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effect and prospection of novel thermoelectric

chalcogenide materials assisted by machine learning
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PhD thesis work:

Ruthenium oxide peculiarities probed by the Seebeck effect

With Antoine MAIGNAN and Sylvie HEBERT

RS

 Solid-state synthesis - Crystallographic » Thermoelectric and

of oxoruthenates characterization magnetic properties
(XRD and TEM) characterization



Introduction

The Seebeck ettect:
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Chaikin, P. M. Organic Superconductivity, Springer (1990)



The Seebeck coefficient: magnitude at 300 K
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Ruthenium oxides:

Intriguing observation on S(T) of perovskites:
»  ARuO;: corner-shared octahedra.

40 = CaRuO,
o . 1 h Y | . A L] SI'RU03
Generalized Heikes formula: 35 F M metal " ] NacuRu,
kg: (Bni1 € 30 | i LTI B
R e i o= teage - gulh oy ™) s et oo g ot - AV ay5a, LU;RUU,,
S —_ _Bln ( L ) i . : : : : b o R CaCuRu0,
e [ B ]

Ru(IV) ﬂ

kg 28,1 +1
e —ln(
2e 25,1 +1

)~30uV.K‘1
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S of perovskites dominated by Ru(IV) spin entropy at high temperature

S = Stransport Ty Sentropy

Klein et al., Phys. Rev. B 2006, 77 2774 Hébert et al., Phys. Rev. B 2015, 91 045106 Mravlje et Georges, Phys. Rev. Lett. 2016, 117 036401
Peterson et al., Phys. Rev. B 2007, 76 125110 Doumerc, J. Solid State Chem. 1994, 110 419
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Ruthenium oxides:
My work :

+ RuQ, rutile: edge-shared RuOq
octahedra chains with coner-

shared interconnections.

¢ A ﬁﬁ&&ﬁ _IQI_G hollandites: N7 N7 N7 N7 N N N N N Ny Ny Ny
edge-shared MOg4 octahedra
double-chains with coner-

shared interconnections.

IS Y " Y Y Y Y R D Y Y

AM,Ru,0,, R-type hexaferrites:
edge-shared MOg octahedra
Kagome layer interconnected

by a tace-shared octahedra M;0yq
and a trigonal bipyramid MO:s.
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A .MsO16 hollandites

SN N BN B EE EE R

Reported hollandites: A,MsO16 with M=Ti, V, Cr, Mn, Mo, Ru, Rh, Ir
and A=K+, Lit, Rb+, Cst, Sr2+, Ba2t, Bi3+

Ru hollandites: BaRugO12, KRusOg, BaCroRugO12

Zandbergen et coll., Mater. Res. Bull. 22 431 (1987) Klimczuk et coll., Mater. Res. Bull. 39 1671 (2004)
Okada et coll., Mater. Res. Bull. 13 1047 (1978) 8



A .MsO16 hollandites

Space group / Magnetism  Resistivity
BaRugO12 P4/nz 3 ? Metal
KRu4Os Ly /m 2 Para Metal
BaRusCr2012 P/ 1 % 7
. 6 e e e e e KoCrsO16 Ly /m 1 Ferro Insulator
T (K)
Kobayashi et coll., Phys. Rev. B 79, 155116 (2009) Cadée et Prodan, Mater. Res. Bull. 14 613 (1979)

Mao, Phys. Rev. Lett. 90, 186601 (2003) o  Takeda et coll., Phys. Rev. B 88, 165107 (2013)



A .MsO16 hollandites

Space group Magnetism  Resistivity
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Kobayashi et coll., Phys. Rev. B 79, 155116 (2009)
Mao, Phys. Rev. Lett. 90, 186601 (2003)

Cadée et Prodan, Mater. Res. Bull. 14 613 (1979)

Takeda et coll., Phys. Rev. B 88, 165107 (2013)



Al 5Ru6 1Cr1. 9()16 hollandltes crystallochemlstry
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A15Ru6.1Cr19016 hollandites: crystallochemistry
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A15Ru6.1Cr1.9016 hollandites: crystallochemistry

ST1.5Ru6.1Cr1.9016 Bai5Ru6.1Cr1.9016



A15Ru6.1Cr19016 hollandites: crystallochemistry
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A15Ru61Cr1.9016 hollandites: Magnetic properties
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A15Ru6.1Cr1.9016 hollandites: spin dynamic
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Mydosh J. A., Spin Glasses - An Experimental Introduction, Taylor & Francis (1993)
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A15Ru6.1Cr1.9016 hollandites: transport properties
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A15Ru6.1Cr1.9016 hollandites: transport properties

Ol
10 I
E B
O L
- r 025 030 035 040 045
G -I--1/4(K-1/4) 3
~—"
-1
Q10 :
Ba1 .5Ru6.1cr1 .9016 :
—e—Sr Ru Cr O
M e S e R ARNO R o
-2
10

0 100 200 300 400 500 600 700
T (K)



A15Ru6.1Cr1.9016 hollandites: transport properties
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A15Ru6.1Cr1.9016 hollandites: transport properties
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A15Ru6.1Cr1.9016 hollandites: transport properties
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A15Ru6.1Cr1.9016 hollandites: transport properties
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A1 5Ru61Cr1 9016 hollandites: Seebeck coefficient
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Kobayashi et coll., Phys. Rev. B 79, 155116 (2009)



A1 5Ru61Cr1 9016 hollandites: Seebeck coefficient
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A1 5Ru61Cr1 9016 hollandites: Seebeck coefficient
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A1 5Ru61Cr1 9016 hollandites: Seebeck coefficient
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A1 5Ru61Cr1 9016 hollandites: Seebeck coefficient
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A15Ru6.1Cr1.9016 hollandites : summary

. Substitution 25% Cr :

° Localized transport.

> Magnetism: cluster-glass behavior.
» Unprecedented magnetoresistance in Ru-hollandites (MR<0 and strong).
» Seebeck coetlicient:

° Surprisingly weak for localized charge carriers.
° S at high T dominated by Ru(~IV) spin entropy.



A15Ru6.1Cr1.9016 hollandites : summary

. Substitution 25% Cr :

° Localized transport.

> Magnetism: cluster-glass behavior.
» Unprecedented magnetoresistance in Ru-hollandites (MR<0 and strong).
» Seebeck coetlicient:

° Surprisingly weak for localized charge carriers.
° S at high T dominated by Ru(~IV) spin entropy.

—> Perspectives: sign change and T2 behavior at low S(T)



Paramagnetic metal

Ferromagnetic metal
CaRuO, /

Ruthenium oxides:
40

L]
= SRuO 5 ;
35 e NaCuRu0 / Pauli metals
® LaCyRyO,
* La, Gy, Cu,Ru0O .
. CaCuRuO, — Soft ferromagnetic poor
elie metals
a BaMn,Ru,0, :
4 SFeRu0. . » Ferromagnetic
A 4
\ 4

Ba CrRuO,_ :
S,1SC,ZRUGO}\ semiconductor

Cluster-glass semiconductors

VY RuOg octahedra link

vV %Ru (at least down to 70%)

V electrical transport behavior

0 100 200 300 400 500 600 700 800 900
T(K) Y magnetism behavior
S high T dominated by Ru(~IV) spin entropy only == Frozen orbital degrees of freedom



Paramagnetic metal

Ruthenium oxides:

40
35

Ferromagnetic metal

2

YT, Y Torb"

008500 1000 1500

T{K]

0 100 200 300 400 500 600 700 800 gop " °ectrical transport behavior
T(K) V magnetism behavior
S high T dominated by Ru(~IV) spin entropy only == Frozen orbital degrees of freedom

Mravlje and A. Georges, Phys. Rev. Lett. 117, 036401 (2016)
Peterson and Shastry, Phys. Rev. B 82, 195105 (2010) 17



Postdoctoral research:

Semi-metallic Polymers and Hybrid Halide

Perovskites for Thermoelectric Application

Prof. Guillaume FLEURY and Prof. Georges HADZIIOANNOU

boratoireideiChimie
d ymeres Organiques

» Crystallizations: , , g - Impedance and transport
» Crystallographic characterization:

SOXRD (Dr. Stan PECHEV - ICMCB)
TEM (Dr. Oleg LEBEDEV - CRISMAT)

properties (myself
and Dr. Ali FAKIH
CRISMAT)

Anti-solvent vapor-assisted

Inverse temperature crystallization

T

L)

-

Acid-way



LCPO
Hybrid Halide Perovskites: L

Pb-based Sn-based

Nominal COIIlpOSitiOIlS: (FA)(),&V)(MA)Q.15PbIQ,55BI0,45 MAxSnlg

FA: (CH5N2)+ ”‘/‘ MA: (CHgNHg)Jr H“




LCPO

oratoire de Chimie
meéres Organiques

Hybrid Halide Perovskites: ;

MA: (CH;NH;)+ &ﬁ—‘\,

C
-



Pb-based

brid Halide Perovskites

20



LCPO

Hyvbrid Halide Perovskites: Pb-based 150 K Wl
4H-perovskite a) e

P63 /mmc
a = 8.6945(4) A
c = 15.1119(7) A

c/a = 1.7381
V = 989.3(1) A3
Zi—

Refined composition : (FA)0,83(MA)(),HPbIQ,QgBro,W :

2|



LCPO
Hybrid Halide Perovskites: Pb-based Ao

» Anisotropic thermal

displacement

» Distorted polyhedra
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=
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2 0.25 F 3
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b 1 ] )
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3.172 | s o !
@ (FA)p.83(MA)g.11Pbl> 23Brg 77 —*—
Rt | Kmin FAPDI3 c
Kmin FAPDBr3
005 » Kmin MAPb|3 B
0 : . : . Knpn MApbBr§
0 50 100 150 200 250 300 350

Temperature (K)

Fabini, Seshadri and Kanatzidis, MRS Bulletin 45 6 (2020)
92,



Postdoctoral research:

Prospection of thermoelectric chalcogenide
materials assisted by active learning and

Bayesian optimization

Dr. David BERTHEBAUD, Dr. Jean-Francois Halet
and Dr. Guillaume LAMBARD

L INKC 29

IRL 3629

m(ﬂﬁ:\:

SAINT-GOBAIN

: , » Solid-state reaction and ,
- Machine learning: , , - PXRD and thermoelectric
Spark Plasma Sintering i3 R0 ,
From scratch characterizations at high-T

densification

A5



Why Gele?

14 | g | ) | ; | ' I : I
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2 10.1063/5.0038957 5 d = 838

10.1002/adma.201705942
10.1016/j.joule.2019.08.017
(R ey 10.1002/adma.202008773

—=— 10.1021/acs.chemmater.1c00331
L —=—10.1007/s11664-009-1012-z
—=— 10.1016/j.joule.2020.07.021

0.8 | 10.1021/jacs.8b12624 i
vi="120°
N
0.6 - V = 647 A3
04 |- i
0.2 | 4
0.0 4
| | | ! | | |
300 400 500 600 700 800
T (K)

24



Why Gele?

1.4

1.2

1.0

0.8

vl

0.6

0.4

0.2

0.0

| g |
—=— 10.1039/DOTA06710E

- —=—10.1002/smll.201906921

10.1002/aenm.202002588
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—=—10.1021/acs.chemmater.1c00331

- —=—10.1007/s11664-009-1012-z

—=— 10.1016/j.joule.2020.07.021
10.1021/jacs.8b12624

700

800

GeTe R3m
a =838 A
c = 10.65 A
a = 90°
vi="120°
V = 647 A3

o Cationic substitution: zT =~ [1;2.3] at 673 K

e About 60 samples synthesized in the lab

24



Why Machine Learning assistance’ ”

- Seems advantageous when coupled to chemistry knowledge
- Saving (time, energy, ressources) —> sustainable

- Unconventional propositions

Main goal: Develop a fast predictive model based on simple descriptors

Nugraha et al., J. Mater. Chem. A 8, 13532 (2020)
25
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- 2 models tested: ElasticNet and Random Forest

« Focus on Seebeck coethcient
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Why Machine Learning assistance’ "

- Seems advantageous when coupled to chemistry knowledge
- Saving (time, energy, ressources) —> sustainable

- Unconventional propositions

Main goal: Develop a fast predictive model based on simple descriptors

- Elemental descriptors: 150 features/element (Matminer)
- 2 models tested: ElasticNet and Random Forest

« Focus on Seebeck coethcient

—> Requires a well framed database

Nugraha et al., J. Mater. Chem. A 8, 13532 (2020)
25



Introduction: Modéle prédictif

Collecte de
donnée - jeu initial

Base de donnée

wn
O
—
NG
’
Q.
wn
1
D)
Q
S
>

{Cible, §;, p;, zT;, etc .,

parametres de synthese, .
descripteurs} Valeurs experimentales

{Compositions,
Si, pi, 215, etc ., parametres
de synthese}

Active learning loop

S Syntheses et
améliorée Optimisation

Cible Bayeésienne

optimisée

Lambard et al., Scripta Materiala 209, 114341 (2022)
Nugraha et al., J. Mater. Chem. A 8, 13532 (2020)

26

Modele
evalue

— Diversification
des donnees

Enumération des
combinaisons

p.ex.: TM Ti$, 0 < x < 1,
o, =0.5%

Modele de

regroupement

Représentation et Sélection
pertinente




Database overview:

Highest z'1s at 673 K

Composition % subs. sigma S PF kappa zT B_E mean Frame:
10"4 S/m uV/K 1003 Wim/K*2 W/m/K pHW/icm/K*2
673K 673K 673K 673K 673K :
» Only experimental data
Ge0.94Bi0.06 Te 6 596 24140 3.47 1,50 158 9.56 [Shuai2019] SI 1
Ge0.88Ga0.025b0.1Te 12 540 24088 313 1.30 162 8.84 [Srinivasan2019] .
Ge0.92Cr0.035b0.05Te 8 758 22912 3.5 1.60 162 8.71 [Shuai2020] 1011 2 Oﬂly den81ﬁed Samples
Ge0.94Cr0.035b0.03Te 6 839 21872 4.00 163 163 8.49 [Shuai2020] 10.11
Ge0.90Ga0.025b0.08 Te 10 805  216.79 3.78 155 164 10.00 [Srinivasan2019] % Oﬂly at 67 3 K
Ge0.92Cr0.03Bi0.05Te 8 502  256.12 3.26 1.33 164 8.57 [Shuai2020] 10.11
Ge0.93Y0.02Bi0.05Te 7 450  261.14 3.07 1.23 167 9.61 [Gao2021] 10.10¢ : ;o
Ge0.855n0.055b0.1Te 15 805 20917 3.47 1.36 169 9.03 [Hong2021] 10.1€ o Only unique COmpOSIthH
Ge0.8955b0.1In0.005Te 10.5 484  237.02 3.02 123 174 8.35 [Hong2018] 10.1C
Ge0.935In0.005Bi0.06 Te 65 14.99 184.30 512 197 174 12.00 [Perumal2019] 1(
Ge0.94Bi0.06 Te 6 730 23466 3.97 1,52 178 10.42 [Xing2021] 10.10(
Ge0.88Zn0.025b0.1Te 12 634  236.16 3.63 1.24 1.84 10.13 [Hong2019] 10.1C
Ge0.92Mg0.02Bi0.06 Te 8 1155 20010 465 168 1.84 12.02 [Xing2021] 10.10(
Ge0.8885b0.1In0.012Te 11.2 434  267.96 3.24 1.04 1.88 10.34 [Hong2018] 10.1C .
Ge0.875n0.055b0.08 Te 13 925 20157 3.76 1.30 1.91 9.61 [Hong2021] 10.1€ .
Ge0.94Cr0.03Bi0.03 Te 6 7.01 24072 4.08 143 1.92 9.17 [Shuai2020] 10.11 FlI’St IGSSOH.
Ge0.8935b0.1In0.007 Te 10.7 496 25429 3.21 1.11 1.96 8.85 [Hong2018] 10.1C ) ;
Ge0.86Zn0.045b0.1Te 14 593 24650 3.68 115 202 10.75 [Hong2019] 10.1C o Malnly C()d()plng
Ge0.93In0.01Bi0.06 Te 7 1254 22174 5.40 176 207 13.26 [Perumal2019] 1(
Ge0.83Zn0.06Sb0.1Te 17 495 25536 3.59 115 209 10.55 [Hong2019] 10.1C : :
Ge0.895b0.1In0.01 Te 11 548 26228 3.69 1.12 227 10.78 [Hong2018] 10.1C ® Relatlvely heavy dOleg
Ge0.9Mg0.04Bi0.06 Te 10 990 23612 5.34 1,52 234 14.32 [Xing2021] 10.10!
Mean 9.95 7.45 233.84 3.86 1.39 1.85 10.18 X Elther Sb oI Bl A blaS
Rel. StdDev (%) 32 39 10 19 18 12 16

AT



Models comparison:
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Random Forest (n = 100):

Cross validation: LeaveOneOut
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—> Requires improvement
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Broadening of the chemical space:

Elemental combinations: Gei.,.yA:ByTe with x +y <20%;6,, = 1%

# List of abundant elements with abundance 1n Earth's crust > 0.01%

the abun = ['Cc', 'N@a‘', 'Si', 'Mg', 'Ti', 'MR‘', 'Ba‘', '2r', ‘Cr', 'V', 'K', 'Ca’', 'Fe', 'Sr']
# 'o', 's', 'H', 'F', 'Cl', 'P' have been removed because of thelr gas, anionic nature or synthetic issues.
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Broadening of the chemical space:

Elemental combinations: Gei;yA.B,Te with x +y <20%;6,, = 1%

1 # List of abundant elements with abundance in Earth's crust > 0.01%

the_abun = ['C" 'Na" 'Si" lMg" 'Ti" 'bllnl' 'Ba', 'Zr" 'CJ
# 'o', 's', 'H', 'F', 'Cl’', 'P' have been removed because of |

_|_
About 9380 compositions : —> / | ,
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®* UMAP: n_neighbors = 30, min_dist = 0.0
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Broadening of the chemical space:
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S (uV.K™)

First measurements:
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Conclusions and perspective:
- Random Forest with matminer descriptors are selected.

Model seems relatively good —> need relevant feedback
- Datasets at all T —> prediction of S(T)

» Chemical compositions propositions —> pursue the synthe

- Characterizations in progress —> New data

—> Analyzing the descriptors - property correlations

—> Emnding the first loop including Bayesian optimization
—> Application to p, k, PF, zT

—> (GeTe pristine, Sn'Te doped,
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