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[ Materials] underlie...
...basic science ...practical technologies

A NON-RUSTING STEEL.
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Materials Lifecycle

Useful Devices THE TOTﬁ%eIgIATERIALS cYdemstification Desired

Materials Properties

E! GINEERING
METALS INATERIALS

Out BULK MATERIALS

Rational

Design
New Targets \

Model Systematic Synthesis

Development New Materials

Materials /

Characterization

Discovery New Phenomena

Materials And Man’s Needs, NAS (1974)




Emergence... The Unifying Force

- TOSANOUMI
[Sumo Wrestler)
Height of Tosanoumi  186¢em
Weight of Tosanoumi 142k
Weight of disk B0k

Total weight

s oy 6

|/

emperature

OHNS HOPKINS
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Quantum materials... the landscape

 Strongly correlated electron materials: quantum spin liquids and other entangled order,
superconductors, multiferroics, ...

- Topological materials: quantum Hall & spin Hall insulators, quantum anomalous Hall

insulators, topological insulators, Weyl and Dirac semimetals, topological crystalline
insulators...

« 2D materials: transition metal dichalcogenides, graphene, phosphorene, stannene, ...

« Single spin centers: defects (diamond, SiC, ZnO, etc.), molecular complexes, MOFs...

BASIC RESEARCH NEEDS WORKSHOP ON [Tl
X
Quantum Materials '8

The Challenge: 3

>

“Homogeneous” is often not what is needed (or found) for creating, '
harnessing and controlling this phenomenology. ,

(19 . 3 .

Highly tuned / structured” is. D
>

“once you know what to make... how do you know how to make it?” (h, h, 0)
JO[IJ_I E%ﬂ??gEINS | m f’ Bk Qi i H \WENERGY | scence

red workshop report .—, !



How do Materials Fit In?

, Vapor Molecular
: Solution P Molten | Czochralski Floating High ,
Synthesis Transport Hydrothermal Beam Processing
Growth Flux Method Zone ) Pressure
Growth Epitaxy
Properties Coherence
Applications Computing Medical Energy Transportation | Human Knowledge
ield Effect Transistors Memory eurocomputer ower Cables I:/IagLev Eeyond Quantum Mech
ubits Spintronics agnetic Resonance ATALYSIS? ocomotion ark Matter/Energy
euromorphic Sensors maging HOTOVOLTAICS?| |Sensors What is bonding?
POWER ELECTRONICS? etectors/Sensors

UNIVERSITY
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« Materials Lifecycle and Defining Quantum Materials

« The Importance of Design
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Knowing what to make

Go from this... ZnCu,

9 e o
&y e——e 9

e A = >

Neel order Quantum spin-liquid state
(static, classical)

(OH),Cl, ...to this

JOHNS HOPKINS |

UNIVERSITY



Structure-property relationships

Ni_ X Superconductors

LuNi_ B_C
272

0

m TbNi B C
22

EuNi As
2 2

5 .
TECHNICALLY TRUE:
EVERY OBJIECT \S AN al "a
ANALOG COMPUTER OF \TSELF A
IS MACHINE \C RUNN -
A PEREECT SINOL KTION. LaNiPO
OF (AEESE. 3L
=3
=5l
-+
1k
0+
) | )
101 102 1

JOHNS HOPKINS

UNIVERSITY
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Concrete Theories

PHYSICAL REVIEW B 76, 045302 (2007)

Topological insulators with inversion symmetry

A topological Dirac insulator in a quantum spin Hall

phase

D. Hsieh', D. Qian’, L. Wray', Y. Xia', Y. S. Hor?, R. J. Cava® & M. Z. Hasan'”

When electrons are subject to a large external magnetic field, the
conventional charge quantum Hall effect'” dictates that an elec-
tronic excitation gap is generated in the sample bulk, but metallic
conduction is permitted at the boundary. Recent theoretical
models suggest that certain bulk insulators with large spin—orbit
interactions may also naturally support conducting topological
boundary states in the quantum limit*—, which opens up the pos-
sibility for studying unusual quantym-Helllike phenomena in
zero external magnetic fields®. Bgle crystals are

predicted to be prime candidates™ for one such unusual Hall

e

DOI: 10.1103/PhysRevB.76.045302

JOHNS HOPKINS

UNIVERSITY

A between L, and L, closes and a massless, three-dimensional (3D)
Dirac point is realized. As xis further increased this gap re-opens with
inverted symmetry ordering, which leads to a change in sign of 4 at
each of the three equivalent L-points in the Brillouin zone. For con-
centrations greater than x= 7% there is no overlap between the
valence band at T and the conduction band at L, and the material
becomes an inverted-band insulator. Once the band at T drops below
the valence band at L, at x = 8%, the system evolves into a direct-gap
insulator whose low-energy physics is dominated by the spin—orbit-
coupled Dirac particles at L™,

PACS number(s): 73.43.—f, 72.25.Hg, 73.20.—r, 85.75.—d




Structure and electron count dictate properties

da dp
dp
T ds | e b
xy X — — ——
d, d_ d,
d, da 2
$44 2
% T B2
d, d, d,
Octahedral | Pentagonal Square Tetrahedral

bipyramidal antiprismatic

JOHNSH
y UNIVERSITY



Structure and electron count dictate properties

Sr2Ru0O4 Sr3Ru207

3-D Corner-sharing Octahedra 2+6-D Corner-sharing Octahedra
(Perovskite!) Ruddlesden-Popper

Polyhedral Connectivity Determines Orbital Overlap

JOHNS HOPKINS

UNIVERSITY



Structure and electron count dictate properties

Sr2Ru0O4 Sr3Ru207

2+0-D Corner-sharing Octahedra
Ruddlesden-Popper

4, Polyhedral Connectivity Determines Orbital Overlap

JOHNS HOPKINS

UNIVERSITY



Structure and electron count dictate properties

Sr2Ru0O4 Sr3Ru207

2+0-D Corner-sharing Octahedra
Ruddlesden-Popper

Polyhedral Connectivity Determines Orbital Overlap
Electron Count Determines Orbital Filling and Effective
Dimensionality (and Properties!)

JOHNS HOPKINS

UNIVERSITY




Ionic size matters (a lot)

"5

s @ /
A \
‘ [

\
!
1

JOHNS HOPKI

UNIVERSITY

Effective Ionic Radii in Oxides and Fluorides*

By R.D. SHANNON AND C.T.PREWITT

Central Research Department* Experimental Station

7 nt de Nemours and Company, Wilmington, Delaware 19898, U.
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Nonsense Example

PRL 108, 140405 (2012) PHYSICAL REVIEW LETTERS 6 APRIL 2012

Dirac Semimetal in Three Dimensions

S.M. Y(}unlg,l S. Zaheer,? J.C. Y. Teo,>* C.L. Kane,” E.J. Mele,? and A. M. Rappf:l

'The Makineni Theoretical Laboratories, Department of Chemistry, University of Pennsylvania,
Philadelphia, Pennsylvania 19104-6323, USA
2Depar£ment of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396, USA
(Received 13 December 2011; published 6 April 2012)

We show that the pseudorelativistic physics of graphene near the Fermi level can be extended to three
dimensional (3D) materials. Unlike in phase transitions from inversion symmetric topological to normal
insulators, we show that particular space groups also allow 3D Dirac points as symmetry protected
degeneracies. We provide criteria necessary to identify these groups and, as an example, present ab initio
calculations of S-cristobalite BiO, which exhibits three Dirac points at the Fermi level. We find that
B-cristobalite Bi0O, 1s metastable, so it can be physically realized as a 3D analog to graphene.

DOI: 10.1103/PhysRevLett.108.140405 PACS numbers: 05.30.Fk, 31.15.—p, 71.20.—b

Si: 0.26 A Bi: 0.99 A
O: 1.40 A 0:1.40 A

2 Bi** = Bi** + Bi** U=-8¢eV

UNIVERSITY

JOHNS HOPKINS




Better Example: SrSn,GaCr,0,,

2+ 3+ 3+ 2-
SretGa Cr*,0

[

Take as givens:
1) Want 2-D kagomé layer
2) Want Cr** as magnetic ion

Match sizes for different
coordination environments
and disfavor site mixing,
while keeping charge balance

JOHNS HOPKINS

UNIVERSITY



Another Example

r X (CH,NH,)Pbl,

| How to systematically engineer this band structure? |

JOHNS HOPKINS

UNIVERSITY



Design Strategy

< 2

< E

z 5

3] e

5 L
Conduction Band

Phonon
>~
Energy Gap (Eg) ]\ hf=Eg _ hf=Eg-AD
Valence Band Navevectur (k) \ Wavevector (k)
Direct Bandgap Material Indirect Bandgap Material

1. Conduction band minimum: tuned from s- to p-orbital derived bands

-00-00- leceoeceo
/ \
“0-000- c000 c0c0
I X I X

s-orbital derived bands === p-orbital derived bands

2. Valence band maximum: unchanged

JOHNS HOPKINS

UNIVERSITY




Design Strategy

Az:ﬁj B ,3+X6

Valence electron: d1© s9/s?

B’-s-orbital-derived B’-p-orbital-derived
CBM CBM
/\
VBM B-d1° VBM B-d°
I Direct bandgap I — |Indirect bandgap

JOHNS HOPKINS

UNIVERSITY



S\ynthesis

Solid State Reactions

Cs,AgSbCl,, Cs,AgInCl,
Cs,AgSb.In, Cl, (x = 0.2, 0.4, 0.5)
\CSCI : AgCl : SbCl, (InCl,) y

‘ Ar-atmosphere

| Solvothermal Reactions
Cs,AgSbCl, + HCI
Cs,AgInCl, + HCI

Quartz ampoule Jl

\ 200 — 400 °C " am
N B W)

Cs,AgShCl,

3 days

N
::1'1 GRS AL

Cs,AgInCl,

UNIVERSITY

JOHNS HOPKINS
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[F(R)*hv]" (a.u.)
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It works...

A
Cs,AgSbCl, A
254 eV s
Cs,Agin, _Sb__Cl. b
2.81eV 2 4.0 48 4D 4
Cs.AgSb, In_ Cl. B Cs,AgSb(In)Cl;
' ' ' n-5s
569 aV/ q s Cs,AgSb In, CI.
- cBm PSP
Cs,AgSb_,In . CI < - = VBM
m -
3.06 eV T
S 3.0
Cs,AgInCl, °
a 1 e« Indirectgap
3.53 eV 55| = Directgap
1 ' 1 T 1 T Direct Indirect
15 20 25 30 35 40 T
hv (eV) 00 02 04 06 08 1.0

Sb composition (x)




And on it goes...

a b 2
@ Nb T=20 mK
© Se positive s P
@ Br negative sweep

SRNENY

‘}i‘t‘z‘%‘ﬁ"x g 2 ? —————— , e — &

H. Wu, et al. Nature 604, 653-656 (2022)

W.A. Phelan, et al. PRX (2014) and Sci. Rep. (2016)

(a) KV,;Sb V1 Sb1
Kagome net Graphite net

V-Sh 2.74A

B.R. Ortiz, et al. PRM (2019) and S.-Y. Yang, et. al. Sci. Adv. 6 (2020)




Outline

« Materials Lifecycle and Defining Quantum Materials
« The Importance of Design

 Synthesis Preliminaries

JOHNS HOPKINS
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The Elephant in the Room...

« Once you know what to make... how do you make it?

 Solid-Gas ' \’
— chemical vapor deposition (CVD/PVD)
— evaporation

— vapor phase epitaxy (VPE)

— molecular beam epitaxy (MBE)
 Solid-Liquid

— direct melting (Arcmelting, Floating Zonc

— high temperature solvent (Flux)

— hydrothermal or solvothermal
 Solid-Solid

— precipitation-combustion

— metathesis

— grind and heat (“shake and bake”)

UNIVERSITY

JOHNS HOPKINS



2D Crystal Consortium

NSF Materials Innovation Platform

@ PennState
Broad access to compelling synthetic tools with
Integrated theory support

2D chalcogenide monolayers, surfaces and interfaces are emerging as a compelling class of systems with
transformative new science that can be harnessed for novel device technologies in next-generation electronics.

Hybrid MBE
Chalcogenide MOCVD
CVT, Bridgman

in situ measuremey \nsights into growth

Insulator

sN

Semiconductor

Semiconductor

/
S d o STM/AFM DFT
upercon uc::t % ARPES ¢ - » Reactive FF
4-probe characterization ~ Monte Carlo
W“ ; Raman. PL & interpretation Phase field
Semiconductor ’

An NSF user facility with broad access:

» Open calls for user proposals,
* No user fees for academic use

» Webinars, Workshops, Website resources
 Partnership opportunities with PUI, MSI

JOHNS HOPKINS |

UNIVERSITY




E]%ARAD”\/\ www.paradim.org

AN NSF MATERIALS INNOVATION PLATFORRM

« Focus: Inorganic single crystals and epitaxial thin films with superior|
electronic characteristics, particularly interface quantum materials

« Major User Facilities:
— Thin-film growth: MBE (62 elements) with ARPES & laser sample heating (new)
— Transmission Electron Microscopy (Spectra) with 2"d-generation EMPAD (new)
— Theory and Simulation: electronic properties and mismatched interface theory

— Bulk crystal growth (at Johns Hopkins): world’s first floating-zone furnace (FZF) with
300-atm O, tilted laser-diode FZF, and laser-heated 1000-atm pedestal furnace

» Major Activities:
< Accept user proposals year-round — no user fee
<» Summer schools (all recorded & available online)

<+ Public data sets and analysis codes associated
with published papers available at PARADIM
website (new)

UNIVERSITY

JOHNS HOPKINS



E|§AR ADIM - Data Availability and Usability

“Collect Everything,” “Use everything,” “Make available everything”
Machine Learning

Landmarked

A New Vision for High
Performance Computing




Typical solid state synthesis

Na,0, + Fe,0, =" 2 NaFeO, + %O,

overnight

JOHNS HOPKINS

UNIVERSITY



Starting materials

- Want starting materials to be reactive
— Small particle size
— Similar melting points
 But still have well-defined compositions
— Some are easy: Cr,O, (green), TiO, (white)
— 99.9% SrO usually has ~5% SrCO, + Sr(OH),
— 99.999% La,O, usually has ~5% La(OH),
— 99.999% Al,O, usually has ~5% NaAl,,O,,
— NiO usually Ni, ,O with x ~ 0.05-0.2
o In short: purify first!

"Purification of Laboratory Chemicals" W.L.F. Armarego and C. Chai, ISBN 1856175677

JOHNS HOPKINS

UNIVERSITY



Reaction conditions

. Temperature: Usually need to get ‘Close’ tO 600 ...................................................................................................
reagents for appreciable reactivity to occur =

500

« Pressure: Higher pressure stabilizes higher
numbers, and ‘unusual’ oxidation states (e.§ ©

4503

400

- Sample form: Pellets better for solid-solid d
better for gas interaction

350

Temperature

E 30z

3004

— Polycrystalline better for precise stoichiom

250
E 230

TI,Te

Tl,Te, E\
(Tl) ht

single phase regions . " s
— Single crystals better for control of extende |
0 10 20 30 40 50 60 70 80 90 100
« Reaction Atmosphere: Control of oxidation Te at % L

replacement (e.g. N or F for O)

JOHNS HOPKINS

UNIVERSITY
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(A,Cu, )Cu,(OH).Cl, Syntheses

~180 °C, 2 d.
2.2 ZnCl, + 3 Cu(OH),CO,  fampem> Zn,Cu, (OH),CL,

Single phase blue-green product

Early synthetic attempts for A = Mg
(left) or A = Cd (right) using same




(A,Cu, )Cu,(OH).Cl, Syntheses

-3 T 1 T 1
Hydroxide-limited

—4 Solubilities .

-5 E.-_ ----- Tt R _
log(MgC) - "'-\ --------
— Se e
log(CuC) \\ °°°°°
..... — \\ .'o... -
log(ZnC) \ te.,
PR Y "-.

N .
log(CdC) S T,
- e e -7 \\ "-. —
\\
\\
\\
< . _
\\\
— I I I I I I |\"-.
0 50 100 150 200 250 300 350 400
Temp / °C .
12 MgCl, + 3 Cu,(OH),CO, = =2d 5 £\ o Cu, (OH).Cl
gl 2 23 hydrothermal 80.75- U325 612

Single phase blue-green product

5CdCl, + 3 Cu(OH), =3242d_5  qcy,(OH)CL

K drothermal

JOHNS HOPKINS

W Massachusetts
UNIVERSITY IIIII Institute of
Technology



Outline

« Materials Lifecycle and Defining Quantum Materials
« The Importance of Design
 Synthesis Preliminaries

« Characterization and “Defects, Defects, Defects!”

JOHNS HOPKINS

UNIVERSITY



Sample characterization: Quick Iteration w/ Growth

« Elemental Analysis
— Whole sample: ICP-OES, Graphite AA, etc.
— Area-resolved: EDX/WDX, XPS, etc.

(EDX)

JOHNS HOPKINS

UNIVERSITY



Sample characterization

« Elemental Analysis
— Whole sample: ICP-OES, Graphite AA, etc.
— Area-resolved: EDX/WDX, XPS, etc.

« Limits: incomplete dissolution, interfering anions, impurity phases (whole sample
methods), sample-dependent absorption/emission (EDX/WDX), only surface
sensitivity (EDX/WDX,XPS), etc.

« In practice: rarely accurate to better than 10-15% (precision can be <1%)

JOHNS HOPKINS

UNIVERSITY



Diffraction

Radiation
detector

Crystal coordinates

Incident beam Cartesiancoordinate, X,

Radiation So
generator

Top view of specimen
fixed in goniometer

(and there-

.rimental arrangement that fixes the values of S, S, and A
he vector s).

Constructive (periodic part): Bragg’s law, etc.
Peak positions: unit cell size and shape
Peak intensities: atom type and positions within unit cell

UNIVERSITY

JOHNS HOPKINS



Lab x-ray diffraction

8

8 l MgO The reachon o - M%O
% i JL |ome | L wivh A\, 0,
z "
2 JL L.buw l" To MakE

(b)
A LJJL._...ML +AA..J..k 41 \&/
8 J JL. _JL MO A....-L “‘3 MS A\LOZ( .SFtne'
S35, 26, 30, _ 35. _ 40.  45. 50. 65.  60.

TWOTHETA (DEGREES)
Peak positions: unit cell size and shape

Peak intensities: atom type and positions within unit cell

JOHNS HOPKINS

UNIVERSITY



X-ray vs Neutrons

VT3
Thermal Prompty NG-0

X'rays o - = o
6 = o. T8 oirl-rl:s F e
— 5 P ‘\
= i
L AL ::
E NG-7
2 3r
£
& 2 :
o Ni Neutrons
(4]
O
a |/
0 | 3 1 A N ] 4 1 1 1 .
/Y20 a0 V 60\ 80 100
1y L ; Ti Mn Atomic weight

J HNS HOPKINS
‘l':' UNIVERSITY



X-ray vs Neutrons

Int.

e X-Ray Diffraction

120000—

100000—
20000—

60000—

2"““:_ , H A Ax d AA LA A M o A e ..”A b

f I f f f f f f 1 | f I
10 20 30 40 50 G0 70 30 90 100 110 120 130 140
2Theta

Int.
180—
.« Neutron Diffraction
140—
120—
100—
80—

B0—

SISO S R Y | O O T |

0 ! ! [, . [ 11 |

f I f f f f f f 1 | f I
10 20 30 40 50 60 70 a0 90 100 110 120 130 140
2Theta

Same compound, same unit cell, so same peak positions, but intensities
different due to difference in x-ray and neutron scattering factors

UNIVERSITY

JOHNS HOPKINS



Defects and local structure govern properties

« SrTiO,: white insulator
— But SrTiO, 5, d ~ 0.05, a blue-black metal
« Y, TiNbO,: non-magnetic, almost white
- Y, TiNbO, 5, & ~ 0.05, magnetic, black!
« YBa,Cu,0, .: antiferromagnetic insulator
- YBa,Cu,0,, 93 K superconductor
« ALOQO.: poor oxygen ion conductor
- (Na, ;,Al, 4;)O, s, good oxygen ion conductor
« Nal: clear/white insulator

— (Na, _;Tl5)I, & ~ 0.01, gamma ray scintillator

JOHNS HOPKINS

UNIVERSITY



Thermodynamics favors defects

AG = AH -TAS Energy cost
forming defect
AH = Nd‘AEd

Free Energy

AS = -k;T-In(N choose N,)
Entropy gain
forming defect

JOHNS HOPKINS Defect Concentration

UNIVERSITY



Thermodynamics favors defects

Energy cost
forming defect

>
S Overall free
5 energy
o
o
LL
:Equnlbrlum Number Entropy gain

of Defects forming defect

JOHNS HOPKINS Defect Concentration

UNIVERSITY



JOHNS HOPKINS

UNIVERSITY

Defect Concentration (%)

1.0

So does kinetics

o
n
T

0.0

Kinetics
E, = 0.01AE,
t=72hr

D,=4*10"s"

Thermodynamics

Total Defects

1000
k T/AE, (K/eV)



Diftficult to directly observe

« Usually at or below true sensitivity of most methods
- Most sensitive quantities are indirect:
— Sample weight changes (esp. oxygen)

— Unit cell volume changes
(e.g. Ni, O versus NiO,,,)

— Physical properties changes (carrier density, impurity magnetic moment density, etc.)

JOHNS HOPKINS

UNIVERSITY



Example indirect observation of defects

1.468 ! ' ! '
gL B-Fe. Se
0 1.466 1+0 ] o8
6 | 1464 . [C
< oo
~ 1.462}
§ 4+ 001 002 003 Se
'_cé Input Composition (FeM)Se) \ vacancy
- 2 ——
i I450 °C
0| BB HDre, Se o]
1.460 1.462 1.464 1.466 1.468
: Fe
C/ a ratio interstitial

JOHNS HOPKINS

UNIVERSITY



Electron microscopy

Electron beam

[ SEM

. X-rays ) Secondary electrons

Diffracted and unscattered

Inelastically electrons (for diffraction and imaging)

scattered
electrons

TEM
Y

A ~ 0.02 A (very short)
Charged, strongly interacting
Can be focused to 2-6 nm

UNIVERSITY

JOHNS HOPKINS



Electron diffraction

kY 2 2R
2y ¥ 2 M
£ e 2

d) Distorted B-cristobalite
SiO,

/‘;"/-O’-O’-d'-/occo.oc‘-.'o.'o.. ....‘-..
P Y e

v TT i vy-

A. Mostaed, et al. Acta Materialia 143, 291-7 (2018)
B.A. Trump, et al. Nat. Commun. (2018)



Diffraction

Radiation
detector

Crystal coordinates

Incident beam Cartesiancoordinate, X,

Radiation So
generator

Top view of specimen
fixed in goniometer

lues of Sg, S, and X (and there-

~rimental arrangement that fixes the va
he vector s).

Diffuse (aperiodic part)

Constructive (periodic part): Bragg’s law, etc.

Peak positions: unit cell size and shape

Peak intensities: atom type and positions within unit cell
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Pair Distribution Function Analysis

_ S L L L
Measure total scattering, /(Q) af A
: 47 sin(6’) % ZMMW\M\/WW
1924 h Q ~ diffracted angle: Q = S of -
measurement 2 by
time (lab) Normalize by compositionandapply 217 1 71 7~ 1
corrections, S(Q) § 1of MMWMM
3 months + 20 m
few minutes S(Q) =1+ [€P(Q) — > il fi(Q)[? SAE ]
(synchrotron) ‘ Z C-f-(Q)2| qolb— L
I 0 5 10 15 20 25
. . . . O(A-1)
In development F9ur|er tra.nsf_ormatlon yleld:c, a \./velghte.d-averag.e of atom-atom
(TEM) distances in direct space (pair distribution function, or PDF)

Qmax
G(r) = 4mrlp(r) — pol = = / QIS(Q) — 1 sin(Qr)dQ
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Pair Distribution Function Analysis

PDF: ensemble, real-space, atom-atom histogram

g g T T T '

(@)

S

@

—

&)

=

S

2 0 ] " | I 1 "

° Yo 1 2 3 4

radius (A)
10F ! T ' | X T - .

?S’ | /\ /\ |

LL

h AN

o O e \"4 \

| G(r) =4mr(p(r) — po]

Need distance - L - . . ! .
*relaxed* 0 1 _2 3 4
atomic boxes radius (A)

for comparisons... simple SQSs not sufficient. This is the same constraint as EXAFS
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Total scattering PDF analysis

PDF: ensemble, real-space, atom-atom histogram that resolves

1ncoherent dlsplacements from Fourier transform of S(Q)
T NaCl chains

k A o O 06 O 06 O 0 O ©o no modes
L |

k m acoustic
L~

e S optic

[/ - p
A, 000000000 Debyewae
, N,

—/\/L/\_/u 0-0-0 00 O-0-O0-0 %ncoherent

e displacement

neutron pair distribution function
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Example: KNi,Se,

100 | |

s 14T
i T %:1.2(1)

o 0.01Tgee "

0.03T P

T =0.80(1) K

KNi,Se,
0 0.5 1 1.5

1,,-2
(Cp -C)/ T(MmImol K™)
)

o
|

O O
@
neutron pair distribution function
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Example: KNi, X,

T T T

1almmm + Fmm 14/mmm

i I 2.67 A
residual

J WN\A&A Fmmm

Analytical

Shs

neutron pair distribution function

40 T T T T T T T T
Modeling
- eor /|
| 300K [i| ¥
20 + - . | 1
é L

LS
¢ (¢

o
£
1~}

Scattering Factor Weighted # Atom-Atom Pairs

20 1 Numerical SN s
0 10 20 30 40 5o Simulation = 3% oo
Distance / A elols oim u
SRS

J}) 2 2 o0 o 4_
25 S

JOHNS HOPKINS

UNIVERSITY




Alternative Analysis Approaches

Independent RMC Simulations of the Same Data are Like Different Photographs of the Reality

100’s to 10,000’s of these

JOHNS HOPKINS
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It Works!

(a) single RMC simulation (b) average of 200 simulations
Ba Aj Ba E(1) Ba E(2) x10* Ba A, Ba E(1) Ba E(2) x10°
10 ) 10
B
5 = 0 5
i, < . - n i, - bispectrum average
N T I T I T
Ti A Ti E(1 Ti E@2 ; 30 .
o S E < BaTiO,
10 g 10 8 15
5 = g Ar oL 5 B i
> c
0 = 0 = 0]
0(2) E(2) 0(2) A4 0@ E(1) 0(2) E() c i
10 g 10 g -15
© = -
5 E - e B direct average
~ b7 g i T
0 0 _6 30
o) E(2) O(1) Ay o) E(1) 0o(1) E(2) = r
10 ) - 8 15
© - L
5 5 5 9 0
= 5 |
0 0 o)
o() By  O(1) E@)  O(1) E(4) o() By  O() E@)  O(1) E(4) c -15L
g 10 Q 10
© Q
< Q
0 0
-6 6 -6 6 -6
kx(n/6 a) kx(n/6 a) kx(n/6 a) kx(n/6 a) kx(n/6 a) k,,(nls a)

Likely has much broader applications
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Outline

« Materials Lifecycle and Defining Quantum Materials
« The Importance of Design

 Synthesis Preliminaries

« Characterization and “Defects, Defects, Defects!”

- Advancing Materials Synthesis
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Choosing a Growth Method

Nucleation Growth

( b) Molecular Adsorption/Desorption
Bond Cleavage f

Atomic Adsorption/Desorption

AN
8 @°

Growth Interface

Surface Diffusion f.
@— ©9¢
L0 O

Molecular Fragment Formation/Dissolution

Bulk Diffusion
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Choosing a Growth Method

a) ArcMelting b) Czochralski Growth c) B"dgr:a“ Growth
T . X
Solidification
& fromoutside  Solid-liquid Solid seed
inwards growth crystal
interface solidiauid
> olid-liqui
growth -
interface /
®c) @ - T
ot
Flux/Hydrothermal/ . .
e) Electrochemical Crystal Growth Floating Zone
) Solvothermal Crystal Growth ) Y f) 8

T = ! ;2 X 4
Solid-liquid
g?c:wt}l?u' ol > Feed
\.‘____‘
interface — rod
] T Solid-liquid
Crystal growth first ~>=— "—-/ _grDWth &—!7 >
between electrode & interface
liquid, then between
crystal grain & Seed
liquid rod
_x.- A T
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Growth Variations Innumerable A

Crystal Solld qumd Interface
Off—stoichiqn"_letry Off-stoichiometry qumd
[flux containing pellet /flux containing melt
Crystal/' \

Solid-Liquid Interface

«—— Polycrystalline rod

+——Crucible

<+—Polycrystalline Feed

Liquid

Light T—\ - Light

Crystal

olid-Liquid Interface
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Designed Synthesis

Initial attempts to make (CH,NH,),AgInBr, failed... only (CH,NH.),InBr, formed

Then a surprise... accidental addition of a small amount of (CH,NH,)PbI, and...

B

1 mm

How does that work...?!?!?

JOHNS HOPKINS
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Table 1. A survey of experiments (at 150°C) with different ratios of starting materials and in
the presence (in situ or ex situ) or absence of MAPbBTr;

Starting materials

Target product

Side products

Exp (molar ratios) % weight portion | % yield | % weight portion | % yield
v.0 (MA)InBry 70%
60% 0
Exp 1 N AgBrH N 90%
p ° - )4AgBr5
0.6 MAB,,. 440%
S 5% {MAhI APbBT, %
S0 |  INBrs | MABr | {Mmzmgﬁ&%g< 30% 80°
dq 1 2. N
2 o4l _ 1 INBry o)+ %ggf\gpbsrg(aq} <> (MA),AgInBrg
: (MA)Ir=~ 80%
Exp 3 (@283 ninB Br ’ . MABY 0% IVIAPbBr3 60%
02 1 |: ll 1 '? 1 "&gfﬁg
0.2 0.4 0.6 0.8 InBr; | catz I?ﬂr{’}g recovering
N AgBr MAY:INBr; 85%
Exp 4 AgBFOIGBRPRIARE (X) & | 70% 50%
IR TZET T T g AIBIMA)6AgPbBr]
ol (MQ}EAQPb (MA),AQInBr. 15% | 7% | / BQ ' 55
r: : r nBr Y 15 \QgBr 9
“Bifr 1hiNas - AenB LI sk e “
S AgBY: InBrs : MABE. (MA)AQINBrs 10%A), A8y, | A8 95%
EXp6 || L o | 90%
- X - + AgBr
E Br: InBrs: MABr : (MA)AgInBr; 90%  S0% MAPDBT: 70%
%6.5 . 1': 2.2 : 10% NIAY AclnB
/| AgBr : InBr,: MABr : PbB (MA),AgINBr, 80% | 8L 0ECOTAPHBE, (MA),AgInBrg
P8 |l a1.24 12 20% target product
In#s : MABP: MﬂPbBr (MA),AgInBrs 90% | 80% MAPbBr 70%
Exp 9 “’CgFI”NH cc?m’“’“’f‘én( o2 AR SR Col10% i
20% (MA)InBr; 80%
Exp i%:gﬁB?, INBrs : MABI : (MA):AG- | \y7) AginBr, 20% 40% 70%
10 . . AgBr
1 : 1 : 2 0.2 20%%




BULK Cu Ka

Chimie Douce: Controlled bond making/bre | #3435} 8 |e?
(3451 — Joja) — 28T
. . LaN|O3 LaNiOz,_r, LaNIOZ
LiCoO, <> Li CoO, (x ~ 0.3) e 20 | _Nag)
1) Build an electrochemical cell, apply a voltage () Na/300°C/ehr . :

. . Ty - 2

2) Use I,/AcN or Br,/AcN plus stirring and time | e

3) Butyl-Li to go in reverse direction )
\Mﬂfiomcazohr

(c) Nag.25AIGa/265°C/48hr

LaNiO, — LaNiO,

CaH, or NaH / controlled temperature

Intlensity (a.u.)

(b) AlGa/550°C/48hr

... but can this be done without H?

(a) No Treatment

JOHNS HOPKINS 20 30 40 50 60 70 80
26 (deg.)




And on and on it goes...
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K-means

PCA

Lasso

Ridge regression
Logistic regression
K-NN
SVM

GP

Decision tree
MLP

etc.

The Materials
Project

‘ \ 2 7 The use of advanced machine learning algorithms in experimental materials science is
. J .. “"-. 2 n F l O w limited by the lack of sufficiently large and diverse datasets amenable to data mining. IF
) A o "- publicly open, such data resources would also enable materials research by scientists
: KT
AR

Automatic : FLUW for Materials Discovery towards a publicly open High Throughput Experimental Materials (HTEM) Database

What about AI/ML methods?

UL
Modern

UL

Classical

i Ensemble
SL MaCh Ine models

learning | C
; SL,SSL
models }f DL

An open experimental database For exploring
inorganic materials

Andriy Zakutayev £, Nick Wunder, Marcus Schwarting, John D. Perkins, Robert White, Kristin Munch, |
William Tumas & Caleb Phillips

Scientific Data 5, Article number: 180053 (2018) | Cite this article

15k Accesses | 105 Citations | 52 Altmetric | Metrics

Abstract

without access to expensive experimental equipment. Here, we report on our progress

(htem.nrel.gov). This database currently contains 140,000 sample entries, characterized by

ISOMAP
LLE

t-SNE
KPCA
MDS

Boosting
RF

DFFNN
CNN
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M: Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn
X:C,N

‘Theoretical

Mono-transition metal MXenes

Screening for new compounds in known structures

M,X

Hf;C Hf,N

o
] e

Cr,C

- Experimental
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And predicting new structure types

§ . . . . ﬁ

XTALOPT: An open-source evolutionary algorithm for crystal structure prediction 0 \

3 : - Stability Range e
David C. Lonie, Eva Zurek *

i NaH: 25 - 100 GPa . ‘
Department of Chemistry, State University of New York at Buffalo, Buffalo, NY 14260-3000, United States -20 == NaHQ_ 25 - 300+ GPa ! " —
i NaH, ;: 25 - 150 GPa i

ARTICLE INFO ABSTRACT
Article history: The implementation and testing of XTALOPT, an evolutionary algorithm for crystal structure prediction, -40
Received }3 Apfil 2010 is outlined. We present our new periodic displacement (ripple) operator which is ideally suited to B s
Received in revised form 15 July 2010 extended systems. It is demonstrated that hybrid operators, which combine two pure operators, reduce
Accepted 30 July 2010 the number of duplicate structures in the search. This allows for better exploration of the potential energy

Available:online 26 August 2010 surface of the system in question, while simultaneously zooming in on the most promising regions.

A continuous workflow, which makes better use of computational resources as compared to traditional

AH (meV/atom)
o
S
|
|

No. of bytes in distributed program, including test data, etc.: 1149399
Distribution format: tar.gz

Programming language: C++ 100% NaH n =6 9 12 100% H2

Keywords:

Structure prediction generation based algorithms, is employed. Various parameters in XTALOPT are optimized using a novel o E

Evolutionary algorithm benchmarking scheme. XTALOPT is available under the GNU Public License, has been interfaced with

Genetic algorithm various codes commonly used to study extended systems, and has an easy to use, intuitive graphical _80 ES |

Crystal structures interface.

Titanium dioxide
Program summary B ']

50 GPa

Program title: XTALOPT -100 | 100 GPa
Catalogue identifier: AEGX_v1_0 AW 150 GPa
Program summary URL: http://cpc.cs.qub.ac.uk/summaries/AEGX_v1_0.html ! . 'nl ’ 200 GPa N
Program obtainable from: CPC Program Library, Queen’s University, Belfast, N. Ireland 5 100 ' \\
Licensing provisions: GPL v2.1 or later [1] 120 - 0 50 100 : \'c 250 GPa ||
No. of lines in distributed program, including test data, etc.: 36 849 i Pressure (GP a) l \ 300 GPa

Computer: PCs, workstations, or clusters

Operating system: Linux

Classification: 7.7

External routines: QT [2], OpenBabel [3], AVOGADRO [4], SPGLIB [8] and one of: VASP [5], PWSCF [6],
GULP [7].

Nature of problem: Predicting the crystal structure of a system from its stoichiometry alone remains a
grand challenge in computational materials science, chemistry, and physics.

Solution method: Evolutionary algorithms are stochastic search techniques which use concepts from
biological evolution in order to locate the global minimum on their potential energy surface. Our
evolutionary algorithm, XTALOPT, is freely available to the scientific community for use and collaboration
under the GNU Public License.

Running time: User dependent. The program runs until stopped by the user.

References:

~
-

[1] http://www.gnu.org/licenses/gpl.html.
[2] http://www.trolltech.com/.

[3] http://openbabel.org/.

[4] http://avogadro.openmolecules.net.
[5] http://cms.mpi.univie.ac.at/vasp.

[6] http://www.quantum-espresso.org.
[7] https://www.ivec.org/gulp.
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Predicting Materials with Stellar Properties
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Importance of Ecosystem and Validation

(a) Al (b) ES (c) QC (d) EXP

4
. vasp_opt86b 3.5 1
] 400{ . vasp_optb88vdw 20
21 vasp_optcx13 3.0
vasp_optpbe : B
= 17 300 - P_OPIp - 225
g ¥ A = vasp_pbe_mp g
- . . . a 2 .
s 0 alignn_model ] ., E 201!
® -1 cfid £ 200 & ~ :
= i s o Q 1.54 ¢
g cfid_chem < @ 27 Labol
Bt cgcnn_model 57 ﬁ T Lab02
-3 kgcnn_cgenn 100 1 : Labo3
4 kgcnn_schnet 0 0.5 ’ Labo4
matminer_lgbm : Labo5
-5 0 0.0
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Large Scale Benchmark of Materials Design Methods

Kamal Choudhary® !*® Daniel Wines®,! Kangming Li®,? Kevin F. Garrity®,! Vishu Gupta®,® Aldo H.
Romero®,* Jaron T. Krogel®,® Kayahan Saritas®,®> Addis Fuhr®,® Panchapakesan Ganesh®,® Paul R. C. Kent®,’
Kegiang Yan®,® Yuchao Lin®,® Shuiwang Ji®,® Ben Blaiszik®,? Patrick Reiser®,? Pascal Friederich®,*:10 Ankit
Agrawal®,3 Pratyush Tiwary®,'? Eric Beyerle®,'? Peter Minch®,'® Trevor David Rhone®,'3 Ichiro Takeuchi®,
Robert B. Wexler®,15 Arun Mannodi-Kanakkithodi®,1® Elif Ertekin®,17-18 Avanish Mishra®,1° Nithin
Mathew®,19 Sterling G. Baird®,2° Mitchell Wood®,?! Andrew Dale Rohskopf®,2! Jason Hattrick-Simpers®,2
Shih-Han Wang ©,2? Luke E. K. Achenie ©,%> Hongliang Xin ©,?2 Maureen Williams®,* Adam J. Biacchi®,?® and
Francesca Tavazza®!
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Improving Success of Growth Attempts

Unlabled Archived Single Growth Classification

1.0 1

0.9 1

0.8 1

0.7 4

Model Confidence Score
e
o

0.5 1

0.4

0.3 1

T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3:5
O]; Floating Zone Growth in Hours

Deep Neural Net Instance Segmentation

Nicholas Carey - W. Adam Phelan - Ali Rachidi - Connor Krill -
Pheobe Appel : Jessica Zahn - Matthew Hudes . Brian Schuster - Tyrel
M. McQueen - David Elbert

(% app.ipynb ® Dash <

Crystal Growth Dashboard

Masks generated using Mask rcnn.




High-Throughput Experiment + Theory

1. Inkjet deposition 2. Calcination 3. Imaging QC 4. Microscopy 5. Image 6. Data-Design join
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What about superconductors?

' \L REVIEW VOLUME 97, NUMBER 1 ) 1955 JANUARY
F(n)
| Empirical Relation between Superconductivity and the Number of
Valence Electrons per Atom
/ V! ‘ B. T. MATTHIAS
/ v Bell Telephone Laboratories, Inc., Murray Hill, New Jersey
/ \\ ,l (Received September 28, 1954) .
! 1 | l | L ! L

The relation between the transition temperature of a superconductor and its number of valence electrons/

atom has been investigated. Optimum conditions for the occurrence of superconductivity seem to exist for
n, NUMBER OF VALENCE ELECTRONS 5 and 7 valence electrons/atom.

e
-
‘h.,
>

Fic. 1. Variation of superconducting transition temperature
with number of valence electrons per atom.
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What about superconductors?

.EVIEW B VOLUME 37, NUMBER 4 1 FEB

Quantum structural diagrams and high-T, superconductivity

P. Villars* and J. C. Phillips
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 21 September 1987)

Using golden coordinates we have successfully isolated the sixty known superconductors with
T.> 10 K into three small volumes which occupy about 1% of elemental configuration space.
Two volumes contain the familiar NbN and Nb3Ge materials, but the third volume contains both
the Chevrel sulfide and Bednorz-Miiller-Chu oxide materials. Compounds in the third volume
with formulas near YBa;Cu3O7 are suggested as promising candidates for new high-T, supercon-
ductors.
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FIG. 2. A tableau of promising pseudoternary (quaternary)
candidates for high-7. superconductors with compositions
paralleling YBa;Cu30;. The restrictions imposed on the golden
coordinates N,, AX, and AR used to derive this tableau are de-
scribed in the text. The compositions have the general formula
(I2s+£1/3)3(p,d)3p7 where f=Y, La, or a rare earth. The s
elements are listed in the ordinate. On the abcissas are the p,d
elements. Because of similar coordinates the Mn* column in-
cludes Re, Ru, and Os, the Rh* column includes Ir, Pd, and Pt,
and the Cr* column includes Mo, W, O, S, Se, and Te.



What about superconductors?

|hnp:ﬂsupercon.nims.go.jp.ﬁndex_en.html

‘ MAR LUAE JUL

79 captures
24 Aug 2011 - 4 Feb 2022

211412

MatNavi is one of the world's largest materials databases of polymer, ceramic, alloy, superconducting material, composite and diffusion.

@00

ALl 2020 FPrd w apout this capiure

% LOGIN

F7( The use of “MatNavi" is free.
(Free of charge)
All you need to do is register.

+ Register
% Forgot your Password ?
# Update registration
% Close your account

Guest User

© SuperCon

# QOutline

# Link

% Disclaimer

% System Requirements

Con

‘ » Japanese ‘ ‘ \J For New User ‘

Home | Aboutus | MITS Symposium | Link | Contactus

\Q

49 National Institute for Materials Science

NIMS | oA MatNari

| Superconducting Material Database (SuperCon)

| Outline

SUPERCON (Numerical database for superconducting materials)

All the data are acquired from the published Journals. Roberts Table and some books are referred for old
data.

There are two tables: OXIDE & METALLIC (inorganic materials containing metals, alloys compounds, oxide
high-Te superconductors, etc) and ORGANIC (organic superconductors).

STA-DB (Standardized Data for Typical Oxide High-Tc materials)

Working Group for database in Multi-Core Project, sponsored by STA, produced all the data. Sample
preparation , characterization, superconducting and other related properties together with measuring
condition, etc are included. Sample preparation and measuring conditions are described in Japanese. These
data now tentatively opened publicly.

INFO-DB (Knowledge data for materials researchers)
The data are acquired from the published Journals and private communications. These data are results and
information useful for researchers but can not be recorded in numerical database.
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Abstract

This review shows the highlights of a 4-year-long research project supported by the Japanese
Government to explore new superconducting materials and relevant functional materials. The
project found several tens of new superconductors by examining ~1000 materials, each of which
was chosen by Japanese experts with a background in solid state chemistry. This review
summarizes the major achievements of the project in newly found superconducting materials,
and the fabrication wires and tapes of iron-based superconductors; it incorporates a list of ~700
unsuccessful materials examined for superconductivity in the project. In addition, described are
new functional materials and functionalities discovered during the project.
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Q50 Deep learning model for finding new superconductors ; ') |
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Exploration of new superconductors still relies on the experience and intuition of experts, and is largely a
process of experimental trial and error. In one study, only 3% of the candidate materials showed supercon- 3.2 3.6
ductivity [Hosono et al., Sci. Technol. Adv. Mater. 16, (2015)]. Here, we report a deep learning model for
finding new superconductors. We introduced the method named “reading periodic table” that represented the
periodic table in a way that allows deep learning to learn to read the periodic table and to learn the law
of elements for the purpose of discovering novel superconductors which are outside the training data. It is
recognized that it is difficult for deep learning to predict something outside the training data. Although we
used only the chemical composition of materials as information, we obtained an R* value of 0.92 for predicting
T for materials in a database of superconductors. We also introduced the method named “garbage-in” to create
synthetic data of nonsuperconductors that do not exist. Nonsuperconductors are not reported, but the data must
2.5 be required for deep learning to distinguish between superconductors and nonsuperconductors. We obtained -
three remarkable results. The deep learning can predict superconductivity for a material with a precision of 62%,
which shows the usefulness of the model; it found the recently discovered superconductor CaBi, and another one -
2 HfysNby»V2Zrg 3, neither of which is in the superconductor database; and it found Fe-based high-temperature 42 4.8
superconductors (discovered in 2008) from the training data before 2008. These results open the way for the 1 In(T,)
discovery of new high-temperature superconductor families. The candidate materials list, data, and method are
openly available on the Internet.
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Lets Tackle One Hard Problem at a Time

I want a s.c. with...

T.>350K =
2000 A 2
Je> . /mT ML Ma ake coMgbund XYZQ with the W structure.
R ez > 30 so byt making XY, then ..., after that...
t 1 atm pressufe
No toxic elements =

What is the T, of \Or is

Ba, K./Bi 35K

What is the T, of (or is it s.c.)?

Ba, K, BiO,in the
perovskite structure with = AI/ML Magic? * T -35K
a statistical mix of Ba/K
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Crystal Structure is Important!

Y
Pooling L, hidden

O Output
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composition pretty_composition parent_guess materials_project_id fc de
0Au0.9Ga0.1 Ga0.1Au0.9 Au mp-81 0.264 Al
1Au0.95Ga0.05 Ga0.05Au0.95 Au mp-81 0.032 A1
2Ba0.2Lal.8Cul04-Y Ba0.2Lal.8Cul04 La2Cu04 mp-19735 29 B:i
3Ba0.1Lal.9Ag0.1Cu0.904-Y Ba0.1Lal1.9Cu0.9Ag0.104 La2Cu04 mp-19735 26 Bi
4Ba0.1Lal.9Cu104-Y Ba0.1Lal.9Cul04 La2Cu04 mp-19735 19B:
5Ba0.15Lal.85Cu104-Y Ba0.15Lal1.85Cul04 La2Cu04 mp-19735 22 Bi
6Ba0.3Lal.7Cul04-Y Ba0.3Lal.7Cul04 La2Cu04 mp-19735 23 Bi
7Ba0.5Lal.5Cu104-Y Ba0.5Lal.5Cu104 La2Cu04 mp-19735 23 Bi
11Sr0.1Lal1.9Cu104-Y Sr0.1La1.9Cul04 La2Cu04 mp-19735 338
12 5r0.15La1.85Cul04-Y Sr0.15La1.85Cu104 La2Cu04 mp-19735 36 I
13Sr0.2Lal.8Cul04-Y Sr0.2La1.8Cul04 La2Cu04 mp-19735 318
14 Sr0.3Lal.7Cul04-Y Sr0.3Lal.7Cul04 La2Cu04 mp-19735 338
15Ba0.3Lal.7Hg0.3Cu0.704-Y Ba0.3Lal.7Cu0.7Hg0.304 La2Cu04 mp-19735 26 B
17Ba0.1La1.9Ag0.05Cu0.9504-Y Ba0.1La1.9Cu0.95Ag0.0504 La2Cu04 mp-19735 21 Bi
18Ba0.1Lal.9Ag0.1Cu0.904-Y Ba0.1La1.9Cu0.9Ag0.104 La2Cu04 mp-19735 21 Bi
19Ba0.1Lal.9Ag0.25Cu0.7504-Y Ba0.1Lal1.9Cu0.75Ag0.2504 La2Cu04 mp-19735 26 B
20Ba0.1Lal1.9Ag0.5Cu0.504-Y Ba0.1Lal1.9Cu0.5Ag0.504 La2Cu04 mp-19735 27 B
21Y1Bal.5Ca0.5Cu307-Z Bal.5Ca0.5Y1Cu307 Ba2YCu307 mp-20674 82Y
22Ba0.15La1.85Cul04-Y Ba0.15Lal1.85Cul04 La2Cu04 mp-19735 30B:
23 Lal.85Ba0.15Cu104 Ba0.15Lal1.85Cul04 La2Cu04 mp-19735 30Le
24 .a1.85510.15Cu104 Sr0.15La1.85Cu104 La2Cu04 mp-19735 39 L
25In1Sc1Au2 SclnAu2 SclnAu2 mp-30395 3.02In
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0 20 40 60 80 100 120 140

Composition Reference No. Tc, pRec
Nickelate (n=271) -
MgNIO2 mp-1239335 30
CaNiO, mp-1147749 44
BaNiO», mp-1147749 74
SrNdNIO,4 mp-1217981 31
BazNiO4 mp-27957 76
YBagNizOg mvec-1132 76
Palladate (n=28)

Ba,Pd,05 mp-984976 26
BaY,PdOs mp-9656 29
Bal.n,PdOs5 - _
(Ln = Ho, mp-9785, 38
Tb, mp-9760, 28
Tm, mp-1187634, 25
Nd) mp-8514 23
Ruthenium-Oxide (h=158)

BasRuO4 mp-1025337 31
Sr.Y4 5Ceq sRUCULO 10 mp-1218787 38
SrzCeYRuCu201 0 mp-‘l 218854 32
SraEuCeRuCus04q mp-1218883 31
SrslasRuCuOg mp-1218695 30
Ra_RRiiMN. mn-12720Q QN7
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Closed-loop Discovery of the Composition-structure-
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Some Open Challenges

“AI/ML methods and data science are not black magic, nor are they a
panacea.”

“Al/ML methods have not, to date, moved the needle in actually preparing
predicted materials, leading to unbounded growth in imaginary materials that
do not exist in reality.’
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Opinions

« What can we, as a community, do to 40000
. . . Includes Synthesis?
encourage unbiased/impartial 35000 | -st Predictions
assessments of results, predictive 20000 . HI No Dominate
techniques, etc.? 3
zn 25000 +
- How do we address the divergence of # 8 |  wanicki&mcaueen
. . . . g B Preliminary
of predictions and # of realizations? S
"§ 15000
Protein Folding: From Impossible to Tractable =
d by P > 10000
, a
5000

0
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

AlphaFold Experiment AlphaFold Experiment AlphaFold Experimen! t
rm.s.d.g = 0.8A; TM-score = 0.93 r.m.s.d. = 0.59A within 8A of Zn rm.s.d.g =2.2A; TM-score = 0.96

The problem of predicting the structure of a protein
from its sequence was a 50 year grand challenge [31]. How do we automate while retaining discovery

After years of slow but steady improvements, the field . 2
nex r 1011S )¢
was transformed from 2018 to 2022 with the (u ¢ peCted observatio S)
introduction of AlphaFold, a structure prediction
approach combining Al/ML techniques with domain

specific knowledge and a large corpus of experimentally
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An Accelerated, Data-Driven, Materials Discovery Future

Challenges and opportunities in two dimensional, interfacial, and layered materials to advance science
and engineering and impact society

Accelerated 2DILM NATIONAL e

ACADEMIES siine |

Materials Discovery

Synthesis of two community forums in January
and March 2022.

Predict Achieve

Four interlocking areas: d i A’*;?Hd

» Predict outcomes of actual synthesis conditions

 Achieve Al-assisted and autonomous synthesis Enable N A
- Develop the data materials science workforce matsialsworifore | ard corir.iy s Workflows fop

Accelerated Discovery

Closing the Knowledge Discovery Loop

« Enable data curation and community use

Suggests future activities including:

- Competitive, critical evaluation of phase diagram https://www.materialsarchive.org/2dilm
predictive tools

« Community embrace of citable data released
alongside publications
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