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DM:       Electrons: E=cQnear K point

D-wave SC

Graphene

TI

Weyl metals

Χ

Is there a common
Language?

DM



Dirac materials vs metals

Metals

FS

E = v(k-k_F)

Dirac materials
(3He included)

E = vk, k_F = 0

empty

occupied

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 response ςgap opening, less dissipation at low T. 
Important for future  energy and device applications. 

D_node= d-2, d-3D_node= d-1



Scaling of observables in DM
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T. Wehling, A Black-Schaffer and A. V. Balatsky, 
Dirac Materials, AdvPhys,  v 63, p 1 (2014)

Berry phase, local or  global

Universal impurity resonances 

Ὁ Ḑ ὲ

S.C. Zhang et al RMP, Nov  (2011)
A.C. Netoet al,  RMP (2010).
S Das Sarmaet al, RMP(2011)



Universal response of Dirac materials to local perturbations
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Artificial Dirac Materials
- impurity resonance

Nanoassembled
artificial
graphene

Manoharangroup, Nature 483, p 306, 2012
doi:10.1038/nature10941 



Dirac = 2 weyl
ÅIn further discussion, unless specifically called 

out, Weyl ~ Dirac



Universal  Resonance in ANY DM: 3D Dirac and Weyl

Any impurity will have a 
Scalar scattering U
impurity resonance

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



Universal  Resonance in 3D DM/WM

P. Sessi, A.Pertsova, C. Canali 
et al

PRB 2018



(A) QHE

Outlook for AQHE - no gap in magnetically doped TI, only a mobility gap! 
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QK Xue, Science 340, p 167 
(2012) Y.L. Chen et al, Science 329, 659(2010)

Y. Zhang, et al, Nature Physics, 6, 584 (2010)



Mobility gap in (A) QHE
No Gap 

Wehling et al
Advances in Phys
2014
AM Black-Schaffer
PR B 91 (20), 201411
(2015)

P. Sessi, 
Nature Comm
2016, arxive160202516



Conventional  IQHE ςNO GAP but Mobility Gap
cf QHE

What is going 
on?



Twisted Dirac matter- superconductivity

13

Unconventional superconductivity in 
magic-angle graphene superlattices
Y. Cao et al, v 556, p 49,  Nature 2018

Moire paternsand magic angles



Materials informatics for DM

ÅF- electron DM and WM, magnetic Weyl f electron material EuPbO

ÅOrganic Materials Database and search of novel organic SC



Computational Search for f electron Dirac and 
Weyl materials: antiperovskites



Computational Search for f electron Dirac and 
Weyl materials: antiperovskites

A. Pertsova et al, arxiv1902.06337, Phys Rev B (2019)

Magnetic Weyl material



Perovskites:

oxides with perovskite-based structure are essential materials for high-Tc and unconventional 

superconductivity, multiferroicity, thermoelectric applications etc. 

ABX3

ABO3

A,B cations

X anion

perovskite oxide

Antiperovskites: -
- Possible Dirac materials (3D DM, TCI, TI under pressure)

Klintenberg et al. (2014); Kariyado & Ogata (2011);

Hsieh, Liu & Fu (2014); Chiu et al., PRB97, 035202 (2018)

Ca3PbO

- Topological superconductors 
Oudah et al., Nat. Comm. 7, 13617 (2016)

Sr3-xSnO 

A3BX

Ca3PbO

O

Pb

Ca

A3BO

SrTiO3



What is known about Ca3PbO-family and other antiperovskites

¶Initially predicted to be a strong 3DTI in [1] based on band inversion at ũ point in the 

presence of spin-orbit coupling (SOI)

¶ Band inversion confirmed [2-4] but since product of parities of the bands is the same with 

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

¶ But can be driven into a 3DTI under pressure [2] (A

3

BiN, where A=Ca, Ba, Sr)

¶ Also a bulk 3DDM with 3D nodes away from ũ [3]

¶ Other results:

¶ Ca

3

BiP can canbe driven into a 3D TI or a Dirac semimetal by strain [6]

¶ Weak SOIŸ Dirac nodal lines in Cu

3

PdN and similar compunds[7,8] 

¶

[1] Klintenberg et al., Applied Physics Research, Vol 6, No 4 (2014) 

[2] Sun et al, PRL 105, 216406 (2010)

[3] Kariyado, Ogata, JPSJ 80, 083704 (2011); JPSJ 81, 064701 (2012); Kariyado, PhD 

(2012); Kariyado Journal of Physics: Conf. Series 603, 012008 (2015)

[4] Hsieh et al., PRB 90, 081112(R) (2014)

[5] Chiu et al., PRB 95, 035151 (2017)

[6] Goh and Pickett, PRB97, 035202 (2018)

[7] Yu et al.,PRL 115, 036807 (2015)

[8] Kim et al., PRL 115, 036806 (2015)

Ca3PbO

O

Pb

Ca

Band inversion at ũ leading to TCI and massive 3D 

Dirac node along ũ-X (Hsieh et al.)



This work
¶ We have studied a series of alkaline and lanthanide antiperovskiteoxides A3BO:

A=Ca,Sr,Baand B=Sn, Pb

A=Eu,Yb,Sm,Gdand B=Sn,Pb

A=La,Prand B=In,Tl

Å DFT calculationswereperformedwith Wien2k package(all electron,full -potentialcode)

andfor somematerialswith VASP; SOI is included

Å 126non-equivalentk-points,10x10x10mesh

Å PBE-GGA; GGA+U for f-electronmaterials; choiceof U is justified basedon extensive

testsfor U in [0,12eV]

Å Testsubset(Ca3PbO-family) ïmassive3D Diracnodes,consistentwith literature

Å f-electrons antiperovskites (Yb3BO and Eu3BO, B=Sn,Pb): gapped Dirac and Weyl

nodes,origin is band inversion at ũand strong SOI

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

Å TCI phaseand massiveDirac/Weyl semimetalphasecoexist

Main Results:



Results: f-electron antiperovskites

Bandinversionatɻandmassive3D Dirac/Weylnodesalongɻ-X

*Sm and Gdcompoundsneedto beinvestigatedfurther

No photoemission data available to

confirmDiracnodes

Pertsova et al., PRB B 99 (20), 205126 (2019)



Results: f-electron antiperovskites

Non-magnetic (Yb

3

PbO): gapped3D Dirac

nodescloseto Fermilevel

Magnetic (Eu

3

PbO): assumedFM ground

stateŸ additionalfeaturesawayfrom Fermi

level; at leasttwo nodesalongɻ-X

Weyl points?

Pertsova et al., PRB B 99 (20), 205126 (2019)



Bosons



Bosonic Dirac Materials
Dirac Dispersion in Non Bravais lattices

ÅAny particle: fermion or boson on honeycomb, 
ÅKagome and other lattices 

Dirac cone dispersion:
ὸὕᶻὕ - O can be any particle

O ςfermion ςTI, Graphene, SC

O- bosonςplasmonic crystals, acoustic, polaritons
Dirac Materials  extended to bosons :  Josepshon
Junction  and Magnons



Phonons on annon-bravaislattice



Dirac Phonons



BEC of polaritons in Driven Dirac nodes

Direct Observation of Dirac Cones and a
Flatbandin a Honeycomb Lattice for Polaritons T. Jacqminet al, PRL 112, 116402 (2014)

Polaritons Dirac cone



Bosonic Dirac Materials
Josephson SC circuit- Dirac cooper pairs

C_A,C_B in graphene ->
B_A,b_Bin granulalDirac SC

Berry node
Chirality
Dirac structure

Designed 2 band 
SCS. Banerjee, PRB 93, 134502 (2016)



Two sublatticesfor 
honeycomb (non-Bravais) 



Dirac magnons ςtransition metal 
trihalides

Br-

Cr3+

J

Jz

¸ CrBr3 lattice

Tc = 20-60K

Magnon energy spectrum

Dirac crossing

Neutron scattering experiments on CrB3 from 70s:
W. B. Yelon and R. Silberglitt, Phys. Rev. B 4, 2280 (1971).

E. J. Samuelsen,R. Silberglitt, et al., Phys. Rev. B 3, 157 (1971).



T. Wehling, A Black-Schaffer and A. V. Balatsky, 
Dirac Materials, AdvPhys,  v 63, p 1 (2014)

See B. Duplantier, 
Birkhausen(2016)

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

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


T. Wehling, A Black-Schaffer and A. V. Balatsky, 
Dirac Materials, AdvPhys,  v 63, p 1 (2014)

Mostly inorganic. Try to find organic DM -> OMDB creation



Organic Materials Database and ML



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

Accelerated Materials Discovery

https:// www.whitehouse.gov/sites/default/files/microsites/ostp
/materials_genome_initiative-final.pdf

Organic Materials

ÅFlexible electronics
ÅOrganic LED
ÅOrganic solar cells

http://www.flickr.com/photos/rdecom/4146880795/

Dirac Materials

Data
Mining

Large-Scale
Calculations

ÅGraphene
ÅTopological insulators
ÅWeyl semi-metals

General Context and Motivation



How we do it

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

Standard DFT calculations to capture trends

BorysovSS, GeilhufeRM, BalatskyAV, 
Organic materials database: An open-access online database for data mining,
PLoSONE 12(2), e0171501 (2017)



Organic Materials Database: Content

~24,000 Electronic Structures 
(june, 2019)



Organic Materials Database: Online Pattern Search
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Arbitrary pattern

Search results

S.S. Borysov, B. Olsthoorn, M.B. Gedik, R.M. Geilhufe, A.V. Balatsky,

Nature ComputatonalMaterials Science (2018)



Organic Materials Database: Online Pattern Search

S.S. Borysov, B. Olsthoorn, M.B. Gedik, R.M. Geilhufe, A.V. Balatsky,

Nature Computational Materials Science (2018)

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

https:// www.cs.umd.edu/~mount/ANN/
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Intelligent search of novel materials

how do you go from no map to a good map?

39

https://www.dreamstime.com/stock-photo-antique-world-map-image12408040



Intelligent search of novel materials

overall trends are correct

errors lead to new discoveries: find Australia on the left map

40

https://www.dreamstime.com/stock-photo-antique-world-map-image12408040



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

GeilhufeRM, BorysovSS, BouhonA, BalatskyAV,
Data Mining for Three-Dimensional Organic Dirac 
Materials: Focus on Space Group 19, 
Scientific Reports 7, 7298 (2017)

GeilhufeRM, BouhonA, BorysovSS, BalatskyAV,
Three-dimensional organic Dirac-line materials due to 
nonsymmorphicsymmetry: A data mining approach, 
Physical Review B 95, 041103(R) (2017)

Online Pattern Search: Dirac Materials



Organic Materials Database: DOS Similarity Search

Reference material
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(a) OM DB-ID 12336, COD-ID 2212018, C8H8Br2

(b) OM DB-ID 261, COD-ID 4062949, C8H5O

(c) OM DB-ID 12231, COD-ID 2203730, C18H18O2

FIG. 2: Elect ronic st ructure of the three most

promising materials with similarity to the elect ronic

st ructure of p-terphenyl within the valence bands.

almost planar molecules comparable to p-terphenyl.

The mechanisms guiding the high-temperature super-

conduct ivity in p-terphenyl are st ill unclear. The ýrst

at tempts were reported by Mazziot t i et al. [45] propos-

ing that thedriving mechanism is the quantum resonance

between di eδrent superconduct ing gaps near a Lifshitz

(a) OM DB-ID 20042, COD-ID 2222905, C13H9FO3

(b) OM DB-ID 21466, COD-ID 7153064, C16 H12ClN3O

(c) OM DB-ID 19325, COD-ID 1542706,C12H14N2O5

FIG. 3: Elect ronic st ructure of the three most

promising materials with similarity to the elect ronic

st ructure of p-terphenyl within the conduct ion bands.

t ransit ion.

Considering a BCS-type mechanism to induce super-

conduct ivity, the t ransit ion temperature Tc increases

with increasing DOS at the Fermi level N (EF ) and cou-

pling constant g,

Tc ᶊeī1/ |g|N (E F ) . (1)

Search results



Organic Materials Database: High -Tc SC Search

Ren-Shu Wang, Yun Gao, Zhong-Bing Huang, Xiao-JiaChen, 
Superconductivity above 120 kelvin in a chain link molecule, 
arXivpreprint arXiv:1703.06641(2017)

K doped P-Terphenyl (Tc ~ 120 K) 



Organic Materials Database: DOS Similarity Search

GeilhufeRM, BorysovSS, KalpakchiD, BalatskyAV, 
Novel Organic High-Tc Superconductors: Data Mining using Density of States Similarity Search, arXiv
preprint arXiv:1709.03151 (2017)

4

E
 (

e
V

)

ũ Y HC EM_1 A X H_1,M D Z,Y D

- 2

0

- 3

- 2.5

- 1.5

- 1

- 0.5

Highchar ts.com

V
a
l
u
e
s

0 10 20 30 40 50

-2

0

-3

-2.5

-1.5

-1

-0.5

Highcharts.com
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(b) OM DB-ID 261, cod-id 4062949, C8H5O
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(c) OM DB-ID 12231, cod-id 2203730, C18H18O2

FIG. 2: Elect ronic st ructure of the three most

promising materials with similarity to the elect ronic

st ructure of p-terphenyl within the valence bands.

almost planar molecules comparable to p-terphenyl.

The mechanisms guiding the high-temperature super-

conduct ivity in p-terphenyl are st ill unclear. The ýrst

at tempts were reported by Mazziot t i et al. [45] propos-

ing that the driving mechanism is thequantum resonance

between di eδrent superconduct ing gaps near a Lifshitz
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(a) OM DB-ID 20042, cod-id 2222905, C13H9FO3
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(b) OM DB-ID 21466, cod-id 7153064, C16H12ClN3O
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(c) OM DB-ID 19325, cod-id 1542706,C12H14N2O5

FIG. 3: Elect ronic st ructure of the three most

promising materials with similarity to the elect ronic

st ructure of p-terphenyl within the conduct ion bands.

t ransit ion.

Considering a BCS-type mechanism to induce super-

conduct ivity, the t ransit ion temperature Tc increases

with increasing DOS at the Fermi level N (EF ) and cou-

pling constant g,

Tc ᶊeī1/ |g|N (E F ) . (1)

Valence Bands

Reference material (p-terphenyl)

Conduction Bands



Materials Informatics for Dark Matter detection

45

Y. Hochberg, et al, Physics Letters B 772, 239 ï246 (2017). Y. Hochberg et al, 

Phys. Rev. D 97, 015004 (2018)

Light dark matter ςsmall gap sensors  Small 
gap natural for Dirac Materials



DM for DM detection

46

(BEDT-TTF)Br.
Database search: M. Geilhufe et al, arxiv18



aƻƻǊŜΩǎ ƭŀǿ ςsaturation?

wikipedia



Ab initio saturation- certainty

48



Twisted Dirac matter- superconductivity

49

Unconventional superconductivity in 
magic-angle graphene superlattices
Y. Cao et al, v 556, p 49,  Nature 2018

Moire paternsand magic angles



DFT challenges_ big lattice

50

Moire patterns and magic angles

Moire paternsand magic angles: Angle is 1.05 deg -> unit cell contains about 11000 atoms.

At this levels of atoms DFT is probably impractical  

This is whyab 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





Nuclei Stability

Experimental data from NUBASE2016*                               Decay Channels

*Audi, G., Kondev, F.G., Wang, M., Huang, W.J., Naimi, S., 2017. The NUBASE2016 evaluation of nuclear properties. Chin. Phys. C 41, 030001. https://doi.org/10.1088/1674-1137/41/3/030001

Roberto Díaz Pérez



Nuclear Physics & Condensed 

Matter



Neural Network (Interpolation)

¸ Magic Number representation: (Z, N, dZ, dN, ŭ)

r2=0.84

RMSE=3.77



Extrapolation?

Promising results Need to be wary of extrapolation errors



Informatics in Dirac materials

A. Pertsova

C. Triola, A. Pertsova, A.V. Balatsky
Physical Review B 95 (20), 205410 (2017)
K Sumida,  et al  
Scientific reports 7 (1),14080 (2017)
A Pertsova, AV Balatsky
Physical Review B 97 (7), 075109 (2018)

R. Diaz Master Thesis, SU, Sept 2019

S. Borysov,              M. Geilhufe,                B. Olsthoorn

Organic Materials Database 
omdb.mathub.io

Joahn Helsvik Roberto Díaz Pérez


