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Photoluminescence Detection of Symmetry Transformations in 
Low-dimensional Ferroelectric ABO3 Perovskites  

Tochukwu Ofoegbuna,a Khashayar R. Bajgiran,a Orhan Kizilkaya,b Stuart A. J. Thomson,c Adam T. 
Melvin,a and James A. Dorman *a 

Symmetry-dependent properties such as ferroelectricity are suppressed at room temperature in Pb-free ABO3 perovskites 

due to antiferrodistortive dynamics (octahedral rotations/tilts), resulting in the preferential stabilization of centrosymmetric 

crystals. For this reason, defect engineering (Ca doping, Oxygen vacancy, etc.) has been leveraged to break the symmetry of 

these crystals by inducing symmetry/structural transitions to modify the local A/B-site environment. This work demonstrates 

the use of in-situ/ex-situ photoluminescence spectroscopy to systematically detect symmetry/structural transformations in 

prototypical ferroelectric ABO3 perovskites. These baseline optical responses are compared to recently synthesized  CaxSr1-

xNbO3 (CSNO) nanocrystals, which undergoes similar ferroelectric/structural phase transitions. Furthermore, the resultant 

PL response is corroborated with X-ray diffraction (XRD) and absorption spectroscopy (XAS) measurements to confirm the 

structural changes. This ability to directly monitor the local site symmetry within ABO3 perovskites via photoluminescence 

spectroscopy can be used to screen for temperature- and defect-induced ferroelectric transitions. 

  

1. Introduction 

The future of renewable energy sources relies on the discovery 

of new materials for high density energy storage.1 Owing to 

their multi-functionality, high polarization potential, and 

dielectric constant, ferroelectric (FE) ABO3 (A, B = various metal 

ions) perovskites are a popular class of materials for capacitor 

technology.2, 3 PbTiO3 and similar perovskite based capacitors 

exhibit exceptional energy storage density due to the off-center 

hybridization of the A-site (Pb) with O.3 However, the toxic 

nature of Pb limits their commercial use necessitating Pb-free 

FE replacements.4 Unfortunately, FE instabilities are suppressed 

in Pb-free ABO3 perovskites at room temperature due to 

antiferrodistortive (AFD) distortions of the BO6 octahedral 

rotations/tilts, resulting in the preferential stabilization of the 

centrosymmetric Pnma space group.5 Defect engineering (Ca 

doping, Oxygen vacancy, etc.) has been effectively utilized to 

overcome these AFD distortions by modifying the local A/B-site 

symmetry in ABO3 perovskites.6 Traditionally, the effect of 

these defects on the overall FE response has been monitored 

using scanning probe microscopy techniques such as 

Piezoresponse Force Microscopy (PFM).7 However, studying the 

defect-induced FE response is a challenge for traditional PFM-

based characterization due to the application of large electric 

fields, which inadvertently results in significant changes to the 

local structure.8, 9 Thus, PFM-based methods are prone to 

erroneously interpret electrostatic forces, non-piezoelectric 

electromechanical, and surface/bulk electrochemical 

phenomena as FE polarization.7, 9 One approach which has yet 

to be fully investigated is the use of structurally-dependent 

photoluminescent probes, such as Eu3+.10, 11 This method has 

been applied to study the local crystal and electronic structure 

of p-type GaN.12-15 Furthermore, the use of Eu3+ as a probe has 

resulted in new information regarding structural 

transformations in Ruddlesden−Popper (RP)-type materials,16 

and can potentially be extended to the screening of FE ABO3 

perovskites.17 In particular, the effect of defects on the A/B-site 

symmetry can be systematically studied by comparing the 

symmetry-dependent optical transitions (5D0-7F1 and 5D0-7F2).17-

19 Therefore, this work aims to utilize structural defects to 

destabilize the centrosymmetry of Pb-free ABO3 perovskites 

and probe the resultant structural changes using Eu3+ 

photoluminescence.5, 9, 20 

 Among the prototypical perovskite oxides, strontium 

titanate (SrTiO3, STO) is known as a model system for studying 

defect-induced properties which arise from symmetry 

transformations.20, 21 For instance, upon Ca doping STO, local 

dipoles are induced by the off-center Ca ions which breaks the 

centrosymmetry of the A-site and results in a macroscopic FE 
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response.22 Along this line, strontium niobate (SrNbO3, SNO) has 

become the subject of experimental23 and theoretical24 studies 

due to its interesting plasmonic and photocatalytic applications. 

Furthermore, coupling its previously reported25 low-loss 

response with FE behavior will make it a promising candidate 

material for multiple FE applications.26, 27 Unfortunately, 

traditional wet-chemical approaches28-30 result in the 

thermodynamically stable pentavalent state of Nb,31 

necessitating the need for low-pressure deposition methods. To 

limit the preferential seeding of this oxidation state via solution-

based chemistries, oxygen-deficient atmospheres were 

leveraged to successfully synthesize SNO NPs (~ 20 nm).32 The 

formation of SNO was further favored using a critical Sr/Nb 

concentration of 1.3. In the present work, CaxSr1-xNbO3: Eu (2 

mol%, CSNO) NPs were synthesized using this technique. In 

order to study the effect of Ca incorporation on the formation 

of structural/FE phase transitions in CSNO, in-situ(applied 

temperatures)/ex-situ(crystal composition) photoluminescence 

(PL) spectroscopy was performed and compared against CSTO, 

BTO, and PTO NPs. This in-situ/ex-situ PL study was compared 

to standard X-ray diffraction (XRD) and absorption spectroscopy 

(XAS) techniques to quantify the local and extended crystal 

structures. 

2. Experimental 

2.1 Synthesis of CaxSr1-xNbO3: Eu (2 mol%, CSNO) Nanocrystals 

CSNO (x = 0, 0.1, 0.2, 0.5, 0.8, and 1.0) nanoparticles were 

synthesized using a two-step co-precipitation/ oxygen-controlled 

crystallization approach described in detail elsewhere.32 Briefly, A-

site (Sr(NO3)2, Alfa Aesar, 99.0%, ACS grade; Ca(NO3)2-H2O, 

Beantown Chemical, 99.9995% trace metals basis; Eu(NO3)2-6H2O, 

Alfa Aesar, 99.99% REO) and B-site (NbCl5, Alfa Aesar, 99.0% metals 

basis) salt precursors were precipitated using ammonium hydroxide 

(NH4OH, 28-30%, ACS grade) at a pH of 9.5. Next, the as-prepared 

powder was ground with a eutectic molar ratio of NaNO3 (high purity 

grade, VWR Amresco, 99.0%) and KNO3 (VWR Amresco, ACS grade) 

to form a homogeneous powder. The mixture was then transferred 

to a porcelain boat and heated in a tube furnace at 600 °C under 

H2/Ar atmosphere for 2 h. After cooling, the resultant powder was 

washed several times with deionized water and dried overnight at 

100 °C. 

 

2.2 Characterization 

The crystal structure of the NPs was identified by performing 

Powder X-ray Diffraction (XRD) using PANalytical X-ray 

diffractometer operating at 45 kV and 40 mA. The θ-2θ radial scan 

was performed over the range 5-70º with a step size of 0.04º and 

dwell time of 60 s, using Cu Kα (λ=1.54 Å) as the radiation source. 

Rietveld refinement was performed on the (Sr, Ca)NbO3 diffraction 

pattern using the GSAS II software33 for structural verification. Full 

structural refinement was achieved by performing the procedure 

outlined in ref 23.  

Raman spectroscopy was performed via a Renishaw inVia Reflex 

Raman Spectrometer with a 0.05 mW diode laser at an excitation 

wavelength of 532 nm, exposure time of 0.5 s, and spectral 

resolution of 1 cm-1. The diameter of the focused laser spot on the 

sample at 50x magnification was approximately 5 μm. Three scans 

were averaged to obtain the reported spectra. For peak 

deconvolution, the background was subtracted from the resulting 

spectra to resolve the active modes.  

X-ray absorption spectroscopy (XAS) was performed to probe 

local electronic structural changes to corroborate observed bulk 

structural transformation from dopant incorporation. XAS 

measurements were conducted at the varied-line-spaced plane 

grating monochromator (VLSPGM, 0.2-1.2 keV) beamline of the 

Center for Advanced Microstructures and Devices (CAMD). In these 

measurements, changes in the local geometry and electronic 

structure of the crystal were studied by probing the X-ray absorption 

near edge spectroscopy (XANES) region of Ca (L3,2-edge, ~348 eV) and 

O (K-edge, ~530 eV). The powder samples were attached to carbon 

tape and loaded into the sample chamber maintained at 2  10-9 Torr. 

The XANES data, collected with total electron yield mode, was 

normalized and analyzed with the Athena software.34 Calcium oxide 

(CaO, Aldrich, 99.9% trace metals basis) powder was used as a 

reference for calibration purposes.   

To correlate structural modifications to local changes in the A-

site symmetry, in-situ/ex-situ PL spectroscopy was performed. In-situ 

refers to FE/structural changes that are actively being monitored 

under the application of an external stimuli (i.e. temperature) and 

ex-situ refers to FE/structural changes investigated using samples 

containing various Ca concentrations. The ex-situ PL spectra were 

measured using an Edinburgh Instruments FLS1000 PL spectrometer 

equipped with a PMT detector and a 450 W ozone-free xenon arc 

lamp as the light source. Excitation and emission scans were 

collected with a 4 nm bandpass at a scan rate of 0.4 nm/s in the range 

of 240-400 nm (excitation) and 550-650 nm (emission) with 1 nm 

step size. The powder samples were dispersed onto a quartz sample 

holder for PL measurements. The lifetime measurements were 

performed with a microsecond flash lamp (frequency: 25 Hz) over 

the range of 10 ms. For the in-situ temperature-dependent PL 

measurements, a LINKAM THMS600 temperature-controlled stage 

was added to the spectrometer setup. Liquid nitrogen was used as 

the cooling agent. Measurements were performed from -180 to 100 
oC  in 20 oC steps. The reported spectra are an average of three scans. 

3. Results and discussion 

CaxSr1-xNbO3 (CSNO) nanocrystals were synthesized as a 

promising Pb-free FE alternative using an oxygen-deficient wet-

chemical method (refer to the Experimental Section in ESI† for 

details). This synthetic method limits available oxygen during 

the crystallization process allowing for systematic control of 

defects. Previously, it was reported that FE instabilities in 

bulk/thin-film can be stabilized by controlling defect 

formation,8, 9 therefore, an analogous approach was 

implemented using Ca doping during the NP growth. The XRD 

patterns of the CSNO NPs affirm the crystallization of cubic (C, 

SrNbO3) and orthorhombic (O, CaNbO3) phases (Fig. 1). Four 
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intermediate doping concentrations (x = 0.1, 0.2, 0.5, and 0.8) 

are also shown along with a magnified view in the 2θ range of 

20 to 35°. Additionally, Rietveld refinement (Fig. S1 and Table 

S1, ESI†) was performed using Sr0.7NbO3 (Pm-3m, ICDD 19-2410) 

and CaNbO3 (Pnma, ICDD 47-1668) as structural references for 

the C and O phases, respectively. Good statistical (Rp, Rwp < 10% 

and χ2 < 5) and visual agreements were observed for these 

models. The compounds with low Ca concentration (x = 0.1 and 

0.2) exhibit what appears to be a shift toward the tetragonal (T) 

phase based on a comparison with STO (ICDD 70-6460). 

However, the fitting of these structures was not able to be 

performed since no structural models are available. The change 

from C to T phase with Ca composition can be seen from the 

presence of (100)C, (110)C, and (101)T peaks. At x = 0.5, the 

crystal is a mixture of phases, based on the constant peak 

splitting as well as the shift in the diffraction peak to higher 

angles. A pure O phase is formed when x > 0.8, as evident from 

the appearance of (101)O and (121)O reflections. The calculated 

lattice parameters and cell volumes are listed in Table S2 (ESI†). 

 XAS analysis was performed to confirm these 

symmetry/structural transformations. This technique is 

sensitive to changes in the local (<10 Å) geometric and 

electronic structure around the X-ray absorbing atom.35, 36 Figs. 

2a and 2b show the normalized Ca L3,2-edge and O K-edge 

XANES spectra of the CSNO NPs along with a CaO reference 

spectrum. The Ca L-edge spectra are divided into the L3-edge 

(electron transition from 2p3/2 to 3d, ~349 eV) and the L2-edge 

(electron transition from 2p1/2 to 3d, ~353 eV), appearing due to 

large 2p core hole spin-orbit coupling.37 The major features 

observed in the Ca L3,2-edge XANES spectra,  denoted as a1, a2, 

b1, and b2, are predominantly attributed to the spin-orbit 

coupling of Ca 2p core states and the splitting of the 3d orbitals 

due to the crystal-field by surrounding O ions.38, 39 For all 

investigated CSNO samples, the Ca L3,2-edge XANES spectra 

(data for x = 0 is not shown since there is no Ca atom) shows 

significant reduction to the a1 and b1 peak intensities. This peak 

reduction confirms that Ca doped into the CSNO lattice is 

incorporated into the A-site (CaO12) rather than the B-site 

(CaO6), as a spectrum similar to the CaO reference would be 

expected for octahedrally coordinated Ca.40 The O K-edge 

XANES spectra were collected to verify that the presence of Ca 

in the A-site is responsible for the structural changes observed 

in the CSNO NPs. The three spectral features observed in the O 

K-edge spectra are ascribed to the hybridization of Nb 4d-O 2p 

(~528.5-531.5 eV), the hybridization of Sr 5s/Ca 4s-O 2p (~532.4 

eV), and the additional visible small peaks (~533.3-540.0 eV) are 

attributed to the mixing of Nb 5sp/Ca 4sp-O 2p orbitals.41, 42 

From the XANES spectra, Ca doping to the onset of phase 

transition (x = 0.1 and 0.5), results in a loss of definition in the 

hybridized Nb 4d (eg orbital) and Sr 5s/Ca 4s peaks. Similar 

spectral changes have been observed for BaxLa1-xMnO3 which 
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undergoes a C (x = 0) to H (hexagonal, x = 1) phase transition.43 

This suggests that there is no long-range ordering as these 

phase transitions occur and therefore, a disordered cubic 

structure accurately describe these systems.35, 44  

 Model CSTO:Eu, BTO:Eu, and PTO:Eu (2 mol%) NPs were 

synthesized as references for the composition and 

temperature-induced phase transitions.45-48 XRD of the CSTO 

(Fig. S3a, ESI†) affirms the crystallization of C (Pm-3m), T 

(I4/mcm), and O (Pnma) phases at the same Ca concentrations 

as in CSNO and agrees with literature values for these expected 

phases.49 The assigned phases are further validated using 

Raman spectroscopy (Fig. S3b, ESI†), which highlights the 

formation of new vibrational modes with increased Ca 

incorporation. These modes are labeled according to 

literature.50-52 The XRD patterns (Fig. S4a and S4b, ESI†) confirm 

the formation of BTO (P4mm, ICDD 5-0626) and PTO (P4mm, 

ICDD 6-0452) in T phase.  

 The symmetry changes in the A-site environment induced 

from the reconstruction of the CSTO and CSNO lattice as a result 

of Ca doping was probed using ex-situ PL spectroscopy. The 

collected emission spectra and extracted asymmetry ratio 

(emission intensity ratio of 5D0-7F1 and 5D0-7F2, R-value)17, 18 for 

the C (x = 0), T(x = 0.2), and O (x = 0.8) phases, are shown in Figs. 

3 and S2 (ESI†). The horizontal dashed lines indicate the 

measured R-values for STO, BTO, and PTO NPs. As shown in Fig. 

3, for the CSTO NPs, an increase in the R-value (reduction in 

symmetry) is observed and this is consistent with the XRD trend, 

i.e., C to T and T to O (from 2.7 ± 0.1 to 4.7 ± 0.1). This increasing 

trend signifies that the crystallographic symmetry (long-range 

structure) mirrors the spectroscopic symmetry (local 

structure).17 Although similar responses have been reported in 

literature for CSTO (where x is 0 and 1.0),53, 54 these results 

demonstrate that, in addition to starting and final phases, 

intermediate phases can also be identified using PL.  

 Interestingly, the observed R-value for CSNO (6.0 ± 0.1) does 

not significantly change when x < 0.2, suggesting that initial 

structural changes occur gradually possibly due to the presence 

of two phases. These observations also coincide with the XRD 

results. At higher doping concentrations, the R-value decreases 

(4.4 ± 0.1) suggesting a higher symmetry site surrounding the 

Eu3+ ion, counter to what is seen for CSTO. The difference in the 

PL response with Ca doping is attributed to the CSTO being 

synthesized using a reported hydrothermal route where less 

oxygen defects are present. However, this approach is not 

suitable for stabilizing the Nb oxidation state, motivating the 

need for the low-pressure synthetic method. It is believed that 

the presence of defects (Oxygen vacancy) surrounding the A-

site is responsible for this high R-value which subsequently 

decreases with increasing Ca concentration. PL lifetime 

experiments (Fig. S5 and Table S2, ESI†) were performed on the 

CSNO samples to probe the composition-induced symmetry 

change. As with the other characterization methods, the 

lifetime measurements of x = 0 and 0.2 did not show significant 

changes (i.e. within fitting error). At higher Ca concentrations (x 

= 0.8), a pronounced increase (> 200 μs) is observed in the 

lifetime and this is attributed to the formation of the O phase.16  

 In-situ PL measurements were performed to probe the 

effect of Ca incorporation on the crystal structure at 

temperatures where AFD distortions are suppressed. Due to the 

highly local nature of the probing method, standard deviation 

change, slope change, etc. are good indicators of FE/structural 

transitions.16 As there is a large body of work pertaining to the 

FE/structural transition temperatures of BTO, PTO, and CSTO,55-

58 these crystals are well-suited to initially test the in-situ 

method before being applied to the material of interest (CSNO). 

Initially, Eu3+-doped NaYF4 (Fm-3m, Fig. S6, ESI†) NPs in C phase  
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Chemical 

Composition

Transition 

Temperature 

(Bulk, ̊ C)a

Transition 

Temperature 

(Local, ̊ C)b

Ref.

BTO -80 and 0 -120 and 30 55

PTO -100 -100 56

STO -233c and -190c -50 57, 58

CSTO -233c to -150 0 58

aBulk comes from literature.
bLocal comes from our work using in-situ PL

measurements.
cTemperatures below in-situ PL measurement range.

Table 1 Transition temperatures for select FE perovskite oxides 
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were used as a control59, 60 to verify that any observed changes 

to the R-value for the ABO3 perovskites are due to FE/structural 

transitions. The reference NaYF4 sample showed little change 

with temperature (1.91 ± 0.02) indicating that the R-value is 

independent of temperature without structural changes. The 

temperature-dependent PL measurement on BTO (Fig. 4a) 

shows a pronounced drop in the R-value starting at 25 °C and 

leveling off around -100 °C and this coincides well with reported 

T to R and R to O structural transition temperatures.55 In the 

case of PTO, the low-temperature T to O phase change (-100 °C, 

Table 1) only slightly distorts the crystal (a/b~1.0002).56 At this 

temperature, there is a distinct decrease in signal standard 

deviation from ±0.1 to ±0.03 which is attributed to long-range 

ordering in the NP crystal structure (Fig. 4b). Similar 

temperature-dependent analysis of CSTO (Fig. 4c) shows that 

the R-value begins to increase when the temperature drops 

below -50 oC for x = 0 and at around -20 oC for x = 0.2 due to the 

start of the C to T phase transformation. According to reported 

XRD/dielectric experiments (Table 1),57, 58 the C to T transition 

temperatures are expected to fall outside the PL capabilities 

and, thus could not be determined. The temperatures listed in 

Table 1, identified using bulk techniques, provide information 

regarding the global structure. However, the temperatures, 

extracted using PL, examine the local structure allowing for both 

the start (non-uniform) and end (uniform) of FE/structural 

changes to be captured. These local results are significant as 

they demonstrate that the structure of CSTO (x = 0.2) still 

retains some C character at room temperature even though the 

longer-range structure, probed via XRD and Raman, appears T 

(Fig. S3, ESI†). This presence of C nature contributes to 

ferroelectricity suppression in this T phase as seen in 

literature.57 Further increasing the concentration to x = 0.8 

results in similar behavior to PTO, i.e., negligible response with 

temperature followed by a noticeable decrease in the standard 

deviation (between -100 to -80 °C), suggesting an overall 

increase in crystal uniformity throughout the NP.  

 Next, the CSNO samples were subjected to the same 

temperature-dependent measurements (Fig. 4d-f). There is a 

similar trend in the PL spectra for the CSNO as in the CSTO 

samples at all doping concentrations. However, for the 

concentration x = 0.2, there is an initial high R-value drop-off, 

which can also be seen in the BTO sample at ~50 °C, highlighting 

a possible similarity in their short-range structures. From this, it 

can be concluded that there is a difference in the long-range 

ordering, and respective phase transformations, in the CSNO 

crystals as a function of Ca doping. Additionally, despite the 

presence of oxygen vacancies from the low-pressure synthesis, 

this comparison with CSTO, BTO, and PTO NPs suggests that 
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these materials (CSNO) have the potential to exhibit FE phase 

transitions upon Ca doping, but further PFM measurements are 

needed. Overall, unlike PFM, in-situ/ex-situ PL measurements 

provide valuable information about the impact of synthesis 

conditions on the local and long-range structure which can be 

leveraged to quickly screen for FE-type phase transitions in next 

generation materials. 

4. Conclusions 

In summary, a novel approach to study local site symmetry 

transformations in ABO3 perovskite NPs has been 

demonstrated. The low-loss response of SrNbO3 makes it a 

promising candidate material for FE applications. 

Unfortunately, its centrosymmetric crystal structure suppresses 

FE distortions, motivating the use of defect chemistry to break 

the local A/B-site symmetry. This work highlights the 

crystallization and study of a potential FE material, i.e. CSNO, 

which cannot be synthesized using traditional wet-chemical 

methods. In-situ/ex-situ PL coupled with XRD and XAS analyses 

shows that this synthetic method limits available oxygen during 

the crystallization process lowering the A-site symmetry (R = 6.0 

± 0.1 to 4.4 ± 0) and facilitating FE/structural disorder. These 

values, when compared against the model system (CSTO, 2.7 ± 

0.1 to 4.7 ± 0.1),  non-FE (STO, R = 2.7 ± 0.1), and prototypical 

FEs (BTO, R = 4.8 ± 0.1 and PTO, R = 3.6 ± 0.1), further 

demonstrate that these defect-controlled CSNO NPs possess 

low-symmetry environments favorable for FE distortions. 

Ultimately, this ability to probe the local site symmetry of low-

dimensional ABO3 perovskites, will significantly impact the 

renewable energy industry by contributing to the design of Pb-

free FE materials. 
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