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1) Why an accurate NAC is important
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Error accumulation Bead average NAC Predictive NAC
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2) What is NAC
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 Planewaves Basis Set
* Atomic Basis Set
e Mixed

Widely used in
Condensed matter systems
Metal; Surface; Solid
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3) What are NACs look like
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Basic concepts about PAW

* Frozen core approximation
No core orbitals are taken into account in the whole calcualtion

« The all-electron (AE) wavefunction in PAW, also
known as true or exact wavefunction, has nothing
to do with the core electrons wavefunction (e.qg.
WINZ2K)

« AE wavefunction oscillates sharply within the core
region
Large cutoff; Expensive

« PS wavefunction is identical with corresponding AE

wavefunction outside the core region
Small cutoff; Efficient; But wrong shape in the core region
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Basic concepts about PAW

-%e %

AE PS PS-onsite AE-onsite

B0 =T = [+ D (190 = |&8) (P2 o

Pk All electron Wavefunction lTJk Pseudo Wavefunction

7 ith AE partial wave of atom a ¢? ith AE partial wave ofatoma  P;  Projector function
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Exact NAC with PAW
B0 =Tl = [+ D (190 = |&8) (p? o

HST Equation

. 1
diy- R = <¢,-‘ % ‘¢k> = 5 (W Oyt + dt) = (ot + de) [ (r, )

« AE WEFN has never been used in the SCF calculation

« PS WFN is based on PW grids, while other partial waves and projector function are based on atom
centered radial grids.

« PS WFN is readily available (VASP WAVECAR QE pwscf.save/K0001 etc. )

« So people used PS WFENSs instead without rigid test for a long time

: - - 1 - - - -
dji-R = <l/)j‘ % ‘¢k> =t (@i O[Pr(r,t +db) = (Y;(r, t + dO) [Py (r, 1))

« PS WFNSs are neither orthonormal nor eigen wavefunction

VISTA, 4 / 28 / 2021




PS NAC fails for transition metal

Deviation between exact NAC and PS NAC
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Exact NAC with PAW
0 =T =) + ), D (160 = |6) (07 )

R—Zm el 1= ) |68 BE )

For any operator A

(WilAlw) = (5 + Za (¢ — X%) [Alr + Za 0 - XD)
= (Bylalbe) + ) (eslabes) - (x3lalxz) + ®

Sa (¢ =X Al — 1) + Za By - 0JAl0G - x0)+ @)

S Zarareal 0 = X|AIE - 7)) ®

(El6f) =8y 680 = BET) =Ryl > 7, D) = Y @) BEN) = Rol <7

If A is a local operator, Term 2 and Term 3 are zero
However d/dt is a nonlocal operator
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Concentric Approximation (CA) NAC

 Main idea:
If you don’t know how to calculate it, consider to neglect it

PW x PW; PW x Radial; Radial x Radial (different center)

v

PW x PW; Radial x Radial (concentric)

 Butthisis science:
Prove approximation is reasonable

Atom center moves much slower ~<0.2% of core radiusin 1 fs

- d
e R = (v gz [0
1 . . _ .
= o (W Oyt + dt) = (i (ot + dO)[ihre(r, D))
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(p&p%) — (P%|P2)  constant for given pseudopotential
C Z y readily available for every SCF employ PAW

JPCL 2021 12, 3082-3089




Concentric Approximation (CA) NAC
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Calculation Time 378 minutes 0.03s +100.5s

Even exact NAC code needs to consider some approximation
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Concentric Approximation (CA) NAC
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Revisit HST Equation

HST Equation

. 1
dix- R = <zp,-‘ % ‘¢k> = 57 (W Oyt + dt) = (it + dO)[ihre(r, D))

Issue 1. Non-orthogonal basis sets

dye- =] 2|y = <<¢j<r,t>|¢k<r,t+dt>>—<¢,-<r,t>|¢k<r,t>> )
T VL0 17 7 2dt \ 4 (i, (r, t + de) [ (r, £ + db)) — (;(r, t + db) |9y (7, 1))

Akimov et al., JCTC. 2016, 12, 5719
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Revisit HST Equation

HST Equation

. 1
dix- R = <zp,-‘ % ‘¢k> = 57 (W Oyt + dt) = (it + dO)[ihre(r, D))

Issue 2. Phase inconsistence determined by the diagonalization routine; basically, it’s random

: 1
djic- R = (w,-\ . ‘w) = 50 (WOt +de) = (;(r e+ dO[ () = % (1 (r, O [y (r, ¢ + d))

Sign +1 +1 -1 -1 NAC’s sign maybe wrong
Sign +1 -1 -1 -1 ~ 0

For real wavefunction, you have 25% possibility to get a correct NAC

For complex wavefunction, you have almost zero possibility to get a correct NAC
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Revisit HST Equation

Issue 3. Trivial Crossing / Unavoided Crossing
Y;
: 0 1
djx - R = <l/)j‘ ot ‘l/}k> = 2_cit(<l/)j(r' t)|¢k(7”; t+ dt)) — (ij(?”; t + dt)l%c(ﬁ t)))

1

In reality FT

(;(r, O)|r(r, t + dt)) — (P;(r, t + dt) | (r, D))

. 1
diy - R = <¢,-‘ % ‘tpk> = 5 (0, Oy ot + d0) = (Ot + dO) [ (r, D))

1

In reality F7

(W;(r, O)|r(r, t + dt)) — (;(r, t + dt) | (r,0))

|

Phase issue . . .
Spikes for interband relaxation!

Yi

Yy

Large gap

/:p\/\
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Revisit HST Equation .

20- A single issue has limited impact,
Issue 1. Non-orthogonal basis sets g but putting these problems
. M Y O-
Solution Use orthogonal basis sets Sé’ N together may magmfy the error

several hundred times

-20 -

Issue 2. Phase inconsistence 30

0 ZCI)O 4(I)O 660 8(I)O 1000
Solution Phase correction Time (fs)

Akimov, JPCL 2018, 9, 6096—6102 Rely on overlap (y;(t)|;(t + dt))
Issue 3. Trivial Crossing / Unavoided Crossing

Solution State tracking

Tretiak et al., JCP 2012, 137, 10 Rely on overlap (i, () [y (¢ + dt))

Error in pseudo overlap are much larger ~5% to 30%

CAnac can helps!
Code available : https://github.com/WeibinChu/CA-NAC
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Thank You!
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