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Theory activity

Large-scale electronic
structure simulations

» Algorithm development
» Capability computing

» Access to large
infrastructures

» Software distribution

Two main pillars

Sustaining CRANN
experimental activity

< D

CRANN

Materials Genomics

» Database construction

» Strong data-mining element
 Capacity computing

* On-line infrastructures

* Large international
collaboration



Theory activity

l Spin electronics I Materials Organics
Spin-dynamics ‘n* and STM DNA sequencing
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CRANN

Quantum playground 1
H on Si (100)

“\ ..::.:*; Adspecies
> '

- ; -~
"""" \ 4 e “5‘5 . \ .

Majority
Adspecies

B. Naydenov, M. Mantega, |. Rungger, SS and J.J. Boland, Phys. Rev. B 84, 195321 (2011)



H on Si (100)
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J.E. Northrup, Phys. Rev. B 47, 10032 (1993)
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H on Si (100): single

Scattering analysis
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H on Si (100): hete
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H on Si (100): he

Sample Bias (V)

PRB 84, 195321 (2011)

Nano Lett. 15, 2881
(2015)

Sample Bias (V)



Quantum playground 2
Topological surfaces

Awadhesh Narayan, lvan Rungger and SS, PRB 86, 201402(R) (2012); PRB 90, 205431 (2014)
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Scattering at topologic

Sb (111): scattering at step edge
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Scattering at topologice

Sb (111): scattering at step edge

CRANN

0.1

Energy (meV)

0 100 200
Distance (A)

300 400




Scattering at topol

Sb (111): scattering at step edge
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The question

CRANN

Suppose you have a new application .... what
IS its ideal material(s) ?

Take the example of magnetism ....

Fe, Co, Ni, Nd2Fe14B, LaMnQOs3, Fe3Os

~2,000




Magnetism is rare
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Magnetism is complicated
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The magnetic genome project

with Stefano Curtarolo, Duke



The magnetic genome project

| nat .y . v
materials AL Finding descriptors

The high-throughput highway to computational
materials design

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

Stefana Samvito®” and Ohad Levy'2* 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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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)


http://www.aflowlib.org

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 50,000)

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
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Heusler alloys
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The magnetic genome project

Rational materials storage

: Li
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Chemistry
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CRANN

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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... and one theory for find them all

ELECTRONIC PROPERTIES

Band Gap:

0.000 ¢V (metal) Fit Band Gap: 0.000 eV
Magnetic Moment: 7.382 ug Magnctic Moment/atom: 1.845 pg/atom
Electron Mass(FIX): XXX (mg) Hole Mass(FIX): XXX (mg)
Spin Polarization (Eg): 0.666 Spin Decomposition per atoms:  {1.758,1.758,4.019,-0.054} ug
Band Structure:
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Materials selection

Search the database for 1) new
materials, 2) physical insights




A look at the full database

Property: Can be made ?

(CDANN

Descriptor O:
Enthalpy of formation

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

Total
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Stability analysis

Descriptor 1: Enthalpy of formation

2 Ni + Mn + Al Ni;MnAl

2 Ni + MnAl

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

Ni,MnAl
MnNi,

Ni,MnAl

Al NiAl Ni



Stability analysis

Ni - Mn - Al

A16Mn
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AlMn,

NiAl; NiyAl; NizAl; NiAl NisAl;

Ni;Al
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TM3

Look at the transition metal intermetallics

CRANN
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In summary ...

36,540 possible - 248 stable

22 magnetic - 8 Robust

‘ Extrapolating

236,000 possible = 1550 stable
138 magnetic > 50 Robust



Entropic temperature

Descriptor 2: Entropic temperature
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Fraction of compounds (N=8776) between

Entropic temperature

Descriptor 2: Entropic temperature

CRANN
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Critical temperature magnetism

Descriptor 3: Critical temperature

Known Heusler

ferromagnets

Co, XY Generalized regression model based on

Fe,MnY valence, volume, spin decomposition
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Co,YZ
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Pauling

)

T T T T | T | T T T T T T T |
o Co,FeSi " 7
’ L
i , i i Co,FeGa COZFCSI_
Co,AB 1 o
5 | CozFeAl
y — y
I " Co,MnTi | Co,MnSi :.ConnTi
C02MnAl/C02MnGa ’ - ConnGe ) -
4 $ 7 L Conn§n ® ]
y y
M T ) 1 L Co,MnAl/Co,MnGa .’ |
. =. 3L Co,CrGa ., | K
y — IS ]
E _ . Co,VZn 1 | .’EJozCrGa i
Co.VGa/Co TiGe Co,NbZn )
gy 2 4 Co,TaZn Co,VGa/Co,TiGe ”.Co NbAI |
| Co,VAL@® g Co,NbAI : ' @ Co,CrAl
’ Co,CrAl Co,VZn ‘CO VAL -
= ’ Co VSn Co NbZl’l [ .CO TaAl
. Co TiGa @ +»®@CoAB3 N
Co, TiGa @ ‘
CozTiAl @ Co,NbSn Co TiAl @)’ Co,NbSn |
CO AB 2 CO TaZn * Co VSn
0 | [ 1 | | | [

25 26 27 28 29 30

24 Ny

| | | | | | | | |
25 26 27 28 29 30

NV

-1 1200

-1 1000

800

T. (K)

400

200



Magnetic moment per atom /77 [u_]
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OK, but does all that work?
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Moment (u 8fu'1)
> 'S o ~ N =) - ~N w & wn

1 —+—300K
] —+—4K

'''''''

0 f 2 3 4 5
uH(T)
700
b Fm-3m Cu,MnAl phase
600 -
N o
- 500 PN
: -
I_U' 400 + Co;MnTi Co Kay Mn Kay Ti Kay
B 300 -
3 |
3
o
’ < o~
| N
| - o o
100 < : %
'''''' | ] 1] - ] .
30 40 50 60 70 80 %0 100 110 120

Scattering angle 26 (Degree)

Co,MnTi

TCmeasured — 94OK
TCpredicted = 038K

Prepared by arc melting in
an Ar atmosphere

Courtesy J.M.D. Coey’s Lab
(P. Tozman, M. Venkatesan)



4.2
a 0024 _._ 300K I T I T I T I T I T I T I
4.1 ot = ic FM .
=3 TNéeI = 67 K Eﬂ E 0.1 E i Cublc 1
‘73 40 ¢ Eo.oo b
q-m 5 g-o.m 'r_‘:
= f . |8
3.9- . ~N—
E T‘l 0025 -4 -1 0 ; 3 L /} GQ)-‘
- 8 W | 2
w381 ] /|2 o0l |
o r
5] =
=] 2
[
3.6-\'4 ‘E%D
40 80 120 160 200 240 280 320 360 LR
Temperature (K) 0 100 200 300 400 500 600 700
b Temperature [K]
0] O INT = = JUJVI\
Py -
S
. 600 +
'E gy PR -~
© Mn,PtPd O Kq . .
e : 1 Complex antiferromagnetic
"% 400 &
2 S order
= = <t 3
s— o o o
200 1 T ‘é o
(o]
] ’
O#J Courtesy J.M.D. Coey’s Lab

* S?:Oatterinsoangle 2709 (Degrioe) ” (P TOzman, M Venkatesan)



Bottom line ....

Did we find one ?
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