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DM: Electrons: E@near K point
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Dirac materials vs metals

Metals Dirac materials
(3He included)

®“"empty

occupie
E=v(k B E=vk,k F=0

D node=dl D node=d2, d3

Defining feature:

Symmetry of the band structure or topology

Dimensionality of zero energy states in one less( at least)

DM/WM > Topological states

DM Better control of responsegap opening, less dissipation at low T.
Important for future energy and device applications.



Scaling of observables in DM
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T.Wehling A BlackSchaffer and A. \Balatsky
Dirac MaterialsAdvPhys, v 63, p 1 (2014)



Universal response of Dirac materials to local perturbations
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Artificial Dirac Materials
- Impurity resonance
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Dirac = 2veyl
Aln further discussion, unless specifically called
out, Weyl ~ Dirac

Fermi arcs
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Universal ResonanceAmNY DN3D Dirac and Weyl
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FIG. 2: (Color online) Resonance LDOS at nearest neigh-
bor site [z,y,z] = [0,0,1] by scalar and magnetic impurities.
Solid curves: scalar impurity (A = I). Shaded curves: mag-
netic scattering (A = I''?). LDOS with different g couplings
are plotted on different base lines. Gray dotted curve: unper-
turbed LDOS rescaled. Same parameters as used in Fig. 1.

Imp in Weyl:
ZhousherHuang, D. P. Arovas,
New J. Phys. 15 (2013) 123019



DOS

Universal Resonance in 3D DM/WM
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Outlook for AQHE no gap in magnetically doped TI, only a mobility gap!

(A) QHE
The lowest sub-bands
with broken TRS Fermi level g
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k (1/A) Binding energy (eV)
QKXue Science 340, p 167 Y. Zhang, et al, Nature Physics, 6, 584 (2010)
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No Gap

Wehling et al
Advances irPhys

TR breaking-> gap opening Ezertgrbaﬁon_§ -> gap glosing JAMSARSAARSARSAMAN 2014
S : | AM BlackSchaffer
N, = + 1PR B 91 (20), 201411
ey - L 1(2015)
w e” " “u % % E
g N ..‘ = 0.2 A
*TO;\W""SUBW R : 0 : 7 G—"-:t"'-Izlhlllilénlzlt”

0
Energy (units of A) Energy (units of A)

Electronic

[ L T Tl %| T T T T 1 T
i high 600 5 [ il
5008 - T=48K 0
> B S kR -
X 43400 [ %200 - ; \
£ 5300 Z/F % 3
2k 2 [t ]
2 = £ 35 200F St ]
4 £ 100 -
3 - ' 109
0 £ | P e B P B TN
1 2 low 02 -01.00 04 0203 04 0.2
© . : X .
. S UERE) P.Séksi
0 300 300

NatureComm
2016, arxivel60202516



Conventional IQHENO GAP but Mobility Gap
cf QHE

What is going
on?

c ()

Densdy of stutes

o
Densily of siates
&
'
| g
(4]

Densily of stafes

Locabized lafes ’/



Twisted Dirac matteisuperconductivity

Moire paternsand magic angles
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Materials informatics for DM

AF- electron DM and WM, magnetic Weyl f electron mateEaPbO

AOrganic Materials Database and search of novel organic SC



Computational Search for f electron Dirac and
Weyl materialsantiperovskites



Computational Search for f electron Dirac and
Weyl materialsantiperovskites

A. Pertsova et afrxiv1902.06337, Phys Rev B (2019)

We find several promising candidates among lanthanide antiperovskites which host bulk Dirac states
close to the Fermi level. Specifically, our calculations reveal massive three-dimensional Dirac states
in materials of the class AsBO, where A=Sm, Eu, Gd, Yb and B=Sn, Pb. In materials with finite
magnetic moment, such as EusBO (B=Sn, Pb), the degeneracy of the Dirac nodes is lifted, leading

to appearance of Weyl nodes. Magnetic Weyl material
- l ijpi)O N l

TABLE III. Possible Dirac materials (DMs) in lanthanide an- (d)l (c) lEu! PhOr-X_

tiperovskite oxides: A3BO, A=Sm, Eu, Gd, Yb, B=Sn, Pb; /.r-‘ ; ]
space group Pm3m. A

System |[DM Magnetic Synthesis| Theory . )

moment (pug) 0.5 05 _

SmsPbO|| - 5.8 - ;

SmzSnO || - 5.7 - - L

FusPbhO || + 6.9 [34] - 5 0 _

EuzSnO || + 6.9 [34] - o N

GdsPbo|| - 7.1 ] ] =

GazSnO || - 7.2 - , -0.5

YbsPbO || + 0 [35] [11](3DTT)

YbsSnO || + 0 [35] [11](3DTT)

Iy




Perovskites
oxides with perovskitdased structure are essential materials for-fighnd unconventional

superconductivity, multiferroicity, thermoelectric applications etc.

A B cations
ABX 3 X anion

ABO, perovskite oxide

- Possible Dirac materials (3D DM, TCI, Tl under pressure)

AgBX Klintenberget al.(2014); Kariyado & Ogata (2011);
Hsieh, Liu & Fu (2014); Chiet al.,PRB97, 035202 (2018)
A3BO Ca,PbO |
- Topological superconductors

Oudahet al, Nat. Comm7, 13617 (2016)
Sr,SnoO




What is known about GRbGfamily and othermantiperovskites

=

= =4 =4 -4 =2

l

[1] Klintenberg et al., Applied Physics Research, Vol 6, No 4 (2014)
[2] Sun et al, PRL 105, 216406 (2010)

Mfi nitially predicted to be a

presence of spiorbit coupling (SOI)

strong 3

Band inversion confirmed {2] but since product of parities of the bands is the same w

or without SOI, the topological phase is TCI [4]

But can be driven into a 3DTI under pressure [2]BN, where A=Ca, Ba, Sr)
Al so a bul k 3DDM with3 3D nodes away f
Other results:
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This work

! We have studied a series of alkaline and lantheaamtiperovskiteoxides ABO:
A=Ca,Sr,Baand B=Sn, Pb
A=Eu,Yb,Sm,Gdand B=Sn,Pb
A=La,Prand B4n,TlI

A DFT calculationswere performedwith Wien2k package(all electron,full -potentialcode)
andfor somematerialswith VASP; SOl is included

A 126non-equivalenk-points,10x10x10 mesh

A PBEGGA; GGA+U for f-electronmaterials choiceof U is justified basedon extensive
testsfor U in [0,12eV]

A Testsubse(CaPbOfamily) i massive3D Dirac nodesconsistentith literature

Main Results

A f-electrons antiperovskites (Yb,BO and Eu,BO, B=Sn,Pbh): gapped Dirac and Weyl
nodes,origin is band inversion at { and strong SOI

A In magneticmaterials due to unpaired f-electrons,Dirac nodessplit into Weyl nodes

A TCI phaseand massiveDirac/Weyl semimetalphasecoexist



Results: felectron antiperovskites

Bandinversionat] andmassive3D Dirac/Weylnodesalong] -X

TABLE III. Possible Dirac materials (DMs) in lanthanide an-
tiperovskite oxides: A3BO, A=Sm, Eu, Gd, Yb, B=Sn, Pb;

space group Pma3m.

System ||DM Magnetic Synthesis| Theory
moment (ug)
Sm3PbO|| - 5.8 : No photoemissiondata available to
SmsSnO || - 57 ] i confirm Dirac nodes
EusSnOff + 6.9 [34] i
GdsPbO]|| - 7.1 _ _
GaszSnO || - 7.2 . _

YhsPhO + 0 35]  |[11](3DTI)
YhsSnO J + 0 35]  |[1)3DT)

*Sm and Gd compoundseedto beinvestigatedurther Pertsova et al., PRB B 99 (20), 205126 (2C



Results: felectron antiperovskites
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Bosonic Dirac Materials

Dirac Dispersion in Non Bravais lattices A A A A
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Phonons omn non-bravaidattice
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ARTICLE
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. Observation of acoustic Dirac-like cone and double
Dirac Phonons

zero refractive index
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BEC of polaritons in Driven Dirac nodes

Emission intensity Emission intensity (counts)
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Direct Observation of Dirac Cones and a
Flatbandin a Honeycomb Lattice for Polaritonslacgmiret al, PRL 112, 116402 (2014)



Bosonic Dirac Materials
Josephson SC circUttirac cooper pairs

C A,C B in grapheng
B A,b Bn granulalDirac SC
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S. BanerjeePRB 93, 134502 (2016)
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Dirac magnonsg transition metal
trihalides

CrBr, lattice
Magnon energy spectrum

SR
N

\\x\\\\\\\\ -

. Dirac crossing \\
.

E (meV)

\\ N
N \\‘ 3 \\\\‘

o

0.4 0.6 0.8 1.0
WAVE VECTOR,§, IN &

Neutron  scattering experlmeﬁts on CrB; from

Tc = 260K W. B. Yelon and R Silberglitt, Phys Rev B 4, 2280
E J Samuelsen,R. Silberglitt, et al., Phys RevB 3, 157 (1971).
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Advances in Physics DiracMat  AdvFPhys masterv7

Material Pseudospin Energy scale (eV) References

Graphene, Silicene, Germanene Sublattice 1-3 eV [5, 6,17, 19, 36, 37]

Artificial Graphenes Sublattice 1078-0.1 eV [28, 29, 38-40]

Hexagonal layered heterostructures Emergent 0.01-0.1 eV [41-47]

Hofstadter butterfly systems Energent 0.01 eV [46]
Graphene-hBN heterostructures in high magnetic fields

Band inversion interfaces Spin-orbit ang. mom. 0.3 eV [48-50]
SnTe/PhTe, CdTe/HgTe, PhTe

2D Topological Insulators Spin-orbit ang. mom. < 0.1eV [7, 8, 22, 24, 51, 52]
HgTe/CdTe, InAs/GaSh, Bi bilayer, ...

3D Topological Insulators Spin-orbit ang. mom. < 0.3eV [7, 8, 23, 52-55]
Bi;_.Sb,, BisSes, strained HgTe, Heusler alloys, ...

Topological crystalline insulators orbital < 0.3eV [56-59]
SnTe, Pbyi_,5n,Se

d-wave cuprate superconductors Nambu pseudospin < 0.05eV [60, 61]

JHe Nambu pseudospin 0.3 peV 2, 3]

3D Weyl and Dirac semimetals Energy bands Unclear [32-34]

Cdg ASQ s Na3 Bi

Table 1. Table of Dirac materials indicated by material family, pseudospin realization in the Dirac Hamiltonian,
and the energy scale for which the Dirac spectrum is present without any other states.

See BDuplantier,
Birkhausen(2016)

T.Wehling A BlackSchaffer and A. \Balatsky
Dirac MaterialsAdvPhys, v 63, p 1 (2014)

https://en.wikipedia.org/wiki/Dirac _matter



https://en.wikipedia.org/wiki/Dirac_matter

Advances in Physics DiracMat" AdvPhys 'mastervT

Material Pseudospin Energy scale (eV) References

Graphene, Silicene, Germanene Sublattice 1-3 eV [5, 6,17, 19, 36, 37

Artificial Graphenes Sublattice 107%-0.1 eV [28, 29, 38-40]

Hexagonal layered heterostructures Emergent 0.01-0.1 eV [41-47]

Hofstadter butterfly systems Energent 0.01 eV [46]
Graphene-hBN heterostructures in high magnetic fields

Band inversion interfaces Spin-orbit ang. mom. 0.3 eV [48-50]
SnTe/PbTe, CdTe/HgTe, PhTe

2D Topological Insulators Spin-orbit ang. mom. < 0.1eV [7, 8,22, 24, 51, 52]
HgTe/CdTe, InAs/GaSh, Bi bilayer, ...

3D Topological Insulators Spin-orbit ang. mom. < 0.3eV [7, 8, 23, 52-55]
Bii_,Sbh., BizSes, strained HgTe, Heusler alloys, ...

Topological crystalline insulators orbital < 0.3eV [56-59]
SnTe, Pby_.Sn,Se

d-wave cuprate superconductors Nambu pseudospin < 0.05eV 60, 61]

“He Nambu pseudospin 0.3 eV 2, 3]

3D Weyl and Dirac semimetals Energy bands Unclear [32-34]

Cdg ASQ ) :\—ag Bi

Table 1. Table of Dirac materials indicated by material family, pseudospin realization in the Dirac Hamiltonian,
and the energy scale for which the Dirac spectrum is present without any other states.

T.Wehling A BlackSchaffer and A. \Ralatsky
Dirac MaterialsAdvPhys, v 63, p 1 (2014)
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Organic Materials Database and ML



General Context and Motivation

Accelerated Materials Discovery Organic Materials Dirac Materials

A Flexible electronics
A Organic LED "
A Organic solar cells

n*Band

Energy (ev)

Electrons

Materials Innovation
3 Infrastructure

A Graphene
A Topological insulators
A Weyl semimetals

https:// www.whitehouse.goisites/default/files/micrositesbstp
/materials_genome_initiativénal.pdf

LargeScale
Calculations

Data
Mining

Organic Materials Database
Online Database with Focus on Data Mining
omdb.diracmaterials.org



Cob

Crystallography Open Database

\

CIF
files

}
pymatgen

Preprocessing scripts

Electronic band structures and DOS

\
OMDB

Web database + Data mining tools
omdb.diracmaterials.org

How we do it

crystallography.net
More than 100,000 organic compounds
to calculate (~25,000 are ready)

Standard DFT calculations to capture trends

@ Vienna ab-initio simmulation package (VASP)
G. Kresse & J. Furthmiller, Phys. Rev. B, 54, 11 169, 1996
G. Kresse & D. Joubert, Phys Rev. B, 59, 1758, 1999

@ generalized gradient approximation (PBE)

J. P. Perdew, K. Burke, & M. Ernzerhof, Phys. Rev. Lett., 77, 3865, 1996

@ spin polarized, no spin-orbit coupling

BorysovSSGeilhufeRM, BalatskyAV,
Organic materials database: An opaccess online database for data mining,
PLOSONE 12(2), 0171501 (2017)



Organic Materials Database: Content

~24,000 Electronic Structures
(june, 2019)

Information about material with ID (COD) = 4082354

Basic information
Click on the image below to uncover interactive 3D mode!

Symmetry properties

Explore Hermann-Mauguin symmetry space roup P1Zifel
e R A biich

Space group IT number “
Interact

Band structure and density of states

hide symmetry

spinon
Indirect band gap CFT GGA* (eV] 1.8477
3 = i Tty B 31
— — Special poi sin‘treBnIIouinmne
'/h
-y
ID (OMDB) 1 f"
ID (COD) 4082354 .’;
Publication details Hashimoto, Takayoshi; Hoshino, Ryoko; Hatanaka, ’,’.
Tsubasa; et al. |
Dinuclear Iron(0) Complexes of N-Heterocyclic -
Carbenes
Publisher Organometallics, 2014, vol: 33, page: 921
Chemical name
Formula C21 H24 CI3 Fe N2
a 8.474(2)
b 9.880(3) Jan:wmsnmm POSCARGE
c 14.618(3)
a 74.080(13) Community Contributions
8 73.538(14) 1 COMmPLiLY cortbuson for this matera
¥ 75.082(12)
Hermann-Mauguin symmetry space group P-1 ?E_Wices ) ) e thi
Hall symmetry space group -P1
ez ot ellinunbay 2 Similar Materials
Indirect band gap DFT GGA* (eV) 0.9815 e oA R 0 D
Magnetic moment DFT 9.9993 10 oMbE 10 ica0) Farmula Spuce group H# Space grasp IT Distance
2080 CI6HI6 N2 52 P121/et " 74012
Download cif file Find more information @ Crystallography Open Database (COD) . o — i, . -

11928 CIOHISNOZ P71 4 75831



Organic Materials Database:

Arbitrary pattern

Advanced Band Structure Search: Patterns

Search for patterns in the band structures.

— Choose pattern

Two crossing straight lines. I Two parabolas with a gap ” Free drawing tool H Free drawing tool (experimental)

band1

Draw Line | Draw Curve | Clear Canvas | Point . Free .. Move line
Band amount:

— Setting and

E (eV)

Band indices to search w.r.t, E=0: [-1,1 /@
Moving window size: (0.4 %

_ DOS=0 at the line between band 1 and 2 @

R oo i

min 1] eV - max 0.001 eV

_ Space group IT number:

[ .

Formula

+ Add new element - Remove last element

Filter: | All

Online Pattern Search

Search results

-0.95

-1.1

\/

-1.2

x
[}
[t

Y.L

S.S. Borysoy, B. Olsthoorn, M.B. Gedik, R.M. Geilhufg A.V. Balatsky,

Nature Computatonal Materials Science (2018)
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Organic Materials Database: Online Pattern Search

1. Represent data and query as vectors 2. Approximate nearest neighbor search

(a) (b)

T

H— ey,
Al

\
/

ko ki k2 k |||

https:// www.cs.umd.edi~-mount/ANN/

S.S. Borysoy, B. Olsthoorn, M.B. Gedik, R.M. Geilhufe A.V. Balatsky,
Nature Computational Materials Science (2018)



Search for functional materials

Organic Dirac and nodal quantum materials

@ Protection of nodes by symmetry and topology
R. M. Geilhufe, A. Bouhon, 5. 5. Borysov, & A. V. Balatsky, Phys. Rev. B, 95, 041103(R), (2017)
R. M. Geilhufe, 5. 5. Borysov, A. Bouhon & A. V. Balatsky, Sc. Rep., T, 7298 (2016)

Towards organic high-T. superconductors

@ 15 materials with strong similarities in DOS to p-terphenyl
(recently found to have T, = 120 K)

E. M. Geilhufe, 5. 5. Borysov, D. Kalpakchi, A. V. Balatsky, Phys. Rev. Mat. 2, 024802 (2018)

Materials Informatics for Dark Matter detection

@ definition of target space

@ prediction of 2 tiny gap materials and one Dirac-line semimetal with

ve similar to dark matter velocity
R. M. Geilhufe, B. Olsthoorn, A. Ferella, T. Koski, F. Kahlhoefer, J. Conrad , A. V. Balatsky, Phys. Stat. Sol. (2018)
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Intelligent search of novel materials

how do you go from no map to a good map?
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Intelligent search of novel materials

overall trends are correct

errors lead to new discoveries: find Australia on the left map
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Online Pattern Search: Dirac Materials

Dirac points (SG 19) Dirac lines (SG 14)

E(k)

Protection due to non-symmorphic

orthorhombic symmetry P2;2,2, Monoclinic symmetry - P2;/c
GeilhufeRM, BorysovSSBouhonA, BalatskyAV, GeilhufeRM,BouhonA, BorysovSSBalatskyAV,
Data Mining for Thre®imensional Organic Dirac Threedimensional organic Dirdine materials due to
Materials: Focus on Space Group 19, nonsymmorphicsymmetry: A data mining approach,

Scientific Reports 7, 7298 (2017) Physical Review B 95, 041103(R) (2017)



Organic Materials Database: DOS Similarity Search

Reference material Search results

DOS

=
=
@
]
o]
~<

ro L | 2
e

e~ ) o

-3
i Y HC M1 A X H1M D  zY




Organic Materials Database: High -Tc SC Search

K doped PTerphenyl (Tc ~ 120 K)
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RenShu Wang, Yun GadhongBing Huang, XiadiaChen,
Superconductivity above 120 kelvin in a chain link molecule,
arXivpreprint arXiv1703.06641(2017)



Organic Materials Database: DOS Similarity Search

Reference material (gierphenyl)
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(b) OMDB-ID 261, cod-id 4062949, CgHs0

(c) OMDB-ID 12231, cod-id 2203730, C1gH1802

GeilhufeRM, BorysovSSKalpakchD, BalatskyAV,
Novel Organic Higfic Superconductors: Data Mining using Density of States Similarity Smadieh,
preprint arXiv:1709.03151 (2017)

Conduction Bands
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Materials Informatics for Dark Matter detection

Light dark matteg small gap sensors Small
gap natural for Dirac Materials

Y. Hochberg, et al, Physics Letters B 772, 239 1 246 (2017). Y. Hochberg et al,
Phys. Rev. D 97, 015004 (2018)



DM for DM detection
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a 2 2 NB Qsgatufation®

Moore's Law ~ The number of transistors on integrated circuit chips (1971-2018) Our World

nData

wikipedia



ADb Initio saturationcertainty

Now: Ab initio Next decade: ML
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Twisted Dirac matteisuperconductivity

Moire paternsand magic angles
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DFT challenges_ big lattice

Moire patterns and magic angles -

Moire paternsand magic angles: Angle is 1.05 geginit cell contains about 11000 atoms.
At this levels of atoms DFT is probably impractical

This is whyb initio for Magic angles graphene are rare: 40 days per k point

Real point: DFT computational complexity scales as N*3. For large unit cells one can not get to fast throughput

Machine learning as a tool to address properties of large sets in a coherent way

50



The Organic Materials Database (OMDB)

High-throughput ab initio calculations

Free to use!

- Electronic structure 0]\7/|p]2] https://omdb.mathub.io
S.5. Borysov, R. M. Geilhufe, A. V. Balatsky, PloS one 12:2, 2017

- Magnetic structure

Data analysis & Machine Learning

- Toolbox to search for patterns in band structures
and density of states 45

B
- Model structure-property relationship 5
=
S. 5. Borysov, BO, M. B. Gedik, R. M. Geilhufe, A. V. Balatsky, npj Computational i 9'& (EV)
Materials 4, 46 (2018) |2
3,
=
e
23.000 260,000
materials materials B. Olsthoom, R. M. Geilhufe, S.S. Borysov, A V.

Balatsky, Wiley Advanced Quantum Technologies
(accepted)




# of Protons

Roberto Diaz Pérez

Nuclel Stability

Experimental data from NUBASE2016° Decay Channels
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Nuclear Physics & Condensed
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# of Protons
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Extrapolation?

Promising results
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Informatics in Dirac materials

C.Triola A. Pertsova, A.Xalatsky
Physical Review B 95 (20), 205410 (2017)

K Sumida, et al
Scientific reports 7 (1),14080 (2017)

APertsova AV Balatsky
Physical Review B 97 (7), 075109 (2018)

R. Diaz Master Thesis, SU, Sept 2019

Organic Materials Database
omdb.mathub.io

S. Borysov, M. Geilhufe, B. Olsthoc

A. Pertsova
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