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Predictive Theory

Discovery of Neptune Predictive Solid-state Theory

universal law of gravitation HY = EWV

mM1ms T2 . | . .
Fi1=v— = m1ry > problem of ~1023 interacting particles
ri, T
12 12

Exsln] = Ty[{g:[n]}] + Vexc[n] + Unln] + Excln]

- DFT as ultimate work horse for
predictive materials discovery

Urbain Le Verrier Johann Gottfried Galle
(1811-1877) (1812-1910)
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Materials, Science & Technology

LiFePO4

SMART BATTERY
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Materials Genome Initiative

Human Genome Project Materials Genome Initiative
(1990-2003) (2011)

Computational
Tools

Experimental Digital
Tools Data

Materials Innovation
Infrastructure

By U.S. Department of Energy, Human Genome Project - https://www.mgi.gov/
http://www.ornl.gov/hgmis, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=2485616
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Materials Genome Initiative — Databases

OQMD e

QF‘ DW HOME | CONSORTIUM | PUBLICATIONS | FORUM | SRC | SEARCH

FLOW for Materials Discovery

The

AFLOW SCHOOL - Online Materials - < T —— R

structural properties of 637,644 materials, created in (

Welcome to AFLOW, a globally available database of 3,275,454 material compounds with over PrOject Wolverton's group at Northwestern University.
596,132,628 calculated properties, and growing.
32316 102,896 5644 5632 ssr
band structures Bader charges elastic properties | thermal properties
-

! 1 Determine
1724 354,875 30,063 2373140
. 1 \ ] _wse2pb
nary systems binary entries ternary systems | ternary entries Ground State
e > Composttions (GCLP)
e e e e o g o o g g e g & s FiSrSe——sb
150,621 450562 1o coriruts your a1 AP e mitarmatcaty e €10 M e on ' N
quaternary systems quaternary entries e ~esrPb3 RESTful AP
oot y s\ 0QMD APY
AFLOW also offers online applications for property predictions using mac $PbSe \ Optimade AP
encyclopedia, and the generation of convex hulls. b
WTerb
AFLOW School s For are

To learn more about AFLOW and all its features, view hands-on tutorials of our AFLOW schools. _ -.:.:-— .
. ' = http://ogmd.org/
http://aflow.org/ https://materialsproject.org/

CMR

Each CMR project in the table below consists of an ASE-database and a project page describing the data and show-
ing examples of how to work with the data using Python and ASE. Browse the databases by clicking the [browsel

links below or download the databases and explore them using ASE tools:

gNOMAD SOLUTIONS v LEARN v GET INVOLVED v ABOUT ~

« ase db command-line tool Databases
» ase.db Python module
NOMAD as */WEbsitertace Geometries optimized with PBE

Other links: * Optimade i

» Download complete database (in json format): 310 [2024.12.04], 2D, 1D
M A I E R I A L < LO U D + CAMD-Web software « Download geometry optimization paths (in json format): 3D, 2, 10
« OPTIMADE-API + Download convex hull only: 3D [2024.12.14]

List of POTCARs used
All CMR databases are licensed under a Creative Commons Attribution-ShareAlike 4.0 International License « Download all prototypes in cif format

« For large-scale machine leaming applications we provide an DGL and PyG LMDB dataset implementation

* References: 10.1002/adma 202210788 (3D), 10.1088/2053-1583/accc43 (2D), 10.1126/sciadv.al {method
O

van der Waals Bilayer Database (BiDB)
[browsel

Materials science data
managed and shared

NOMAD lets you manage and share your materials science B - ogEes

data in a way that makes it truly useful to you, your group, and =

the community. Free and open source. = o (o) v
:
Open NOMAD

Geometries optimized with PBEsol

+ Optimade interface
[ + Download complete database (in json format): PBEsol, SCAN
\‘ ™1 » Download geometry optimization paths (in json forma

* Download convex hull only: PBEsol, SCAN

+ List of POTCARs used
Chemisorption of gas atoms on one-
3 + Download phonan ar

dimensional transition-metal halides « Download phonan and
[browse] * References: 10.1038/5415¢

https://nomad-lab.eu/nomad-lab/ https://www.materialscloud.org/ https://cmr fysik.dtu.dk/ https://alexandria.icams.rub.de/

7Y’y
1 #1

2D-alloy database [browsel

LEARN WORK  DISCOVER EXPLORE  ARCHIVE

clectron-phonon data calculated with Quantum Espresso
for 2D compounds caleulated with Quantum Espresso
(ground-state), 10.1002/adfm 202404043 (phonons)
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Outline

HAFLOW

Automatic - FLOW for Materials Discovery

1. The AFLOW Database and Software
» AFLOW Apps and search functionality

2. Data-driven Quest for Non-vdW 2D Materials

» Search criterion

> Exfoliation energies and properties

3. Magnetic State Control via Hydrogenation

» Surface Passivation

» Magnetic state switching
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Outline

HAFLOW

Automatic - FLOW for Materials Discovery

1. The AFLOW Database and Software
» AFLOW Apps and search functionality

2. Data-driven Quest for Non-vdW 2D Materials

» Search criterion

> Exfoliation energies and properties

3. Magnetic State Control via Hydrogenation
> Surface Passivation

» Magnetic state switching
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AFLOW Database & Software: aflow.org
ﬁ QFLDW HOME | CONSORTIUM | SEMINARS | SCHOOLS | FORUM | SRC

Automatic - FLOW for Materials Discovery

Welcome to AFLOW, a globally available database of 3,530,330 material compounds with over
734,308,640 calculated properties, and growing.

3,479,057 366,988 172,488 5,650
form. enthalpies band structures Bader charges elastic properties
5,664 1,738 350,289 150,659
thermal properties binary systems ternary systems quaternary systems

S. Curtarolo et a/., Comput. Mater. Sci. 58, 218 (2012), S. Curtarolo et al., Comput. Mater. Sci. 58 227 (2012), UNTERSTUTZT VON / SUPPORTED BY
M. Esters et al., Comput. Mater. Sci. 216, 111808 (2023);
l I e C. Oses et al., Comput. Mater. Sci. 217, 111889 (2023); Alexander von
S. Divilov et al., High Entropy Alloys & Materials 3, 178 (2025) = \f H U M BO L DT

i~/ STIFTUNG
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AFLOW Software & A

[ AFLOW

Automatic - FLOW for Materials Discovery
S. Curtarolo et al., Comput. Mater. Sci. 58, 218 (2012)

« written in C++ utilizing VASP as density
functional theory program

 AFLOW standard for:
» k-point sets
» plane wave cutoffs
» PAW data sets ...
C. E. Calderon et al., Comput. Mater. Sci. 108, 233 (2015)

ackage
imulation

G. Kresse and J. Hafner, Phys. Rev. B 49,14251 (1994)
G. Kresse and J. Furthmuller, Phys. Rev. B 54,11169 (1996)

@ Kresse and J. Furthmdiller, Comput. Mater. Sci. 6,15 (1996y

s at aflow.org

MendellIB search

PERQOC TABLE OF THE ELEVENTS

1]

EE

= AFLOW database search
application

=

The AFLOW Prototype
Encyclopedia with over
1,100 prototypes

AFLOW:-online

Online interface for
AFLOW's symmetry,
structure comparison,
CCE, POCC, and other
functionality

BT Machine Learning
S ek & application for the PLMF,
Pl MDF, and ASC model

AFLOW-CHULL

Convex HULL application
for thermodynamic
stability and
synthesizability

REST-API Docs

QFLDW Documentation for the

REST-API WIKI AFLOW REST-API

» the AFLOW software is structured into purpose dedicated, fully interoperable modules
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AFLOW.org Search Page
; AFLOW HOME | CONSORTIUM | PUBLICATIONS | FORUM | SRE | SEARCH

Automatic - FLOW for Materials Discovery

Search Aflow »® Search Display

L icsbonly | All AFLOW il -

O Property Filters Periodic Table Property Filters ©
# of species
H Metals Alkali Metals Alkali Earths and not pee He
ydrogen | = j | ﬂ Helium
3 4 Tr;::;':n Lanthanides Other Metals
Li Be or xor B C N o F Ne
Lithium Beryllm Boron Group carbon Gmup Horon Carbon Kitrogen Teygen Fluorine Beon
mn A =
Na Mg Pnictogens Chalcogens Halogens ( ) Al Si P S Cl Ar
Sodium Magnesim Aluminum Slican Fhesphons Sulfur Chicrire: Argon
-] 20 21 22 3 24 25 26 27 28 8 30 3 32
K €C Sc Ti V € Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Foiassium Calcium Scandium Thanium Vanadium Chromium Margarese Iron Cobalt Nickel Copper Zing Galium Gemmankm Arsenic Seleniom Eromine: Erypton
37 38 32 &0 &1 42 &3 ] 45 46 &7 48 49 50 51
Rb Sr Y 2Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I  Xe
Rubidium Eirontiom ‘fitriam Zirconium Biokium Molybderwm | Technediom Ruthenium Rhadium Palladium Sllver Cadmium Indium Tin Ardimany Telluriam lodine ¥enon
55 56 T2 i T4 7= 76 77 78 72 a0 1] 82 a3
Cs Ba Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi
Cesium Barium Hatnkm Tantalum Tungsien Fhenium Dsmium Iridium Flatinum Gold Mercury Thallom Lead Blsmuth
57 58 59 6D &1 62 63 64 65 66 67 68 68 TO m
La Ce Pr Nd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu
Lanthanum Cenum Frasecdymium  Mecdymium | Promeshom Bamanum Europium Gadolnium Terbium Dryspresium Holmium Erbium Thulium Fberkium Luetium

Duke 2 & EE D ©

UNIVERSITY at Buffalo

Center for Autonomous Materials Design, Materials Science, Duke University
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DRESDEN sresoen rocsenoore R. H. Taylor et al., Comput. Mater. Sci. 93, 178-192 (2014); M. Esters et al., Comput. Mater. Sci. 216, 111808 (2023) concept



Outline

HAFLOW

Automatic - FLOW for Materials Discovery

1. The AFLOW Database and Software
» AFLOW Apps and search functionality

2. Data-driven Quest for Non-vdW 2D Materials

» Search criterion

> Exfoliation energies and properties

3. Magnetic State Control via Hydrogenation
> Surface Passivation

» Magnetic state switching
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Traditidmabvso kah2igjiMgt2blVaterials

a van der Waals material b Computational
n e. g. graphite materials database
traditional e.g. AFLOW

0—00—00—-2090
— T
=

Graphene

e IR AN : :
naturally! oo 60—00—0 : :> I
layered  __ | __L__L___i .

\—/
[001]; < : .
! 0—00—00—090

[010] [100 -
~2.000 similar 2D compounds database with input bulk systems
from data-driven research and for discovered 2D materials

« data-driven research predicted several thousands of vdW 2D systems

N. Mounet et al., Nat. Nanotechnol. 13, 246 (2018)
See also: S. Lebegue et al., Phys. Rev. X 3, 031002 (2013); G. Cheon et al., Nano. Lett. 17, 1915 (2017)

L - Can we obtain 2D sheets from non-vdW materials?

DRESDEN N\
concept 4



COMMUNICATION

ADVANGCED
MATERIALS

2D Nanomaterials

Electrostatic-Driven Exfoliation and Hybridization of 2D

Nanomaterials

Guijian Guan, Jing Xia, Shuhua Liu, Yuan Cheng, Shigiang Bai, Si Yin Tee,
Yong-Wei Zhang,* and Ming-Yong Han*

WO, exfoliation

G. Guan et al., Adv. Mater. 29, 1700326 (2017)

TECHNISCHE
UNIVERSITAT
DRESDEN

www.advmat.de

iron ore hematite

ARTICLES nature
https://doi.org/10.1038/541565-018-0134-y nanOteChrIOlogy

Exfoliation of a non-van der Waals material from

Aravind Puthirath Balan©'?", Sruthi Radhakrishnan'", Cristiano F. Woellner®3, Shyam K. Sinha?,

Liangzi Deng®, Carlos de los Reyes®, Banki Manmadha Rao’, Maggie Paulose’, Ram Neupane’,

Amey Apte!, Vidya Kochat', Robert Vajtai©®’, Avetik R. Harutyunyan®, Ching-Wu Chu®°, Gelu Costin'™,
Douglas S. Galvao®, Angel A. Marti®, Peter A. van Aken*, Oomman K. Varghese’, Chandra Sekhar Tiwary™,

Anantharaman Malie Madom Ramaswamy lyer'?* and Pulickel M. Ajayan'™

DA aakeads

results indicate; T
ferromagnetism w324

enhanced photocatalytic activity (water

splitting) - cations at surface =

Lateral view

s-s000 | S PRI«
S0,

Hematene [001]

7 b I W P

7 e 7 e b

7 ot 7 2 o I

Hematene [010]

A. Puthirath Balan et al., Nat. Nanotechnol. 13, 602 (2018)
A. Puthirath Balan et al., Chem. Mater. 30, 5923 (2018)
A. Puthirath et al., J. Phys. Chem. C 125, 18927 (2021)

- Results shatter intuitive understanding of exfoliability (and cleavage)

MaeJr
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See also: K. Jiang et al., Nat. Synth. 2, 58 (2023)
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Discovering Non-vdW 2D Materials

d Hematite (a-Fe,0,) b limenite (FeTiO3) c
prototype: D Q £ prototype: R Q £
SG: 167 SG: 148 !
PS: hR10 PS: hR10 ki ,o\ : i)
WPs: cie WPs: cic:f ,%
2.125 < e N 2246 A—> N/ e ‘ _
1.975 A28\, 7PN\ T\ 2.103 A—:—» : 4 [
| 2" \ I
. R
Hematene !_ . " . limenene | n e 7'4 ~ I
[001] [ » " » » " » » " » [001] ) » ’.
I R 3
b a b g L Yo o

[010] [100] [010] [100]

R. Friedrich, M. Ghorbani-Asl, S. Curtarolo and A. V. Krasheninnikov, Nano Lett. 22, 989 (2022)
T. Barnowsky, A. V. Krasheninnikov, and R. Friedrich, Adv. El. Mats. 9, 2201112 (2023)

« use structural prototype of first experimentally realized materials
to filter AFLOW database

- oxides, sulfides, chlorides
IhveReTr =R 14

HHHHHHHHHHHHHHHH

DRESDEN DRESDEN ROSSENDORF

DRESDEN ﬁ

concept

s



a binaries
-—
0241 \ experimentally realized
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Exfoliation Energies

ternaries

b -4
0.24 -
[eJoXe] O0O0
—_ termination 1: O O termination 2:0 O
g: coo coo | experimentally realized F3&
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J. H.Jung et al., Nano Lett. 18, 2759 (2018) ey Oy »° P ¢
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Exfoliation Energies

a binaries b ternaries
. -4 -4
_ 1 @) O
0.24 1!\experimentally realized 0.24 000 000
— N\ / — termination 1:© O termination 2.0 O
f\'_< A /’\\ 38 %': _ coo _ coo | experimentally realized F3&
< 016+ Viboa-" AN g = < 016 cation 1==»0O cation 2=» O . =
> Y. SN e S > U P--a =
(<)) * 2 () A / S 2
o <% - ; \ s %
u§ uf o N/ u§
© s e

- easy exfoliation if cation at surface is in low oxidation state

o = predictive descriptor for future 2D materials discover
D wzom ~ P P Y sresoen 1
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Magnetism

+0.86
top

[010]
[100]

-0.86
d

side
[001]

T—> [100] R. Friedrich, M. Ghorbani-Asl, S. Curtarolo and A. V. Krasheninnikov, Nano Lett. 22, 989 (2022)

 very diverse surface spin polarization for non-vdW 2D materials
n—n
n-+n
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Outline

HAFLOW

1. The AFLOW Database and Software Automatic - FLOW for Materials Discovery

» AFLOW Apps and search functionality

2. Data-driven Quest for Non-vdW 2D Materials

» Search criterion

> Exfoliation energies and properties

3. Magnetic State Control via Hydrogenation

» Surface Passivation

» Magnetic state switching
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Surface Passivation of Dangling Bonds

935 Exfoliation [001] 2D facet -l
from bulk
| Surface
: /° > 3@& Passivation
> > >
AN\ AN, AN o Structure with H-g;
[O10]<—I—>[100] broken bonds >ingle

- different surface passivation types mimicking different H chemical potentials

Tom Barnowsky
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Filtering Scheme
d

35 non-vdW 2D
NEICHEIR

\ AEpas <07 /

No supercell
reconstruction?

No imaginary
phonon freq.?

2 H-full & 2 H-single
passivated systems

T. Barnowsky, S. Curtarolo, A. V. Krasheninnikov, T. Heine, and R. Friedrich, Nano Letters 24, 3874 (2024)
« only 4 out of 35 systems pass all stability tests

« special geometry for 2D CdTiO5:H-single - validated from different starting geometries
Gy onvessiar DT 20 DRESDEN :\
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Filtering Scheme
d e

Coordination change during relax. . 2D CdTiO,:H-sing|
35 non-vdW 2D g g AF _' 0 143'39:
: Octahedral pas = —0.14eV/Hs
materials deo deo n 4
Z X —y 3 Q

? E
\ AEPaS<0 ' / Tid —
AN ijy CjXZ (jyz
No supercell
reconstruction? Trigonal-prismatic
dy, d A
No imaginary £ =
phonon freq.? Tid — Oy Ghe_ye | E
\\I_?_I X
2 H-full & 2 H-single 19z 1

passivated systems

T. Barnowsky, S. Curtarolo, A. V. Krasheninnikov, T. Heine, and R. Friedrich, Nano Letters 24, 3874 (2024)

« only 4 out of 35 systems pass all stability tests

« special geometry for 2D CdTiO5:H-single - validated from different starting geometries
Gy onvessiar DT 21 pRESDEN P
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Magnetic Configurations

FiM i AFM

[001] B RS
pristine ’ H-full
MnNiO,

« switching to states with flipped and enhanced moments due to passivation

« onset of ferromagnetism for CdTiO5:H-single - mean field Curie temperature T-MF~ 10K
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CdTiO,;:H-single Density of States

‘1 ::::E;===gﬁzz”—> =
—— %ﬁ I - Coordination change during relax.
3 ] = Octahedral
———————— | _ g de
z2 Ux2_y
2 | 222 Oe-
—Tid .
— 1 | I Qxy Tid —
Ei: __-:g! E;yz \\ ijy Cixz Ciyz
—Tid,
u O I
========”",,¢’;=II-1——— ~l=.§§§§§§=========l - q:! ijz !==z§::z;=I--== | | |
W 1 | deo 2 Trigonal-prismatic
| | [ total % %
_2 /- —~— /,,/
| Tid — Oy dxz__yz E
— \\\r-—-
_3 .< —‘é ' }‘.%_i
—4 ~ > — —] T |
I M K r —-20 -—-10 0 10 20

DOS (states/eV)
« occupation of 3d,: majority spin bands connected to structural change
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Magnetization Density Difference

* magnetization density as difference between spin up and spin down electron densities:
m(r) = pg(ny(r) — ny(r))
« magnetization density difference between pristine and passivated systems:

mdiff(r) — mpassivated(r) — mﬁgsiine(r)

TECHNISCHE gt
UNIVERSITI&T A< 24 DRESDEN 7 N\
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Magnetization Density Difference

. d , .
a b MnNiOs :H-full e i
FiM ; AFM 4 NM 5 .y
| QWY o o i 9
0.00 0.00
1.69 O 0.00 \) \)
Q0 9 9 °<\E 9 9 9
o000 o ogo ea o000 o000
3.13 4.62 _ Q o.ooO Ie%.gs ;)
000 o000 000 000
e i - @ °>°
! —a I I !
@ 0 2 4 - Q
[001] IS RS [010]/ A 9
pristine ’ H-full pristine : H-single
MANiO, —0.02 —0.01 0 0.01 0.02 CdTiO,

-2
Maitt / pg A
T. Barnowsky, S. Curtarolo, A. V. Krasheninnikov, T. Heine, and R. Friedrich, Nano Letters 24, 3874 (2024)

 local spin symmetry change for MnNiO5:H-full

« CdTiOs:H-single: spin transfer to Ti in3d,: orbital shape
Gy onvessiar DT 25 pRESDEN )
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Summary and Conclusions

- data-driven materials design is a powerful tool enabling the discovery
of novel compounds

* non-van der Waals 2D materials represent an emerging new class of
low-dimensional compounds

) O o

 their active cation-terminated surfaces give rise to strong surface spin
polarization and magnetic state control through passivation : o

R. Friedrich, M. Ghorbani-Asl, S. Curtarolo and A. V. Krasheninnikov, Nano Lett. 22, 989 (2022)
T. Barnowsky, A. V. Krasheninnikov, and R. Friedrich, Adv. El. Mats. 9, 2201112 (2023)
T. Barnowsky, S. Curtarolo, A. V. Krasheninnikov, T. Heine, and R. Friedrich, Nano Letters 24, 3874 (2024)
A. Nihei, T. Barnowsky, and R. Friedrich, submitted, arXiv:2503.12209 (2025)

¢
(
(
(
q
¢

(o)X
A. P. Balan et al., Materials Today 58, 164 (2022) )
) O o
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AFLOW.org Search Page
AFLOW HOME | CONSORTIUM | PUBLICATIONS | FORUM | SRC | SEARCH
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Live demo examples:

1. Letus use the advanced search functionality to find the band gap for SiC in the
zincblende structure (space group number 216).

2. Letus usethe advanced search functionality to find the materials containing Sn but
not Pb with band gaps between 1 eV and 3 eV in the ICSD catalog of the AFLOW
database. How many results are returned?

Alternative server: aflowlib.duke.edu/search/ui/

R. H. Taylor et al., Comput. Mater. Sci. 93, 178-192 (2014), F. Rose et al., Comput. Mater. Sci. 137, 362 (2017) ; M. Esters et al., Comput. Mater. Sci. 216, 111808 (2023)
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Live demo examples:

1. Letus use the advanced search functionality to find the band gap for SiC in the
zincblende structure (space group number 216). > 1.37 eV

2. Letus usethe advanced search functionality to find the materials containing Sn but
not Pb with band gaps between 1 eV and 3 eV in the ICSD catalog of the AFLOW
database. How many results are returned? - 369 results

Alternative server: aflowlib.duke.edu/search/ui/

R. H. Taylor et al., Comput. Mater. Sci. 93, 178-192 (2014), F. Rose et al., Comput. Mater. Sci. 137, 362 (2017) ; M. Esters et al., Comput. Mater. Sci. 216, 111808 (2023)
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Live demo examples:

1. Letus use the advanced search functionality to find the band gap for SiC in the
zincblende structure (space group number 216). > 1.37 eV

2. Letus usethe advanced search functionality to find the materials containing Sn but
not Pb with band gaps between 1 eV and 3 eV in the ICSD catalog of the AFLOW
database. How many results are returned? - 369 results

Alternative server: aflowlib.duke.edu/search/ui/

Entry page for each item of the database

R. H. Taylor et al., Comput. Mater. Sci. 93, 178-192 (2014), F. Rose et al., Comput. Mater. Sci. 137, 362 (2017) ; M. Esters et al., Comput. Mater. Sci. 216, 111808 (2023)
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AFLOW Software & A

[ AFLOW

Automatic - FLOW for Materials Discovery
S. Curtarolo et al., Comput. Mater. Sci. 58, 218 (2012)

« written in C++ utilizing VASP as density
functional theory program

 AFLOW standard for:
» k-point sets
» plane wave cutoffs
» PAW data sets ...
C. E. Calderon et al., Comput. Mater. Sci. 108, 233 (2015)

ackage
imulation

G. Kresse and J. Hafner, Phys. Rev. B 49,14251 (1994)
G. Kresse and J. Furthmuller, Phys. Rev. B 54,11169 (1996)

@ Kresse and J. Furthmdiller, Comput. Mater. Sci. 6,15 (1996y

s at aflow.org

MendellIB search

PERQOC TABLE OF THE ELEVENTS l

¥ i
.

AFLOW database search

ER
i
&s application
EH

W
&
v

AFLOW:-online

Online interface for
AFLOW's symmetry,
structure comparison,
CCE, POCC, and other
functionality

The AFLOW Prototype
Encyclopedia with over
1,100 prototypes

AFLOW-CHULL

Convex HULL application
for thermodynamic
stability and
synthesizability

AFLOW-ML

Machine Learning
application for the PLMF,
MDF, and ASC model

REST-API Docs

QFLDW Documentation for the

REST-API WIKI AFLOW REST-API

» the AFLOW software is structured into purpose dedicated, fully interoperable modules
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