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1. Introduction
ZrO

Ba

BaZrO3 Centro-symmetric 
cubic system

Net change in Polarizablity = 0
No Raman Active modes

C.Tolouse, et.al, Phys. Rev. B 100, 134102 (2019)

A.R. Akbarzadeh, et.al, Phys. Rev. B 72,205104 (2005)

I.Levin, et.al, Phys.Rev.B 104, 214109 (2021)

Why strong Raman modes at room temperature??



Solid-State Route

2. Synthesis Mechanism
BaCO3 + ZrO2
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a. Structural Characterization (XRD)

Cubic Phase space 

Pm3̄m

G.O.F.=1.22

Tetragonal Phase space 

I4/mcm

G.O.F.=1.98

3. Results & discussions

XRD doesn’t show any changes in long range order 

Maintained its cubic symmetry with temperature 

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



Temp-dependent Synchrotron XRD

 asymmetry introducing with 
lowering temperature value ~80K 
(Transition temperature)

Attributed to presence of tetragonal phase at ~ 82 K

Indicating presence of Disorder

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)

But no tetragonal signal at room temperature!



b. X-Ray Photoelectron Spectroscopy (XPS)

• Sample is in pure phase no impurity present in 
the BZO

O-1s XPS deconvulated in 3 peaks 

• 528.9 eV corresponds to lattice oxygen OL 

• 531.2 eV corresponds to -OH group OHads. 

• 530.4 eV  for Oxygen vacancy Vo

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



 Bond-Valance Sum Analysis

Vi = ∑
i

[exp(di − d0)]/B

BVS analysis with temperature variation shows that charge state of lattice oxygen is ~-1.92 instead of -2, 
confirms the partial absence of stoichiometric lattice oxygen in BZO system resulted in Ba and Zr atom 

Bond-valance Empirical constant=0.37

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



Vacancy formation: DFT & aiT

DFT

aiT
}

Temp?

What’s happening at atomistic level??

Any role of defects??

Hψ = Eψ ….successive refinement of ψ 

 (Hohenberg-Kohn 1964, Kohn-Sham1965)
Phys. Rev. 136, B864 (1964), Phys. Rev. 140, A1133 (1965)

Walter Kohn
Nobel Prize Oct. 1998

Density functional theory

Etot = E[n(r)] = Ts[n] + V[n] + Ves[n] + Exc[n]

 Challenge is to find the proper Exc..

“Towards Heaven”
ie. exact solution

com
putational cost, accuracy

Local-density approximation (LDA):  n(r)

Generalized gradient approximation (GGA):  |▽n(r)|

meta-GGA:  ▽2n(r),▽2φ(r)

hybrid functionals:  non-local exchange

many body terms:  
RPA, GW



Vacancy formation: DFT & aiT
DFT

aiT
}

Temp?

What’s happening at atomistic level??

Any role of defects??

Formation Energy of Neutral Vacancy:

ΔEform = E(BanZrnO3n−1) − E(BanZrnO3n) + μO

μo = chemical potential of the defected atom
μe= chemical potential of the electron;  ΔV =shift in core level

Formation Energy of Charged Vacancy:

ΔEform = E(BanZrnO3n−1) − E(BanZrnO3n) + μO + q × (μe + ΔV )

Gibb's Free Energy:
ΔGform(T, p) = ΔEform +

1
2

μO2
(T, p)

JANAF Thermodynamic Table

D Sarker et. al. Phys. Rev. Mater. 7,055802 (2023) 
A Agrawal et al., Phys. Rev. B, 111, 104107 (2025).



DFT Calculation details:

All electron calculation

fhi-aims code1

 GGA calculation with 
PBE2

 Validated with hybrid 
functional calculation

DFT

aiT
}

Temp?

What’s happening at atomistic level??

Any role of defects??

q=0
q=+1

q=+2

E F
or

m
 (e

V
)/s

up
er

ce
ll

µe (eV)

C
B

m

V
B

M

T=298K, pO2=0.1 atma

q=0
q=+1

q=+2E F
or

m
 (e

V
)/s

up
er

ce
ll

µe (eV)

C
B

m

V
B

M

T=1100K, pO2=0.01 atmb

1. V Blum et al. Comput. Phys. Commun. 180, 2175 (2009). 
2. J P Perdew et al., Phys. Rev B. 45, 13244 (1992). A Agrawal et al., Phys. Rev. B, 111, 104107 (2025).

Vacancy formation: DFT & aiT



Electronic Structure: Density of states

Charged Oxygen vacancy are stable 
confirmed by ab-initio thermodynamics 
calculations showing shallow donor states 
lies down to conduction band minima  

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



c. UV-Vis. & FTIR Spectroscopy

Disordered 
transition

Band to band 
transition

Eu quantifies energetic disorder in 
the band edges of semiconductor

These modes ascribed to  
mode Characteristics of Ba-O12 tetrahedral 
groups 

δ(Ba − O − Zr)

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



d. Extented X-Ray Absorption Fine Structure (EXAFS)
Room Temperature study

a b

At Zr K-edge

Zr Zr1
Ba1

O1

O1

O2

Ba

Zr

O

Schematic presentation of 211 supershell of 
BaZrO3 cubic structure for understanding of 
local environment around the atom  

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



ba

At Ba L3-edge

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



In-plane and Out-plane oxygen environment

ba

O1

O2
Zr

Ba
Zr K-edge

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



Ba

Zr

O
O2

O
Vo

Ba2

Zr

Zr2

Zr1

Ba

Ba1

Schematic presentation of in-plane and 
out-plane oxygen environment at Ba site 

Ba L3-edge

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



Temp-dependent EXAFS study at Zr K-edge
100 K

c d

a b

13

Bond CN R (Å) ω2 (Å) R-factor

Zr-O1 6 2.11±0.005 0.004±0.0009 0.026

Zr-Ba1 8 3.74±0.010 0.006±0.001 -

Zr-Zr1 6 4.13±0.108 0.021±0.018 -

TABLE IX: EXAFS fitting parameters for BaZrO3 at Zr K-edge at 100 K: considering ideal cubic symmetry.

FIG. 11: (a) k3 weighted EXAFS and (b) corresponding Fourier transforms at Zr K-edge at 100 K; Model fits considering ideal
cubic symmetry is presented with solid lines.

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)



82K

a b

c d

82 K is transition 
temperature, ZrO6 
octahedral rotation 
also participated 

Schematic of ZrO6 
octahedral rotation at 
transition temperature

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)

We do not see tetragonal signal at 82K!



e.  Raman Spectroscopy

Raman modes obtained with all three 
laser excitation compared with literature

There are no significant alterations occur at 
~80 K, where supposedly tetragonality arises 
at the nano domains even where dielectric 
anomalies start to appear, so we believe that 
these are due to second-order Raman modes 
enhances by vacancy disorder..

A. Agrawal, et. al, Phys. Rev. B 111, 104107 (2025)

Charged oxygen (anion) vacancy is responsible for such intense second order Raman signal at 
room temperature!



4. Overall Conclusions & Future Scope
1. Lab source XRD confirms long range cubic symmetry present in BZO system throughout temperature range 30-300 K, but 

Synchrotron XRD confirms asymmetry arises near the ~80K temp indication of presence of defect. 

2. Stable charged vacancy confirmation by ab-initio thermodynamics calculation and also confirm by UV-Vis and XPS results. 

3. UV-Vis shows two band gap values 3.86 eV and 5.04 eV correspond to vacancy formation and band to band transition (VBM to 
CBm) confirms shallow donor states lies down to conduction band minimum evident by urbach energy analysis. 

4.EXAFS analysis shows that oxygen vacancy creates local disordered breaks inherent cubic symmetry and responsible for intense 
Raman modes in Centrosymmetric -cubic system. 

5. Raman spectra collected at several temperatures and also with different excitation sources i.e. 473 nm, 532 nm and 785 nm, 
confirm that no phase change or resonance Raman is taking place at these chosen parameters even near transition temperature ~80 K 

6. Concluded that anion vacancy mediated local structure disorder responsible for second-order Raman modes lifts up 
inherent cubic symmetry in short range while long rang order symmetry unaltered over the 30-300 K temp. Range.



5. Acknowledgements





Future Scope

Zhiheng Li, et.al, Nature Comm. 15, 9318 (2024)

Anindya S. Patra, et.al, J.Phys.Chem.C 123, 233 (2019)

1. Optimizing vacancy concentration in pristine and doped BZO for 
improved electrocatalytic /photo-electrocatalytic activity. 

2. Strain engineering in BZO Thin films. 

3. EXAFS study at low temperature (down to 10K) at Ba LIII-edge, Zr 
K-edge to gain insights of the nano-domain phase transition. 

Tuning oxygen vacancy can enhance the electrocatalytic 
activity in cubic perovskites.

By modulating dopants and oxygen vacancy in BZO, one 
can enhance their photo-electrocatalytic activity.
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 Theory of Raman Scattering
p = α . E

Dipole moment

Polarisability

Electric field
+

e-

E = E0Cos(2πν0t)
+

e-

q = q0cos(2πνt)

α = α(q)

p = α0E0cos(2πν0t) + q/2[δα/δq]0[[cos2π(ν0 + νm)t] + cos2π(ν0 − νm)t]]

Elastic scattering Inelastic scattering

Antistock lines Stock lines

Raman scattering
Rayleigh Scattering δα/δq = 0

Necessary condition

First-Order Raman Scattering

Aspect First Order Raman Second-order Raman

Phonon involved Single phonon Two phonons (combinations)

Symmetry Requires polarisability change Activated by symmetry breaking or defects

Resonance effects Weak or absent Strong under excitonic resonance

Key-points



First-Order Raman Scattering

p = α0E0cos(2πν0t) +
q
2

[δα/δq]0[[cos2π(ν0 + νm)t] + cos2π(ν0 − νm)t]]

Elastic scattering Inelastic scattering
Raman scatteringRayleigh Scattering δα/δq = 0

Necessary condition

If =0δα/δq

Higher order term  participatedδ2α/δq2 Second-Order Raman Scattering



Understanding of EXAFS 

Absorber atom

Neighbouring Atoms

X-Ray Photon
+

e-e-

e-

e-

e-

e-

e-

e-

K

L1

L2
Photoelectron

EXAFS

XANES

Pre-edge

μ(
E)

Energy (eV)

Shows absorption feature contains information 
about oxidation state, electronic structure and 
chemical co-ordination geometry

Oscillatory structure beyond the XANES 
region, providing information  about bond 
distance of neighbours of absorbing atoms, 
co-ordination number featured. Local 
structure

EXAFS Equation

∑j [NjS2
0 f(k, θ)e−2k2σ2

j e−2Rjλe(k)]

kR2
j

sin[2kRj + ϕ(k)]χ(k) =

Constructive interference Distructive interference

Nj=Co-ordination number,  =Amplitude reduction term,  
=Atomic scattering amplitude for single atom scattering, 

=amplitude damping term due to thermal motion 
and electron mean free path, =phase function contribution from 
the absorber and backscattered electron

S2
0 f(θ, k)

e−2k2σ2
j , e−2Rj/λe(k)

ϕ(k)

Fluorescence



Insight of Second-order Raman Scattering

+

e

+
e

α = α(q)

Incident light

χαy = (χ0)αy + ∑
iϵ

(Rϵ
i )αyqϵ

i +
1
2 ∑

ijϵn

(Rijϵn))αyqϵ
i qn

j + . . .

(Rϵ
i )αy =

δχαy

δqi
. .

(Rijϵn))αy =
δ2χϵn

δqiδqj
. . .

For Centro-symmetric Cubic System

0

P. Rosander, et.al, Phys. Rev. B 111, 064107 (2025)

Tetragonal I4/mcm

Zr
O

Ba

Cubic pm3̄m

Source: Wikipedia

Charged oxygen (anion) vacancy is responsible for such intense second order Raman signal at 
room temperature!



Tetragonal I4/mcm

Zr
O

Ba

Cubic pm3̄m


