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Abstract: The phosphor CaTiOg:Pr¥* was synthesized via a solid-state
reaction in combination with a subsequent annealing under flowing NHs.
Comparatively large off-center displacements of Ti in the TiOg octahedra
were confirmed for as-synthesized CaTiOs:Pr’ by XANES. Raman
spectroscopy showed that the local crystal structure becomes highly
symmetric when the powders are ammonolyzed at 400 °C. Rietveld
refinement of powder X-ray diffraction data revealed that the samples
ammonolyzed at 400 °C have the smallest lattice strain and at the same time
the largest average Ti-O-Ti angles were obtained. The samples
ammonolyzed at 400 °C also showed the smallest mass loss during the
thermal re-oxidation in thermogravimetric analysis (TGA). Enhanced
photolumincescence brightness and an improved decay curve as well as the
highest reflectance were obtained for the samples ammonolyzed at 400 °C.
The improved photoluminescence and afterglow by NH; treatment are
explained as a result of the reduced concentration of oxygen excesses with
simultaneous relaxation of the lattice strain.

©2013 Optical Society of America

OCIS codes: (160.2540) Fluorescent and luminescent materials; (160.4760) Optical properties;
(160.5690) Rare-earth-doped materials.
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1. Introduction

Solid-state non-candescent light sources such as white light-emitting diodes (LED) are an
emerging technology due to the enhanced performances and energy efficiencies well beyond
those of traditional artificial lighting [1]. Over the past few decades considerable efforts have
been spent on the development of new phosphors to meet the color quality and efficienc
required for solid-state lighting. For example, the green-luminescent SrAl,O,:Eu®*/Dy**
phosphor with a strong emission at 520 nm has been extensively studied and applied, since it
was first reported by Matsuzawa et al. [2]. The Sr,Al140,5:Eu?*/Dy** phosphor was developed
in the mid-1990s showing extremely prolonged blue-green phosphorescence (495 nm) that
lasts over 20 hours [3,4]. These green and blue phosphors based on strontium aluminate are
attractive options due to their long afterglow, chemical stability and high quantum yield [5],
which allow for various applications for these materials such as luminescent paint, safety
illumination and emergency lighting. As such, the development of novel red-emitting
phosphors is especially required to complete the color spectrum. Many efforts are currently
undertaken not only to synthesize new phosphors but also to improve the luminescence
properties of already discovered red-emitting phosphors.

Since the red emission of Pr¥*-doped CaTiO; was reported [6,7], the development of the
CaTiO4:Pr®* phosphor especially for display and lighting technologies has been highly
promoted [8]. The mechanism of the persistent luminescence of CaTiOs:Pr¥* is well
understood [7,9-11]. Ultraviolet light irradiation on CaTiOz:Pr** phosphor creates electron—
hole pairs in conduction and valence bands of the host CaTiOs. These charge carriers can be
mainly stabilized by trapping centers such as oxygen vacancies. Afterglow was then attributed
to thermal activation of electrons stored in the trapping centers following the red emissions
peaking at 612 nm due to the 'D, — *H, transition of Pr®*. Thus the presence of oxygen
vacancies or associations of oxygen vacancies is known to be essential for the red
phosphorescence with long afterglow time [12,13]. Additionally, for the improved
photoluminescence and afterglow in CaTiOs:Pr’*, more electron-hole pairs should be
transferred from the host CaTiO; to the luminescence center Pr** without recombination
process on non-radiative recombination centers. According to Zhang et al. [14], negativelay
charged Ca and Ti vacancies are found to be the main crystal defects in CaTiOz:Pr’*
phosphors to compensate the extra positive charge of Pr®, which act as non-radiative
recombination centers reducing the fluorescence emission efficiency.

Great efforts have been made to improve the optical performance including the
excitation/emission intensity and the afterglow (phosphorescence decay profile). With respect
to these findings different approaches, for example, the synthesis methods, the co-dopants, the
host modifications or the particle size have been pursued. Yin et al. reported that phosphors
synthesized by the sol-gel method outperformed those prepared using the solid-state approach
[15]. Zhang et al. reported that nanosized CaTiOs:Pr** phosphors exhibited stronger and
longer phosphorescence than the bulk samples [12]. In addition to AI** or Bi** [16,17], Zn**
and/or B* substitution [8,18] have been found to intensify the red emission of CaTiOz:Pr®.
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Recently, the influence of defects in CaTiOs:Pr®* generated by cation substitution have been
investigated. Adding 3% Ca excess followed by thermal treatment at 1400 °C results in
afterglow improvement [19]. The influence of anionic defects which can be affected by an
ammonia treatment, however, has not been investigated so far. The decomposition of
ammonia at high temperature leads to active nitriding gases and molecular hydrogen. Thus
thermal ammonolysis is commonly used for the reduction or nitridation of oxide precursors
[20-23].

In the present study, CaTiOs:Pr** powders were synthesized by a solid state reaction and
treated with NH; at different temperatures. The influence of thermal ammonolysis on the
long- and short-range order of the crystal structure was investigated by X-ray diffraction, X-
ray absorption spectroscopy and Raman spectroscopy. The resulting afterglow decay curves
have been studied by fluorescence spectrophotometry. The correlation between the defects
and the luminescence properties is discussed.

2. Experimental section

CaTiOg:Pr* powders with the nominal composition CaggogProo02TiO35 Were repeatedly
synthesized by a solid-state reaction. Stoichiometric amounts of CaCO; (Riedel-de Haén, >
98.5%) and TiO, (Sigma- Aldrich, > 98.5%) along with 0.2 mol % of Pr,0; (Alfa Aesar,
99.9%) were ground in a planetary ball mill using ZrO, balls and ethanol and dried at 100 °C.
The well ground powders were then calcined at 1500 °C for 24 h in air to obtain single phase
Pr-doped CaTiO;. The obtained CaTiO4:Pr** powder will be denoted in the following as CTO-
pristine. Separately, aliquots of the powders were calcined at 1300 and 1400 °C in order to
check the effect on the photoluminescence excitation spectra.

The thermal ammonolysis was carried out in a rotating cavity reactor. Roughly 3 g CTO-
pristine were heated at 300, 400, 500, and 600 °C under 35 mL/min NH; (Messer, > 99.99%).
In the following these samples are denoted as NH3-300C, NH5-400C, NH3-500C, NH3-600C,
respectively. The reaction was terminated after 2.5 h by quenching the ammonolyzed samples
to room temperature in NH; atmosphere.

Powder X-ray diffraction patterns were obtained using a PANalytical X Pert PRO 6-260
scan system equipped with a Johansson monochromator (Cu-Ka, radiation, 1.5406 A) and an
X'Celerator linear detector. The diffraction patterns were recorded between 20° and 100° (26)
with an angular step interval of 0.0167°. Lattice parameters, strain and bond lengths/angles
were determined by Rietveld refinement using the program FullProf [24]. The calculated
strain corresponds to 1/4 of the strain derived from the Stokes and Wilson expression [25].
The Thompson-Cox-Hastings pseudo-Voigt function [26] was used as profile function and
CeO, (NIST SRM674b) was measured as standard reference material in order to estimate the
device-specific contribution to the peak broadening.

Ti K-edge X-ray absorption spectra (XAS) were measured at beamline Al of HASYLAB
at DESY (Hamburg, Germany). The incident X-ray beam was energy-resolved using a
Si(111) double crystal monochromator. Higher-order harmonic contributions were eliminated
by detuning the monochromator. Higher order harmonic contributions were eliminated by
detuning the monochromator to 60% of the maximum energy. The spectra were collected in
transmission mode at room temperature. The obtained XANES spectra were processed using
the program WinXAS [27]. The background correction was performed by two fits in the
energy ranges 4.766 — 4.966 keV and 5.030 — 6.260 keV with first- and second-order
polynomial functions, respectively. The spectra were normalized using the energy range 5.030
—5.200 keV. The photon energy of XAS spectra was calibrated with the first inflection point
of a titanium metal foil reference, which was assigned to 4.966 keV [28].

Raman spectra were recorded using a Renishaw 2000 spectrometer equipped with
holographic notch filters for elastic scattering and a CCD array detector. The samples were
excited with a red He-Ne laser (632.816 nm). The laser was focused onto the sample using the
objective lenses (20 x magnification). The instrumental setup was calibrated with a Si single
crystal. The spectra were recorded at room temperature with an exposure time of 10 s. The
measurement was repeated five times and accumulated.
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Thermogravimetric analysis (TGA) was carried out using a NETZSCH STA 409 CD
thermobalance. A baseline was measured with empty crucible and then about 0.1 g of the
sample powders were heated in alumina crucibles applying a heating rate of 10 °C/min up to
1500 °C in synthetic air (50 mL/min). Luminescence spectra were obtained using a Jobin
Yvon Fluorolog 3-22 instrument with a nominal resolution ranging from 0.5 to 2 nm. Low
temperature experiments were realized with a Janis closed cycle cryostat.

Phosphorescence decay profiles have been measured with a home-made photometer
(Phototec, developed by RC Tritec in collaboration with Monyco) equipped with a high
sensitive photomultiplier from Hamamatsu. The spectra were recorded after excitation by 6
UV-LED in very short distance for one minute to fully activate the phosphors.

UV-visible diffuse reflectance spectra were acquired using a UV-3600 Shimadzu UV-
VIS NIR spectrophotometer equipped with an integrating sphere. The baseline measurement
was taken with BaSO,. The spectra were recorded in the range of 200 — 1200 nm.

3. Results and discussion

X-ray diffraction patterns of CaTiOs:Pr®* powders are shown in Fig. 1. All reflections
observed correspond to an orthorhombic crystal structure (JCPDS-PDF No. 01-082-0228,
space group: Pbnm) and no diffraction peaks arising from secondary phases or impurities are
found. This suggests that during the thermal ammonolysis no detectable side reaction or phase
decomposition occurred preserving the structure. Figure 2 presents the selected XRD pattern
and Rietveld plot of NH;-400C. The refinement results of the cell parameters together with
the reliability factors of all five samples are given in Table 1. The unit-cell volume of NH;-
400C was smallest among all samples. Moreover, the smallest lattice strain was obtained for
NH;-400C. Based on the atomic positions in the unit-cell obtained by Rietveld refinement,
bond lengths and angles are calculated and summarized in Table 2. Interestingly, NH;-400C
exhibits the shortest average Ti-O bond length and the largest average Ti-O-Ti angle.

~ b | i A NH,-500C

S

8

=

7}

c

i)

= l

- S NH,-300C
1 l L L - CTO-pristine
T T T T T T T
20 40 60 80 100
20 (degree)

Fig. 1. Powder X-ray diffraction patterns of CaTiOs:Pr** ammonolyzed at different
temperatures.
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Fig. 2. XRD pattern and Rietveld refinement of CaTiOs:Pr** ammonolyzed at 400 °C. The
difference plot of observed and calculated diffraction profiles is shown together with the Bragg
positions (short vertical markers).

Table 1. Rietveld Refinement Results of All CaTiO;:Pr®* Samples

cTO- NHa- NHa- NHa- NHa-
Sample pristine 300C 400C 500C 600C
Lattice a 5.38163(3) 5.38231(3) 5.38136(3) 5.38219(4) 5.38193(2)
parameter b 5.44386(3) 5.44446(3) 5.44351(3) 5.44464(4) 5.44418(2)
A) c 7.64316(4) 7.64383(4) 7.64260(5) 7.64380(6) 7.64344(3)
Unit-cell volume (&%) 223.921(2) 223.993(2) 223.879(2) 223.994(3) 223.954(2)
Lattice strain ( x 10°7) 3.5481 4.2508 3.1515 4.9697 51001
R, (%) 8.03 9.01 8.64 9.33 6.79
Rup (%) 125 12.8 126 13.0 8.67
Rexp (%) 7.65 756 7.82 8.02 591
% 2.66 2.85 2.60 261 215

Space group symmetry: Pbnm
Rp, Rup: Rexpy and »* are the reliability factors and goodness-of-fit, respectively.
Numbers in parentheses are the estimated standard deviation.

Table 2. Selected Bond Lengths (A) and Angles (°) in CaTiOs:Pr®*

Sample CTO- NHs- NHs- NHs- NHs-

pristine 300C 400C 500C 600C

<Ti-O>jengtn” 1.960 1.957 1.955 1.955 1.956

<Ca-O>jengtn” 2.734 2.728 2.726 2.727 2727
<Ti-O-Ti>amge’ 154.898 155.735 156.182  156.132  155.913

®The average length calculated with the 6 shortest bond lengths.
PThe average length calculated with the 12 shortest bond lengths.
“The average angle calculated with the 6 bond angles.

The pre-edge regions of the normalized Ti K-edge XANES spectra are shown in Fig. 3.
XANES is not only a subtle probe of the chemical environment of the elements but it is also
highly sensitive to the local structure around X-ray absorbing atoms [29]. The pre-edge peak
features changed with the ammonolysis temperature and in turn with the variation of the

#180873 - $15.00 USD
(C) 2013 OSA

Received 3 Dec 2012; revised 26 Dec 2012; accepted 7 Jan 2013; published 16 Jan 2013
1 February 2013 / Vol. 3, No. 2/ OPTICAL MATERIALS EXPRESS 253



anionic sublattice of CaTiOj3, evidencing local structural changes around the Ti ion. The
physical origin of the pre-edge feature A; is still debated, a core-hole effect coupled with the
dipolar and quadrupolar transitions [30] or 3d-4p hybridized states [31] being the most
plausible explanations. The strong A, and A; features originate from the transition of the 1s
electron to an unfilled 3d state. This dipole forbidden transition becomes allowed by the
mixing of 2p states of the surrounding oxygen atoms into the 3d states of titanium atoms due
to a non-centrosymmetric distortion of the octahedral TiOg polyhedron [32,33]. Therefore, the
A, and A; features are interpreted as indicators for the displacement of Ti ions from the center
of the TiOg octahedron. The XANES spectra of ammonolyzed powders show no noticeable
change in any of the pre-edge peak intensities. However, the A, and A; features of CTO-
pristine show the highest intensities indicating the largest off-center displacement. Thus, a
highly off-centered, in other words distorted, TiOg octahedron was confirmed for CTO-
pristine by XANES.
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Fig. 3. Ti K-edge XANES spectra of the pre-edge region of CaTiOs:Pr®* ammonolyzed at
different temperatures.

Figure 4(a) shows the Raman spectra. Seven Raman modes in the wavenumber range 200
to 800 cm™ can be attributed to the orthorhombic crystal structure, in good agreement with
the XRD results and literature [34-36]. Raman active modes changed as a function of the
ammonolysis temperatures indicating changes in the local structure. For instance, the Raman
signal at 641 cm™ is assigned to the symmetric stretching vibration of the Ti-O bond [35,37].
Noticeable increase in intensity of signal was observed for NH;-400C as compared to the
other samples. This indicates that thermal ammonolysis at 400 °C leads to an enhanced local
symmetry at the Ti center (Fig. 4(b)). This is in agreement with the XRD data that show the
smaller lattice strain for NH;-400C than for the other samples. However, XANES pre-edge
features of all ammonolyzed powders nearly coincide suggesting that the local structure
around the Ti cation in the TiOg octahedron remained unchanged. The seemingly
contradictory results of XANES and Raman spectroscopy might be due to the different
averaging time scales of the measuring techniques [38,39]. In this study, Raman spectroscopy
averages collective dynamic displacements in times of the order of 107*° seconds or longer.
On the other hand, XAS has an averaging time of less than 107** s [40]. Thus, XAS measures
the instantaneous displacement of the atoms and Raman spectroscopy measures the changes

#180873 - $15.00 USD Received 3 Dec 2012; revised 26 Dec 2012; accepted 7 Jan 2013; published 16 Jan 2013
(C) 2013 OSA 1 February 2013 / Vol. 3, No. 2/ OPTICAL MATERIALS EXPRESS 254



of atom position after much longer times. Another possible explanation for our observation
can be given by the sensitivity of measurement techniques, indicating that the Raman
spectroscopy is much more sensitive to the subtle changes of vibration modes and thus local
symmetry breaking and distortion around TiOg than XAS.
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Fig. 4. (a) Raman spectra of CaTiO3:Pr®* powders measured at room temperature, (b) 550 — 750
cm™ regions enlarged.

Figure 5 illustrates the mass changes during thermogravimetric analysis (TGA) in
synthetic air. CTO-pristine showed the largest and NH;-400C the smallest mass loss of ca.
0.4% and 0.04%, respectively. The mass loss was mainly attributed to the release of oxygen in

CaTiO; at high temperature. Therefore, it can be concluded that NH;-400C was least reduced
during the re-oxidation study.

100.0+tc
99.9-
S
% 99.81 —-—CTO-pristine %,
S —— NH,-300C S
99.7- NH,-400C ;
—— NH,-500C %%%
99.6- NH,-600C oy,
200 400 600 800 1000 1200 1400
Temperature (°C)
Fig. 5. Thermogravimetric analysis (TGA) of CaTiOs;:Pr* ammonolyzed at different
temperatures.

Figure 6 compares room temperature excitation spectra (A = 612 nm) of CaTiOs:Pr**
(0.2%) synthesized by the solid-state reaction and annealed 24 h in air at 1300, 1400 and 1500
°C. The band at roughly 330 nm was attributed to the bandgap excitation of the CaTiO3 host
(the valence to conduction band transition) [7]. At lower energies, the band at 370 nm was
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assigned to a charge transfer between Pr¥* and Ti** [41], and at higher energies (between 200
and 300 nm), the 4f to 5d excitation of Pr** is assigned. The weak excitation bands between
450 and 500 nm correspond to ®H, to !l and *H, to °P; (J = 0, 1, 2) transitions of Pr** (inset in
Fig. 6). It is supposed that Pr** is located on the Ca®" site. This requires that the different
charge must be compensated somehow. The sample annealed at 1400 °C showed the simplest
spectrum, with a maximum at 330 nm and a broad shoulder at roughly 280 nm in addition to
the bands at lower energy. The sample annealed at 1500 °C reveals an additional broad
component centered at 295 nm, while the sample annealed at 1300 °C reveals another sharp
excitation band at 312 nm. When CaTiOg: Pr** powder was annealed separately at 1500 °C in
a different Al,O; crucible, the relative intensity of the band at 370 nm has become roughly 5
times stronger than all the other samples. It is not yet clear why the band at 370 nm shows
different intensity depending on the used crucible. One possible reason might be the oxygen
deficiencies. Depending on the shape and volume of Al,O; crucible, the amount of powders
exposed to the surface is different and as a result, different degrees of surface oxidation are
anticipated. Though the crucibles are cleaned in order to avoid contamination from previous
use, we cannot exclude the possible contamination with Cr®* impurity, which is commonly
contained in alumina crucible. For the NHs-treated samples, the spectra measured at 5K (Fig.
7) show an additional contribution to the band at 370 nm (red-shifted by 5 nm). We have also
observed previously [19] that Ca-excess significantly contributes to the intensity of the band
at 370 nm. As this band corresponds to a charge transfer between Pr®* and Ti** in the crystal,
the overall findings indicate that the concentration and the distribution of Pr** and Ti*" was
indeed affected by the NH;-treatment.
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Fig. 6. Photoluminescence excitation spectra (Aemission = 612 Nm) measured at 294 K in air for
the samples annealed at 1300 °C, 1400 °C and 1500 °C. The inset shows the enlarged 450 —
500 cm regions.
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Fig. 7. Photoluminescence excitation spectra (Aemission = 612 nm) for CaTiO3:Pr** measured at 5
K. The excitation spectra are normalized by the peak intensity at 330 nm.

Temperature dependent excitation spectra from 5 K to 300 K (Fig. 8) revealed a
significant broadening of the sharp f-f bands (between 450 and 500 nm) upon heating. The
330 nm band also broadens significantly, and the relative intensity of the 280 nm band
increases. This increase of intensity could be related to an improved Frank-Condon
contribution (by the population of excited vibrational levels in the electronic ground state) of
the f-d absorption of the Pr** ion.
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Fig. 8. Photoluminescence excitation spectra (Aemission = 612 nm) for NH3-400C at 5 K, 50 K,
100 K, 150 K,200 K, 250 K and 300 K. The excitation spectra are normalized by the peak
intensity at 330 nm.
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Figure 9 illustrates the phosphorescence decay profiles of all samples. It is found that the
phosphorescence intensities of NH3-300C and NH3-400C are higher compared to CTO-
pristine but decrease again with further increasing ammonolysis temperature. Thus, the
highest phosphorescence intensity is observed for NH;-400C.
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Fig. 9. Phosphorescence decay profiles of CaTiOs:Pr** phosphors.

Figure 10 shows UV-Vis diffuse reflectance spectra as a function of wavelength. NH;
treatment did not lead to a shift of the absorption edge indicating that the bandgap energy of
the samples was not affected. The determined absorption edge wavelength of roughly 330 nm
is in agreement with the photoluminescence excitation spectroscopy results (Fig. 8). While the
intensities did not change in the UV region below the absorption edge, an increase was
observed in the wavelength range of 400 nm to 900 nm with NH3-400C showing the highest
reflectance. The color of the powders changed from grayish-white for CTO-pristine to bright
white for NH3-400C. An increase of the UV-Vis reflectance above the bandgap wavelength
can be interpreted as a reduction of the defect concentration [42,43]. Thus, UV-Vis
spectroscopy revealed that the increase of the phosphorescence intensity (Fig. 10) is correlated
with the decrease of the defect concentration.
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Fig. 10. UV-Vis diffuse reflectance spectra of CaTiOs:Pr®* powders ammonolyzed at different

temperatures.
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As already mentioned, the luminescence properties depend strongly on the defect states
and this is why the defects chemistry is discussed below. In this study, Pr** was added into the
CaTiO; lattice as a luminescence center with the nominal composition Cag gggPrg002 TiO3.5. TO
compensate the extra positive charge of Pr** in Ca site, mainly two possible defect reactions
can be formulated. First, negatively charged Ca and Ti vacancies which act as non-radiative
recombination centers can be formed [14,44]. Secondly, the incorporated Pr®* can be
accompanied by generation of excess oxygen and/or reduction of the oxygen vacancies to
compensate the extra positive charge. Defects formed by excess oxygen also act as non-
radiative recombination centers hampering the process of energy transfer from the host to
Pr¥*. In this study, much interest has been focused on the excess oxygen because enhanced
photoluminescence properties cannot be explained by the change of Ca and Ti vacancies
during the NH; treatment. Rather, excess oxygen can be controlled by the reducing NH;
treatment. In addition, we cannot rule out the possibility that Pr* is reduced to Pr®* by the NH5
treatment. NH; plays a role as a reducing and a nitriding agent during the thermal treatment
[20,22,23]. Whether the reduction or nitridation reaction is dominant depends on the
compounds and reaction conditions. In this study, however, thermal ammonolysis between
300 and 500 °C did not lead to nitrogen incorporation into the lattice, which was confirmed by
hot-gas extraction (data not shown here). In the given temperature range the powders were
primarily reduced. In order to verify the reducing effect of NH; in CaTiOg:Pr®* phosphors
CTO-pristine sample was annealed in flowing air (10 mL/min) at 1000 °C for 12 h, which
deteriorated the photoluminescence intensity and reduced the UV-Vis reflectance compared to
the CTO-pristine sample (data not shown here). Reduced unit-cell volume and lattice strain as
well as the enhanced local symmetry of NH3-400C imply that the NH; treatment actually led
to the removal of interstitial oxygen originally incorporated in the as-synthesized CaTiOg:Pr®".
This is also consistent with the TGA result of NH;-400C that shows the smallest mass loss
because the mass loss is attributed to the release of oxygen. As a result, enhanced
photoluminescence, increased phosphorescence intensity and the highest UV-Vis reflectance
is obtained for NH;-400C due to the minimized defect concentration and strain. It is well
known that perovskite-type oxides tend to have significant amounts of point defects, when
they are synthesized at high temperature in air [45]. In general, the photoluminescence
efficiency is sensitive to the symmetry and strength of the crystal field [46]. Therefore, the
influence of NH; treatment can be described as regulation of the crystal structure by reducing
the concentration of defects which act as non-radiative recombination centers, and by
simultaneous release of the lattice strain. However, the generation of oxygen vacancies due to
CaTiO; reduction and the reduction of Pr** to Pr** during the ammonolysis cannot be ruled
out because a certain amount of oxygen vacancies and increased amount of Pr" is beneficial
for the luminescence properties [46-48]. Electron paramagnetic resonance (EPR)
spectroscopy or thermoluminescence spectroscopy could shed light on this topic.

4, Conclusions

CaTiO4:Pr®* phosphors were treated under flowing NHj at different temperatures. By Rietveld
refinements, the smallest lattice strain was identified for the sample annealed at 400 °C.
Raman spectroscopy revealed that NH3-400C also has the highest local (short-range)
symmetry of all samples. Increased phosphorescence decay profiles associated with the
highest UV-Vis reflectance for the powders ammonolyzed at 400 °C was attributed to the
reduced concentration of interstitial oxygen and enhanced degree of order of the crystal
structure.
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