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1. Introduction
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In summary, we find that the whole Raman spectrum of
BaZrO3 can be explained by second-order Raman scattering.
We do not find that the phonons at the R-point, where BaZrO3
has its structural instability, play a special role. In particular,
we find no evidence for scattering directly related to octahedra

tilts, and no direct support for the hypothesis of distorted
nanodomains.

In summary, we have provided measurements of the Ra-
man spectrum of BaZrQs single crystals in a wide temperature
range, and analyzed it in the light of comprehensive lattice dy-
namical calculations of BaZrQOs in its cubic phase as well as in
its distorted phases with octahedra tilts. We clearly identified
a major contribution from second-order Raman scattering,
especially overtones of the octahedra breathing modes at high
frequencies. Other salient features of the Raman spectrum
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2. Synthesis Mechanism

Solid-State Route
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3. Results & discussions

a. Structural Characterization (XRD)
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i asymmetry introducing with
lowering temperature value ~80K
~ T (Transition temperature)
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b. X-Ray Photoelectron Spec
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Bond-Valance Sum Analysis

V. = Z lexp(d; — dy)]/B \

Empirical constant=0.37
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Vacancy formation: DFT & aiT

What’s happening at atomistic level??

Any role of defects??

“Towards Heaven”
ie. exact solution

H\|] — E\|] ....successive refinement of y

Density functional theory

(Hohenberg-Kohn 1964, Kohn-Sham[965)
Phys. Rev. 136, B864 (1964), Phys. Rev. 140,A1133 (1965)

many body terms: bv:’:"fe" 'é°'t‘“|998
ope rize OUcCc.
RPA, GW

hybrid functionals: non-local exchange

meta-GGA: V2n(r) \20(r)

Local-den5|ty approximation (LDA): n(r)



Vacancy formation: DFT & aiT

What’s happening at atomistic level??

Formation Energy of Neutral Vacancy:

A Eform = E(Ba, Zr,0s, ) — E(Ba, Zr,0,) + u,

Formation Energy of Charged Vacancy:

AE,,, = E(Ba,Zr,0s,_) — E(Ba,Zr,05,) + uo + g X (4, + AV)

Gibb's Free Energy:

AGform(T’ p) = AE’form

Mo = chemical potential of the defected atom JANAF Thermodynamic Table

Me= chemical potential of the electron; AV =shift in core level

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



Vacancy formation: DFT & aiT

What’s happening at atomistic level??

Any role of defects??

DFT Calculation details:

€ All electron calculation
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Electronic Structure: Density of states

No. of States/eV
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Charged Oxygen vacancy are stable
confirmed by ab-initio thermodynamics
calculations showing shallow donor states
lies down to conduction band minima
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c. UV-Vis. & FTIR Spectroscopy
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d. Extented X-Ray Absorption Fine Structure (EXAFS)

Room Temperature study
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In-plane and Out-plane oxygen environment
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Temp-dependent EXAFS study at Zr K-edge
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e. Raman Spectroscopy
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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..

freq. cm™

I

473 473 532 785 Theoretical |Combination |Associated Atomic
Displacement
nm(RT) Inm(90 |[nm(RT) |[nm(RT)
K)
182 183
193 194 193 overtonel'y~ |Last (TO) zone center mode
195 overtoneRs™' |antiparallel Ba
displacements
223 225
253 262 overtoneX; " |antiparallel Ba displace-
ments (x)
269 266 overtonel's~ |Last (LO) zone center mode
279 315 277 4y~ @5~ Last (TO)+shear mode
octahedra
277 X5t @ X5t |antiparallel Ba displace-
ments (x,y) + antiparallel
oxygens (X,y)
280 overtoneMs3~ |antiparallel Zr displace-
ments (z)
337 337
351 356 distortion of the oxygen oc-
tahedra [8]
382
388 390
451 454 475 483 451 Rs"™ ® Rs™ |Ba (antiparallel) + octahe-
dra rotations
476 477
501 503 504
546 531 541
570 562
589 583
622 627 627 619
640 644 642 639 636 | RSN Last (LO) + Axe (TO) zone
center modes
692 701 695 706 707 overtoneRs" |”scissoring” mode of
octahedra

Raman modes obtained with all three
laser excitation compared with literature

Charged oxygen (anion) vacancy 1s 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 ¢V and 5.04 ¢V 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 1n Centrosymmetric -cubic system.

5. Raman spectra coll
confirm that no phas

6. Concluded that an
inherent cubic sym

PHYSICAL REVIEW B 111, 104107 (2025)

Oxygen vacancy mediated local symmetry breaking drives intense Raman modes in BaZrO;
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n temperature ~30 K
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Future Scope

Zhiheng L1, et.al, Nature Comm. 15, 9318 (2024)
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1. Optimizing vacancy concentration in pristine and doped BZO for
improved electrocatalytic /photo-electrocatalytic activity.

2. Strain engineering n BZ0O Thin films. BaZrO; BaZr)49Ce.0103 BaZr) 03Cey 0,03 BaZr,oCe( 305 BaZryosCeg 040;
L] As-synthesized photocatalysts

B Calcined photocatalysts

3. EXAFS study at low temperature (down to 10K) at Ba LIII-edge, Zr

. , - Anindya S. Patra, et.al, J.Phys.Chem.C 123, 233 (2019)
K-edge to gain insights of the nano-domain phase transition.
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4. Presented poster in International Conference IUMRS-ICA 2024 at UGC-DAE CSR, Indore
5. Presented Poster in 68th DAE-SSPS 2024 at BARC, Mumbai

6. Presented Poster in IOP Golden- Jubilee Young Women Scientist Meet (IGJY WSM-2024) at IOP-Bhubneshwar

Workshops

1. Attended 2 days hands-on session on Electrochemistry at PDEU, Gandhinagar

2. Attended workshop and Hands-on training on Electrochemical techniques 2024 held at CSIR-AMPRI Bhopal



Theory of Raman Scattering
p=a.E E = E Cos(2ryyt)

N

Dipole moment Flectric field

Polarisability q = qpcos(2nvr)

p = agEycosLavyt) + g/2[oaloqlyl[cos2n(vy + v, )] + cos2n(vy — v,)t]]
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Elastic scattering [nelastic scattering » First-Order Raman Scattering
Raman scattering
Rayleigh Scattering oalog # 0

~+  Necessary condition |
Antistock lines Stock lines

Key-points

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




3 16a18q] [[cos2a(vy + v,)i] + cos2a(vy — v, )]

D= aOEOcosr27th) + ) ‘
Elastic scattering Inelastic scattering
Rayleigh Scattering Raman scattering --»5a/5g + O =i First-Order Raman Scattering
Necessary condition
If oa/og=0
Higher order term 8%a/8g? participated ™ Second-Order Raman Scattering
3 ' ! ' ! ' ! ' ! ' !
—BZ0
2 = —Linear Fit of Sheet1 E =

0 ~ Urbach Energy E =0.283 eV

- 1 — Equation y=a+b*x
Plot E

Weight No Weighting

Slope 3.5239 + 0.06137

_2 — Residual Sum of Squares 0.04782
P ' 0.99668

R-Square (COD) 0.99337
Adj. R-Square 0.99307

Intercept -17.31937 + 0.32356 T

5.0 5.1 52 53 54 55

5.6



Understanding of EXAFS

- - e B e S
Neighbouring Atoms O HN A s JYB
= <\ N\ A N \
4 / ,,/ \\\ (/ / //” TSNS \
l\ — I ; | ' | \
X (\ \\'.‘_'// / ) [ \*\ \\ (g'// b/
5 TSN NI Y. ) AV
Yt > g7
X-Ray Photon 7% W, —~
Constructive interference Distructive interference
B N e T N
Fluorescence O
Absorber atom EXAFS Eauation
XANES 0 ~2k%67 ,—2R (k)] .
| Oscillatory structure beyond the XANES (k) = Zj [N;So f(k, D)= % e =" ] sin[ 2kR; + (k)]
' region, providing information about bond R2 :
J

distance of neighbours of absorbing atoms, : E
co-ordination number featured. Local e seees e sses e seee et i
structure

EXAFS =P

N;=Co-ordination number, Sg =Amplitude reduction term, f(0, k)

......................................................................................................................................  Atomic scattering ampliadT
s —2k*c? ,—2Ri/A,(k)_ : : .

. Shows absorption feature contains information € e =amplitude damping term du§ to thermal mOthn

. about oxidation state, electronic structure and and electron mean free path, ¢(k)=phase function contribution from
. chemical co-ordination geometry the absorber and backscattered electron

Pre-edge

Energy (eV)



Incident light

Cubic pm3m

0O 100 200 300 400 500 600 700 800 900 10001100
Source: Wikipedia Raman shift (cm~7)

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

Charged oxygen (anion) vacancy 1s responsible for such intense second order Raman signal at
room temperature!
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