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What is large scale!?

el arge scale: 500-10,000 atoms  (Nacoms/Nproc =5-50)
* |00-1,000+ processes
*|inear scaling: 1,000-1,000,000 atoms

*Many atoms: length scales
*Many processes: time scales

e Almost all DFT calculations are under 500 atoms

* Cubic scaling
* Habit!



Why large-scale DFT?

*VWe have become very good at calculations using
100-1,000 atomr T T 1T T TN
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*But there are in [ A problems:
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Why not large-scale DFT?

*What is stopping us!?
el ack of a “killer application”
*Received wisdom/habit
*Perception that big is hard
* Familiarity with standard codes

e Underestimation of need



Competing requirements

Accuracy Functional

MD time

System size
Solver
Basis size




How many atoms !

Efficiency «<——— Accuracy

Few Many
Representation Realistic

Alloys (concentration)
Doping

Perfect crystals Defects, dislocations etc



Solving for the ground state

o N3

*Direct diagonalisation

*Variational solvers (orthogonalisation)
o N2

* PEXSI

*N: localisation
*|terative
*Variational
*Patching/subsystem



Why large-scale DFT?

*HPC centres give many 100,000s cores (exascale)
e Effective parallel scaling is key
*Reduce time to ground state

*|ncrease system size

* Communication (CPU-CPU, CPU-GPU)
*Use of GPUs

* Multi-threading vs message passing



Large scale calculations

e CONQUEST (1,000,000) *MGmol (1,000,000)

*BigDFT (10,000) *LDC-DFT (6,000,000)
*CP2K (1,000,000) *DFT-FE (10,000)
*OpenMX (10,000) *PARSEC (26,000)
«ONETEP (21,000) «DGDFT (2,500,000)

*RSDFT (107,000)
* Google TPU (31,000)



Large scale calculations

e CONQUEST (768,000) *MGmol (1,600,000)

e CP2K (47,000) *LDC-DFT (786,000)

« ONETEP (100,000) *DFT-FE (156,000 + 22,800)
«DGDFT (35,900,000)  *PARSEC (16,000)

*RSDFT (664,000)



CONQUEST



Extending DFT size

*Real-space locality
*Key to parallel efficiency and scaling

*Standard implementations are non-local.:
wavefunctions span whole system

*But electronic structure is local:
*Charge density
*\Wannier functions

*Density matrix decay




Key concept: locality

*| ocal basis functions are key
*Sparse matrices; reduced scaling
*Operations local to process

*Fits with nearsightedness

*Makes efficient parallelisation easier

*Pulay forces Ynk(r) = Z Cice.nk Pic (T)

*Orthogonalisation!? i
*Systematic convergence!



Support Functions

*Support functions are represented in terms of a basis:
ia(r) =) Ciasxs(r)
* CONQUEST can use two di?ferent basis sets:
* Pseudo-atomic orbitals (cf OpenMX, SIESTA)
* B-splines or blips (cf wavelets, ONETEP psincs)
*PAOs: analytic operations, small basis, intuitive

*Blips: systematic convergence (to plane-wave accuracy)



Solving for DM

*Support functions give H and S (linear scaling)
*How do we find the density matrix?
*Exact (SCALAPACK): 1-10,000 atoms
*PAOs or multi-site support functions (MSSF)
*O(N) (range): 1,000-1,000,000+ atoms
* Complementary: choose appropriate method

* Aim: efficient, accurate solution & analysis



Diagonalisation: DM

*VWe build K from wavefunction coefficients

e Efficient memory use

wnk(r) — Z Cz’a,nk¢ia (I‘)

Xe

*
Kia,jp = E Wik frkCho nkCiBink
nk



CONQUEST: Basic capabilities

e Efficient parallelisation (from | to 200,000+ cores)
*Flexible (from | to 2,000,000+ atoms)

*Exact, analytic forces; MD on 32,000+ atoms

* ONCVPSP pseudopotentials (PseudoDojo)

*LDA, GGA, DFT-D2/3/TS, vdW-DF, EXX (partial)
Open source: https://github.com/OrderN/CONQUES T-release/
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Isation
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Pseudo-atomic orbitals



CONQUEST: PAOs

Use PseudoDojo pseudopotentials
Pseudo-atomic orbital basis sets

Can we define reasonable default bases!?
How do we choose radii?

Siesta energy shifts

Adapt: large and small (2eV and 20meV)
Either share energies or average radii
Allows SZ up to TZTP automatic bases

Jpn. ]. Appl. Phys. 58, 100503 (2019)



Pseudopotentials

*Hamann NC pseudopotentials
*PseudoDojo set (0.7 meV/atom
*As accurate as PAWs

*High quality pseudopotentials
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PAO generation

*Stand-alone CONQUEST code

*Reads output from Hamann code (small patch)
* Generates pseudo-atomic orbitals and ion files
* Automated basis sets possible

eFull user control available



CONQUEST basis set tests

Bulk Ge

3.968 449 3.562 453
5431 93 544 92
5,6/6 67/ 5682 067
588 186 ©60.1 183
0.1 191 ©60.6 190
JI[sfS1l0kF 167.4 235.7 165.0 253.2

V-VO (cubic Angstroms)

Jpn. J.Appl. Phys. 58, 100503 (2019)



Basis set tests: SiO»

SiO: (stishovite) Z.Raza (NIM5)

a (A) c/a % error in a
Experiment| 4177 | 0638
VASP/PBE:| 4225 0637 L%
"""""""" SZ | 4476 0638  +71%
""""""" SZP | 4278 0638 | +24%
""""""" DZP | 4270 0638  +22%
CoTzZTP | 4233 068 | [3%

2 Phys. Rev. B 88, 184103 (2013)



Basis set tests: SrTiO3

0001 | l | I I I | | | |

G—© QuantumEspresso |
[3—£] Conquest (shifted 0.01bohr)

0.00075

0.0005

dE (Ha)

0.00025

7.4 7.42 7.44 7.46 7.48 7.5 7.52
Lattice constant (bohr)



How good is the density!?

TZTP DZDP SZP
0 af 2 a 0 a/ 2 a 0 a/ 2 a
= :
- o = *Key quantity:
= eEnergy
*Polarisation, ...
s : -

=~ *Compare to PW
£ ) ' *’ ‘% *40Ha cutoff
S = - c
LT %

An(r) [electrons/A ™)

Electron. Struct. 2,025002 (2020)



Converging density & energy
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Electron. Struct. 2,025002 (2020)



Multi-site SFs
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*\We want an accurate basis

*VWe want efficient performance

e Make a small set of SFs for each atom
*Build them from PAOs from several atoms

*| ocal filter diagonalisation

JCTC 10,4813;PCCP 17,31427



Multi-site functions

*Use PAOs from neighbouring atoms \

o Effectively localised molecular orbitals «f—————
* Two ranges: MS and LFD

* This is accurate and efficient:small H and S

*Follows method of Rayson & Briddon®
*Improvements: JCTC 10,4813; PCCP 17,31427

*M.J. Rayson and P. R. Briddon, Phys. Rev. B, 2009, 80, 205104
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MSSF: bulk Si

10

o

-10

(a) Primitive (TZP)

(b) Multisite (8.0-8.0)

(¢) Multisite (17.0-8.0)

(d) Multisite (17.0-17.0)

| attice constant and bulk modulus good

*Band structure excellent



Optimising MSSF

*Original method performs filter diagonalisation
*| arge, primitive basis; small support function basis
*We diagonalise H for a small cluster
*Filter eigenstates onto MSSF using Fermi function
*Can we improve by optimising energy!?
* Analytic energy gradients available



Optimising MSSF:

-3166

-31.67 |

oLittle effect for large radii ?'31'68 |
*Significant improvement for small £ |

radii 3170 |
*Promising approach a7t |

bulk Si

—3¢— Primitive TZDP
—8—(17.0-17.0)
=O0—(17.0-17.0)opt
—&8—(8.0-8.0)
—0—(8.0-8.0)opt
—&—(5.0-5.0)

980 1020 1060 1100 1140 1180

[bohr?]



MSSF timing & scaling

PAO MSSF PAO MSSF MSSF

* Graphene on Rh(I11); 1,544 or 3,088 atoms



MSSF: Applications



Domains in PTO/STO

*PTO on STO

*Thin film (0-9 f.u.)

*Up to ~2,000 atom cells

*3 cell film shown
(a)Paraelectric
(b)Monodomain FE (in plane)
(c)Polydomain FE (out of plane)

asTo

c
Pb @ St O Ti © 0O o
bI—» a Domain

wall o

Adv.Theory Simul. 3, 2000154 (2020)




Domains in PTO/STO

s AFD ¢ FE [110]TLAFD
C TENOD+ARD  ® Pobdomin FBs ARD * Compare FE modes to AFD
% TFE [110]

v s 05 o 0B 0o ®*MoONO VS polydomain

;
e Effect of thickness
2,.......if:ﬁliZZIZfoiii’:}};;;.i,;;;;.'..:.'f.:_:_ ----------------------------- S— *Monodomain[| 10] stable (3 fu)
f = ---------- ; *Polydomain stable (>3 fu)
- _________________ R * Competition between:
o . *Ferroelectric modes
e * Anti-ferrodistortive modes

N, [unit cells

Adv. Theory Simul. 3,2000154 (2020)
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Domains in PTO/STO

flux closure
polar wave

eFerroelectric modes

b) Thickness 3
* Competition between

*Polarization fields
a) Thickness 9
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Doped Silicon Nanowires

® Pure Si NWs

ing

, repeat length), dop

e ~600-2,500 atoms (MSSF)

® Electronic structure
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Pure Nanowires

-33.79

_— MSSF caiculation | +‘ | ° E;(perimentelll
é\ (MSSF Range =10, LFD=12) 2| + ==+ Experimental(bulk Si)|
= Direct Diagonalisation calculation E ——  Calculated
eb 338 r g%ols ¢ - Calculated(bulk Si) |
aa)]
g 1
= -33.81 ¢t .
5 . . .
E ] 2 4 6 8 10
AE=0.0002Ha Diameter(nm)
-33.82 . . . . )
5.4 5.5 56 ! - '
Lattice cosntant(a,) ff /(gl /
0.5 1 1
® MSSF reproduces full lattice constant 2 ° | p26im | potozm | | 09530
. . . . g 05! )
® Gap reduces with increasing radius k‘g
. oy I .
e Converged by ~9nm diameter ) L% -

DOS DOS DOS



Pure Nanowires: DOS

(a) D=2.61nm (b) D=4.92nm © D=9.53nm

Distance (a’) | | Distance (a%) | | | Dilstancel(a") |
11.67

. W o — 23.35 (center atom) —  44.52 (center atom) |
"Afif STy - 73% \ 19.44 11.62 to 40.66
XX o 15.54 7.74
' 11.65 | 3.86
2 H 7.76
2 3.87
(=l

-1.5 -1 05 0 0.5 1 15 -1.5 -1 -05 0 0.5 1 15 -1.5 -1 -05 0 0.5 1 1.5
Energy(eV) Energy(eV) Energy(eV)

® PDOS depends on proximity to surface
® First 2-3 layers mainly



Doping: As

(b) As position=1
R=9 layers

Largest NWV (7.3nm)
Eight layers along axis
As at edge (|) & centre (2)

Flatter band at centre

?_)/ As --- (center atom)
>
o1)) L L . |
= -0.5 Distance (a°)
5 — 3.93

Sj 22.31

SR -- 3210
— =——= AR
-1. = — ~ = : , A ) )




Core-shell NWs:YVBM/CBM

unoccupi
% gx z‘g‘:xg:.xx‘
Ly x;zgz,fj32‘='zvz‘

Si-Ge circular NWV (large)
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Other applica
® TJopological defects in YGaOs3

® Graphene on Rh(l 1)
® Au nanopart




Linear scaling



How to make it local ?

Density matrix

p(I‘, I") — Z fnwn(r)wz (I'/)

p(r,r’) — 0,|r — r'| =00
p(r,r’) =0,r —1'| > R,

46



How do we represent it ?

Support functions: local in space

Ranged matrix, K

47



Linear scaling DFT

*Minimise total energy with respect to ¢..(r) and K. ;g
subject to:

|. Correct electron number
2. Self consistency (potential, charge density)

3. ldempotency of density matrix p° = p



Truncating density matrix: O(N)

® The support functions are confined within
a sphere, radius Rreg

® The K matrix is truncated
® All matrices are sparse, p is local

® By increasing radii, approach exact result

Kiajﬁ = 0, |Rz — RJ‘ > R,



Linear scaling DFT

* How do we find K ? f(x)
* Direct methods
* LNV
*OMM
* |terative methods
* McWeeny
* TC etc
* Divide-and-conquer
* Recursion (Lanczos etc)

* Penalty functionals
* Alternative: OFDFT




Truncation

* Spatial truncation
* Approximate DM sparsity/range (imposed)
* Variational
* Consistent sparsity patterns (parallelisation)
* LNV, OMM

* Numerical truncation
* Approximate DM decay (impose tolerance)
* Non-variational (?)
* Varying sparsity patterns
* McWeeny, TC2 etc

Rep. Prog. Phys. 75 036503 (2012)



ldempotency

Hard to impose K2 = K

Use approximation (McVVeeny)

52



Minimising K: LN

*|mposing idempotency is difficult

\'

f()

*We use the McWeeny transform:

p=30° —20°

*Here O is an auxiliary density matrix

1 —

*lf Ag lie in [-0.5, 1.5] then A, will lie in [0, 1]

*Vary energy with respect to elements of O

*During minimisation, p tends towards idempotency



Issues to consider

*Prefactors

* Accuracy (truncation vs BZ sampling)
*|nformation required (eigenstates)
*Parallelisation

* Timescales (linear scaling MD and weak scaling)



Linear scaling: applications



Trenches in PTO

Up domain @ Down domain ®

. . . I
Domain wall | Domain centroid 1 Surface trench

*Domain walls align parallel
to surface trenches

bl oPTO film strained to STO

oo s a1 ®O(N) calculations
I—»[100] ‘UP to 5, I 36 atoms

[001]
d) @Pb ©Ti o O 20 A vacuum |
egion * Most stable parallel to DC
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Trenches in PTO

a) b) e
© 00 00 ©OI[° 0O 060000 0.0
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. ) | 0,079 9,6
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& O 0= O 1R i D e ¢ o
001] i 0O 0 0 0 0 0 O g
-0 | . ke
“”011*[100] O] = 9L3uClent] | L + AFD ks

*| ocal polarisation fields for the three orientations

*Key: how polar texture adapts to trench
*PRL 127,247601 (2021)



Trenches in PTO

0.05

0.00}/

*Vertical surface strain
*DC (top) and DWV (bottom)
*Pristine (solid line)

—0.05}
—0.10}
—0.15}

« —0.20!

*Trench (dashed line)
* Cooperative strain (DC)
0:10 - —— Pristine (bottom surface) ° M O re d i S O rd e r ( DW)
Prist (tc?p st f‘ f)ace
R ;l — 17 H}EN Eb(ziti)m sur>face) g

ST 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Unit cell index
— [100]

PRL 127,247601 (2021)



Heteroepitaxy: Ge/Si(001)

Nanostructures & self-assembly fascinating
Ge on Si(001) has 4.2% lattice mismatch
After ~3ML, 3D hut clusters appear

s it driven by kinetics or energetics ?
Sergiu Arapan (NIMS)




Heteroepitaxy: Ge/Si(001)

® Hut clusters are complex, 3D objects

® Experimentally facets grow top-down

® What can we learn with O(N) DFT ?

Y. -W. Mo, D. E. Savage, B. S. Swartzentruber
and M. G. Lagally, PRL 65, 1020 (1990)

Side



Ge/Si(001):Optimisation

nm .
Germanium

i’%
G siicon

42.4 nm

We performed structural relaxation of 200,000-atom systems
with O(N) DFT.



Hut Cluster Growth
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How do huts grow !

Experiment shows complete new facets

We study dimer stability: where on the face !
Elongated hut (blue: 8x13; yellow: 8x14)

6149 Ge atoms, 13824 Si atoms



Hut Cluster Growth
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Red is stable, blue is less stable
Short side only
Two types of dimer:A and B

A (generally) more stable

Edges, base important



Electronic structure

(a) top view |
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J. Chem.Theo. Comput. 13 4146 (2018)



Linear scaling MD

MD with O(N) solver
Core-shell NWs (~5,000 atoms) at 3000K

Ge melts first

NPT also possible

(a) (b)




Conclusions

® |arge-scale DFT with CONQUEST

® Up to 1,000 atoms with no restriction

® Up to 10,000 atoms with MSSF

e Up to 1,000,000 atoms with O(N) (so far)
® Application of DFT to PTO films

® Very accurate basis sets

® Polar domains in thin films

® |nteraction of domains with trenches
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