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The HTC Framework

Zero K Properties:
Lattice Constants

Quasi-Harmonic Approximation:
Phonons, Free Energy, Lattice Expansion

Anharmonicity Quantification:
Screen out Harmonic Materials

Ab-intio Molecular Dynamics:
Accurate Thermal Conductivities and
Free Energies
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phonopy & phono3py

Thermal Conductivity

Structure

Input:

Crystal Structure,
Target Properties

AFLOW

Automatic -FLOW for Materials Discovery

\°‘._“|Il slg'6

IS
<i\\ l[,)

FireWorkgr b
o
Show axis Show bonds O

N System type: bulk
Structure type: diamond
Structure prototype: C

Output: Strukturbericht designation: A4

Stability and _ _ :

Lattice: cubic Wyckoff sites

Space group: 227 (Fd-3m) Si‘a

Point group: m-3m




Input: .
ul@c:~$ aflow --prototype < geometry.in
Crystal Structure, AFLOW label : A cF8 227 a

Target Properties paxams Pa

params values : 5.406

Automatic -FLOW for Materials Discovery

phonopy & phono3py
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Output:
Stability and
Thermal Conductivity

3 Hicks, D.; et al..npj Comput. Mater. 7, 30. (2021)
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Input:
Crystal Structure,
Target Properties

u@c:~$ aflow --proto=A cF8 227 a:Si --params=5.406 --aims --add equations
QFLDW # A/A cF8 227 _a.A params=5.406 SG=227 [ANRL doi: 10.1016/j.commats-
©i.2017.01.017 (part 1), doi: 10.1016/j.commatsci.2018.10.043 (part 2)]
# AFLOW: :ATMS BEGIN
lattice vector 0.00000000000000 2.70300000000000 2.70300000000000
lattice vector 2.70300000000000 0.00000000000000 2.70300000000000
lattice vector 2.70300000000000 2.70300000000000 0.00000000000000

Automatic -FLOW for Materials Discovery

atom frac 0.12500000000000 0.12500000000000 0.12500000000000 si
atom frac 0.87500000000000 0.87500000000000 0.87500000000000 si
phonopy & phonoSpy # format: symmetry n params [n n_lv n_fracpos]

symmetry n params 1 1 0

symmetry params a

symmetry 1lv 0 , 0.5*%a , 0.5%a
symmetry 1v 0.5*%a , 0 , 0.5%a
symmetry 1lv 0.5*a , 0.5*%a , 0
symmetry frac 0.125 , 0.125 , 0.125
symmetry frac 0.875 , 0.875 , 0.875
# AFLOW: :AIMS END
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Output:
Stability and
Thermal Conductivity Mehl, M.; et al. Comput. Mater. Sci. 136, S1. (2017)
Hicks, D.; et al. Comput. Mater. Sci. 161, S1. (2018)

Lenz, M.-O,; et al. npj Comput. Mater. 5, 123. (2019)
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I ¢ “eell”: [
nput: [0.000, 2.703, 2.703],
Crystal Structure, [2.703, 0.000, 2.703],
Target Properties [2.703, 2.703, 0.000]
————————— 1,
> “positions”: [
H . (=
! Ze[°KP’°pe"'es' ' B [0.67575, 0.67575, 0.67575],
attice Constants 3
| N 5 [4.73025, 4.73025, 4.73025]
1 (. 3 1,
I “S}’mbols” H \\Si” , \\Si” ,
I Quasi-Harmonic Approximation: | 5 “ " [ !
Ph ) - = masses”: [28.0855, 28.0855],
1 onons, Free Energy, Lattice Expansion | I winfo :
= phonopy & phono3py info”: {},
| [ o “econstraints”: [...]
I 1 B ar }
Anharmonicity Quantification: = —03%0
1 Screen out Harmonic Materials | = F”’W@
| 1 B [calculator]
3
I Ab-intio Molecular Dynamics: | 2 tee
I Accurate Thermal Conductivities and I () [re laxation]
Free Energies ~
Output: [phonopy]
Stability and <.
Thermal Conductivity [statistical sampling]

Knoop, F.; Purcell, T. A. R.; Scheffler, M. Carbogno, C. J. Open Source Softw. 5, 2671. (2020)
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Zero K Properties:
Lattice Constants

Quasi-Harmonic Approximation:
Phonons, Free Energy, Lattice Expansion

Anharmonicity Quantification:
Screen out Harmonic Materials

Ab-intio Molecular Dynamics:
Accurate Thermal Conductivities and
Free Energies

Initiate the Workflow

yiomawel4 indybnouy |-ybiH pajewolny

1_relax_Si2_HASH

Input:
Crystal Structure,
Target Properties

phonopy_Si2_HASH

oh_analysis_Si2_ HASH

phonopy & phono3py

IS
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FireWorks®™
stat_samp_ Si2_HASH

Output:
Stability and
Thermal Conductivity

stat_samp_anasis_Si2_HASH




Rélax the Structures with Parametric Constraints

Input:
Crystal Structure, phonopy_Si2_HASH

Target Properties

Zero K Properties:
Lattice Constants

@ ' oh_analysis_Si2_ HASH

phonopy & phono3py
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stat_samp_ Si2_HASH

Output:
Stability and
Thermal Conductivity

stat_samp_anasis_Si2_HASH




Quasi-Harmonic Approximation:
Phonons, Free Energy, Lattice Expansion
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Input:
Crystal Structure,
Target Properties

phonopy & phono3py

AL
FireWorkg

Output:
Stability and
Thermal Conductivity

FLOW

ph_analysis_Si2_HASH

stat_samp_ Si2_HASH

stat_sam p_anasis_SiZ_HASH




Check the Convergence of the Harmonic Model
A-B
A+ |B°-A-B

Input: f(A, B) —
Crystal Structure,
Target Properties

Z
6'- 4 T T T T T T T T T T T T
g —— 8 atoms
3 » | —— 64 atoms
L 8
Quasi-Harmonic Approximation: Q s 3F .
Phonons, Free Energy, Lattice Expansion z wn 3
=) phonopy & phono3py ks
e =
Q B2 _
3 5 7|
= A |
3 g
g . 8 |
‘° fv = '
=
5 At ]
5 ]
Output: 0 I 'I E i -:l
Stability and | T : : |i T
Thermal Conductivity 0 4 3 12 16

Frequency (THz)
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Input:
Crystal Structure,
Target Properties

E FLOW
g- FLOW for Materials Discovery
8 @
I
Quasi-Harmonic Approximation: o} 5
Phonons, Free Energy, Lattice Expansion % phonopy_SIZ_HAS H
623' phonopy & phono3py
& X
E FireWorkg! -
- . phonopy_analysis_Si2_HASH
= I ’\’
2 stat_samp_Si2_HASH
Output:
Stability and

Thermal Conductivity

stat_samp_analysis_Si2 HASH
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Quasi-Harmonic Approximation:
Phonons, Free Energy, Lattice Expansion

M
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Input:
Crystal Structure,
Target Properties

phonopy & phono3py

Output:
Stability and
Thermal Conductivity

f(A,B) =

Phonon Density of States

Harmonic Model Convergence Reached

A-B

|A”+ |B*—A-B

\S) W

—_—
T T

: — 64 atoms
| ——— 216 atoms

8
Frequency (THz)
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Harmonic Model Convergence Reached

Input:
Crystal Structure,
Target Properties

o

ASE

phonopy & phono3py

A
FireWorksh

stat_samp_Si2 HASH

Output:
Stability and
Thermal Conductivity

Quasi-Harmonic Approximation:
Phonons, Free Energy, Lattice Expansion

yiomawel4 indybnouy |-ybiH pajewolny

stat_ samp_analysis_Si2 HASH
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Input:
Crystal Structure,
Target Properties

phonopy & phono3py AS -

yiomawel4 indybnouy |-ybiH pajewolny

Ws
Anharmonicity Quantification:
Screen out Harmonic Materials nw
_ S
ds e - 1 AS VS (F)
I U s=3
Output:
Stability and

Thermal Conductivity

M. Zacharias and F. Giustino, Phys. Rev. B. 94 75125 (2016)




Crystal Structure,
Target Properties

phonopy & phono3py

Anharmonicity Quantification:
Screen out Harmonic Materials
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Stability and
Thermal Conductivity
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Knoop, F.; Purcell, T. A. R.; Scheffler, M. Carbogno, C. Phys. Rev. Mater. 4, 083809. (2020)
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Input:
Crystal Structure,
Target Properties

FLOW

FLOW for Materials Discovery

ASE

phonopy & phono3py

A
FireWorkéh

Output:
Stability and
Thermal Conductivity

Anharmonicity Quantification:
Screen out Harmonic Materials
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Input: 10* = __
Crystal Structure, ' ' ' 3
Target Properties PN : E}g
_________ > | " WZ
< 3k a
g I * 4 Other
& Xt *»” -
o = [ ]
X § L 2
g < 10%E b e E
IS" phonopy & phono3py /M_\ ; ~00 ]
g S f INECS
- S «Q 3) - 'Y
Anh ty Quantification: 3 —
" sereon out Harmonio Matorsis 1 B < 10!k C P Mo )
3 F Ay A ]
3 [ Slope: -3.99 A ]
5 o| AFD:2.15 A
2 10 R%:0.69 4 E
Output: 0.1 0.2 0.3 0.5
Stability and o’

Thermal Conductivity
Knoop, F.; Purcell, T. A. R.; Scheffler, M.; Carbogno, C. Phys. Rev. Mater. 4, 083809 (2020)

Chen, L; Tran, H.; Batra,R. Kim, C.; Ramprasad, R.. Comput. Mater. Sci. 170. 109155 (2019)
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SIS(P) — SIS(4,,) — —  SIS(A, 4p)
S1D SZD SnD
I S1DU Szo S1D U SZD U--u SnD
|so |so
1D Descriptors 2D Descriptors nD Descriptors

Purcell, T. A. R.; Scheffler, M. Carbogno, C.; Ghiringhelli, L. M. submitted to J. Open Source Softw.
Ouyang, R.; Curtarolo, S.; Ahmetcik, E.; Scheffler, M. Ghiringhelli, L. M. Phys. Rev. Mater. 2, 083802. (2018)
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SIS(P) — SI5SA4,,)) — - — SIS(A)
S1D Szo SnD
\ S1D U Szo S1D U Szo U--u SnD
lSO lSO
1D Descriptor 2D Descriptor nD Descriptor

Purcell, T. A. R.; Scheffler, M. Carbogno, C.; Ghiringhelli, L. M. submitted to J. Open Source Softw.
Steven G. Johnson, The NLopt nonlinear-optimization package, http://github.com/stevengj/nlopt



http://github.com/stevengj/nlopt

The Primary Features
Property Symbol Units
Anharmonicity ot Ués Unitless
Debye Temperature Approximations >, Op K
Max Phonon Frequency WI' max THz
Heat Capacity Cy J mol”" K
Speed of Sound Us ms’
Lattice Vin, Lmin, Lmax, Lavg A
Mass Ky TMmin, Mmax, Mavg Da
Number of Atoms Nat Unitless
Density P Da A3

19




Thé SISSO Model Removes the Outliers
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The SISSO Model Removes the Qutliers
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e Model is Predictive and Descriptive
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The Origins of the Outliers Found
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P. Wiederkehr, Global Sensitivity Analysis with Dependent Inputs, Ph.D. thesis (2018)
Mara, T.; Tarantola, P.; Annoni, P. Environ. Model. Softw. 72. 173. (2015)
Kucherenko, S., T,; Tarantola, P.; Annoni, P. Comput. Phys. Commun. 183. 937. (2012)
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The Reduced Feature Space Still Generates Accurate Models
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6dels Can Predict New Thermal Insulators
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Mbdels Can Predict New Thermal Insulators
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The Incorporation of SISSO Models: A Path to Active Workflows

Input:
Crystal Structure,
Target Properties

phonopy & phono3py

. 107!

Output:
Stability and
Thermal Conductivity

Anharmonicity Quantification:
Predicted Thermal Conductivities from
SISSO Model
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KKRR (300 K)

o 102 103

KSISSO (300 K)
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Accessing the Software

SISSO++

https://tinyurl.com/sissopp

https://tinyurl.com/fhi-vibes

Purcell, T. A. R.; Scheffler, M. Carbogno, C.; Ghiringhelli, L. M. submitted to J. Open Source Softw.
31 Knoop, F.; Purcell, T. A. R.; Scheffler, M. Carbogno, C. J. Open Source Softw. 5, 2671. (2020)
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Questions?




