the ground multiplet is 6 S5/2 .
Generally, fine structures stem from crystal field, spinspin, and spin-orbit interactions. There should be 5-fine
structure lines of Mn2+ EMR spectra for Mn2+ center
(impurity ion) because the effective electron spin is S
= 5/2. However, only one fine structure transition (the
central fine structure line (|1/2⟩ to |−1/2⟩) was detected
in our CsPbBr3 QDs as shown in Fig. 1. The other 4fine structure lines of Mn2+ impurity ions merged into

(1)

where the terms account for the Zeeman interaction and
the hyperfine interaction, in the order of appearance. µB
is the Bohr magneton, g the spectroscopic splitting tensor, S the effective electron spin, A the hyperfine tensor,
and I the nuclear spin.
Accordingly, the empirical data for the resonance fields
can be examined using the familiar spin Hamiltonian
with eq. (1). The hyperfine constant |A| was computed
via a first-order perturbation to the Zeeman term as the
hyperfine interaction happens to be significantly small
compared to the Zeeman term. No higher-order terms
are needed in our Mn2+ ion as the hyperfine splitting is
much smaller. The data were interpreted as the center
of the 3rd and 4th hyperfine lines. The spectroscopic
splitting parameter and the hyperfine constant of the
isolated Mn2+ ion (single Mn2+ ) were found to be g =
2.011 and |A| = 9.66 mT, respectively. The quadrupole
interaction was not taken into consideration as the nuclear quadrupole term usually has a smeller effect on
the EMR spectra than the hyperfine term [59]. The hyperfine splitting does not change in the range of Mn2+
concentrations from 1.0 to 4.0 mol% as shown in Fig. 3.
hyp
The hyperfine line has a peak-to-peak linewidth (∆Bpp
)
of about 6.2 mT. Here, the 6-line structure is also unchanged when the direction of magnetic field is changed
because the Mn2+ ion is in the glass or in the polycrystalline CsPbBr3 QDs.

IV. SUMMARY
We implemented the melt-quenching method to synthesize CsPbBr3 QDs embedded in glass fabrication. Isolated Mn2+ ions and Mn2+ clusters in CsPbBr3 QDs
were studied by EMR at RT as a function of Mn concentration. The rotation patterns of resonance spectra
for the Mn2+ ion in CsPbBr3 QDs are measured by an
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EMR spectrometer. There is no any variation of the resonance spectra for the two set of Mn centers
Mn2+
cl )

(Mn2+
i

and

when we changed the direction of applied mag-

netic field. The intensity of resonance spectrum for the
isolated Mn2+ center (Mn2+
i ) was decreased and that for
the Mn clusters (Mn2+
cl ) was increased as the Mn concentration increases. Namely, the concentration of isolated
Mn2+ centers decreases, while the concentration of Mn
cluster centers increases along with the increasing Mn
concentration in the CsPbBr3 QDs samples. These results are in good agreement with the computations based
on the statistical probability of impurity distributions.
The magnetic resonance field of the Mn2+
and Mn2+
i
cl
centers are constant for CsPbBr3 QDs samples having
different Mn concentration. The peak-to-peak linewidth
of the Mn2+
cl centers increases as the Mn concentration
increases. The hyperfine constant (|A| = 9.66 mT) and
the spectroscopic splitting parameter (g = 2.011) are calculated using the effective spin-Hamiltonian. It turns out
that the Mn2+ ion resides in glass lattice and/or it may
substitute for the Pb2+ ion in octahedron of the CsPbBr3
QDs.
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