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The question

CRANN

How many inorganic materials can you name”?

Fe, Fe1-xCx, S|, U, NdZFe14B, YBaZCU?)O?

Only about 150,000




The question
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Internet of materials

CRANN

Can we find out what we are looking for ?
Can we navigate such materials space ?

. YBa2CusOr7




The question

CRANN

Suppose you have a new magnetic application
.... What is its ideal material(s) ?

Fe, Co, Ni, Nd2Fe14B, LaMnQOs, FesOs4 ...

~4,000




Finding new magnets: why ?

Canada
. Cobalt

Russia CRANN
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Finding new magnets: why ?

Data storage industry has multiple requirements

MRAM / STT Oscillators

a High T (>600K)

4 High spin polarization (P~100%)

4 Low Gilbert damping

J Low saturation magnetization

d Compatible with epitaxial growth of




Magnetism is rare

CRANN
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Magnetism is complicated
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The magnetic genome project

with Stefano Curtarolo, Duke



The magnetic genome project

nature REVIEW ARTICLE

materials o bt e i e o

|Finding descriptors o

The high-throughput highway to computational
materials design

Stefano Curtarclo'**, Gus L. W, Hart™', Marco Buongiorno Nardelli***, Natalio Mingo**,

Stefano Sarvito®” and Ohad Levy'34 Materials selection
Search the database for 1) new
materials, 2) physical insights

Database Creation (AFLOW) |

\ Rational materials storage
Creating searchable database
where to store information

Virtual Materials Growth
1) Simulating existing materials
2) Simulating new materials : Robust electronic structure method:
density functional theory (VASP)




Rational materials storage
Creating searchable database

where to store information

Virtual Materials Growth
1) Simulating existing materials
2) Simulating new materials




The AFLOW consortium
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Buongiorno-Nardelli, N. Mingo, O. Levy, Comp. Mat. Sci. 58, 227 (2012)
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The magnetic genome project

Virtual Materials Growth (existing materials)

‘Only ~150,000 are known to us

|CSD: Inorganic Crystal Structure Database

« 1,616 crystal structures of the elements

« 28,354 records for binary compounds

« 55,436 records for ternary compounds

« 54,144 records for quarternary and quintenary

« About 113,000 entries (75.6%) have been assigned a

structure type.
« There are currently 6,336 structure prototypes.

 Lots of redundancy



The magnetic genome project

Virtual Materials Growth (existing materials)

Duke calculated single elements, binary, ternary and some
quaternary (about 60,000)

Calculations:

« AFLOW manages the run (large code)
 DFT done with VASP (pseudo-potential, plane-wave)
« Calculations at the DFT GGA-PBE level

« Relaxation performed - new space group worked out
» Basic electronic structures collected (including: spin-
polarization, effective mass, magnetic moment, etc.)

S. Curtarolo, W. Setyawan, G. L. W. Hart, M. Jahnatek, R. V. Chepulskii, R. H. Taylor, S. Wang, J. Xue, K.
Yang, O. Levy, M. Mehl, H. T. Stokes, D. O. Demchenko, and D. Morgan, Comp. Mat. Sci. 58, 218 (2012)



Heusler alloys

~250
known ...

~1000
claimed ...

~90
magnetic ...

He

H X.,YZ Heusler compounds
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Heusler alloys
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Database

Rational materials storage

: L
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Chemistry

www.aflowlib.org
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S. Curtarolo, W. Setyawan, S. Wang, J. Xue, K. Yang, R.H. Taylor, L.J. Nelson, G.L.W. Hart, S. Sanvito, M.
Buongiorno-Nardelli, N. Mingo, O. Levy, Comp. Mat. Sci. 58, 227 (2012)
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Database

ELECTRONIC PROPERTIES

Band Gap: 0.000 ¢V (metal) Fit Band Gap: 0.000 eV
Magnctic Moment: 7.382 pg Magnctic Moment/atom: 1.845 pg/atom
Electron Mass(FI1X): XXX (mg) Hole Mass(FIX): XXX (mg)
Spin Polarization (Eg): 0.666

Spin Decomposition per atoms:  {1.758,1.758 4.019.-0.054} pg
Band Structure:
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Materials selection

Search the database for 1) new
materials, 2) physical insights
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Back to the magnets .....

S. Sanvito et al., Accelerated discovery of new magnets in the Heusler alloy family, Science
Advances 3, €1602241 (2017)



A look at the full database

Property: Can be made ?

Descriptor O:
Enthalpy of formation

‘Energy (Ni,MnAl) < Energy (2Ni + Mn +Al) ‘

Total

235,253

105,212

Possible

35,602

o P o
® &

od b @
@ @

® & @b

Possible
Magnetic

]
6,778



Stability analysis

Descriptor 1: Enthalpy of formation

Ni,MnAl

2 Ni + Mn + Al

2 Ni + MnAl

MnAl
1/2 (MnNi, + NiAl + MnAl)

Ni,MnAl
MnNi,

Ni,MnAl

Al NiAl Ni



Stability analysis

Mn

—50

—100

—150

Ni - Mn 'AI AlMn,

—200
—250

—300

—400

AlgMn

Al

NiAl; NiyAl; NizAl; NiAl Ni;Al;  NizAl

Enthalpy of Formation (meV /atom)
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In summary ...

36,540 possible - 248 stable
22 magnetic - 8 Robust (A3 criterion)

‘ Extrapolating

236,000 possible = 1550 stable

138 magnetic 2> 50 Robust

‘ Forreal ....

52 magnetic




Critical temperature magnetism

Descriptor 2: Critical temperature

Known Heusler

ferromagnets

Co, XY Generalized regression model based on

Fe,MnY valence, volume, spin decomposition

Nighin ¥ BE)  Prediction of T

Mn, XY Material V (A) AE (eV) T T

Rh,MnY Co 47.85 2.0 -0.30 3007 352
M 4893 2.0 032 3524 760

Cu,MnY "

PdZMny Mn 94.28 9.03 -0.17 1918 ?

Au,MnY
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Magnetic moment per atom /7 [u_]
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Mn,Ga

K. Rode et al., Phys. Rev. B 87, 184429 (2013)



Tetragonal distortion

Descriptor 3: Magneto-crystalline anisotropy

! PYCo/Pt %
Little magnetic | . & 0
anisotropy in cubic x® LR b [P,
0.1 PYCoFeB/Pt "’i}. [CoPY, |
symmetry. 5 -y 5
Tetragonal distortion ¢ o Y
does not much better! |
o® ¥
0.01 : CoCrTa(Pt) Mn. Ga *
S TR— B TT
K,*" (Merg/cm?)

T. Graf et al., in Handbook of Magnetic Materials, Elsevier (2013)



Tetragonal distortion
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Tetragonal distortion

Cubic/tetrahedral Tetragonal
Crystal field Distortion
c>a

|

t> g
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Mn,Ga Ni,MnGa Mn,NiGa [Rh.VSn ) Pd,NbSn
Mn,Ge Ni,MnSn Rh,CrSn | Pd,TbSn
Ni,Mnln  Co,NbSn [Rh,FeSn | pd,DySn




Mechanism for tetragonal distortion

Magnetic & Distorted



Tetragonal distortion

Among our 22:

2 turn diamagnetic

Co,NbZn
Co,TaZn

3 remain magnetic
X,MnZ
P-~0, T1,~300-400, T,~2000-5000



A different workflow
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This is all about processing data

CRANN

ML
({Zi}a {Nz}’{Cz},{MZ}aV) g y
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.Ie: Tc of magnets
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CRANN

ML algorithm
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xample: Tc of magnets
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Looking for new permanent magnets:

CRANN

3 ] =
Mg > 0.5 up f.u. Te
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Mg > 6 ug fu.™}
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Lots of data: machine learning

ML algorithm

({Z:}, {Ni}, {G:}, {M;}, V') === Property (MCA)

Accurate = Selective :(> U?'er' materials
will be left out




The lottery example

Who won the last National lottery ?




Lots of data: machine learning

Strategy: use machine learning to screen the NOT hard magnets

ML algorithm

({Z:}, {Ni},{Gi}, { M}, V') E===D> Property (MCA)

Accurate = Selective :(> U_Ser| materials
will be left out

Selecting hard magnets Selecting soft magnets

Soft + Soft
Hard




Receiver operating curve (ROC)
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Machine learning workflow

250,000 candidates 1000 used for DFT + ML

2000 candidates :(> 80 used for DFT + ML
229 candidates 80 used for DFT + ML

\4

249,000 remaining
1920 remaining
149 remaining

B ML TPR 60% (50:50 population)

Don’t calculate 30% = 50
Don’t calculate 30% = ~650
Don’t calculate 30% = ~80,000



Limitations

Two issues in materials science

({Zi}v {Nz}a {Cz}a {Mz}a V) curse of dimensionality

N
0 — m’

Our “big data” are not big .... yet



S. Sanvito et al., Accelerated discovery of new magnets in the Heusler alloy family, Science
Advances 3, €1602241 (2017)
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Bottom line ....

Did we find one ?
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