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The outline

Quantum Mechanics 101
= The concepts and how they are used in AIMS

Minimal basis solvers in AIMS
= Yes, there are several

The rant about documentation
= \We need more comments!

DO YOU POST
YOLUR CODE ON
FACEBOOK?

DIDN’'T You
SAY TO ME IT
NEEDS MORE
COMMENTS?

CODE COMMENTING MADE EASY

https://github.com/ybouz2/project-tech/wiki/Coding-standarts 4



QM 101
Schrodinger equation (in B-0 approximation):
HY = E¥
2
o Pi Z 1
fl = +y - ——
- 2m, IZR:Z|R, — 75| kizk:, 2|7y — Ty

Density functional theory (rewrite everything in terms of
electron density):

Eror < (P|H|®); ¥ = W[n]; Ing: Erorqr = min
Eior = Eln] =TIn] + VIn] + VesIn] + Exc[n]
Kohn-Sham equations:
v2
o 7 V(F)] Vi (7)) = ex i (F)

Zkll/)k(F)lz =n(r); v(¥) = vi(F) + Vs (F) + vy (F)




More QM 101
T iti ce.g., Cii0)
So]vnlg Kohn-Sham Initial gues: e.g., Ck
equations: —1 Update derlsity nm)(r)
I ; (m) (m)
= Rewrite them in terms of Update e e
basis decomposition = [ dron(r)is ()
. . . .
coefficients in matrix S ———
form; solve v

repeat until n(m+H)=p(m)

selfconsistently:

Yr(r) = z CkiPi(r) ; z Ckilji = z €k CkiSji

] [ [

Volker’s talk during 2021 tutorial series
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FHI-aIMms

The ab initio materials
simulation package

An all-electron electronic structure code based
on numeric atom-centered orbitals (NAOs)

NAOs:
5 U; (1) u(r) 4(i_cutc,)ff
¢i[lm] (’I") — - : Ylm(-Q) i pot’l
Ui(f”)) - tabulated V radius

= The choice allows to subdivide KS equations

Into radial and angular parts and simplify the
radial equation:

1 111+ 1)

_EVZ + 5Tz +v(r) + vcut(T)] u;(r) = eu;(r)

Blum et al, CPC 180, 2175 (2009)
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Basis in FHI-aims

Minimal + “Tiers”

= Minimal basis = occupied free atom orbitals
(w)©

= Tiers composed of ionic (2+) and hydrogen-

L L]
like functions :
# Definition of "minimal” basis
#
. .
* lonic 2+ wavefunctions [+ et
valence 2 s 2.
valence 2 p 2.
l # ion occupancy
needed s e s A
- ion_occ 2 p 1.
#
# Suggested additional basis functions. For production calculations,
# uncomment them one after another (the most important basis functions are
# listed first).
#
# Constructed for dimers: 1.8 A, 1.25 A, 1.5 A, 2.0 A, 3.0 A
#
# "First tier" - improvements: -1214.57 meV to -155.61 meV
hydreo 2 p 1.7
hydro 3 d 6
hydre 2 s 4.9
# "Second tier" - improvements: -67.75 meV to -5.23 meV
i hydro 4 f 9.8
= hydro 3 p 5.2
i hydro 3 s 4.3
= hydro 5 g 14.4
i hydro 3 d 6.2
# "Third tier" - improvements: -2.43 meV to -0.60 meV




I
More QM 101: Zeroth order regular approximation

Relativistic Dirac equation:
o 2 1) (2)=<(0)
coa-p —2c2+v)\x) " “\x
Eliminate small component:
2

Aescg = (V + o

C
Put Pauli matrices in, rewrite:

CV c?

. ‘. _
<V+p262 E—Vp+lp262+Na>¢ €¢

Spin-orbit coupling
(for heavy elements)

Va-p)<b=eqb

T+ € —

Scalar relativity term
(for elements with Z > 20)

v. Lenthe et al, JCP 99, 4597 (1993) 9



ZORA
Expand H®%¢ in R take zeroth expansion order
2
_ C
HZOTa — V _I_
Pocz—vP

Substitute H7°"® for Hamiltonian in Schrodinger
equation, do the math once again, arrive to the

following radial KS equation:

c? c? I[(l+ 1)
Ry VVZ -+ PSR + v(r) + veue (M) | ui(r) = €u; (1)

Van Wiillen, 1999: Substitute V for Ve, ee qrom (“atomic
ZORA”)

= Regains gauge invariancy

= Removes unphysical forces in ZORA calculations

v. Wiillen, JCP 109, 392 (1998) 10
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Minimum basis solvers in aims

SRATOM

= A self-consistent solver of radial Schrodinger
equation with scalar relativity on a logarithmic
grid

AtomSphere

= SCF free atom solver based on the
(unpublished) work done by Stefan
Goedecker (seems that it was Initially the part
of ABINIT?)

11



I
AtomSphere

- I don't understand how this subroutine works, I don't have the time to understand

it, and they're not paying me to understand it. You're on your own, kid!

Uses xclib interface
Scalar relativity was initially not implemented
= Work done by Rungdong Zhao and Yi Yao
Also uses logarithmic grid
= But different that that in aims: r; = ry(e® — 1)

12



I
Work done by Yi Yao

kinetic

_ minma Tmey

atom sphere zora eps le-12

atom sphere zora eps le-14

atom sphere zora eps le-16

atom sphere zora eps le-18

sratom

100000 ——rrrrm—rr e

-205851.160476344
-205851.166311959
-205851.168340841
-205851.168544115

-205851.169346916

70000 - AN

60000 N

50000 - \
40000 N\
30000 | \
20000 F
10000 -

0r L

ul

-10000

Ak B IR IR AALL BRI ALLL B
atom sphere zora eps le-12 ——

90000 - RS atom sphere zora eps le-14 ———
v, atom sphere zora eps le-16
80000 - atom sphere zora eps le-18 -
sratom =-=---

r (Bohr?)

PR ERTIT B B R T I RTTIT R RRTIT BT T AR T RTT| E
1077 10% 10° 10 10 10% 107!

6.3s 1s kinetic
9.2s

22.5s

69.0s Xe atom

To summarize my modification:

1. the atom_sphere+atomic_zora works.

2. | optimized the atom_sphere zora solver with better initial guess
for relativistic potential. A single convergence

parameter atom_sphere_zora_eps is introduced in

the control.in file. | set the default to be 1e-14 for now.

Wish list:

1. initial guess (both wavefunctions and relativistic potential from

sratom PBE).
2. extensive tests for different atoms/xc...

13
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Checking if AtomSphere really works...

The difference between
free atom energies got from
different minimum basis solvers

PBF
— Das_sr
— pPBED
Bassn
AP0 - PEE
PBEQ — PBE
— L3

/

HBeNNeAI S KTMnMGaSeRbZrTcPdIn TeCs

It seems to work!

= but only for PBE XC
potential

= and for selected
elements

For hybrid PBEO
AtomSphere gives up
to 20 eV higher energy
than SRATOM foe
heavy elements

14



I
Putting SR WFs into AS

AtomSphere

wavefunctions 2000
(compared to 1750 -
SRATOM) for Xe atom;
starting point .
¢O(T) — rle—O.9Zeffr e

300 A

Atom _sphere Y/r: step 0

1500 +

1250 4

2501

ey
.....
-----
LR

The wavefunctions
converge to the g , , = ,

10-% 1077 10-5 1073 101 101
SRATOM counterparts

15



I
Putting SR WFs into AS

AtomSphere
wavefunctions o Atom_sphere abs(W/r): step 0
(compared to i
SRATOM) for Xe atom; 1500 |
starting point: 1250 1
SRATOM 109
wavefunctions =
oo
250
The wavefunctions do =
not converge to the 250

T T T T T
10~ 10~7 1073 10-3 10-1 10!

SRATOM counterparts

16
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Putting SR WFs into AS

AtomSphere ionic aform, sphara W stap D
wavefunctions .
(compared to

SRATOM) for Xe atom;
starting point:

SRATOM
wavefunctions

1500

1000

500

—500
—1000

—1500

The wavefunctions g . . . . .
. 10~ 1077 10-3 10-13 10-1 10!
diverge

17



Let’s have a glimpse at the code

335697

Fortran 90
8041

Fortran 77

CMake
C/C++ Header

~344K lines of code
= 8kinF77|336kin F90

12k lines of comments
= 3.5k in F77 | 8.5k in F90

Comment ratio: 44% in F77 | 2.5% in F90

18
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Why writing documentation is important?

For you For others
= You will be using your = Others will use your
code in 6 months code and build upon it
= You want people to = Others will be
use your code and encouraged to
give you credit contribute to your code

For science
= Encourage open science
= Allow reproduciblility and transparency

19
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Good practices when commenting the code

Make comments meaningful

X += 1; // increment x
END; # END

X = X * 1.1221432243293; /* Joes fiddle factor don't know what it is
but it doesnt work without 1t */
a = (INT64)b * (INT64)c; /* INT64 = INT32 * INT32 */

Try to answer questions: “What has been done?”,

“What needs to be done”; “Why it needs to be done?”

1 //Close the gate
2 pgate.close()

< Bad

1 //Enter isolation mode: (Close gates, shutdown power, activate beacon)
2 [/Step 1: Close all gates but the emergency spill gate. = Good
3 gate.close()

https://www.quora.com/Whats-a-good-comment-code-ratio 20
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Good practices when commenting the code

Good code still needs documenting

= And it's almost impossible to write a good code in
FORTRAN

Use implicit none

Write the equation (or the link) and the numerical
method that is used to solve it

if (mang 12) then

Code and comments should be written at the same
time

ri=rnuml/rdenomi
call detnp(nrad,rr,ri,nmod(iprin,l+1,isp))

else
if ( cut atom rprb ©.de) then
r2=rprb*rnum2

call detnp(nrad,rr,r2,nmod(iprin,l+1,isp))

21



Back to AtomSphere

The comments:

I'l SETTING UP DIFFERENT SEGMENTS

I Finite nucleus Coulomb potential
I'l confinement potential

I Add pa ra@?tgﬂ;gj?@)otential
IHTHIFIXMET BuTlldin d~2/dr"2 -
Z/r + 1(1+41)/2r"2

IGS Orthogonalization of psi

I Since the Hartree potential is
calculated we can now add the core
charge

I This (vxc) is needed only for
checking purposes

I Add Hartree Fock terms

I Add hartree and XC contributions to
gradient

I'l' SOLVING SCF CYCLE

I if there is no convergence within 50
steps of the 2000 loop the shift are
presumably not optimal and they will bg
set equal to the eigenvalues of the
previous 3000 loop

| iculate char‘ﬁqﬁens Eles tlal
- ciesteateulatio

calculate unconstralneglgradient
I hh (kinetic energy + local potential)
times psi
I Add hartree contribution
I Add XC terms

—CoitutatetagrangT muttipITer matTIX

I'l THIS PART DECIDES THE VALUE OF NMOD
FOR EACH ORBITAL

I transform psi, grad and grads to
canonical ones

I add constraints to gradient

residues — WTF?

precondition gradient

: Update w nction
I set up DIAdTJl <§gFtriangle)

calculate new line
copy to work array, right hand side,

solve linear system
update wavefunction

orthogonalize wavefunctions

|
|
|
|
|
I
boundary elements
|
|
|
I

Il End of SCF

22



Look at the precondition gradient

I precondition gradient

if (ids.eq.1) then ! Since preconditioner
is fixed, it has to be calculated only in
first iteration

do 1=0,1max
do iprin=1, max(nprin(l+1,1),
nprin(1+1,2))
do j=1, nrad
pot@(j,iprin,l+1)=shift(iprin,1+1)
luse constant local potential
if (cut_atom) then
pot@(j,iprin,l+1)=poto(j,iprin,

1+1) + cutoff pot( rr(j), cutoff type, r cut,
w_cutoff, scale cutoff )

else if (rprb.gt.0.d@) then
pot@(j,iprin,l+1)=pote(j,iprin, 1+
1)+.5d0*(rr(j)/rprb**2)**2
end if
enddo
enddo
enddo

z=0.d0 ! local potential entirely
contained in potloc
call crthhp(nspol,nprinx,nprin,
nrad, lmax,rr,z,pot@,hhp)
endif

I** TRIDIAGONAL SYMMETRIC

PRECONDITIONING HAMILTONIAN MATRIX
ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok |

subroutine crthhp(nspol,nprinx,
nprin,nrad, lmax, rr,znuc, pot@,hhp)
I Calculates a tridiagonal
symmetric preconditioning
hamiltonian matrix hhp in a basis
of linear finite elements

implicit real*8 (a-h, o0-z)
dimension rr(nrad),hhp(2,nrad,

nprinx,lmax+1),pot@(nrad,nprinx,

1max+1),nprin(lmax+1,nspol)




L
Preconditioner

Solving Schrodinger equation for orthogonal basis
is equivalent to minimizing the constrained
gradient

g =Hu— €u
Eigenvalues converge faster then eigenvectors; let
u be approximate eigenvector and u + p be the
true eigenvector; then p is found as

p=(H-€e)'g
and at each step u; can be found as
U; = Uj_q — tp,

where tis of the order of 1.

24
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Solution to the AtomSphere problem

Change the Hamiltonian preconditioner matrix to
include ZORA terms

ao ouds, 1=1 nrda-1

2395 aa=const*(rr(i+l)-rr(i))
! aa=const*(rr(i+l)-rr(i))
aa=damprel (i+1)*1*(1+1)*.333333333333333d0*(rr(i+1)-rr(i))
rl=r2
rz=srr(i+l)
dr=r2-rl
rirZ2=rl*r2
p=q
g=pot@(i+1,iprin,1+1)
2404 - tt=(rlg + rlr2 + r2q)/dr*.16666666666666d0

' tt=(rlg + rir2 + r2q)/dr*.16666666666666d0
tt=damprel(i+1)*(rlg + rlr2 + r2q)/dr¥*.33333333333333d0
ss=dr*(10.d0*p*rlqg + 2.d0*g*rlg + 4.d0*p*rlr2 + &

25



Results

— 2,
25 -
— N o
— ﬂﬂ%lf_ﬂgﬁNDREL
20 -
>
v 15 A
-
=
@
=
10
5 - /
__—'—'-"'-—--
0 — \

H Be N Ne Al S K TiMn Ni Ga Se Rb Zr Tt Pd In Te Cs

Element

Hybrids still do not work correctly (reason — nonlocal free atom potential)
Also, several elements did not converge

26



L
Conclusions

AtomSphere works now (sort of...)

= Hybrids are not working as the free-atom
potential iIs non-local

= MetaGGAs still need some time to be
iImplemented

My advice to you: Comment your code
= But comment wisely ©

27



PS

Just a reminder, we have GIMS which is also being

actively developed

= and we desperately need the feedback!

)0EQPa3)

Choose your code Fulé’i}:\:li_ exhgine

6 Graphical Interface for Materials Simulations / & Deskiop application L
Choose GIMS version | Development v |

Calculation Apps

o= S
== GW Calculation

”':" Simple Calculation @ Band Structure © :

Elemental Apps

Structure Builder @

Software enabling GIMS: ASE * Spglib  three.js * Flask

Version 1.1.0 * Release Notes * Contributing + DOI: 10.21105/joss.02767

Control Generator @ \M\.« Output Analyzer @

28


https://gims-dev.ms1p.org/
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