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In order to understand the local environment, valence state and cationic distribution of manganese ions in
gel-combustion derived SrZrOs (SZO), a combined experimental and theoretical approach was formulated
based on photoluminescence (PL), electron paramagnetic resonance (EPR) and density functional theory
(DFT) calculations. An attempt was also made to investigate the same as a function of manganese ion
concentration. The phase identification of the samples was confirmed using powder X-ray diffraction
technique (PXRD). In all the doped compounds, manganese was found to be stabilized as divalent Mn2*
and preferentially occupying the 8-coordinated Sr?* jon site. However, the proportion of manganese
ions residing at zirconium sites was enhanced at higher concentrations. The cohesive energies from DFT
calculations explained the stability of Mn?* ions at different sites. It was also observed from the density
of states (DOS) that the substitution of manganese at strontium sites leads to the generation of shallow
defect states, whereas that at zirconium site generates both shallow and deep defect states within the
band gap of the material. A change in the host emission due to these defect states with varied
concentrations of Mn?* was also observed, which further supported the observed cationic distribution's
trend. The decrease in the band gap energy explained the red shift of the emission spectra. PL decay

study also suggested the existence of shallow and deep trap states. The intensity of the EPR signal at g
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Accepted 20th January 2015 = 1.976, due to paramagnetic oxygen vacancies, was found to increase at higher Mn-concentration

because of more substitution at Zr** sites. Two additional EPR sextets with g = 1.993 and 2.013 in Mn
doped SZO compounds were attributed to lattice and surface bound Mn?* ions, respectively, which
disappeared at higher Mn-concentrations, giving a broad signal.
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1. Introduction

Crystalline metal oxides have attracted considerable attention
due to their wide applications in functional devices. Perovskite
structured oxides (ABOj3), in particular, were extensively inves-
tigated due to their excellent electronic, ferroelectric and optical
properties and have been widely used as capacitors, sensors and
photocatalysts.’® Strontium zirconate (SZO), with chemical
formula SrZrO;, is a complex oxide with a number of useful
properties for device applications. Its features include high-
temperature proton conductivity,” a large dielectric constant,®
resistance switching® and ferroelectricity in artificial super-
lattices.'® SZO crystallizing in the perovskite (ABO;) structure is
a class of compound that has significant current research
interest due to the emergence of novel interface phenomena.*
Point defects are known to play an important role in oxide based
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material and it was found in many cases that they strongly
influence the electronic and optical properties. They act as
carrier-compensation centers, introduce optically active states
in the band gap'* and sometimes act as a source of free
carriers.™

Recently considerable attention has been given to optical
properties of undoped titanate and zirconate based systems
with distorted perovskite structures. The main reason behind
this is their application in opto electronics.*** The optical
properties of disordered semiconductors are characterized by
the presence of a broad photoluminescence (PL) band. The
origin of such a broad PL band is attributed to the discrete
electronic states inside the band gap, which are the main
defects responsible for an intense PL response. Defect induced
emission and the origin of multicolor emission in SrZrO; have
been studied previously by many researchers, including our
group.'*** According to Longo et al., the displacement of Zr or
Sr atoms in disordered perovskite SrZrO; may induce some
vacancy defects at the axial and planar oxygen sites of the [ZrOg]
octahedral.’ It is well known that the vacancy defects play an
important role as luminescence centers, and thus it is expected
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that the perovskite SrZrO; may show host emission. However,
when an active dopant ion is introduced into these perovskites,
their optical and magnetic properties are significantly changed
depending on its distribution in the perovskite structure.
Studies of dopant ion distribution in perovskite have attracted
considerable attention because they may allow a better under-
standing of the correlations between structure and properties
such as color, magnetic behaviour, catalytic activity and optical
properties, which are strongly dependent on the occupation of
the two sites by the dopant ion.

The ABO; type perovskites, with various crystalline struc-
tures, show interesting physiochemical properties, which offer a
potential host for the chemical substitution. Substitution at
both A and B sites can lead to a change in symmetry and
composition and thus create various defects viz. cation or
oxygen vacancies, which can drastically influence the band
structures, and this is the main factor in determining the
electronic structures. In particular, these materials can accom-
modate lanthanide or transition metal ions at A-sites or B-sites;
thus these doped oxides are not only used as probes to inves-
tigate local centers and energy, but also to provoke changes in
their optical behavior. Moreover, the doping of foreign elements
into a semiconductor with a wide band gap to create a new
optical absorption edge is known to be one of the primary
strategies for developing materials with optical-driven proper-
ties. Recently, lanthanide ion doped SrZrO; materials have been
widely investigated not only due to their significance to funda-
mental research, but also because of their high potential for
application in optical materials.>**3*

Oxide semiconductors, doped with transition metals, have
also been investigated recently due to two major reasons: either
in the quest for new dilute magnetic oxides (DMO) or for new
multiferroic/magneto electric systems. Doping of oxide semi-
conductors with transition metals has often been considered as
a way to induce a long-range magnetic ordering in a dielectric.**
The effect of Mn doping on the dielectric and magnetic prop-
erties of perovskite-like SrTiO; has attracted considerable
attention by researchers.** Manganese doped SrTiOs; is currently
widely investigated in order to improve the properties of these
perovskite type incipient ferroelectrics for tunable microwave
applications and due to the observation of new manganese
related magnetic and dielectric effects.>* Transition metal (TM)
ion, Mn”*, forms an ideal active center mainly due to the
possibility of being tuned over a wide emission wavelength
ranging from green to orange and eventually to red by appro-
priately modifying the crystal field of the host where the Mn**
ions are located.* Generally, tetrahedrally coordinated Mn**
ions (in weak crystal field) exhibit a green emission, whereas the
octahedrally coordinated ones (in strong crystal field) yield an
orange to red emission.

A few reports do exist on Mn doped SrZrO;,***” but mostly
from the phosphor perspective. Manganese dopant ion as a
structural probe has seldom been reported in SrZrO;. Levin
et al.®® have studied the coordination behavior of Mn in SrTiO;
(STO) using extended X-ray absorption fine structure (EXAFS)
measurements with nominal compositions: SrTiy ogMng 4,03 (A)
and Sry 9gMny ¢, TiO3 (B). In the case of A, Mn was stabilized only
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at the Ti site as Mn"*, whereas in the case of B, Mn segregated to
both A-sites (as Mn”") and B-sites (predominantly as Mn*").
Yang et al.*® have studied the PL properties of Mn doped SrTiO;
and investigated the effect of dopant ion concentration on its
emission characteristics. The color of pure and Mn*'-doped
STO with increasing dopant concentration changed from white
to dark cyan gradually, indicating that doping of Mn”" ions has
significant influence on the optical properties of STO powders.
Potucek et al.,** also in their work on SrTiOz:Mn, confirmed the
oxidation state of manganese as Mn*" ions, substituted in
octahedral coordinated Ti*" sites. Valant et al®® on similar
systems concluded that at 3% doping level, Mn can be
completely incorporated into SrTiO;, predominantly as Mn** at
the A-site and at the B-site as Mn*". Azzoni et al.,* in another
study, have established the oxidation state of Mn using EPR
study, which showed that in SrTiO;:Mn, different environments
of manganese ions are present with different concentrations of
both Mn** and Mn®" oxidation states. Although, in most of the
reports it has been shown that Mn** ions are generally stabi-
lised at high temperatures (more than 1000 °C).

However, none of the studies available to date explaining about
the oxidation state and local site of manganese in SrZrOj;. This is
the first report of its kind, where manganese is used as a dopant
ion for structural study in SrZrO; using PL and EPR spectroscopic
techniques as probes. Although various spectroscopic techniques
exist for investigating the core and surface properties, EPR and PL
are among the well established techniques for characterization of
oxidation states. Manganese is the best candidate for EPR studies
on different oxidation states and their local symmetry in solids.
Varied concentrations of Mn doped SrZrO; samples were prepared
using a gel-combustion method at a temperature of 600 °C, and
the changes in the local coordination and site occupancy of Mn
were monitored using X-ray diffraction, PL and EPR techniques.
Theoretically calculated cohesive energies and the analysis of the
projected density of states (DOS) allowed us to elaborate on the
energetics of site preferential Mn doping in SrZrO; and the effect
of doping on the electronic structure of SrZrOs, which in turn will
affect the different types of host emissions.

2. Experimental

2.1. Synthesis

All the chemicals used in the sample preparation were of
‘Analytical Reagent’ grade and were procured from Sigma
Aldrich. Zirconyl oxychloride (ZrOCl,), strontium nitrate
Sr(NO3),, ammonium nitrate (NH,NO;) and citric acid
(C¢HgO,-H,0) were used as starting materials for the synthesis.
Citric acid with molar concentration of 2 M was used as a fuel
and ammonium nitrate as an oxidant. The detailed procedure
for the synthesis of SrZrO; has been described in our earlier
report.” Varied concentrations of MnCO; (0.1, 0.5, 1.0, 2.5 and
5.0 mol%) were used for the synthesis of the doped compounds.

2.2. Instrumentation

Powder XRD patterns of the samples were recorded using
RIGAKU Miniflex-600 diffractometer, operating in the Bragg-
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Brentano focusing geometry. Cu-Ko. radiation (A = 1.5406 A) has
been used as the X-ray source. The instrument was operated at
40 kV voltage and 30 mA current. The XRD patterns were taken
with scan rate of 1° per minute. PL data were recorded using an
Edinburgh CD-920 unit equipped with M 300 monochromators.
The data acquisition and analysis were performed using F-900
software provided by Edinburgh Analytical Instruments, UK. A
Xenon flash lamp with a frequency range of 10-100 Hz was used
as the excitation source. Emission spectra for a particular
sample were recorded with a lamp frequency of 100 Hz.
Multiple scans (at least five) were taken to minimize the fluc-
tuations in peak intensity and maximize S/N ratio. Fluorescence
lifetime measurements were based on a well established time-
correlated single-photon counting (TCSPC) technique.

EPR spectra were recorded using a Bruker EMM-1843 spec-
trometer operating at X-band frequency (9.4186 GHz) equipped
with 100 kHz field modulation and phase sensitive detection to
obtain the first derivative signal. Diphenyl picrylhydrazyl
(DPPH) was used for calibration of the g-values of paramagnetic
species. The simulation of the experimental spectra were per-
formed using Bruker WINEPR Simfonia programme.

2.3. DFT calculation methodology

The calculations were performed using the density functional
theory (DFT) with the plane wave pseudopotential formalism as
implemented in Vienna ab initio simulation package (VASP).**!
We imposed the generalized gradient approximation (GGA) for
the exchange and correlation potentials as parameterized by
Perdew, Burke and Ernzerhof (PBE).*> The projector augmented
wave (PAW) potentials** were used for the ion-electron inter-
actions, including the valence states of Sr (4s, 4p, 5s - 10 valence
electrons), Zr (4s, 4p, 5s, 4d - 12 valence electrons), Mn (3p, 4s,
3d - 13 valence electrons) and O (2s, 2p - 6 valence electrons). In
our calculations, the Kohn-Sham single particle wave functions
were expanded on a plane wave basis with kinetic energy cut-off
of 500 eV, and it was shown that the results were well converged
at this cut-off. For orthorhombic SrZrO; (SZO) structure, opti-
mization was carried out with respect to E., and k-point meshes
to ensure the convergence of total energy to a precision within
0.1 meV per atom. The Brillouin-zone (BZ) integrations were
performed using an optimized Monkhorst-Pack** k-point grid
of 12 x 12 x 8 for SZO and 4 x 8 x 8 for 2 x 1 x 1 supercell of
SZO. We studied three systems, namely, pure SrZrO; (SZO),
Sr; ,Mn,ZrO; (SMZO) and SrZr; ,Mn,O; (SZMO). For SMZO,
one or two Sr** ions were replaced by Mn** ions, whereas for
SZMO, one or two Zr*" ions were replaced. We performed spin
polarized GGA calculations for Mn doped structures. The total
energy of SZO, SMZO and SZMO was optimized with respect to
volume (or lattice parameter), b/a, c/a ratios and atomic posi-
tions. The structural relaxations (b/a, c/a ratios and atomic
positions) were performed for each structure using the conju-
gate gradient algorithm until the residual forces, and stress in
the equilibrium geometry were of the order of 0.005 eV A~* and
0.01 GPa. The final calculation of total electronic energy and
density of states (DOS) were performed using the tetrahedron
method with Blochl corrections.*® The strong on-site Coulomb
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repulsion among the Mn 3d electrons was considered by
employing a rotationally invariant method proposed by
Dudarev et al.*® along with the PBE form of GGA (GGA + U). In
this method, the total energy depends on the difference
between the Coulomb, U, and exchange, J, parameters. The Uy,
which is known as the U-J parameter, adjusts the electron
correlation contribution (on-site columbic effects) and was set
at 5.04 eV for Mn-3d electrons.”

3. Results and discussion

3.1. Structural analysis: XRD

The XRD patterns of both SrZrO; and Mn doped SrZrO;
samples, annealed at 600 °C, are shown in Fig. 1. All the
diffraction peaks match very well with the standard values of the
orthorhombic phase of SrZrO; (ICDD file no. 44-0161) with no
other phase being detected, revealing that the doped manga-
nese ions are incorporated into the host lattice and that the
incorporation of manganese in SrZrO; has not distorted the
crystal structure. The XRD data were indexed to the space group
Pnma. The calculated cell constants from the indexing program
of the undoped and doped compounds with varying dopant
concentration are listed in Table 1.

As seen from the table, the cell constant values for all the
doped compounds are less than that of the undoped
compound. Cell constant values initially decreased for up to 1.0
mol% concentration and then started increasing. This observed
trend is also substantiated by the shifting of the diffraction
peaks for all the compounds, which is inversely related to the
lattice constant value, as shown in Fig. 2. The figure shows a
shifting in the position of the diffraction peak (26 = 30.58°)
towards higher theta for all the doped compounds with respect
to the undoped one. Up to 1.0 mol% concentration, there is an
initial increase of 26 values, beyond which the 26 values started
decreasing.

JCPDS-44-0160
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Fig. 1 XRD pattern of the undoped and Mn doped SrZrOs powder
samples annealed at 600 °C with dopant mol% of (a) 0, (b) 0.1, (c) 0.5,
(d) 1.0, (e) 2.5, (f) 5.0 and the standard ICDD stick patterns with file no.
44-0160.
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Table 1 Structural parameters of manganese doped SrZrOs
compounds synthesized through the sol-gel-combustion route

Cell constants (A)

Cell volume (A)*

Mol% of Mn*>" a b c (@ xbxc
0 (blank) 5.8207 8.2077 5.8006 277.1211
0.1 5.8170 8.2040 5.7970 276.6483
0.5 5.8153 8.2035 5.7950 276.4551
1.0 5.8137 8.2031 5.7937 276.3036
2.5 5.8153 8.2035 5.7954 276.4742
5.0 5.8155 8.2036 5.7956 276.4966

Blank
~—10.1 mol% Mn*"
6000 -{ —— 0.5 mol% Mn*
——1.0 mol% Mn** _ o
——2.5mol% Mn* g™ 30.80
1 ——5.0 mol% Mn** 0, .= 30.87°
S 0,__=30.81°
£ 4000+ 0. =3076°
= max
7]
c
]
=
2000 -
04
T T T T T
30.25 30.50 30.75 31.00 31.25
20

Fig. 2 Selected XRD patterns corresponding to 26 value =30.58.

The structure of an ideal perovskite can be described as an
association of [AO;,] and [BOg] groups. In SrZrOs, the size of the
Sr ion is smaller than the hole in an undistorted structure. The
incorporation of a smaller ion into the perovskite structure is
accompanied by a rotation of the octahedral, leading to the
lowering of the symmetry with respect to an ideal perovskite, in
which the coordination numbers of Sr or Zr ions or both are
reduced.” Tilting of the ZrOg octahedra reduces the coordina-
tion of an undersized Sr cation from 12 to as low as 8.
Conversely, off-centering of an undersized Zr cation within its
octahedron allows it to attain a stable bonding pattern. For this
reason, SrZrO; is considered to be pseudo cubic or ortho-
rhombic at room temperature.*® The observed trend in lattice
constant values with different Mn** doping concentrations can
be understood only on the basis of the size of the dopant ion
and the cations to be substituted.

From an ionic radii point of view, the 8-coordinated
manganese ion has a smaller ionic radius (0.96 A) than the same
coordinated Sr** ion (1.26 A), whereas the 6-coordinated
manganese ion has a larger ionic radius (0.83 A) than the same
coordinated Zr*" ion (0.72 A).* Thus, if manganese ion occupies
Sr** sites, a decrease in the cell constant value would be
expected, and if it occupies Zr** sites, then the expected trend
would be an increase in the cell constant value. Two observa-
tions can be made from Table 1: (a) lattice constant values at all
Mn concentrations are lower than that of the undoped sample;
(b) it shows a decreasing trend up to 1 mol% followed by an
increasing trend. This suggests that for the entire range of
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concentration, the fraction of manganese ions residing at the
Sr** site is greater than that at octahedral Zr** site. However, for
a higher doping level (2.5 and 5.0 mol%), the fraction of Mn>*
ions residing at octahedral Zr*" site has increased considerably
compared to the lower doping level (0.1-1.0 mol%). This might
be because of the fact that at higher concentrations, charge
compensation gets relaxed and size matching has the domi-
nating effect because the size difference between 6-coordinated
Mn** and Zr"" ions is less than that between 8-coordinated
Mn** and Sr** ions.

3.2. Photoluminescence spectroscopy

Fig. 3a shows the excitation spectrum of undoped SrZrO;. There
is a peak at around 250 nm, which is ascribed to the host
absorption band (HAB), arising due to O to Zr charge trans-
fer.?>*>* The excitation spectrum of 0.1 mol% manganese ion
doped SrZrO; is shown in Fig. 3b. It shows that in the case of the
doped sample, there is also a broad peak in the same region,
which is ascribed to the overlap of the charge transfer (CT)
bands from oxygen to manganese (O-Mn) and the host band
(O-Zr). In the case of the doped sample, along with HAB, the
excitation spectrum also consists of a few peaks at around 375,
438 and 489 nm. These peaks match with the reported excita-
tion bands of Mn®" doped CaAl,Si,0s,%* but are slightly red
shifted due to the variation in the effect of the ligand field.
These peaks are attributed to the transitions involving
°A; (°S) — *T, (*D), °A; (°S) — *T, (*G) and °A, (°S) — *T; (*G) of
Mn>" levels.

Fig. 4a and b show the room temperature emission spectra of
undoped and 0.1 mol% manganese ion doped SZO. Based on
the Gaussian line broadening mechanism for luminescence
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Fig.3 Excitation spectra of (a) pure SZO and (b) 0.1 mol% Mn?* doped
SZO with Aem = 430 nm.
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Fig. 4 Room temperature emission spectrum of (a) pure SZO and (b)
0.1 mol% Mn?*doped SZO with Aex = 255 nm.

processes, the PL curves of the undoped and doped samples
were deconvoluted. The PL spectra shown for undoped SZO in
Fig. 4a represent three PL components after peak fit deconvo-
lution, which are violet-blue at A,,,,x = 430 nm (P,), blue-green
at Amax = 490 nm (P,), and yellow-orange at Ap.x = 600 (P,).
This multicolor emission is attributed to the presence of various
defect states within the band gap of the material. As reported in
various studies and also explained by our earlier report, each
color arises due to a different electronic transition and is linked
to a specific structural arrangement.'®>® Violet-blue emission
(P;) can be associated with shallow defects, and yellow-orange
emission (P,) (and also red) is associated with deeper defects.
The blue-green emission (P,) is associated with surface
defects.”>>

As far as the manganese doped sample is concerned, in
addition to the host emission, two additional peaks at 540 nm
(P3) and 680 nm (P5) were also observed. Manganese ions can be
stabilized in the host lattice in divalent, trivalent or tetravalent
oxidation states. In general, the Mn*" ion exhibits a narrow
emission band within the range of 600-700 nm with four sharp
peaks occurring at about 643, 656, 666, and 671 nm due to the
’E — “*A, transition.>**® The absence of such peaks eliminates
the possibility of stabilizing Mn as Mn*" in the matrix. Size
matching also does not guarantee the stabilization of Mn as
Mn(wv) (ionic radius of 6 coordinated Mn*" = 0.53 A) either at
Sr** (1.26 A) or Zr** (0.72 A) site. Moreover, in the XRD study, a
continuous decrease in the cell constant values would have
been observed with increasing doping level, as Mn*" is smaller
in size than both Sr>* and Zr*" ions. Based on four analogies, (a)
spectral features in the excitation and emission spectra, (b) size
matching assumption, (c) observed cell constant values and (d)
low combustion temperature, we can propose that the manga-
nese ion is stabilizing as Mn>" in SrZrOs,.

Generally, the tetrahedrally coordinated Mn>" ions (in weak
crystal field) exhibit a green emission, whereas the octahedrally
coordinated ones (in strong crystal field) yield an orange to red

This journal is © The Royal Society of Chemistry 2015
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emission.***> Recently, similar emission behavior in different
crystal field environments has been reported by us on another
d®> T ion, Fe** in ZnAl,0,.%* It is worth noting that in our
present case, there are two different Mn>" emission bands (a
green band at 540 nm, P; and a red band at 680 nm, P;), which
suggest that two different types of crystal fields are experienced
by Mn** ions in SrZrOs. As explained eatlier, in SrZrO;, which
has a distorted perovskite structure, Sr is surrounded by 8-
oxygens and Zr by 6-oxygens. The mean Zr-O bond length is
2.10 A, which is considerably shorter than that of the Sr-O bond
length of 2.96 A, which suggests that the crystal field effect at
the Zr"" site is stronger than at Sr**. For this reason, the P;
emission band at the longer wavelength is attributed to the
luminescence of Mn>" ions located at Zr** sites (characterized
by a stronger crystal field and nephelauxetic effect), whereas the
P; emission band at the shorter wavelength originates from the
luminescence of Mn>" ions located at Sr** sites. Based on
theoretical calculations using DFT (discussed later), it was
observed that Mn doping in the SZO lattice leads to reduction in
the band gap, which is manifested in the shifting of SZO bands
to higher wavelength in the doped compounds.

To investigate the effect of doping concentration, we further
prepared varied concentrations of Mn ion doped SZO samples
(0.1, 0.5, 1.0, 2.5 and 5.0 mol%). Fig. 5 shows the variation of
intensity ratios of peaks Ps to P; and P, to P, with concentration.
It can be seen from the figure that at all concentrations, the
intensity of P; is greater than that of Ps, justifying our XRD
results that Mn preferentially occupies Sr>* sites. As we increase
the concentration, the ratio of Ps/P; increases. Three represen-
tative deconvoluted emission spectra are given in Fig. 6 for 0.1,
2.5 & 5.0 mol% of manganese ion. It can be seen from the
spectra that at higher concentrations, the emission intensity of
the P; band reduces drastically along with the substantial
increase in the P5; band. In other words, emission due to Mn
sitting at Sr>" sites decreases, whereas that from Mn sitting at
Zr*" sites increases ie. at higher concentration, the proportion
of Mn ions occupying Zr'" sites is more than that at lower
concentration. This is another proof for the XRD results
explained in the previous section.

1.0 7 T T T T T 1.2
0.8 - ¢ (1.0
s L
S 06+ L
2 ] °
® ° 0.6
X 0.4-
2
Q 0.24 —o—P,/P
- BN
1 == o L 0.2
0.0
T T T T T T T T T T —- 0.0
0 1 2 3 4 5

Mol % of Mn**

Fig. 5 Variation of the intensity ratios of peak Ps to Pz and P4 to P; with
different mol% of Mn?* ion.
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Fig. 6 Representative emission spectra for (a) 0.1, (b) 2.5 and (c) 5.0
mol% Mn doped SrZrOs.

Fig. 6 reveals that at all concentrations, the emission inten-
sity of the P, band is greater than that of P,. As shown in Fig. 5,
the ratio of P, to P; tends to decrease up to 1 mol%, and beyond
this it starts increasing and reaches a saturation value at higher
concentrations. As stated earlier, P, and P, bands are linked to
shallow and deep defect states of the SZO matrix, respectively.
Thus an initial decrease in the P,/P; ratio indicates an increase
in the population of shallow defect states, whereas the
increasing value of the P,/P; ratio indicates an increase in the
population of deep defect states. Later, by our GGA + U calcu-
lated total and partial DOS of Mn doped SZO, we will show that
Mn”" substitution at Sr sites is linked to shallow defect states
only, whereas that at Zr sites is linked to both deep and shallow
defect states in the band gap. Thus any emission (P,) coming
from deep defect states will be because of the substitution at Zr
sites only, whereas emission (P;) coming from shallow defect
states will be because of the substitution at both Sr & Zr sites.
Thus the observed P,/P; ratio indicates that at all concentra-
tions, the fraction of Mn?" ions sitting at Sr*" sites is greater
than at Zr"" sites. Initially, at lower concentrations (up to 1.0
mol%), the fraction of Mn>' ions substituting Sr** ions
increases and thereby increases the P; emission intensity.
However, at higher concentrations (beyond 1.0 mol%), there is a
site swapping of Mn*" ions towards Zr"" sites, which leads to an
increase in the P, emission intensity. Fig. 7 shows the pictorial
representation for the origin of different components in the
emission spectrum of SrZrO;:Mn>" and their respective changes
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at different doping levels. The higher intensity of the P, band at
higher doping levels might be due to a greater number of
surface defects of the SZO particles at higher Mn>" ion
concentrations.

3.3. Emission kinetics study

Fig. 8a shows the PL decay curves for SZO compounds at
emission wavelength A.,, = 480 nm and at excitation wave-
length Aex = 250 nm. The decay curve for SZO was best fitted on
a 100 ps scale using the bi-exponential decay equation

I(t) = Ag + A exp(—t/t)) + A5 exp(—t/1,) (1)

The average lifetime values for slower decaying species is
12.0 ps, whereas for fast decaying species, the values are around
2.0 ps. As explained in an earlier section, there are shallow and
deep defects within the band gap of SrZrO; nanoparticles.
Faster decaying species, therefore, can be attributed to a radi-
ative recombination process from deep defects, whereas slower
decaying species can be attributed to a similar phenomenon
from shallow defects.***

For the decay curve (Fig. 8b) at Ae,, = 540 nm and A, = 250
nm, corresponding to the 0.1 mol% Mn doped SZO, a good fit
was found on an 800 ps scale using the following tri-exponential
equation.

I(t) = Ao + A, exp(—t/ty) + Ay exp(—tlty) + Az exp(—t/t3) (2)

where A, A, A, and A; are scalar quantities obtained from the
curve fitting, ¢ is the time and 74, 7, and t; are decay time values
for exponential components. The lifetime values for all the
samples are included in Table 2. There are three lifetime values,
which are of the order of 1.5 ps (t4), 14 ps (1,) and 69 ps (t3). 74
and 1, are the contributions from the host lattice, whereas 73 is
because of Mn?* in the SrZrO; matrix. We could not resolve the
lifetime values for Mn@Sr** and Mn@2Zr** due to strong host
contributions in the doped sample also. As far as the effect of
concentration on lifetime is concerned, there is not much
change in the values of 7 and 1, (Table 2); however, the value of
75 first increases up to 1.0 mol%, beyond which concentration
quenching takes place, resulting in a decrease in the 75 value.

3.4. EPR studies

EPR spectroscopy is an excellent tool for identifying and qual-
itatively monitoring complex oxygen vacancies that modify the
electronic and ionic conductivities or grain boundary proper-
ties. The EPR spectrum of pure SZO (Fig. 9a) shows an intense
and asymmetric signal at g = 1.976 at room temperature, which
indicates the presence of some type of intrinsic defects in the as
prepared material. This signal corresponds to singly ionized
oxygen vacancies V, and vacancy-related defects®>® with the
g-value in the range of 1.9560-2.0030. The change in the value of
g for V, in different systems is related to differences in the
method employed for synthesis, chemical environment and
heat treatment conditions. The broad line width of this signal
indicates a certain degree of heterogeneity (several species differ

This journal is © The Royal Society of Chemistry 2015
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slightly in spectral parameters), typical of disordered environ-
ments such as those found at the surface of nanostructured
crystals. Such a broad signal is also found in the case of nano-
crystalline titania, which the authors have attributed to species
formed at the surface of TiO,.*®

Matta et al.** employed EPR to understand the phase tran-
sition from tetragonal to monoclinic zirconia and observed a
signal g = 2.0018, which was attributed to trapped single
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electrons located in oxygen vacancies of ZrO,. Lin et al”
reported that the EPR band at g¢ = 1.9800 is related to oxygen
vacancies. Thus, in the disordered structure, these V, are linked
to ZrOs clusters, called [ZrOs-V,] oxygen complex clusters.”
The powder EPR spectrum corresponding to 0.1 mol% Mn>*
doped SZO is shown in Fig. 9b, which shows six line patterns. In
the SZO lattice containing 0.1 mol% Mn ions, hyperfine tran-
sitions are possible due to the resonance associated with the
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Fig. 8 Luminescence decay time profile of the (a) SZO and (b) 0.1 mol% Mn?*doped SZO.
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Table 2 Percentage and lifetime values of 7, (short lived), 7, and 13
(long lived) for different mol% Mn?*doped SZO

Mol% of Fe** 7y (us) 7, (us) 75 (us) Chi®
0 (blank) 1.99 12.24 — 1.623
0.10 1.49 13.65 68.74 1.232
0.5 2.20 13.94 74.46 1.351
1.0 1.58 12.41 83.19 1.084
2.5 1.60 11.87 51.34 1.445
5.0 1.62 15.12 49.25 1.223
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Fig.9 Room-temperature EPR spectra of (a) SZO & (b) 0.1 mol% Mn?*
doped SZO.

dipole-allowed AMg = +1 with AM; = 0 that is £5/2 < £3/2,
+3/2 < +1/2 and +1/2 < —1/2 transitions. However, the
random orientations cancel out the anisotropic contributions
from +5/2 < +£3/2 and +3/2 <=+ 1/2 transitions. Thus only
+1/2 < —1/2 transition shows six line patterns. These signals
are attributed to Mn** incorporation inside the lattice sites
(Sr**/zr*") of SZO particles. In addition, it is possible to observe
weaker kinks in the spectrum, which are produced by fine and
hyperfine resonance from Mn>" ions located on the surface.
They can also be generated from the forbidden transition of
Mn®>" ions. The substituted Mn>* magnetic ions inside the
lattice sites (Sr**/Zr*") of SZO particles generated an EPR signal
Si (g = 1.993), and the ions located near the surface produced a
less intense EPR signal Sy (g = 2.013), as shown in the simu-
lated spectra for both 1st and 2nd harmonic EPR spectra of 0.1
mol% Mn>" doped SZO in Fig. 10a and b. Our PL data (Fig. 6)
have also shown an increase in the surface defect related
emission intensity (P,) with increasing Mn ion concentration.
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This was probably due to an increase in surface defects with
increasing Mn ion concentration on the surface of the particles,
which ruled out the assumption of the Sy signal due to the
forbidden transitions of Mn>* ions. In addition to S; and Sy, the
EPR spectrum also includes another broad signal Sy due to
single-electron trapped oxygen vacancies for all the doped
compounds. Arik et al. have also reported surface defect-related
luminescence properties of SnO, nanorods and nanoparticles
in the visible region. They have shown that the greater the
surface defects, the greater will be the emission in the visible
region, whereas the lesser the surface defects, the greater will be
the higher band edge violet emission.”” They have also shown
that the greater the surface defects, the greater is the intensity of
Sm signals in EPR spectroscopy. We have already reported the
formation of sphere like SZO nanoparticles with the same
synthetic procedure.”® The simulated Sy, Sy and Sy EPR signals
as well as their combined effects St for dipole-allowed tran-
sitions AMg = +1 with AM; = 0 were compared with the
experimental spectrum recorded for 0.1 mol% Mn”" doped SZO.
The parameters used for numerical simulation of the experi-
mental EPR spectrum for 0.1 mol% Mn** doped SZO are
included in Table 3.

Fig. 10a and b show an excellent agreement between the
experimental spectrum and the simulation using the simula-
tion parameters listed in Table 3, which indicates the stabili-
zation of divalent Mn>" ions in the lattice,” further justifying
our luminescence data to support the stabilization of Mn(u) in
the SZO lattice. It can also be observed from our EPR spectra
that the broad signal is more intense than the fine structure
embedded in it, confirming strong host contribution even in the
doped sample. The simulation parameters agree reasonably
well with the values reported in the studies for different Mn>*
doped nanocrystals, having Mn>* ions both at surface and
inside the core.”*"®

Fig. 11 shows the dependence of EPR spectra on dopant ion
concentration. At high Mn>" ion concentration, the hyperfine
splitting completely disappears and the spectrum merges into
one broad signal with a slight decrease in line width. There are
two contributions to the EPR signal coming from Mn”" ions
with concentration up to 1.0 mol%: (i) a broad resonance line of
Lorentzian shape arising from spin-spin interactions between
different Mn>" centers in the core of the particles or the undi-
luted adsorbed Mn*>* ions as MnO on the surface of the particle
in a cluster-like assembly such that the hyperfine structure
collapses to a single line, and (ii) a set of six hyperfine lines from
isolated Mn>* centers (six allowed central M, = 1/2 < —1/2
hyperfine transitions). With increasing dopant concentration,
contributions from dipolar interactions between Mn centers
become dominant, such that only one single line is detected for
the samples with the highest Mn content. The initial increment
in the line width can be attributed to Mn-Mn energy transfer
and the prevalence of exchange interactions over the hyperfine
interactions. For the heavily Mn®>" doped samples (5 mol%),
both fine and hyperfine structures are too weak and result in
only a broad EPR spectrum, reassembling a free-like state for
S = 1/2 and Mg = £1/2. The disappearance of hyperfine lines
and the observation of a single broad EPR line suggest that the

This journal is © The Royal Society of Chemistry 2015
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Fig. 10 (a) First and (b) second harmonic EPR spectra of 0.1 mol% Mn?* doped SZO samples (blue) and their simulated signals S, Sy, Sy and Stotat
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Table 3 Parameters used for simulation of experimental EPR spectra of for 0.1 mol% Mn?* doped SZO

Hyperfine coupling constant Line width

Simulated components g values Electronic spins (S) Nuclear spin (I) (4) in Gauss (AH) in Gauss
Sy 1.993 5/2 5/2 83 19
Su 2.013 5/2 5/2 76 17
S 1.976 1/2 — — 230

2.0x10° Mn®" ions are not completely diluted and strong dipole-dipole

€ interactions persist between them, both in the core and on the

0:0; surface of the particles, at higher concentrations of Mn. On

-2.0x10°] increasing the Mn concentration to 5 mol%, there is an

i exchange narrowing effect between the Mn** ions, and as a

4.0x107 d result, a decrease in the singlet line width is observed. Again,

0.0 the line broadening corresponding to the heavily doped

4.0x107] Mn”":SZO particles may not be only due to dipole-dipole

’5 £.0x107 interactions between paramagnetic Mn>" ions, but may also be

S c due to dipole-dipole interactions between the paramagnetic

= 0.0 single-electron trapped oxygen vacancies [V,]. Because the

% A OA contribution of Sy; is more to the Syu value, as shown in

= 4.0x107 Fig. 10, any change in Sy, value will be reflected in the value of

b Stotal- Thus the increase in the intensity of the EPR spectra at

=5 ‘//V\\f\/’/"’ higher doping level is not only due to an increase in the

-4.0x10" concentration of paramagnetic Mn>" ions, but also due to an

4.0x10’ increase in the intensity of the Sy signal. This suggests an

0.0 N a increase in the concentration of paramagnetic single-electron

i trapped oxygen vacancies [V,]. This is possible only when

’4'0"1:500 500D 5500 2000 g Mn>" ions are either going to the surface and thereby creating

Magnetic Field (Gauss)

Fig. 11 The EPR spectra recorded for the Sr;_,Mn,ZrOz samples with
concentration: (a) x = 0.001, (b) x = 0.005, (c) x = 0.01, (d) x = 0.025
and (e) x = 0.05.
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surface defect related oxygen vacancies or substituting Zr** ions
and thereby creating oxygen vacancies due to charge compen-
sation. This also suggests that at higher concentrations, the
number of Mn** ions substituting Zr*" ions or present on the
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surface of the particles is also increased. Thus both the expla-
nations are supported by our earlier observed photo-
luminescence data and vice versa.

3.5. Theoretical studies

3.5.1. Structural distortions in Mn doped SrZrOj;. In order
to understand the structural stability of Mn doped SZO due to
its site selective substitution, the cohesive energies of Mn doped
40 atom and 80 atom super cells were calculated after full
structural relaxations, as described in the section on Compu-
tational details. In our calculations we considered the 2.5% and
5% doping levels of Mn in SZO, and the energetics of the
structural stability is shown in Table 4, where the energy values
are given with respect to the most energetically stable SMZO
supercell. The calculated structural stability results show that
Mn substitution is energetically preferable in Sr positions
(SMZO) compared to Zr positions (SZMO) at both the 2.5% and
5% Mn doping level. However, simultaneous Mn substitution in
both Sr and Zr positions (SMZMO) is energetically favorable
compared to only Zr position substitution (SZMO). The
observed trend also supports our observed data for XRD and PL
studies, where it has been concluded that at each concentration
of Mn*", the fraction of Mn>" ions residing at Sr** sites will be
greater, but at higher dopant ion concentration, the fraction of
Mn** jons residing at Zr"" sites is increased.

3.5.2. Electronic structure of SZO and Mn** doped SZO.
The effect due to Mn** ion doping on the electronic structure
can be understood by investigating the density of states (DOS) of
pure and Mn>" doped SZO. The electronic structures of SZO
have been previously calculated and are well understood from
our previous report.”** However, it is still necessary to make a
comparison of these results with our calculated results, which
can be used as a reference in this work. Fig. 12a depicts the GGA
calculated total and partial DOS of pure SZO. In all of our
results, the Fermi energy is chosen to be zero for the energy
scale. It is important to note that the PAW-PBE calculated
electronic band gap is 3.7 eV, which is underestimated
compared to the experimental value. Such an underestimation
of the band gap is well-known for the different exchange-
correlation functions of the DFT calculations. It has been
found that inclusion of the U parameter in the electronic
structure of SZO, where the Hubbard correction factor was

Table 4 Calculated cohesive energy values (in eV per atom) of the
SMZO, SZMO and SMZMO super cells as a function of Mn doping
concentration. The energy values are given with respect to the most
energetically stable SMZO super cell at each concentration. Hence,
the energies of SMZO are represented as O eV per atom (reference
level) and positive energies indicate less structural stability

Energy of Energy of Energy of
Mn doping SMZO SZMO SMZMO
concentration (eV per atom) (eV per atom) (eV per atom)
2.5% 0 0.203 0.105
5% 0 0.403 0.208
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Fig. 12 Total and orbital angular momentum projected DOS for (a)
SZ0O and (b) fm-SZO models. O1 and O2 correspond to axial and planar
oxygen atoms, respectively.

included for the 4d electrons of Zr, increases the numerical
value of the band gap (E;) of pure SZO from 3.7 eV to 4.9 eV.
However, the overall density of states (DOS) remains almost the
same (with some small modifications). With a greater U value,
the band gap is expected to increase more, and the experi-
mentally determined E, = 5.6 eV is also achievable. However,
the inclusion of U parameter (U.; = 8 eV) for Zr d-electron
changes the lattice parameters to a = 5.915 A, b = 8.415 A
and ¢ = 6.01 A from a = 5.845 A, b = 8.295 A and ¢ = 5.91 A for
GGA. Thus the equilibrium volume (V,) increases to 299.15 A*
(GGA + U) from 286.55 A® (GGA). The experimentally determined
Vo=1277.12 A% (a = 5.820 A, b = 8.208 A, ¢ = 5.80 A) is almost 8%
smaller compared to the GGA + U predicted V, for SZO. More-
over, Zr 4d electrons have a wide band in the conduction region
of SZO. Therefore, high electron correlation was not expected to
play a dominant role in this case. In this study, we hoped to
investigate the effect of Mn>* doping in the SZO by studying the
change in the electronic structure as well as the band gap of
SZO, so that any change in the emission profile can be under-
stood. Therefore, the large part of the GGA band gap error was
expected to be cancelled between systems.

Fig. 12a also shows the total and angular momentum
resolved DOS of SZO for Zr 4d and O 2p states. We can clearly
observe that the valence band (VB) is dominated by O 2p states,
taking equivalent contributions from axial (O1) and planar

This journal is © The Royal Society of Chemistry 2015
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oxygen atoms (02). The small amount of Zr 4d states in this
vicinity indicates the hybridization between the O 2p and d
orbitals of the Zr-site. The conduction band (CB) is comprised
mainly of Zr 4d states. The contribution from Sr in the valence
and conduction band is negligible. Fig. 12b shows total and
partial DOS of disordered SZO associated with structural
complex vacancies, abbreviated by former-modifier disorder
model (fm-SZO), where Sr and Zr atoms are shifted simulta-
neously with displacement vectors of (0.35 0.0 0.35) and (0.0 0.0
0.5) A in the unit cell of SZO, respectively.?® This displacement
produced a distortion in the unit cell and the structures can be
designated as [ZrOg] — [ZrO5-V3] and [SrO;,] — [SrOyq;-V3]. In
the total DOS, the VB is composed of O 2p states, and the upper
part of the VB, that is, the new states are composed mainly of
axial oxygen 2p states and planar oxygen 2p states. The new
states, which are present very close to the VB maxima, are
described as shallow defects, and states that are present just
below the Fermi energy can be ascribed to deep defect states,
evidently shown in Fig. 12b. The calculated electronic band gap
in this fm-SZ defect structure is 2.76 eV. It is trivial to note that
O1's are present just above and below the position of the dis-
placed Zr atoms and O2's are present in the same plane as the
undisplaced Zr atom. In a nutshell, we can tell that displacing
the position of both former and modifier (Sr and Zr) reduces the
band gap from 3.7 eV to 2.76 eV.

Fig. 13 shows our GGA + U calculated total and partial DOS of
fm-SMZO and fm-SZMO with 2.5% Mn doping in Sr and Zr
positions, respectively. The spin up (majority) and spin down
(minority) are shown in separate panels. Similar to those of pure
SZO, the Fermi energy was set at the zero energy value so that
the relative positions of each state could be easily identified.
According to Fig. 13a, doping of Mn at the Sr site yields slight or
nearly no change in the overall DOS of fm-SZ. The projected
DOS for Zr and O2 (planar oxygen atom) in SMZO exhibits
similar patterns with respect to that of the fm-SZO model, as
described previously. However, it is interesting to note that the
O atoms, which are present in the 1st NN of the Mn atom,
contribute strongly in the energy range —0.5 to —1.0 eV (just
below the Er in VB). In the VB region, no Mn d state contribu-
tion is present, and the band-gap in this case is 2.14 eV. On the
other hand, Fig. 13b indicates that the doping of Mn at the Zr
site yields some change in the overall DOS of fm-SZO. However,
changes occur mainly at the forbidden energy region as well as
in the region where shallow and deep defect states are present.
Off course, some new states appear in the lower part of the VB;
however, those regions are not of our interest from the view of
photoluminescence properties of Mn doped SZO. The projected
DOS of Zr and O of SZMO exhibit similar patterns with respect
to those of fm-SZO in the region of our interest. Our calculations
also signify that DOS corresponding to shallow and deep defects
states get modified compared to fm-SZO due to the presence of
additional states coming from Mn-O bonding and the distor-
tion created by Mn in the oxygen sub-lattices. Therefore, Mn
doping in Zr sites has a strong impact on the electronic struc-
ture corresponding to the defect states by creating greater
distortion in the oxygen sub-lattices, compared to the doping in
Sr sites. This strong impact comes at the cost of additional

This journal is © The Royal Society of Chemistry 2015
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present with the displaced Zr atom in the fm-SZO model, and O
represents oxygen atoms that are present in the 1st NN to the Mn
atom.

energy corroborated by the fact that Mn doping is energetically
less favorable in Zr positions compared to Sr positions. The
band gap in this case is 2.04 eV (measured after the new Mn d
states in the band gap). Thus, Mn doping in fm-SZO reduced the
electronic band gap irrespective of the site preference of Mn,
which suggests a red shift of the emission spectra, as observed
in our PL study shown in Fig. 4.

Another notable observation in the case of fm-SMZO
(Fig. 13a) is that the oxygen atoms, which are present in the
1st NN of the Mn atoms, contribute strongly in the energy
region of the shallow defect states, both in majority and
minority spin components. This suggests that Mn substitution
at Sr sites leads to disorder in the matrix, which is linked to
shallow defect states and leads to more energetic PL emissions
(violet-blue light). In the case of fm-SZMO (Fig. 13b), the oxygen
atoms, which are present in the 1st NN of the Mn atoms,
contribute strongly in the energy region of both shallow and
deep defect states in the majority spin components, whereas the
minority spin components contribute mainly in the shallow
defect states region. This confirms that substitution of Mn at Zr
sites is linked to both deep and shallow defect states.

4. Conclusion

In summaty, SrZrO; and Mn*"doped (0.1, 0.5, 1.0, 2.5 and 5
mol%) SrZrO; compounds sintered at 600 °C were synthesized
by the sol-gel combustion method as well as characterized
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systematically using XRD, EPR, and PL experimental tech-
niques. XRD data showed a decrease in the cell constant values
up to 1.0 mol% concentration of Mn>*, followed by an increase
in the values. Mn was mostly stabilized as Mn** in SrZrO; due to
low combustion temperature. It showed two distinct peaks at
540 nm (P3) and 680 nm (Ps) due to substitution at Sr and Zr
sites, respectively. The higher Ps/P; ratio at higher concentra-
tion suggested site swapping of Mn>* ions towards Zr sites.
Emission due to shallow defect states was prominent when
Mn*" ions were preferentially substituted for St** ions, whereas
emission due to deep defect states was prominent for substi-
tution at Zr-sites. Both PL and XRD studies jointly confirmed a
preferential distribution of Mn>" ions at Sr sites. However, as
the concentration of Mn>" ions was increased, the distribution
of Mn”" ions at Zr sites was also increased.

EPR studies revealed the existence of paramagnetic oxygen
vacancies [V,] at g = 1.976 (Sy;) and the presence of two sextets
due to lattice (S;) and surface (S;;) bound Mn”" ions with g values
1.993 & 2.013, respectively. At higher concentrations of Mn>*
ions, the hyperfine splitting completely disappeared and the
spectrum merged into one broad signal due to strong dipole-
dipole interactions. The S; signal was attributed to oxygen
vacancies [Vy] at g = 1.976 and linked to [ZrOs-V,] oxygen
complex clusters. The intensity of the signal was found to
increase with an increase in Mn** ion concentration, which was
probably due to greater Mn”* ion distribution at Zr sites and the
presence of more Mn** ions on the surface of the particles.

The calculated cohesive energies using DFT elaborated that
Mn doping at Sr sites is energetically more favorable than at Zr
sites. The GGA + U calculated total and partial DOS of fm-SMZO
explained that substitution at Sr sites leads to disorder in the
matrix, which is linked to the shallow defect states in the band
gap and leads to more energetic PL emissions (violet-blue light),
whereas Mn substitution at Zr sites (fm-SZMO) can be linked to
both deep and shallow defect states in the band gap. The
decrease in the band gap explains the red shift of the emission
spectra which corroborates well with the observed PL study.
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