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…basic science …practical technologies
[Materials] underlie…

Willett, et al. Phys. Rev. Lett. 59, 1776 (1987)

https://www.nytimes.com/1915/01/31/archives/a-nonrusting-steel-sheffield-invention-especially-good-for-table.html
https://www.nytimes.com/1915/01/31/archives/a-nonrusting-steel-sheffield-invention-especially-good-for-table.html
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Materials And Man’s Needs, NAS (1974)



Emergence… The Unifying Force

e-e repulsion
(Coulombic)
e-e attraction

(e-ph coupling)

Tc



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…

Thanks to Nitin Samarth (PSU) and Collin Broholm (JHU) for 
some slide content.
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The Challenge: 
“Homogeneous” is often not what is needed (or found) for creating, 
harnessing and controlling this phenomenology. 
“Highly tuned / structured” is.

“once you know what to make… how do you know how to make it?”



How do Materials Fit In?

After McQueen, et al. in Fundamentals of Quantum Materials (2020)
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Go from this… …to this

Knowing what to make

P.W. Anderson, Mat. Res. Bull. 8, 153-160 (1973)
R. Moessner and S.L. Sondhi, Prog. Theor. Phys. (2002)
Y.S. Lee, et al. Nature 492, 406-10 (2012)

ZnCu3(OH)6Cl2

𝐻 = 𝐽  

<𝑖𝑗>

𝑆𝑖 ∙ 𝑆𝑗



Structure-property relationships

T.M. McQueen, et al. Phys. Rev. B 79, 172502 (2009)



Concrete Theories

L. Fu and Kane, Phys. Rev. B 76, 045202 (2007)
D. Hsieh, et al. Nature 452, 970-5 (2008)



Structure and electron count dictate properties



Structure and electron count dictate properties

3-D Corner-sharing Octahedra
(Perovskite!)

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

Polyhedral Connectivity Determines Orbital Overlap



Structure and electron count dictate properties

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

Effectively 2-D

Polyhedral Connectivity Determines Orbital Overlap



Effectively 1-D

Structure and electron count dictate properties

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

Polyhedral Connectivity Determines Orbital Overlap
Electron Count Determines Orbital Filling and Effective

Dimensionality (and Properties!)



Ionic size matters (a lot)



Nonsense Example

S.M. Young, et al. Phys. Rev. Lett. 108, 140405 (2012)

Si: 0.26 Å
O: 1.40 Å

Bi: 0.99 Å
O: 1.40 Å

2 Bi4+
 Bi3+ + Bi5+ U = -8 eV



I.D. Posen, Phys. Rev. B 81, 134413 (2010)

Better Example: SrSn2GaCr3O11

Take as givens:
1) Want 2-D kagomé layer
2) Want Cr3+ as magnetic ion

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

R-type ferrite: Ba2+Ti24+Fe4
3+O11

2-

Ti/Fe (6g)

Ti/Fe (4e)
Ba

Fe

Ba2+Fe3+(Ti4+/Fe3+)2(Ti4+/Fe3+)3O11
2-Ba2+Fe3+(Ti4+/Fe3+)2Cr3+

3O11
2-

Cr3+ (6g)

Ba2+Ga3+(Ti4+/Fe3+)2Cr3+
3O11

2-

Ga

Ba2+Ga3+Sn4+
2Cr3+

3O11
2-

Sn4+ (4e)

Sr

Sr2+Ga3+Sn4+
2Cr3+

3O11
2-



Another Example

Γ Χ

60 – 100 meV
hν

h+

e -

Fast
Slow

E.M. Hutter, et. al. Nat. Mater. 16, 115-120 (2017)

How to systematically engineer this band structure? 

(CH3NH3)PbI3



Design Strategy

Γ Χ Γ Χ
s-orbital derived bands p-orbital derived bands 

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

2. Valence band maximum: unchanged

T.T. Tran, et. al. Materials Horizons (2017)



Design Strategy

Direct  bandgap

VBM

CBM

VBM

CBM

Indirect bandgap

A2B+ B’3+X6

Valence electron:  d10 s0/s2

B-d10 B-d10

B’-s-orbital-derived B’-p-orbital-derived

T.T. Tran, et. al. Materials Horizons (2017)



Synthesis
Solid State Reactions
Cs2AgSbCl6, Cs2AgInCl6
Cs2AgSbxIn1-xCl6 (x = 0.2, 0.4, 0.5)
CsCl : AgCl : SbCl3 (InCl3)

Ar-atmosphere

Quartz ampoule

Solvothermal Reactions
Cs2AgSbCl6 + HCl
Cs2AgInCl6 + HCl

200 – 400 C
3 days

120 – 160 C
3 days

1 mm 1 mm

Cs2AgSbCl6 Cs2AgInCl6

T.T. Tran, et. al. Materials Horizons (2017)



It works…

T.T. Tran, et. al. Materials Horizons (2017)



And on it goes…

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

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

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

N. Ng and T.M. McQueen, APL Mater. 10, 100901 (2022)
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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 Zone, …)
– high temperature solvent (Flux)
– hydrothermal or solvothermal

• Solid-Solid
– precipitation-combustion
– metathesis
– grind and heat (“shake and bake”)



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. 

An NSF user facility with broad access:

Hybrid MBE
Chalcogenide MOCVD

CVT, Bridgman

STM/AFM
ARPES
4-probe

Raman, PL

DFT
Reactive FF
Monte Carlo
Phase field

insights into growthin situ measurement

characterization 
& interpretation

• Open calls for user proposals,

• No user fees for academic use

• Access to a team of local experts 

• Community knowledge-base of synthetic 

protocols

• Webinars, Workshops, Website resources

• Partnership opportunities with PUI, MSI

mip.psu.edu



• 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 2nd-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 O2, 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)

www.paradim.org



- Data Availability and Usability
“Collect Everything,” “Use everything,” “Make available everything”

Machine Learning

NSF ACI-1261715
Sloan Foundation and JHU

All data available online



Typical solid state synthesis

Na2O2 +  Fe2O3     2 NaFeO2 + ½O2
700 °C / air

overnight

+



Starting materials
• Want starting materials to be reactive

– Small particle size

– Similar melting points

• But still have well-defined compositions

– Some are easy: Cr2O3 (green), TiO2 (white)

– 99.9% SrO usually has ~5% SrCO3 + Sr(OH)2

– 99.999% La2O3 usually has ~5% La(OH)3

– 99.999% Al2O3 usually has ~5% NaAl11O17

– NiO usually Ni1-xO with x ~ 0.05-0.2

• In short: purify first!

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



Reaction conditions
• Temperature: Usually need to get ‘close’ to melting point of 

reagents for appreciable reactivity to occur

• Pressure: Higher pressure stabilizes higher cation coordination 
numbers, and ‘unusual’ oxidation states (e.g. Cr4+)

• Sample form: Pellets better for solid-solid diffusion, powder 
better for gas interaction

– Polycrystalline better for precise stoichiometry control within 
single phase regions

– Single crystals better for control of extended defects

• Reaction Atmosphere: Control of oxidation states and anion 
replacement (e.g. N or F for O)



Ellingham Diagrams



(AxCu1-x)Cu3(OH)6Cl2 Syntheses

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

protocol as for A = Zn just gave CuO 
(black) instead of desired phases

~180 °C, 2 d.
hydrothermal2.2 ZnCl2 + 3 Cu2(OH)2CO3 Zn0.85Cu3.15(OH)6Cl2

Single phase blue-green product



(AxCu1-x)Cu3(OH)6Cl2 Syntheses

~180 °C, 2 d.
hydrothermal12 MgCl2 + 3 Cu2(OH)2CO3 Mg0.75Cu3.25(OH)6Cl2

Single phase blue-green product

~130 °C, 2 d.
hydrothermal5 CdCl2 + 3 Cu(OH)2 CdCu3 (OH)6Cl2

Single phase blue product
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Sample characterization: Quick Iteration w/ Growth
• Elemental Analysis

– Whole sample: ICP-OES, Graphite AA, etc.

– Area-resolved: EDX/WDX, XPS, etc.



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%)



Diffraction

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



Lab x-ray diffraction

Peak positions: unit cell size and shape
Peak intensities: atom type and positions within unit cell



X-ray vs Neutrons



X-ray vs Neutrons

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



Defects and local structure govern properties

• SrTiO3: white insulator

– But SrTiO3-δ, δ ~ 0.05, a blue-black metal

• Y2TiNbO7: non-magnetic, almost white

– Y2TiNbO7-δ, δ ~ 0.05, magnetic, black!

• YBa2Cu3O7.5: antiferromagnetic insulator

– YBa2Cu3O7, 93 K superconductor

• Al2O3: poor oxygen ion conductor

– (Na0.17Al1.83)O0.95, good oxygen ion conductor

• NaI: clear/white insulator

– (Na1-δTlδ)I, δ ~ 0.01, gamma ray scintillator



Thermodynamics favors defects

ΔG = ΔH - TΔS

ΔH = Nd·ΔEd

ΔS = -kBT·ln(N choose Nd)

McQueen, The Chemistry of Quantum Materials, in Comprehensive Inorganic Chemistry III



Thermodynamics favors defects

McQueen, The Chemistry of Quantum Materials, in Comprehensive Inorganic Chemistry III



So does kinetics

McQueen, The Chemistry of Quantum Materials, in Comprehensive Inorganic Chemistry III



Difficult 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. Ni1-xO versus NiO1+x)

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



Example indirect observation of defects

c

a

Fe
interstitial

Se
vacancy

T.M. McQueen, et al. Phys. Rev. B 79, 014522 (2009)



Electron microscopy

λ ~ 0.02 Å (very short)
Charged, strongly interacting

Can be focused to 2-6 nm



Electron diffraction

T.M. McQueen, et al. J. Phys. Cond. Mat. 20, 235210 (2008)

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



Diffraction

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

Diffuse (aperiodic part)



Measure total scattering, I(Q)

Q ~ diffracted angle: 

Normalize by composition and apply 
corrections, S(Q)

Fourier transformation yields a weighted-average of atom-atom 
distances in direct space (pair distribution function, or PDF)

Pair Distribution Function Analysis

Egami and Billinge, Underneath the Bragg Peak, Pergamon Press (2003)

12-24 hr

measurement

time (lab) 

3 months +

few minutes

(synchrotron)

In development

(TEM)



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

Pair Distribution Function Analysis

Egami and Billinge, Underneath the Bragg Peak, Pergamon Press (2003)

Need distance

*relaxed*

atomic boxes

for comparisons… simple SQSs not sufficient. This is the same constraint as EXAFS



Total scattering PDF analysis

Egami and Billinge, Underneath the Bragg Peak, Pergamon Press (2003)

no modes

acoustic

optic

Debye-Waller

incoherent 
displacement

PDF: ensemble, real-space, atom-atom histogram that resolves 
incoherent displacements, from Fourier transform of S(Q)

NaCl chains

Slide Courtesy Jamie Neilson. 



Example: KNi2Se2

Neilson, et al. PRB 86, 054512 (2012) and ZAAC 202200042 (2022)



Example: KNi2X2

Analytical
Modeling

Numerical
Simulation



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

Image on Right from F. Sroubek, et al. DOI: 10.1117/2.1200712.0943
SR Imaging: A. W. Lohmann, et al. Applied Optics, 22, 4028–4037 (1983)



It Works!

Data Courtesy Kate Page (Lujan/LANSCE/LANL)

Likely has much broader applications
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Choosing a Growth Method

T. Berry, N. Ng, T.M. McQueen, Chem. Mater. (2024)



Choosing a Growth Method

T. Berry, N. Ng, T.M. McQueen, Chem. Mater. (2024)



Growth Variations Innumerable

T. Berry, N. Ng, T.M. McQueen, Chem. Mater. (2024)



Designed Synthesis
Initial attempts to make (CH3NH3)2AgInBr6 failed… only (CH3NH3)4InBr7 formed

Then a surprise… accidental addition of a small amount of (CH3NH3)PbI3 and…

How does that work…?!?!?

T.T. Tran, et. al. Cryst. Eng. Comm. 20, 5929-34 (2018)



It’s a catalyst! (kind of)



Chimie Douce: Controlled bond making/breaking in the solid state?

LiCoO2 ↔ LixCoO2 (x ~ 0.3)

1) Build an electrochemical cell, apply a voltage
2) Use I2/AcN or Br2/AcN plus stirring and time
3) Butyl-Li to go in reverse direction

LaNiO3 → LaNiO2

CaH2 or NaH / controlled temperature

P. Odier, et al, JSSC 178, 1326-34 (2005), M.A. Hayward, et al, JACS 121, 8843-54 (1999)

… but can this be done without H?

YES!

T. Whoriskey, et al, Chem. Mater. (2024)

… use an Hg-free amalgam instead: AxAlGa (A = Na,K)



And on and on it goes…



What about AI/ML methods?

Mukhamediev, et al. Mathematics 10, 2552 (2022) Zurek, et al. J. Phys. Chem. C 125, 1601 (2020)



Screening for new compounds in known structures

K. Nykiel and A. Strachan, arXiv:2307.14250 (2023)Y. Gogotsi and B. Anasori, ACS Nano 13, 8491-8494 (2019)



And predicting new structure types

P. Baettig, E. Zurek, PRL 106, 237002 (2011)



Predicting Materials with Stellar Properties

A. Tehrani, T.D. Sparks, J. Brgoch, et al. JACS 140, 9844 (2018)



Importance of Ecosystem and Validation



Improving Success of Growth Attempts



High-Throughput Experiment + Theory

L. Yang, et al. PNAS 118, e2106042118 (2021) and K. Higgins, M. Ahmadi, et al. Adv. Funct. Mater. 30, 2001995 (2020)



What about superconductors?

1955



What about superconductors?



What about superconductors?



What about superconductors?



Lets Tackle One Hard Problem at a Time

AI/ML Magic

I want a s.c. with…

Tc > 350 K
Jc > 2000 A/mm2

Hc2 > 30 T
At 1 atm pressure
No toxic elements

Make compound XYZQ with the W structure.
Do so by first making XY, then … , after that…XXXXX

AI/ML Magic

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

Tc = 35 KBa0.6K0.4BiO3XXXXX
AI/ML Magic?

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

Tc = 35 K
Ba0.6K0.4BiO3 in the

perovskite structure with
a statistical mix of Ba/K



Crystal Structure is Important!

T. Xie & J.C. Grossman, PRL 120, 145301 (2018) M. Quinn & T.M. McQueen, Front. Elec. Mater. 2, 893797 (2022)



Results

M. Quinn & T.M. McQueen, Front. Elec. Mater. 2, 893797 (2022)
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Findings
Round 1: Incorporation of 
Expert Knowledge to Fabricate 
New Compositions

Zr3Fe4Sn4 ± In Tc ≈ 8.3 K

Round 3: Discovered Novel SC CandidateRound 4: Rediscovered High Temperature 
Superconductor

T c ~40 K

ZrNi2In and ZrInCu2 Tc ≈ 8.2 K

T c=25.3 
K

T c=26.4 K

T c =4.7 K

Round 2: Rediscovered Superconductor & 
Discovered Novel SC Candidate

npj Computational Materials (2023)



Some Open Challenges

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

“AI/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.”



• What can we, as a community, do to 
encourage unbiased/impartial
assessments of results, predictive 
techniques, etc.?

• How do we address the divergence of # 
of predictions and # of realizations?

Opinions

How do we automate while retaining discovery
(unexpected observations)?

Iwanicki & McQueen,

Preliminary

Predictions

Dominate



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

Four interlocking areas:

• Predict outcomes of actual synthesis conditions

• Achieve AI-assisted and autonomous synthesis

• Develop the data materials science workforce

• Enable data curation and community use

Synthesis of two community forums in January

and March 2022.

Suggests future activities including:

• Competitive, critical evaluation of phase diagram

predictive tools

• Community embrace of citable data released

alongside publications

…

https://www.materialsarchive.org/2dilm

https://www.materialsarchive.org/2dilm

