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Burkett, T. et. al. Phys. Rev. Lett. 93 (2004) Norskov, J. et. al. MRS Bulletin 31 (2006)
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Calculating properties of
realistic nanostructures

ab initio
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Which combinations yield
the optimal material ?

ACTINILM
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Searching for Structure:
combining historical information
with Density Functional Theory

Data Mining the
High-Throughput engine

wrap-up
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Which combinations yield
the optimal material ?

ACTINILM
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for i in (relevant chemistries) {

getStablePhases(i); —

PtgAl21

(A1)
1 PtsAlyg |
1 ptal
PtoAl

calculateProperty(i); <a—
| = nextChemistry();

]
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at. %

Depends on which
phases are stable and
their structure




foriin

((relevant chemistries

getStablePhases(i);
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Doesn't know what
to calculate next
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'‘Commodity'
computational resources

_|_

Open source
electronic structure
software

Yoa o8 08 . - ~ ~ ~

.o o

~%$200-250k capital
Investment

Computing budget
~50k compounds/year
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ICSD: World's Largest
database of inorganic
crystal structures

IS for W' - Mozilla Frefox

File Edit WView History Bookmarks Tools Help

- - @ i = httpy/ficsdweb fiz-karlsruhe .defindex.php «| | [G]- 1Y
# Getting Started [ Latest Headlines
Authors/Code Years Journal TitlefComment Help ]
| | | | reset |
Elements Element Count Chem/Mineral Name ANX¥/Pearson/s. Type Cell Size/Mass
System Laue Class Centering Space Group Wyckoff Sequence
| any A I any el I any hdl
Remarks Min, Distance Distance Select Distance Range Co-ordin,
Welcome to the Inorganic Crystal Structure Database.
Click the blue heading links for help and examples. L

Demo database (The Full database will be used if available after the first query is entered)
Copyright -2007 Fachinformationszentrum (FIZ) Karlsruhe
PHP/MySOL Interface 16 copyright 2003-2007 by Peter Hewat email hewat@ill. fr

e Gl el el Vel ) el e

First Entry: 1913
# of entries: 100,243
# usable compounds: 29,962

Computing budget
~50k compounds/year
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for i in (relevant chemistries) {

getStablePhases(i);
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Heuristic Rules
or
Chemical Intuition

NGDM, October 10, 2007



GroundState=arg min; . . E|\r,7,,...,Ty

# of dimensions = 3N - 3 + dim(a,b,c,a,B,y)

complex energy
landscape

Doye, J. PRL, 88, 238701, (2002)
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Proposed Solutions

Calculate energy of a finite set

(b)

of structure prototypes

Doye, J. PRL, 88, 238701, (2002)
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RO
=l
(b) = /

Doye, J. PRL, 88, 238701, (2002)

Proposed Solutions

Calculate energy of a finite set
of structure prototypes

Use a stochastic optimization
procedure (hop from basin to
basin)

e.g., Simulated Annealing
Genetic Algorithms
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Use previous experiments to suggest

ldentify a set of simple parameters

Heuristic Rules

what to calculate

How ?

based on alloy constituents

1932: Pauling electronegativity AX
1935: Laves & Witte ATy g

1926,1936-7: Hume-Rothery,

1976: Miedema

(e)

at

n
Mott & Jones

(e)
AN,
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Heuristic Rules

Plot stable structures in space of

parameters

1983: Villars
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Figure 5. The Villars maps for AB compounds corresponding to the average electron-per-atom ratio of N=4 and 6.5 respectively
(From Villars, 1983. Reproduced with permission). (a) N=4; (b) N=6.5

B (indexed by increasing Mendeleyey Number)

A (indexed by increasing Mendeleyev Number)
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Heuristic Rules
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Knowledge Base
Experimental Data

Pauling File binaries edition (vilars, P. et. al. J. of Alloys and Compounds, (2004))
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X=

X,,Xy,..., X1 ,...,Xp

L Low temperature state of alloy

Dataz{xlj...,XN] _
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X=(X,,Xy,...,X(,...

2

/XB

Low temperature state of alloy

Data= x, ..., Xy|

P

x| Probability of low temperature
P state (fitted to data)

9 Probability of low temperature
X|e) state conditioned on evidence 'e'
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Are probabilities consistent with
physical intuition ?

Do probabilities encode the
physics of structure stability ?
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g(x;,x)

A
probability that both structures
OCCur in same system
estimated from databas
correlated
Pair Cumulant
o (X],X> i
1 XI’X
\ ’ D}%:) pl
--------------- —" ncorrelated

anti-correlated

/

probability that only x. occurs
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Do probabilities embody real physical effects ?
Compounds stabilized by “size” effect:

oy
L e { TN
it ,f\‘.\
W)
/
L}

g-1j<Xj/ XJ)

MgCu,

8.48
0 4 3 2 3 4
Cg™

Data from Pauling File, Binaries Edition
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Do probabilities embody real physical effects ?
Compounds stabilized by “size” effect:

o "| ﬁ' f..r
4 -}\ i /¥ t\
/\ __fh ,? =5 ‘5""'53\
'." i
. =y
! ff ‘f’r = P

_ X X
G 3)=
Fe,C
MgCu, ~0
—o— 3é | ;
C;~ Places 'small' atoms
on ‘large' atom sites
Data from Pauling File, Binaries Edition T
. Leder
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Gd,Co, PuNi,
. g-l'j(Xj/ XJ):54 .
AABAAB... stacking ABAB... stacking

SrF 7

Both structures share the same local
environments
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Correlation factors are
probabilistic analogue
of heuristic rules

No explicit reference to physics.
Physics is embedded in
experimental data
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Suppose | know Fe,C forms @ ¢ = %, how does this change
prediction @ c = % ?

How much information is carried by knowledge of structure ?

Mutual Information

p(x;, Xj)
p(x;)p(x;))

Ij,j: Z'p(Xj,Xj)lOg

I =\log[g,(x, x))]|
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1] 1/4 1/3 1}2 2/3 3/4 1
Each element of ']

matrix is correlation
between X, and X

3/4

2/3 0.89 S
p X-,X-) <
I = o x.)1 = J v
1,] XIZ,;{jp(XI Xj) Og p(}{l)p(xj) 11/2 é
S
0
e.d., il
X.="AB prototype
and o
X="A,B prototype” ; B —
0 14 1/3 12 23 304 1
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Temperature, °C

1800

16005
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1200%
1000%
800%
600%
400%

200

=
w

1813

PLisPli)o
LizPt
LiPt

LiPt,

{(Li)r

LiPt;
A_j!k>

Diagram No. 901517
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eV
atom

/.~ LiPt.

A Hform

, 3

0.6 0.8 1

L1 Cpt Pt
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B0 : |

| — S
Random

50 | |===frequency

40 -

Length of List = average 'loss’

~28
candidates
req'd for freq.

|

10 candidates

| — S 959

chance of

seeing GS !!

0.4 0.5

Independent Variables

0.6 0.7 0.8 0.9

Including structure
correlation

Probability

Nature Materials, 6, 641-646, 2006
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ICSD: World's Largest
database of inorganic
crystal structures

File Edit WView History Bookmarks Tools Help

=G

Click the blue heading links for help and examples.

- @ ﬁ |:x: http:/ficsdweb fiz-karlsruhe .defindex.php |'| I}] ‘-| |'~\
# Getting Starte d [ Latest Hea dlines
thors/Cod Journal it lefComment Help
| | | | rase |
ements  Element Count Chem/| ¥/ /5. Type Cell SizefMass
ystem eClass  Centerin g P p Wyckoff Seq
[any = [eny = Jeny R |
RRRRR ks Min, Distance Distance Select Distance Rang d
Welcome to the Inorganic Crystal b

What is the information
content in a chemical
database?

How many 'independent’
crystal structures exist in
nature ?

First Entry: 1913

# of entries: 100,243

# usable compounds: 29,962
# structure prototypes: 2,485
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forii

]

getStablePhases(i);

calculateProperty(i);
| = nextChemistry();

(relevant chemistries) {)

\
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Charge Density
*Total energy

*Bulk moduli
«Coordination
*Bond strength
Bond character
Magnetic moments
*Polarization
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Data f High Th hput alloy stud : :
== o0 e e Yoy http://datamine.mit.edu
Online structure predictor
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- introduce CMS, what is it being applied
to ?

- Data mining and materials design — make
some outline slide ?

- introduce structure prediction problem,
present our solution

- discuss higher order property prediction.
data management, dissemination
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