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Ground algorithm design

Workflow of electronic structure calculations

{_

”~

iterative loop

aIternakt (ZS — H):L' — b

G. Shifted Linear egn.

p:

( Propagation (Green’s) fn.)

v I
matrix i 1 physical
oeneration | UL quantities
conventional H Y = AS Yy
/' G. Eigen-Value egn. \ e
: physica
H, q ( wave function ) quantities




Basic equations ]

Generalized eigen-value (GEV) equation wavefunction
formulation
Hyy = xSy

H., §': Hermitian, S: positive definite (S = /)

= Z

Generalized shifted linear (GSL) equations
(ZS et H)af: = b (z:complexenergy)

the propagation
(Green'’s) function
formulation

non-Hermitian

—» = =G_Gb
with G =

(2S — H) ™! :the Green’s function
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Highly parallelizable mathematical structure }

A pioneering work : W. Kohn, Phys. Rev. Lett. (1996) ( W. Kohn won the Nobel Prize at 1998.)

Generalized eigen-value problem Physical quantity in trace form
Hy, = M\ S (1)
Physical quantity with a given matrix X with the density matrix
(Ex.the caseof X = H
--> Electronic structure energy) = Z f(Ak)yky}; (5)
k A 4
X) = i)y X
< > zk: f( k) Yt Yk ) Decomposition of the trace form
_ t ,
with a given weight funciton Ir [pX] — Z eije] (6)
(‘Fermi distribution function’) g THORTR
1 ‘projected physical quantity’
f ( /\) — 3) calculated in parallelism
exp(ﬁ()\ = ,u)) + 1 with €; (j-th unit vector)
_ t
(3. 1 :given parameters) | e; =(0,---0,1;0,---,0)" (7)




Highly parallelizable mathematical structure

The trace decomposition

Tr[pX]| = Z[e;-pXejJ (6)
J
gives the generalized shifted linear (GSL) equations
for calcualtion of projected physical quantities (PPQ).

GSL eqgns. PPQ .
((zB —Az? = 82\_>( ey pX ey ]-
> P <= (X)) = Tr[pX]
\(zB — A)zc(3) = e3> e; pXes |y [ ]




Highly parallelizable mathematical structure

\J\/\J\/\/\/\/\/-

Slmpllﬁed explanation
D+ decomposition of the trace form
- calculation of trace elements

as parallel computation

Tr[A] = Ain + Ao+ ... + Avm
1 1 |

parallel computation

9
.
(7
N
-
O




Parallel efficiency (strong scaling)
on the full system of the K computer

100-nm-scale or 108 atoms calculations
parallel efficiency ratio a is determined with the reference data with 2,592 nodes.

(a) ideal diamond crystal (b) condensed polymer
(a =0.92) (a =0.75) - N
10°. 10° | Tot : total elapsed
’ R | time
Barr: barrier time
_10% —. 10°] Comm: MPI
Z =z communication time
Q @ \. J
& . £
=10 - 10
g g
o o
©'10° =10
L] Comm
10" : 107 . 5
100 10" 10 10> 10" 10

Number of nodes Number of nodes



[ Applications with ELSES (http://www.elses.jp), our software j

Organic device materials Battery material (with Toyota)
(W|th Sumitomo Chemical Co.)

Cr T W
Ll A K present work)

Ve \\\\/ X

UIEra—hard diamond helical metal

nanowire

=

Detailed method:
Modelled (transferable tight-binding) theory based on first-principles calculations



The algorithmic strategy of the use of the shifted linear egns is general and
was applied to many scientific areas with large computation, for examale ..

(zI —A)x =0b

[1](QCD} A. Frommer, Computing 70, 87 (2003)
[2] (large scale electronic structurre calc.)
R. Takayama, T. Hoshi, T. Sogabe, S.-L. Zhang, and T. Fujiwara, PRB 73, 165108 (2006)
[3] (many-body wavefunction theory)
5. Yamamoto, T. Sogabe, T. Hoshi, S.-L. Zhang and T. Fujiwara, JPS] 77,114713 (2008).
— General numerical routine: 'Kw' https://github.com/issp-center-dev/Komega/ (2016)
with Yoshimi, Kawamura,Yamaji (U Tokyo), Sogabe (Nagoya U) et al.
eX. the use with the many-body calculation code 'H®' (Yamaji et al)
[4] (ab initio transport calculation)
S.lwase, T. Hoshi, T. Ono, Phys. Rev. E 91, 06330 (2015).
[5] (GW calculation )
F. Giustino, M. L. Cohen, S. G. Louie, Phys. Rev. B. &1, 115105 (2010)
[6] (nuclear physics)
T. Mizusaki, K Kaneko, M. Honma, T. Sakurai, Phys. Rev.C 82,024310 (2010)



( Introduction : organic material for ultra-flexible devices )

Organic material gives the foundation of ultra-flexible (wearable) devices
of Internet-of-Things (loT) producs, like display, and sensor

( thickness = 1,000 nm)

Ex. ‘Rollable’ (ultra-flexible)
display,
Sony, News Release,
26. May. (2010)

-~
\N

Ex. 'e-skin’ (U Tokyo)
T. Yokota, et al.,
Sci. Adv. 2,e1501856 (2016)

( wearable device
monitoring your health)
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Organic device material and 100-nm-scale quantum simulation

Organic device material

* semiconductor with “77-type’
electronic wave that lines
in benzene rings and so on

— strong anisotropy

-

Pioneering experimental research in 1970’s

\L ‘

The Nobel Prize in Chemistry 2000:
‘discovery and development

of conductive polymers’ , |

A. Heeger, A. G. MacDiarmid, H. Shlrakawa

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2000/




( Organic device material and 100-nm-scale quantum simulation )

Organic device material » Scales between device and 100-nm-scale simulation
- semiconductor with ‘77 -type’ (~ . . <)
electronic wave that lines device (schematic) present simulation

| (consended polymer)

in benzene rings and so on ]

— Strong anisotropy )
A -_— O (,\0S
= T3 /' X (size
S — ~ =200nm)
o 2 (polymer length
l =70nm)

close-up )
Industrial materials are
; . — R R N
disoredered system in ) X
100-nm-scale or with iy COn
100-million-atoms S,
| A ‘j




[ Quantum (wavepacket) dynamics for device simulation ]

Non-equillibrium, non-stationary simulation

Solving an effective Schrodinger-type equation (details are not yet settled)
4 ™

@%_"f_w N oprt) =P o

p=9¢(r,t) @

: charge distribution (real value)
— calculation of

: electronic ‘wave device performance
_ (ex.hole wave packet) or ‘mobility’ value )
Example of a partial region :' > "caaaimﬁeeﬁm' ":
of a polymer; = omen ooae goee semosenoTEEDESEES
PO % CIOSE-UR s
fc,{ e he o ui wi v i ayummmmmmmmmmmmemmemesosoeosooo y
..._' RIS S DT R e ST gﬁggﬁom$6@§m & e .ol
wlr 5 ps
wes oo Fo oo ‘@a% VS Q@Wa@aggo@ 1 Zp e dp o GP® ‘f::
\. " y,




Example of wavepacket simulation

é)fqg o -iﬂE[!Dr

PiConjPoly-144atom-para quantum-dynamics,

Real S )
Re[\:[;] .. :ooo 00 d)ao .ng... DQ ...\)ﬁi ..0000 .oooc.. ....... )
Imag

Im[qj] .. .o.' oclc 06‘9.. pg@b”‘ )0. :o.o .0000 ......o....:;.
norm "

|\If|2 . ..u.. @<®9th9@%Mpo. 9..,"“":_"":.



[Comparizon between linear and zigzag chain structures j

poly(phenylene—ethynylene) ([1] J. Terao, et al, Nature Comm. 4, 1691 (2013))

— The static and dynamical disorders

are essential for device performance (mobility value)

-

Zigzag

inear— O-O-O-O0-0-0-0O-0

\

Result

e

\.

mobility in ideal structure
(linear) > (zigzag)

mobility in realistic (disordered) structure
(linear) < (zigzag)

v

example ( linear chain)

=



C 100-million-atom caulation of condensed organic polymers )

Investigation on wave propagation mechanism (for device property)

(a) material : poly-(phenylene-ethynylene) (PPE) (b) Quantum dynamics

(size=200nm, P=100,000 polymers) Fig: Charge dynamics with 1 ps

Figure of a partial retion (~50nm) 15 nm




[ Opt-electronics device simulations ]

with T. Fujita (IMS) and Y. Mochizuki (Rikkyo U)
4 )
Four elementary processes

(a

) Creation of exiton (electron-hole pair) by light absorption
(b) Exciton dynamics (diffusion)
(c) Dissociation of exiton into carriers (hole and electron)
Y (d) Diffusion of carriers
CERYCERYTI I Two types of device
é (i) sensor type
,'1:\ (light—current),
D ‘D (ii) display type
@ :‘@',' \ ( current—light ) )
VY ?
N N/ N A
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Opt-electronics device simulations ]

with T. Fujita (IMS) and Y. Mochizuki (Rikkyo U)

-

Four elementary processes

Creation of exiton (electron-hole pair) by light absorption

Exciton dynamics (diffusion) )

(
¢
|

a)
b)
C)
d)

Y(d) Diffusion of carriers )

Dissociation of exiton into carriers (hole and electron)

-

CHR
S
7
__

o
s

N

(b) Two-body wave dynamics

u=—1Hu
(matrix size) o< (# atom)2

(d) One-body wave dynamics
(in previous section)

(matrix size) o< (# atom)




Machine learning analysis on organic polymers (1/2) ]

with Weichung Wang's group (National Taiwan U)

N

machine learning

P real (dynamical)
JSfe St ~ simulation N
input ] /old 4 design of |
'hopeful’ structures better
\ structures I\ new device
disordered polymers \material
(=100 samples) J/'




[

Machine learning analysis on organic polymers (2/2)

J

with Weichung Wang's group (National Taiwan U)

-

200 samples of disordered polymers
— classification for higher or lower device performace (mobility value)

samples
200 structures)

J,Eigen value analysis

Participation Ratio
diagram

J, Use as descriptor

gt
|
|

Machine learning J —

( k-means clustering method )

Classification of 200 samples into two groups successfully

4 N
= 0.0190
9 ® @ Group 1
*é 0.0185 A A Group 2
5
8
v 0.0180 A
£ AL,
: ag it
w 0.0175 *
2 AA i; A
% 0.0170 W W
> N, ‘;;‘M
o LL
o L
= 0.0165 A A
2 A
t% 0.016 ; '
qO 20 30 40 50 60
Mean of rotation angles [degree] . g- y
\.

\
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	slide-Upscaling2016-hoshi-r1_ページ_16
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