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Motivation o

 Silicon nanocrystals

w
& /
— Optoelectronics RS \
?d\'gk RGO
— 10 nm in diameter ~ 30,000 atoms"

(¢

* |norganic nanotubes
— Catalysis
— Water desalination
— 20 nm in length ~ 5,000 atoms

1
[1] D.-Y. Kang, J. Zang, C. Jones, S. Nair, Single-Walled Aluminosilicate Nanotubes with Organic-Modified Interiors, J Phys Chem C 115, 7676-7685 (2011).  Interior-modified SWNTs
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P A R S E C Pseudopotential Algorithm for Real-Space Electronic Structure Calculation
https://real-space.org/

r

®Q G
Vpseudo /
O 7
4
O vt s From Wikipedia

Kohn—Sham DFT Pseudopotential Real-Space Grids

N interacting electrons — All electrons — Finite difference method

N independent e’s Only valence electrons Ease of implementation
Suitable for confined systems
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Solving the Kohn—Sham Equations
Key to large systems:

Q An efficient eigensolver
" Vot
SCF loop ] Observation: intermediate SCF
(= V2/2 + Viodi () = ehi (1) iterations require only converged
v charge density, not individual wfns
p() = ) fili @) .
; Chebyshev-filtered
Viot™ Subspace Iteration
. L Fierng
2.  Orthonormalization
Yes

END 3. Rayleigh—Ritz method 3
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F i Ite ri n g Enha@nced Suppﬁssed Eanced

Enhance the subspace Sl e
constituting the occupied states / \A N\

pP(Hgs): Chebyshev polynomial of H,s  u;: eigenstates [\/\/\

v: a state A;: eigenvalues >

Energy

Chebyshev filter

n n n
PHks)v = BHes) ) e = ) ep(Heshus = ) pQAeauy
i=1 i=1 i=1

o o 2
”

Expand v in terms Operate the 15 -10 -05 00 05 1.0 15
of eigenstates polynomial of Hyg
to each eigenstate A 4
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Orthonormal. & Rayleigh—Ritz method

Generate approximate eigenpairs from a subspace

Algorithm 2 Cholesky QR
1. procedure V = ORTH(WV)
2: A=WTw > A is positive definite
3: Find an upper triangular R such that A = RTR > Cholesky factorization
4: V=WR!

Algorithm 3 Rayleigh—Ritz refinement

1. procedure (V,D) = RAYLEIGHRITZ(V)

2: A= VTHV

3:  Compute Q, D such that AQ = QD and QTQ = 1. > D has the Ritz values
4: V—VaQ <

Y

Still need to diagonalize
a smaller dense matrix 5
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Results

Siz0389H3076
 # of occ. states =42,316

e Cori Haswell

—~1.0
— 4,096 cores 2L g
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— 19 hours 2 £06
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Residual of Potential (Ry)
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SCF Iteration (-)
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O(N?3) Ops Start to Dominate

Time [sec]

| Wm FLTR

. ORTH+RR

0—= . 5 ;
Sig37H34g8  Si1947He0sa SizgozHogs Sizo389H3076

* Filtering O(Nsk)

 Orthonormal. O(Ns?)

e Rayleigh—Ritz  O(Ns? + s3)
N: # of grid points

S: # of states
k: degrees of filters

Goal: To reduce s
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ldea of Spectrum Slicing

0.8 ;
osf Wanted spectrum Chebyshev-Jackson filter
8 0.4F k
o2} FlHgs) = ) yi(a, bgy(k) Ty(Hys)
0.0 _I12 ' _I8 ' _I4 ' (') i=0 gi(k): attenuation coefficient
Energy (eV) 1.2 .
1 1 104 w/o attenuation
: . ' w/ attenuation
Slice 1 i j Filter 1 \ 08
I I I I I I I 0.6 -
. 1 0.4 -
Slice 2 [ Fiter2 \ '
0 : : : : : . : 0.2 A
1 1 0.0 -
I ' -0.2 . ; .
Slice 3 ; | | | | / F|Itler 3 \ ) - ]

-14 -12 -10 -8 -6 -4 =2 0 2 Energy (eV) 8
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Spectrum Slicing Method

1. Dividing the wanted spectrum into slices
2. Performing polynomial-filtered subspace iteration in parallel
3. Combine spectra and calculate new charge density

e Shifting the burden of diagonalization to cheaper filtering
— Diagonalization in Rayleigh—Ritz is O(s3) ~ O(N3)  N: # of grid points
— Filtering is O(Nsk) ~ O(N?) s:# of states

k: degrees of filters
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CheF Sl vs. Spectrum Slicing

Process # 0 1 2 3 4 5 6 Program Flow
FLTR | FLTR | FLTR | FLTR | FLTR | FLTR | FLTR
CheFSlI ORTH
RR Vv
0 1 2 3 4 5 6
FLTR | FLTR | FLTR | FLTR | FLTR | FLTR | FLTR i
SS ORTH ORTH ORTH
RR RR RR
YV

Slice 1 Slice 2 Slice 3

10
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Influence of Degree of Filters

[DOF]X[SI cycles] (Time to solution) p(Hgs) = Zw(a: b)gi (k) T; (Hxs)
10° 1.2 =0 _
—o— CheFSl: 1?1(7194;) —— deg=400
—— §5: 50x1 i
510—1 —— SS: 100x1 (88) 1.0 —— deg=200
= —— SS:200x1 (129) 0.8l —— deg=100
o —— S§S: 400x1 (167) | deg=50
€ [1 ] /\\\1:: °9=>
2102
o L] [} ] L[]
: Higher-order filters are unavoidable in SS
© 1073 , -
z
* 10 A T 0.0 J
0 10 20 30 40 50 ~0-4750 —085 —05.80 -0.75 —oi.fo -0.65 —0.60
SCF lteration (-) t

11
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Influence of Sl cycles

Residual of Potential (Ry)

[DOF]X[SI cycles] (Time to solution)

100
—o— CheFSl: 15 (14)
—»— S§S5:50x1 (179)
10-1 —— S§S: 50x2 (202)
—— SS:50x4 (117)
/\ —— §S: 50 (65)
10~ [V =d
10~ k \\\ \
1074 i\ > \

10 20 30 40 50
SCEF lteration (-)

o

Moderate degree of filters and adaptive S| cycles perform best

One Sl cycle
Sl cycles can be executed
several times within one SCF
iteration

0 1 2 3 4 5 6

I RR | RK | RR |

Slice 1 Slice 2 Slice 3
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Summary

e Electronic structure of a confined system with over
20,000 atoms was solved by Chebyshev-filtered
subspace iteration (filtering + Rayleigh—Ritz method)

* A subspace iteration spectrum slicing method is
proposed for large electronic structure calculation

Session H36: Real-Space Methods for Large Scale Electronic
e There are more! — structure Problems
H36.00001
James Chelikowsky
2:30 PM-3:06 PM, Tuesday, March 5, 2019
BCEC Room: 205C 13



https://meetings.aps.org/Meeting/MAR19/Session/H36

WHAT STARTS HERE CHANGES THE WORLD

M U.S. DEPARTMENT OF

y ENERGY

Office of Science

THuve

Chao Yang

Center for Computational Materials

NERSC

14



