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NOVEL MATERIALS DISCOVERY
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Korean War (1950 -)

3 The war is officially paused not ended.
¥ Thus, we are technically still at war.
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| Why lead-included perovskites(APbX;)? | Then, Why not?
* Easy synthesis * Long-term instability
* Cost-effective techniques * High toxicity

High efficiency

Small carrier effective masses

Pb®* in leaves:
7.5-8.4

(a)

Pb®* in leaves:

384.7-426.8
- High optical absorption coefficient
Stems: Stems:
- Excellent defect tolerance 2839 179.0-240.1
- High electronic dimensionality
Roots: Roots:
1 Evolution of Inorganic Perovskites 9.3-15.2 b 3404.1-4896.8
F CsPbl /‘ Cstl3 (mg kg") a;l Perovsklt:;:)ntar;-ibaf;d (mg kg")
18 / Pb*= 36.3 mg kg Pbi*= 250 mg kg’
12 CSPblzBT/A
s | CsPbl, QDs
5, Copbigry” | Then, Why NaNbO,?
A —— * Piezo/ferroelectric properties
I [ )
3
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[1] M. Wang et al. Nano-Micro Lett. 13, 62 (2021) [3] V. K. Ravi et al. ACS Omega 5, 46 (2020)
[2] Q. Tai et al. Energy Eviron. Sci. 12, 2375 (2019) [4] J. Schwarzkopf et al. J. Appl. Cryst. 45, 1015 (2012)

Many different phases

* Strain engineering

Diversity can be a complicate problem



Various phases of Bulk NaNbO; appear at normal pressure

|Phase diagram of bulk perovskite NaNbO,

R3CI 3 Pbcm| Pmmn |Pmmm| Cmcm|P4/mbm|Pm-3m
173K 633K 753K 793K 848K 913K

IR3c IPbcm |P4mbm IPm-3m

P =[0.3,0.3,0.3] P [0 0,0.0,0. 0] P = [0.0,0.0, 0.0] P = [0.0,0.0,0.0]

[1] K. Patel, et al., Phys. Rev. B 103, 094103 (2021)



NaNbO3 film Substrates: NdGaO; SrTiO, DyScO;TbScO; GdScO,
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-0.010 -0.005 0.000 0.005 0.010 0.015 Strain (%)
elastic in-plane strain: g, = (a; — a%)/a’%
BO3 How can we identify the phase of NaNbOj; thin film which is different from bulk?

Symmetry and lattice structure? Electrical polarization? Band gap? Optical properties?

[1] K. Patel, et al., Phys. Rev. B 103, 094103 (2021)



Compressive strain

INaNbO,/NdGaO,
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Orthorhombic structure

3.861 A
b | 3.855 A
c | 3.94A

Electrical polarization
- Out-of-plane direction
: [001]

Tensile strain

INaNbO,/DyScO,

* Monoclinic structure

3.87 A
b | 3.947 A
c | 3.952 A

* Electrical polarization
- In-plane direction
[011]

* Bandgap: E; =39eV



oL

S

YLA AR

Q%

Monoclinic

Orthorhombic




Investigation of Proposed Phases

Tensile strain
INaNbO,/DyScO,

* Monoclinic structure

3.87A | | a| 89.5°
b |3.947A | |B| 90°

* Band gap: E;, =39eV [100],,

A/T—N(MO]

[007],

* Electrical polarization -
- In-plane direction [011] | ¢ [332A | |y | 20

ICc

a|5500A | - | 90° o| 89.4° |-0.1%
b|5572A | - B| 125° B| 90° | 0.0%
c|9.527A| - y| 90° - c|3952A | 0.0% y| 90° | 0.0%
P =1[0.3,0.3,0.3] E,(HSE) =4.2eV P =[0.0,0.3,0.3] E,(HSE) =3.5eV



Investigation of Proposed Phases

Tensile strain
INaNbO,/DyScO,
* Monoclinic structure

* Electrical polarization
- In-plane direction [011]

3.87 A a| 89.5°

. * Bandgap:E; =39eV
3.947A | | B| 90°

3.952A | |y | 90°

Measured lattice

[100],,

ALNOW]

[007],,

Measured lattice
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Investigation of Proposed Phases

Compressive strain

INaNbO,/NdGaO,

e QOrthorhombic structure

* Electrical polarization
- Out-of-plane direction [001]

IPca

-1.7%

d d
b b
c|3.911A|-0.7% c|3.978A
P P

a|3.878A | 0.8%

b |3.840A | 0.6%

4.030A | -3.0%

3913 A | -0.1%

c | 4.009A | -2.4%

P =1[0.0,0.4,0.4] 4




Investigation of Proposed Phases

Compressive strain

INaNbO,;/NdGaO; oy

. 3.861 A
* Orthorhombic structure 2 - 001}
: L b |3.855A 7
* Electrical polarization -
- Out-of-plane direction [001] c | 3.94A
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Phase Transitions Study for NaNbO,

Tensile strain

INaNbO,/DyScO,

K i 7T e | 300K
T | Space group (Pm) with in-plane polarization
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< 38 Space group (maybe, Pmmm) with no polarization
)
e
936
2
@ We don’t have any information of Pmm2 and Pmmm phases.
34
How can we effectively investigate all different phases?
32 " 1 " 1 M 1 i 1 " 1

0 100 200 300 400 500 600
Temperature (°C)

[1] S. Bin Anooz et al. Appl. Phys. Lett. 120, 202901 (2022) 11



Phase Transitions Study for NaNbO,

|Phase diagram of perovskite NaNbO,

R3c, ,, Pbcm Pmmn Pmmm, Cmcm P4/mbm,Pm-3m o .
u | | | | | |[Phase transition of PbTiO,
173K 633K 753K 793K 848K 913K Using machine learned interatomic potential
[2] P. Xie et al. arXiv:2205.11839 (2022)
Polarization sensitively depends on the atomic structure 1.10}
—> Symmetry, lattice parameters, even displacement 1.08f
3 1.06}
1.04}
. . . . 1.02}
OK inaccuracy: Missing thermodynamic effects sl
— Ab initio Molecular Dynamics: Accurate but challenging
80}t
i
Can machine learned interatomic potential be a solution? €l
—> How can we guarantee the accuracy of this approach? fmg i
— Uncertainty estimation: Lu’s Silicon study pasklr—r |
ol TIK] Al.__.___.

200 600 800 1000

[1] K. Patel, et al., Phys. Rev. B 103, 094103 (2021) T K] 12



Phase Transitions Study for NaNbO,

|Phase diagram of perovskite NaNbO,

R3CI 3 Pbcml Pmmn IPmmmI CmchP4/mmePm-3m
173K 633K 753K 793K 848K 913K
Goal:

Ab initio Molecular Dynamics assisted with machine learned interatomic potential
might actively investigate all different phases and their phase transitions

IPbcm IP4mbm IPm-3m
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P =[0.3,0.3,0.3] P = [0.0,0.0, 0.0] P = [0.0,0.0, 0.0] P = [0.0,0.0,0.0]

[1] K. Patel, et al,, Phys. Rev. B 103, 094103 (2021) 13



Machine Learning Potential with Active Learning
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— If it is too large, need to find an alternative way .

—> Machine learned interatomic potential (MLIP)

Machine learned
interatomic potential

Ab initio MD steps
;|Train
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Machine Learning Potential with Active Learning

: Real interatomic potential
: ML Uncertainty

: Trained MLIP

: Retrained MLIP

: First sampling range

: Second sampling range

1. Calculate a ground state

2. Sample data around the ground state

3. Train many ML interatomic potentials (MLIP)
- Might need different ML models

4. Check an uncertainty of trained models
- Epistemic uncertainty

- Aleatoric uncertainty

5. Sample additional data around that point

6. Retrain the MLIP with additional data

15



Final remarks

| Summary
* Investigate the spontaneous polarization in different phases of perovskite NaNbO;

1. Use the electrical polarization with the lattice information
— ldentify the phase of NaNbOj; thin film structures with compress and tensile strains

2. Automated investigation of phases by MD with machine learned interatomic potential
— Enable the effective investigation of large enough supercell with long trajectory

| Expected outcomes

* Construct the phase diagram of strained NaNbO;
* Use aiMD assisted with machine learned interatomic potential

— Charge transport
— Thermal conductivity
— Thermoelectric efficiency

16






