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Abstract 

Local structural distortions due to isolated atomic defects and defect complexes strongly affect 

the macroscopic properties of oxide ceramics.  While the characterization of local defect 

structures is more common in simple ABO3 perovskites, unambiguous determination of the same 

in layered perovskites is more difficult due to their complex crystal structures.  Here, we 

combined x-ray pair distribution function and density functional theory calculations to 

characterize the structure of cation-oxygen divacancy pairs in a Dion-Jacobson (D-J) layered 

perovskite.  Our study indicates that local incommensurate dipole moments with polarization 

density in the range of ~0.1-17 μC/cm2 are created due to divacancy-induced structural 

distortions in the D-J phase KCa2Nb3O10.  This is comparable to defect dipole moments observed 

in well-known perovskite ferroelectrics.  The current results imply that controlling the atomic 

defects can potentially lead to significant control of dielectric properties in D-J layered 

perovskites.  
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Introduction 

 Interest in layered perovskites has grown in recent years due to their novel functionalities 

such as high-k dielectrics, high TC superconductors, catalysis, and quantum magnetism.[1–5]  

The unique properties of layered perovskites can be attributed to their 2-dimensional slab 

structure, whereby discrete ABO3 perovskite-like layers are separated by interlayer structural 

motifs such as alkali metal ions or Bi2O2 fluorite units. Dion-Jacobson (D-J) phases are one such 

class of layered perovskites with the general formula of A'[Am-1BmO3m+1], where A' is an alkali 

metal and m represents the number of octahedral layers within each perovskite slab.[6,7,8]  In 

recent years, D-J phase oxides have gained attention due to their numerous existing and potential 

applications, such as tunable and high-temperature dielectrics, photocatalysis, photovoltaic 

electrode materials, and a new generation of high-temperature superconductors.[9–14]  

Furthermore, ferroelectric instability in some D-J phase oxides and D-J phase oxide-derived 

nanosheets has broadened the application range of these materials.[15,16] Despite several 

experimental studies on the crystal structure of D-J phases, the exact determination of their 

atomic structure can be difficult due to complex local structural distortions.[17–21]  In this 

regard, a critical source of local structural distortions is point defects such as cation or oxygen 

vacancies, which result as an unintended consequence of high-temperature processing and may 

have a significant impact on material properties.  Indeed, earlier studies indicated that local 

electrical dipoles and structural distortions arising from point defects significantly influence 

functional properties in ABO3 perovskites, such as electrical polarization and dielectric 

relaxation.[22,23]  It is also acknowledged that cation and oxygen vacancies may influence 

functional properties of D-J phases, such as electrical conductivity, dielectric permittivity, and 

photocatalytic activity.[24–27]  In order to better understand the effect of atomic-scale defects on 
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macroscopic properties, it is essential to characterize the local structure of the defect centers.  

However, detailed characterization of local defect structures in D-J phase compounds is currently 

lacking. 

 Characterization of local structural distortions due to atomic defects has remained a 

challenging task. In the past, local defect structures in ABO3 perovskite ferroelectrics were 

characterized using techniques such as electron paramagnetic resonance (EPR) or positron 

annihilation spectroscopy [28–34] which nevertheless have their own limitations. EPR can be 

used only for paramagnetic ions.  Positron annihilation spectroscopy can infer characteristic 

defect types, but their structure is difficult to decipher.  Furthermore, microscopic techniques 

such as high-resolution transmission electron microscopy (HRTEM) suffer from surface-related 

effects and artifacts related to sample preparation.  In recent years, efforts have been made to 

characterize local structure around defects using the pair distribution function (PDF), derived 

from total x-ray or neutron scattering experiments.[35,36]  However, unambiguous 

determination of defect structure using the PDF alone can be challenging. Notably, for layered 

perovskite D-J phases, the presence of four or more elemental components and a sandwich of 

multiple structural forms open a multitude of possibilities for defects, which complicates the 

determination of exact local structural distortions introduced by defects.  In this regard, density 

functional theory (DFT) can narrow the possible space of defect complexes based on energy 

considerations as well as taking into account local atomic chemistry and charge balance 

requirements.[37–44]  Thus, pairing x-ray scattering data with ab initio computations holds 

significant potential advantages.  

 Here, we demonstrate the characterization of local defect-induced structural distortions in 

the prototypical D-J layered perovskite, KCa2Nb3O10, using combined x-ray total scattering 



 page 5 

experiments and DFT calculations.  Our study indicates the presence of large local dipole 

moments density due to Ca-O vacancy pairs (or divacancies) in KCa2Nb3O10, akin to other well-

known perovskites such as PbTiO3. The defect-induced local dipoles are likely a contributing 

factor to the dielectric relaxation and nonlinearity measured for this material.  The current result 

implies that local defect dipoles should be an important factor in discussing the functional 

properties of D-J phase compounds.  

Experiment 

 KCa2Nb3O10 ceramics were prepared by a conventional solid-state synthesis method. 

Stoichiometric amounts of K2CO3 (Sigma Aldrich, 99.7 %), CaCO3 (Sigma Aldrich, nominal 

purity 100.0 %), Na2CO3 (Sigma Aldrich, nominal purity 100.0 %), and Nb2O5 (Sigma Aldrich, 

99.9 %) were ball-milled in ethanol for 24 h. The powder samples were dried in the oven at 100 

°C for 2 hours before weighing to remove adsorbed moisture. The mixed powder slurry was 

dried and then calcined in the temperature range of 1200℃ for 12 h. The calcined powders were 

ground, mixed with polyvinyl alcohol (PVA), and sieved through 100 μm mesh. The granulated 

powders were pressed into pellets of diameter 10 mm and thickness 1 mm with a pressure ~ 34.5 

MPa. The pellets were placed in an alumina crucible and sintered in air at 1325 ℃ for 4 hours. 

During sintering, the green pellets were covered with powders of the same composition of  

KCa2Nb3O10 to limit volatilization of certain elements, such as K, Ca, and Nb. The x-ray 

diffraction pattern of synthesized KCa2Nb3O10 could be indexed with a Dion-Jacobson phase 

structure, indicating that we have successfully synthesized the KCa2Nb3O10 compound with no 

evident secondary phases.  (see details in Supplemental Material Section A) [45]. 

The frequency-dependent (100 Hz ≤ f ≤ 1 MHz) dielectric properties of KCa2Nb3O10 at low 

electric fields (0.1 V ac) were measured using an LCR meter (Agilent-4284A, Technologies). 
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The high-field electrical polarization of the KCa2Nb3O10 was characterized from polarization-

electric field (P-E) hysteresis loops, using a Radiant Precision LC-II Ferroelectric Test System 

(2835 Pan American Fwy). 

High-energy synchrotron x-ray total scattering data at room temperature were collected at 

the beamline 11-ID-B of the Advanced Photon Source, Argonne National Laboratory, using a 

wavelength of = 0.2113 Å. The samples were loaded in Ø1mm quartz capillaries. The scattered 

intensity was recorded at a sample to detector distance of 170 mm with Debye-Scherrer 

geometry in transmission mode on a large amorphous-Si TFT panel detector. The local structure 

was characterized by the atomic pair distribution function G(r), obtained from the x-ray total 

scattering intensity pattern. The high-energy x-ray scattering results were corrected for the 

sample absorption, background, Compton scattering, and incident flux. The normalized 

intensities were reduced to the structure factor S(Q), which was then Fourier transformed using 

the function:  

   
max

min

2
( ) 1 sin

Q

Q

G r Q S Q Qr dQ


     (1) 

to achieve the corresponding PDFs, where Q is the momentum transfer and is defined as 

Q=4πsin(θ)/𝜆 . The PDF conversion was executed in the software PDFgetX2 [46], and the Qmax 

used was 19 Å-1(see details in Supplemental Material Section B) [45]. The pair distribution 

function was analyzed using the software PDFGui.[47]  The synchrotron x-ray diffraction pattern 

was analyzed by Rietveld refinement using FullProf software.[48] 

Raman measurements were carried out in a backscattering geometry using a Thermo 

Scientific DXRTM2 Raman microscope equipped with a laser of 532 nm with a maximum power 

of 10 mW. 



 page 7 

Results and Discussion 

Electrical Properties 

Fig.1(a) shows the low-field dielectric constant (ε') and dielectric loss (tan ) of the 

KCa2Nb3O10 ceramics at room temperature as a function of frequency. The dielectric constant is 

higher for lower frequencies due to contributions from dipolar and interfacial polarization but 

stabilizes for frequencies higher than 104 Hz. Fig.1 (b) shows the temperature-dependent 

dielectric constant and dielectric loss, exhibiting large dielectric relaxation at high temperatures 

for KCa2Nb3O10 ceramics. Notably, the dielectric loss for this material in this study is observed 

to be lower (~ 0.11 at 100 Hz ) as compared to previous studies [9,49]. The high-field dielectric 

permittivity was characterized from the P-E hysteresis loops of KCa2Nb3O10 ceramics, which 

were measured with an applied ac electric field of amplitude E  210 kV/cm and frequency f = 

10 Hz as shown in Fig.1(c). Details for calculation of the high-field permittivity from the P-E 

loops are provided in Section C of the Supplemental Material [45] (see also refences [50,51] 

therein). The dielectric permittivity as a function of electric field amplitude is shown in Figure 

1(d). A nonlinear increase in ε' can be observed for electric field amplitudes greater than 180 

kV/cm. Such unusual properties, that is, a large dispersion of ε' with frequency and nonlinear 

increase in ε' with electric field amplitude, can potentially arise in centrosymmetric ionic 

compounds as a result of relaxation or reorientation of local dipoles created due to point 

defects.[39,52,53]Compositional analysis of the synthesized KCa2Nb3O10 powders indicated a 

significant presence of ionic vacancies (See details in Section D of the Supplemental Material) 

[45]. In order to better understand the vacancies induced local dipoles for the layered perovskite 

KCa2Nb3O10, we undertook a detailed structural characterization of this material.  

 



 page 8 

Description of Rietveld and PDF refinements 

 The Rietveld refinement of the x-ray diffraction data is shown in Fig. 2(a), which 

indicates that the long-range crystal structure of KCa2Nb3O10 is orthorhombic with the Cmcm 

space group, and the lattice parameters: a = 3.8787(2) Å, b = 29.5385(15) Å, and c = 7.7219(4) Å.  

For the current refinement, the average crystal structure of the KCa2Nb3O10 phase determined by 

Fukuoka et al. [54] was used as a starting point (see details in Section E.1. of Supplemental 

Material) [45]. The atomic positions in the long-range average structure are listed in Table 1.  

The corresponding unit cell structure is shown in Fig.2(b), composed of two perovskite slabs of 

Ca2Nb3O10 and K ions sandwiched between the perovskite blocks.  Bothe the terminal (next to K 

ions) and inner (central) layer octahedra exhibit tilting around the a and b axes at room 

temperature.  The complex crystal structure of KCa2Nb3O10 has three different cations that are 

significantly different in terms of their ionic radii and nature of cation-oxygen bonding, which 

makes local deviations from long-range average structure likely; such as consider that such local 

deviations also exist in simple perovskite BaTiO3 with ionic Ba-O and covalent Ti-O bond[55].  

The presence of ionic vacancies is also expected to cause local structural distortions [35]. 

Therefore, we examined the short-range local atomic structure of KCa2Nb3O10 from analysis of 

its x-ray pair distribution function or G(r).  The structure parameters obtained from Rietveld 

refinement were used as a starting point for fitting the x-ray G(r).  Fig. 2(c) compares the model 

G(r) based on the average long-range structure and the experimentally observed x-ray PDF. In 

Fig. 2(c), the model G(r) is calculated by refining only the lattice parameters and the atom 

displacement parameter (ADPs) to best fit the observed G(r), while keeping the atomic 

coordinates the same as that obtained from fitting of the Bragg peaks.  The experimentally 

observed G(r) and the calculated G(r) based on the average structure are close to each other for r 
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> 6 Å, which indicates that they approximately converge for r > 6 Å.  However, there are notable 

differences between the experimental and the calculated G(r) for the average structure for r < 6 

Å, most prominently in the region marked by a green oval in Fig. 2(c), which has the most 

contribution from the nearest and the next-nearest neighbor Nb-O, Ca-O and O-O interatomic 

correlations (see Fig.S5 in Supplemental Material [45]).  It is known that nearest-neighbor 

correlated atomic motions can influence the peak intensity for pair-wise atomic correlations in 

the short range.[56,57]  Therefore, we accounted for the effect of correlated atomic motions by 

refining the displacement correlation parameter δ2 at low temperatures.[58]  In this case, we 

fitted the experimental G(r) by refining δ2, in addition to lattice parameters and the ADPs.  As 

shown in Fig. 2(d), including δ2 in the refinement could reproduce the peak intensity of the 

nearest neighbor Nb-O correlations (δ2 = 3.23 ( )), which means that atomic motions of Nb 

and O can be highly correlated.  However, the next two peaks Ca-O/O-O in the G(r), cannot be 

fit well even while refining δ2, particularly for the shorter Ca-O/O-O distances at r ~ 2.4 Å.  This 

can be explained due to the predominantly covalent character of the Nb-O bonds, in contrast to 

the predominantly ionic Ca-O bonds [57].  Thus, it is difficult to describe the experimentally 

observed difference between the average and local structures of KCa2Nb3O10 as a result of 

correlated dynamic atomic motions alone. Effort to fit the experimental G(r) by undertaking a 

full refinement of the structure, including lattice parameters, atomic positional coordinates, and 

APDs, provided a reasonable fit for r > 6 Å, but also did not provide a good fit in the low-r range 

covering nearest-neighbor distances (i.e. r < 6 Å) (details are provided in section E.3. of the 

Supplemental Material [45]). 

It is known that D-J phase compounds are highly amenable to non-stoichiometry.[24-27]   

X-ray photoelectron spectroscopy (XPS) indicated that Ca and K vacancies are the major defect 
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species in the synthesized powders (see Table S1 [45]).  However, the fundamental charge 

neutrality condition dictates that the cation vacancies should be ideally compensated by anion 

vacancies, in this case, oxygen vacancies, in the form of cation-oxygen divacancy pairs.  This is 

also supported by the exhibition of good insulating properties of the synthesized ceramics, with a 

very low dielectric loss at room temperature as shown in Fig. 1(a), which otherwise may show 

enhanced electron (hole) conductivity due to excitation of low-lying defects states into the 

conduction (valence) band.  Moreover, due to the complex crystal structure of KCa2Nb3O10, 

various types of divacancy configurations are also possible.  Therefore, to investigate the most 

likely isolated vacancy and divacancy complexes, we undertook a detailed characterization of the 

vacancy and divacancy formation energies for KCa2Nb3O10 using DFT.  

DFT computation of defect formation energies 

 First-principles calculations are performed with DFT using the plane-wave 

pseudopotential method.[59,60]  Non-spin-polarized calculations are performed with generalized 

gradient approximation (GGA) with Perdew-Burke-Ernzerhof parametrization as the exchange-

correlation functional.[61]  The core and valence electrons are treated with the projector 

augmented wave method.[62]  The kinetic energy cutoff for the plane waves is set to 500 eV.  

For the defect models, the basis vectors of the unit cell have been expanded to 2 × 1 × 2 

supercells containing 256 atoms. Fig. 3(a) shows the [100] projection of the supercell with all 

inequivalent atom types indicated by differentiating colors.  The atomic positions of defect 

models were thoroughly optimized to minimize the residual interatomic forces.  The integrations 

in the Brillouin zone are performed in a discretized Monkhorst-Pack  [63] k-points mesh of 2 × 2 

× 2 for the geometrical optimization.  Geometrical optimization for the models is carried out with 

the tolerance for total energy convergence set to 1.0  10-7 eV.  The calculations are performed 
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with the Vienna Ab Initio Simulation Package (VASP).[64,65]  The volume relaxed lattice 

parameters were found to be a = 3.95 Å, b = 29.98 Å, c = 7.83 Å, which  match with those 

obtained from our Rietveld refinement of the x-ray diffraction pattern, and also consistent with 

earlier studies.[54] 

 The centrosymmetric crystal structure of KCa2Nb3O10 has one type of K atom site, two 

symmetry inequivalent Ca (Ca1 and Ca2) atom sites, two symmetry inequivalent Nb (Nb1 and 

Nb2) atom sites, and seven symmetry inequivalent O (O1,…, O7) atom sites, see Fig.3(a).  The 

defect models were created to span all possible isolated vacancies (VK, VCa1, VCa2, VNb1, VNb2, 

VO1,…, VO7), constituting a total of 12 configurations (see the label of Fig. 3(b)), as well as 

divacancy cases forming nearest-neighbor cation-oxygen vacancy pairs, constituting a total of 18 

configurations (see the label of Fig.3(c)).   

 The formation energy ( ) of defects is calculated from the total energy of defect 

supercell ( ), and the total energy of stoichiometric host ( ) as: [66,67] 

       (2) 

where  is the chemical potential of species , their number , and the factor  equals to  

(  for atoms added to (removed from) the host to construct the defect supercell.  The  for K, 

Ca, Nb, and O is derived from the total energies of standard oxides K2O, CaO, Nb2O5, and O2 

molecule, respectively. The formation energies of all the different ionic defects are provided in 

table S2 in theSupplemental Material section F.1 [45].  

 The average  of isolated vacancies, VK, VCa, VNb, and VO are 1.68 eV, 0.96 eV, 3.27 

eV, and 1.77 eV, respectively (see Table S2 [45]).  Among these, the most notable is the VO3 
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vacancy, which is energetically most favorable with  0.06 eV.  Therefore, although XPS 

data did not reveal O deficiency, which is likely due to lower sensitivity and surface adsorbed O, 

it is expected that O vacancies will form in this material.  The DFT results also imply that the 

oxygen vacancy is more likely to appear between the perovskite sublayers, that is VO3, than the 

interfacial region between the perovskite slab and K atoms.  Moreover, analysis of the formation 

energies of cation vacancy-oxygen vacancy pairs shows that VCa-VO3 (Ca includes Ca1 and Ca2) 

are more probable vacancy complexes than VCa-VO (O includes O1, O2, O4, and O5), VK-VO, or 

VNb-VO. Importantly, the negative formation energies for VCa-VO3 indicates the likely existence 

of  VCa-VO3 in KCa2Nb3O10. 

In well-known perovskite ferroelectrics, it is traditionally understood that electrical 

polarization originates from the off-centered displacement of cations from their high-symmetry 

positions in the crystal lattice.[68] Therefore, a natural question arises on whether local atomic 

reconstruction around the VCa-VO complex gives rise to local dipole moments?  To get a better 

insight into this area, we re-analyzed the x-ray G(r) with input from DFT.  

PDF analysis with input from DFT  

The short-range atomic correlations for the structures with cation-oxygen defect complexes are 

next compared against the experimental G(r).  To calculate G(r) from the DFT model structures, 

the lattice parameters and ADPs were refined to best reproduce the experimental G(r), since the 

structure calculated from DFT is for 0 K (see details in Supplemental Material Section F.2.[45]).  

For fitting of G(r) with the inclusion of defect complexes, the displacement correlation parameter 

δ2 was not refined, since their inclusion only provided marginal improvement in the fit (see 

Supplemental Material Section F.3.[45]) Fig. 4 (a-d) compares the experimental G(r) with the 

calculated G(r) based on DFT structures with (a) no vacancy, (b) Ca1 vacancy (VCa1), (c) O3 



 page 13 

(VO3) vacancy, and (d) the VCa1-VO3 divacancy pair.  In Fig.4 (a), the calculated G(r) with no 

vacancies reproduce the experimentally measured  G(r) except for the first three peaks, which 

correspond to the nearest-neighbor Nb-O, and Ca-O/O-O interatomic correlations.  The 

supercells with VCa1(Fig.4 (b)) or VO3 (Fig.4 (c)) isolated vacancies can better reproduce the 

experimentally measured G(r), as compared to the supercell with no vacancy, which is reflected 

from lower values of the weighted residuals Rw for these structures, and additionally, better 

reproduction of the first three peaks.  However, considering electronic charge compensation in 

cation vacancy-anion vacancy pairs and the fact that the samples are highly insulating, the 

divacancy complex is more likely to form rather than isolated vacancies. Additionally, as can be 

seen from Figure 3(c), the divacancy pair of VCa1(2)-VO3 has the lowest formation energy (see 

Table S2 in Supplemental Material [45]). Moreover, it can be observed from Fig. 4(d) and Figs. 

S7-S8 that Rw for the supercell structures with  or VCa1-VO3 are lower as compared to those of 

structures with VCa1 or VCa2. Moreover,  Rw for the supercell structures with VCa1(2)-VO3 are 

among the lowest for all the structures,  including other isolated vacancy modes as shown in 

Fig.S7 and divacancy modes as shown in Fig.S8 [45]. Therefore, taking into account both the 

defect formation energies and reproducibility of the G(r) based on the DFT calculated supercell 

structure, we can conclude that the VCa1(2)-VO3 divacancies are the predominant defect complex 

present in the material. In the Kroger-Vink notation, the divacancy pair is represented as 

, however, here, we will use the VCa1(2)-VO3 notation without implying their possible 

ionization states.  Similar results about tightly bound cation-oxygen divacancy pairs were 

obtained earlier for perovskite ferroelectrics in Ref. [69].  However, it is essential to note that the 

VCa1(2)-VO3 divacancy pairs in KCa2Nb3O10 are oriented nearly orthogonal to the longer b axis.  

This can be compared with PbTiO3-based perovskite ferroelectrics, where VPb-VO are oriented 



 page 14 

along the longer c-axis.[37]  Note that for the fits shown in Fig. 4, the displacement correlation 

factor δ2 was not considered.  As shown in Fig.S9 (of the Supplemental Material Section F.3. 

[45]), incorporation of δ2 while refining the defect structures from DFT yielded only marginal 

improvements in the fits to the experimental G(r).  This suggests that the local structure of 

KCa2Nb3O10 is more strongly affected by the ionic defect complexes, as considered here, than 

due to locally correlated atomic motions.   

Calculation of vacancy induced local dipole moment 

Figure 5(a) shows the perovskite layers of the KCa2Nb3O10 supercell with the VCa1-VO3 

divacancy oriented nearly parallel to the oxygen octahedral layers.  The position of the oxygen 

octahedra and the Nb-O-Nb angle within the different perovskite layers are labeled using Di
x and 

i
x, where the subscript i refers to their position along the c-axis and x denotes their position 

along the b-axis.  The distortion parameters (D) for the different O octahedra are represented in 

Fig.5 (b-d) by solid symbols for the supercell with no vacancy and by open symbols for the 

supercell with VCa1-VO3 divacancy.  The distortion parameter (D) is calculated using the 

following equation [70]: 

2
1 n i

i

d d
D

n d

  
   

   
      (3) 

where n is the coordination number (in this case, n=6), and di and d are the individual and 

average values of the Nb-O bond lengths, respectively. For 3

AD  and 3

BD  (in Fig.5), n = 5, due to 

one missing oxygen. 
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 For the structure with no vacancy, the O octahedra in the terminal layers (
A

iD and 
C

iD are 

more distorted (D ~ 0.81%) as compared to the O octahedra in the inner layer (
B

iD ) with D ~ 

0.01%.  With the introduction of the VCa1-VO3 divacancy, all three layers exhibit additional 

distortion.  However, the maximum change in D is observed for 3

AD  (see Fig. 5(b) inset), which 

is closest to the VO3 site. Overall, while the VO3 is placed in between the inner and terminal 

octahedra, the inner layer exhibits a larger change in D as compared to the terminal layers.  

Support for local structural distortions around the defect centers is further obtained from 

Raman scattering data. Figure 6 shows the Raman spectrum for the synthesized ceramics in the 

range of wavenumbers 400-1000 cm-1. The sharp peak at ~935 cm-1 is due to the terminal short 

Nb-O bond (~1.7 Å) in the highly distorted octahedra of the terminal layers. In comparison, the 

peaks at ~ 580 cm-1 and ~760 cm-1 are due to the Nb-O bonds in the slightly distorted octahedra 

of the inner layer. The relative number of short Nb-O bonds in the terminal octahedra can be 

characterized from the intensity ratio, I(~935 cm-1)/I(~580 cm-1), where I indicates the integrated 

area under the corresponding peak.[71] Theoretically, for KCa2Nb3O10, I(~935 cm-1)/I(~580 cm-

1) should be ~2, which reflects the ratio of the terminal octahedra to the inner octahedra [71]. 

Based on the data shown in Fig.6, I(~935 cm-1)/I(~580 cm-1) ~ 1.25, which indicates a significant 

depletion of the terminal short Nb-O bonds. The Raman data is consistent with a sharp decrease 

in D for the terminal octahedron near the VCa-VO defect pair, as shown in Figure 5 (b), which is 

mainly due to the absence of a short Nb-O bond. In addition, the Raman peak at ~580 cm-1 is 

asymmetric, which indicates inhomogeneous structural distortions for the middle layer octahedra 

and is likely a result of higher D around defect centers for the structure containing divacancy 

pairs, as depicted in Figure 5(c).   
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The Nb-O-Nb bond angle  for the different perovskite layers are shown in Figure5(e-

g), using the same notation style as D.  The solid symbols represent β for the supercell with no 

vacancy, and the open symbols represent β for the supercell with VCa1-VO3 divacancy.  With the 

introduction of VCa1-VO3, the maximum changes in  are observed for the terminal octahedral 

layer nearest to the VCa1-VO3 in the  A layer, that is, 2A.  Within the terminal layer of the 

structure with no vacancy, the tilting angle around the a-axis (β) for the neighboring octahedra 

alternates between 180° and 140°. With the introduction of VCa1-VO3, the structure relaxes to 

minimize the difference between β of the neighboring octahedra within the terminal layer. 

Furthermore, for the inner octahedral layer, β stays close to uniform across the neighboring 

octahedra, even with the introduction of vacancies. In contrast, 1 4

BD   are all similarly affected by 

the introduction of the VCa1-VO3. This indicates that the additional strain introduced by vacancies 

is relieved within the inner layer through octahedral distortions, rather than by disturbing the 

octahedral tilting pattern.  

  Importantly, these results show that introduction of the VCa1-VO3 divacancy modifies the 

octahedral distortions and tilting by disturbing the complex interplay between the layer-wise 

strain energies and atomic bonding energies, the details for which will require further 

investigation. Consequently, although the maximum changes in the octahedral distortions and 

Nb-O-Nb bond angles are close to VO3, that is 3

AD   and , the neighboring positions are also 

significantly affected. In other words, the modulation of the atomic structure due to the 

additional strain field from the divacancy pair is longer-range (not only limited to nearest 

neighbors) and therefore not commensurate with the unit cell of the lattice.    
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The above analysis shows that structural distortions introduced as a result of cation-

oxygen divacancies could lead to the formation of local anisotropic electrical dipoles.  In other 

words, while the long-range structure is centrosymmetric, the presence of cooperative point 

vacancies can cause the structure to deviate locally from bulk symmetry and result in 

uncompensated electrical dipoles.  In this regard, we estimated the strength of local polarization 

of the KCa2Nb3O10 lattice upon inclusion of VCa-VO divacancy pairs from the DFT-relaxed 

supercell models.  

To calculate dipole density, the atomic Born effective charge (BEC)  (i = atomic index of 

the supercell models), was computed using the density functional perturbation theory, BEC is a 

tensorial quantity; however, the orthorhombic symmetry of the KCa2Nb3O10 lattice ensures 

primary contribution from the , , and  components. The Cartesian component of the 

atomic displacement  was computed as the difference between the atomic positions in 

the relaxed defect supercell model and the non-defect supercell model. The magnitudes of 

polarization density components ( , , and ) and the effective polarization (P) is then 

obtained via: 

,  (4a) 

                     (4b) 

Here,  is the volume of the supercell model. Since the lattice vectors are orthogonal, the 

Cartesian polarization components , , and  match to , , and , respectively. The 

magnitude of the polarization components are in the order of milli- . 

The data for polarization density of VCa-VO divacancy pairs are tabulated in Table 2.  

Note that the atoms corresponding to the vacancies are not included in the computation of 
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polarization P as the BEC of vacancies are essentially zero.  Further, the polarization values 

represent the integrated dipole moments arising from an incommensurate structure due to defect-

induced atomic rearrangement. Although we use polarization to describe it, it should not be 

confused with the conventional polarization definition that is associated with a global structural 

change or the "ferroelectric phase." Nevertheless, the local polarization plays a vital role in 

determining the material properties, which is important to characterize. Due to the limited size of 

our supercell models, the values in Table 2 can be treated as the theoretical upper bound of 

polarization for KCa2Nb3O10 that are obtainable with defect dipoles.  These values are dependent 

on the particular defects under consideration, and are significant numerically given that the bulk 

crystal structure is centrosymmetric.  For example, the calculated local polarization of the VCa2-

VO3 defect dipole, which has the lowest formation energy and hence is the most probable defect 

type,  is ~14 μC/cm2. From the set of VCa2-VO pairs, the polarization of VCa1-VO5 defect has a 

still larger polarization value, ~17 μC/cm2, although its formation energy is larger than the other 

types of defect dipole configuration. These values are not unexpected. For example, consider that 

the dipole moment of the Pb-O divacancy pair in well-known ferroelectric PbTiO3 is 0.1 e/Å2 or 

~ 160 μC/cm2.[37]. In comparison, the polarization value of perovskite ferroelectric compounds 

BaTiO3 and PbTiO3 are 28.4 and 66  , respectively, and that of Aurivillius Bi4Ti3O12 is 

50 . [40,72–74]  

 The synthesized KCa2Nb3O10 ceramics show large dielectric relaxation at high 

temperatures, as well as dielectric nonlinearity at high electric fields (see Fig.1), which can be 

partially attributed to the large local fields from the divacancy pairs.  Additional contributions 

could include space charges at grain boundaries or stacking faults, which are not considered here. 

The second important observation from the DFT studies is that VCa-VO defect dipoles of more 
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than one orientations have similarly negative formation energies, which when integrated within 

the thermodynamics limits may present no definite directionality, but would modulate the 

magnitude of the macroscopic polarization of bulk KCa2Nb3O10 ceramics. Recently, Osada et al. 

proposed that deficiency at the A-site in nanosheets derived from D-J phases may lead to 

ferroelectric instability through octahedral distortion and octahedral tilting.[5,10]  Our structural 

and theoretical analysis provides ample evidence in support of this hypothesis and brings out the 

role of VCa-VO divacancies more distinctly.   

Conclusions 

In summary, we obtained the structure of cation-oxygen divacancy pairs in D-J phase layered 

perovskite KCa2Nb3O10 by combining x-ray pair distribution function and first-principles 

computation.  Our results indicate that calcium-oxygen divacancy pairs are most likely to form in 

between the octahedral layers, which gives rise to local structural distortions leading to large 

dipole moment density that are oriented within the 2-dimensional perovskite blocks.  Most 

importantly, the current results demonstrate a strong polar nature of defect-induced local 

structural distortions in D-J phase compounds, which should motivate a broader investigation of 

defect dipoles in layered perovskites and their implication on polar interphases or other related 

macroscopic properties.  
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Figure 1. (a) Frequency-dependent dielectric constant (ε') and loss-tangent (Tan) of KCa2Nb3O10 

ceramics at various frequencies; 100 Hz  f 1 MHz at room temperature. (b) Dielectric constant (ε') and 

loss-tangent (Tan) of KCa2Nb3O10 at higher temperature (100-750 °C). (c) Hysteresis loops (P versus E) 

of KCa2Nb3O10 measured at E  210 kV/cm and f = 10 Hz. (d) High electrical field permittivity 

(calculated from PE loops) as a function of an electrical field. 
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Figure 2. (a) Synchrotron X-ray diffraction pattern along with the Rietveld refinement of KCa2Nb3O10.  

(b)The crystal structure of KCa2Nb3O10. (c) Observed and calculated G(r) profiles of KCa2Nb3O10 for 

interatomic distance r 10 Å, while refining only lattice parameter and ADPs of the average structure.  

(d) Observed and calculated G(r) profiles of KCa2Nb3O10 for interatomic distance r 10 Å, while refining 

displacement correlation parameter 2, in addition to lattice parameter and ADPs. 
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Table 1. Structural parameters, fractional atomic coordinates, and atomic displacement 

parameters (Uiso in Å2) from the Rietveld refinement. 

Formular KCa2Nb3O10 

Crystal system: orthorhombic phase  

Space group: Cmcm 

      

Atoms site X Y Z Uiso 

K1 4c 0 0.2589(2) 0.25 0.0056(18) 

Ca1 4c 0.5 0.0722(3) 0.75 0.014(2) 

Ca2 4c 0.5 0.0795(3) 0.25 0.025(3)  

Nb1 4a 0 0 0.5 0.0013(7) 

Nb2 8f 0 0.1441(5) 0.5034(3) 0.0012(4) 

O1 4c 0 0.003(3) 0.75 0.198(12)  

O2 4b 0.5 0 0.5 0.181(10) 

O3 8f 0 0.0734(7) 0.469(4) 0.096(5)  

O4 8f 0.5 0.1383(6) 0.520(4) 0.022(3)  

O5 4c 0 0.1304(12) 0.75 0.004(6) 

O6 4c 0 0.1430(12) 0.25 0.006(6) 

O7 8f 0 0.2064(5)  0.533(3) 0.000(3) 

      

Lattice parameter (Å)    

a=3.8787(2) b=29.5385(15)   

c=7.7219(4) α=β=ү=90°    

      

Rw=14.3 %        

a Note that O1 and O2 are disordered atoms [54] 
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Figure 3. (a) Schematic structure of the KCa2Nb3O10 supercell projected along the [1 0 0] direction. 

The structure is in the orthorhombic Cmcm space group, and all atoms are colored according to 

Wyckoff position.  (b) Calculated formation energies of isolated vacancies in KCa2Nb3O10 and (c) 

nearest-neighbor cation vacancy-oxygen vacancy pairs. 
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Figure 5. (a) The triple perovskite slabs of KCa2Nb3O10 supercell with VCa1-VO3 vacancies.  (b-

d) Distortion parameter evolution in A, B, and C layer, respectively.  (e-g) Nb-O-Nb angle in 

a-c plane (angle ) evolution in different perovskite layers A, B, and C, respectively. 
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Figure 6. Raman spectrum of KCa2Nb3O10 showing significant depletion of terminal short 

Nb-O bonds (refer text).  
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Table 2. Dipole density obtained from DFT computation using Eq. (4) for relaxed defect 

supercells with VCa-VO nearest neighbor divacancies.   
 

Sl. No. 
Vacancy  

complex 

Dipole density 

Pa (m ) Pb (m ) Pc (m ) |P| (m ) P  

1 VCa1-VO5 6.270 6.274 6.305 10.883 17.436 

2 VCa1-VO4 0.0 –0.059 –0.033 0.068 0.109 

3 VCa1-VO3 1.614 1.594 1.608 2.780 4.454 

4 VCa1-VO1 2.636 2.675 2.609 4.573 7.327 

5 VCa2-VO6 –0.341 –0.362 –0.314 0.588 0.943 

6 VCa2-VO4 0.0 –0.041 –0.014 0.043 0.069 

7 VCa2-VO3 –5.169 –5.196 –5.186 8.978 14.385 

8 VCa2-VO1 –1.081 –1.107 –1.102 1.899 3.043 

9 VCa2-VO2 –0.001 –0.060 –0.012 0.062 0.099 
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