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A quick refreshment of DFT
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A quick refreshment of DFT A S(r) = & S(r)

Basis functions

N
n(e) = ) [P/

M

PSm) = > iyl

u=1
Generalized eigenvalue problem:

Huy Gy = €5y Cjy

o 5 Completely general
HMV B (M|H|V) (even for non-orthogonal basis sets)
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A quick refreshment of DFT AesS(r) = 955(r)
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A quick refreshment of DFT AesS(r) = 955(r)
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A quick refreshment of DFT AesS(r) = 955(r)

N
y n() = ) WIS
n(r) = z|¢{<s(r)|2 = i

@)= iyl

B (0) =<Mr=|;> z z CiuCivy®u (@) (r) =

i uv

N z z CiuCiv| PPy (r) =

pv | i

ttttttttt

siesta =i dea 9

nanociencia




A quick refreshment of DFT AesS(r) = 955(r)
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A quick refreshment of DFT
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M

BaS|S sets |1/)§<S(r)) = Z Ciplt)

u=1
We can use the Bloch theorem
) = k) = <= Y e BRUR)  —— ) = k) = = > (k)M [uR)
nu
VN - VN o

Generalized eigenvalue problem:

Huv (k) ij (k) = gj,kSuv (k) ij (k)

H,, (k) = (uk|H|vk) = Z e R(,0|H|VR)
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Basis functions:

Planewaves

Atomic orbitals

Wavelets

Bessel functions
Augmented plane waves
Muffin-tin orbitals
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Basis functions:

Planewaves

Atomic orbitals

Wavelets

Bessel functions
Augmented plane waves
Muffin-tin orbitals
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Basis functions:

siesta

Good for writing equations with PBC

Expressions for H are simple (Fast Fourier Transform)
Convergence: Systematic and complete

Orthogonal

Spatially unbiased

Vacuum is expensive! (Costs as much as matter).
We need a large number of PW per electron
Compact orbitals are harder to describe
Localization ideas are not easy to implement
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Basis functions:
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Atomic orbitals
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Atomic orbitals LCAO methods

M

PEm) = D iyl

pu=1

Qbu(l' —R)) = ¢1plm(1'1) = Rpp (r) Yi, (1)
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Atomic orbitals LCAO methods

M

PEm) = D iyl

pu=1

Qbu(l' —R)) = ¢1plm(1'1) = Rip (r) Yi, (1)
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Atomic orbitals LCAO methods

M

PEm) = D iyl

p=1

Qb”(l‘ —R)) = ¢Iplm(rl) — Rlpl (r) Vi (1)

siesta

Taken from: https://chem.libretexts.org/




Atomic orbitals LCAO methods

M

PEm) = D iyl

u=1
Qbu(l' —R)) = ¢1plm(1'1) = Rppi (r) Vi (1)

[ - Atom index

[ - Angular momentum

m — Magnetic quantum number

p — Multiple orbitals for the same Im
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Atomic orbitals LCAO methods

M

PEm) = D iyl

p=1

Qbu(l' —R)) = ¢1plm(1'1) = Rppi (r) Vi (1)

Very common (tradition) from quantum chemistry methods:
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Atomic orbitals

Very efficient in terms of number of orbitals per electrons.

Very well suited to describe localization.

Large reduction in CPU and memory costs.

No need for periodicity.

Vacuum is almost free.

Chemical information (charge population, projected density of states, etc).
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Atomic orbitals

» Very efficient in terms of number of orbitals per electrons.

» Very well suited to describe localization.

 Large reduction in CPU and memory costs.

* No need for periodicity.

« Vacuum is almost free.

« Chemical information (charge population, projected density of states, etc).

 Lack of systematics for convergence.

* Require human and computational effort to get a good basis set before use.

« Spatially biased, since they are optimal for an atomic problem: Basis Set Superposition Error.
 Orbitals move with atoms, which brings extra terms in forces (Pulay corrections).
 Calculation of Hamiltonian matrix elements can be quite complicated (and expensive).
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Atomic orbitals
¢u(r —R)) = ¢Iplm(rl) = Rlpl (r) Yim (rp)

« Mininal basis set (single-C or SZ)

« Multiple-C

e Diffuse functions
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Atomic orbitals

¢u(r —R;) = ¢Iplm(rl) = Rlpl (r) Vi (rp)

Minimal basis set (single-C or SZ)

Multiple-C

Diffuse functions

Polarization orbitals
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Basis sets: Hierarchy

» Generating basis sets for a calculation:

General philosophy: Larger number of orbitals — Better quality of basis set.
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Basis sets: Hierarchy

» Generating basis sets for a calculation:

General philosophy: Larger number of orbitals — Better quality of basis set.

Single-{ Multiple-C
Polarization
Diffuse orbitals
Cheap Highly
exploratory converged
calculations calculations
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Basis sets:

14
Si
Silicon
28.085

Valence
electrons

352 3p?

Total number of orbitals:

SZ
1 S
1 Dx
1 Dy
1 Dz
4




Basis sets:

14
Si
Silicon
28.085

Valence
electrons

352 3p?

Total number of orbitals:

Sz DZ
1 S 2 S
1 Dx 2 2%
1 Py 2 Py
1 Dz 2 12
4 8




Basis sets:

Valence
electrons

14
Si
Silicon
28.085

M~ oo

352 3p?

Total number of orbitals:

SZ DZ Polarization (P)
1 S 2 S 1 Ay
1 px 2 px 1 dyz
1 Dy 2 Dy 1 d,y
1 Pz 2 Pz 1 dy2_y2
1 dBZZ—T'Z
4 8 13 DZ+P = DZP




Basis sets:

1 S

1 dyy

1 dy,

1 d,y

1 dxz_yz

1 d322—1"2
26 2
Fe °©
[ron
55.845

Valence
electrons

352 3p?

Total number of orbitals:

Valence
electrons

452 3d°

Total number of orbitals:

SZ DZ Polarization (P)
1 S 2 S 1 Ay
1 px 2 px 1 dyz
1 Dy 2 Dy 1 Ay
1 Pz 2 Pz 1 dy2_y2
1 dBZz—T'Z
4 8 13 Dz+P = DZP
SZ DZ Polarization (P)
1 S 1 S 1 Dy
1 dxy 1 dxy 1 Dy
1 dyZ 1 dyz 1 pZ
1 d,, 1 d,,
1 dxz_yz 1 de_yZ
1 d322—7"2 1 d3ZZ—1‘2
6 12 15 DzZ+P = DZP




Basis sets:

2.50 T .
! (b)
200 S1 -
S 150 —~
2
? i TZP (17) |
g 100 SZP O 7p (13) — =
I TZTP+F (34) |
0.50 — —
O 00 I 1 l 1 I 1 l 1 : 1
S 10 15 20 25 —= PW cutoff (Ry)
(25) (71) (130) (201) (280) —= PW basis size
- minstituto 9Ex CCCCCC .
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Basis sets:

2.50 T T . : :
h (b) » Polarization orbitals are
important for convergence.
200 Si -
S 150 —
L
? i 1) |
LS 1.00— e (9)DZP (13)) 17DP (22) B
I TZTP+F (34) [
0.50 [~ —
0.00 l | l 1 I 1 l | : 1
5 10 15 20 25 —= PW cutoff (Ry)
(25) (71) (130) (201) (280) —= PW basis size
siesta Phys. Rev. B 64, 235111 (2001) |Mdea @ s
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Basis sets:

2.50 j I | I
i (b)
200 — S1 -
] | » Polarization orbitals are important for
convergence.
@ 150~ B « DZP basis is usually “good enough” as
2 . Il compared to converged PW calculations.
o TZP (17) o .
2 100 SZP (9) .  Deviations are comparable to differences
- DZP (13) 1ZDP (22) due to pseudopotentials or XC functionals
I TZTP+F (34) |
0.50 — -
O OO I | I 1 I 1 l | : 1
5 10 15 20 25 —= PW cutoff (Ry)
(25) (71) (130) (201) (280) —= PW basis size
. minstituto
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Basis sets:

Phys. Rev. B 64, 235111 (2001)

TABLE II. Basis comparisons for bulk Si. a, B, and E, stand for

lattice parameter (in A), bulk modulus (in GPa), and cohesive en- o _ _
ergy (in eV), respectively. SZ, DZ, and TZ stand for single ¢, * Polarization orbitals are important for

double ¢, and triple . P stands for polarized, DP for doubly polar- convergence.
ized. LAPW results were taken from Ref. 41, and the experimental .. " ”
* DZP basis is usually “good enough” as

values from Ref. 42. -
compared to converged PW calculations.

SZ DZ TZ SZP DZP TZP TZDP PW LAPW Expt. . :
- - Deviations are comparable to differences
a 5.52 549 548 543 540 539 539 538 541 543 due to pseudopotentials or XC functionals

B 8 8 8 97 97 97 97 96 96 98.8
E. 470 483 485 521 531 532 534 537 528 4.63

WARNING!
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Atomic orbitals:
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Atomic orbitals:

¢Iplm(r1) = Rpp; (r) Yim (r7)

« Linear combination of numerical pseudo atomic orbitals (PAO)
« Strictly localized: Zero beyond a certain radius from the nucleus: The cutoff radii (r,)
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Atomic orbitals:

¢Iplm(rl) = Rppi (r) Yi, (1)

« Linear combination of numerical pseudo atomic orbitals (PAO)
« Strictly localized: Zero beyond a certain radius: The cutoff radius (r,)

L 1 . L L | 1
0 | 2 3 4 5 6 7
r (Bohr)
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Atomic orbitals:

¢Iplm(rl) = Rppi (r) Yi, (1)

« Linear combination of numerical pseudo atomic orbitals (PAO)
« Strictly localized: Zero beyond a certain radius: The cutoff radius (r,)

L 1 . L L | 1
0 | 2 3 4 5 6 7
r (Bohr)
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Atomic orbitals:

¢Iplm(rl) — RIpl (r) Yim (r7)

Ryp1 (r) is automatically generated by SIESTA

« Based on finite-range pseudo-atomic orbitals [FIREBALLS: Sankey & Niklewski, Phys. Rev. B 40, 3979 (1989)]
* Numerical solution of a pseudoatom + some “modifications”

» Depends on parameters that need to be defined by the user

* Quite tunable

» Various levels of automatism, and predefinition of default values for parameters
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Atomic orbitals:

¢Iplm(rl) — RIpl (r) Yim (r7)

Ryp1 (r) is automatically generated by SIESTA

» Solution of a Kohn-Sham DFT calculation of a (isolated) pseudo-atom under an added confinement potential

1 d? [(1+1)
21 dr? 21

——r 4+ 5 - Vl(T')> Rl(n) = (El + 651)Rl(r)
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Atomic orbitals:

¢Iplm(rl) — RIpl (r) Yim (r7)

Ryp1 (r) is automatically generated by SIESTA

» Solution of a Kohn-Sham DFT calculation of a (isolated) pseudo-atom under an added confinement potential

1 d? [(1+1)
21 dr? 21

——r 4+ 5 - Vl(T')> Rl(n) = (El + 551)Rl(r)

Single parameter to choose r,
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Atomic orbitals:

¢Iplm(rl) — RIpl (r) Yim (r7)

Ryp1 (r) is automatically generated by SIESTA

» Solution of a Kohn-Sham DFT calculation of a (isolated) pseudo-atom under an added confinement potential

1 d? [(1+1)
21 dr? 21

——r 4+ 5 - Vl(T')> Rl(n) = (El + 551)Rl(r)

Single parameter to choose r,

The larger the Energy Shift, the shorter the r,

Phys. Stat. Solidi (b) 215, 809 (1999)
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Atomic orbitals: ot A EER

(l)lplm(rl) = Rpp; (r) Yy, (r;) 02

y(r)

0.1

First-C

30—

I I
Te—Ti
. exp | =3
This work M
Te—T

Z
2
( . = 201 N
V(r < a) — O % (b) Sankey roo_’: :
) = Orbitals with discontinuous g P
. ) 2 ok orsfield r : I.’:z:
V(T > a) — o first derivates at r, I 1
T : N
© de———" i A
1 3 5 7
r(a.u.)
ot s () snd coropondiog pootos 0
Y-—7 . . . . Phys. Rev. B 64, 235111 (2001)
-1 = Orbitals with continuous derivates S
Vi) =V, € ' = Strictly localized (zero at r.)
— 70 r. —71 = Two parameters to optimize
C
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Atomic orbitals:
¢Iplm(rl) — RIpl (r) Yim (r7)

Multiple-C
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Atomic orbitals:
(l)lplm(rl) = Rpp (r) Yi, (1)

Multiple-C

Phys. Rev. B 69, 195113 (2004)

v Orthogonality
v Asymptotically complete (within sphere)

8.0

>
o

x Unbound excited states of pseudos
x Efficiency requires longer cutoff radius

uoNSUNS BABM [BIPEY

Pseudo potential (Hartree)
IN
o

|
n
o

s|iesta




Atomic orbitals:

Multiple-C

s|iesta

(l)lplm(rl) = Rpp (r) Yi, (1)

2.0
15 |

5(r)

0.5

@ (b)

DZ-s

(250 = ri(a, — b)r2 if r <1

0.0

2.0

\XIZZ(T) = Xllc("”) ifr=nr sl ©
10 - DZ-p DZ-p
Choose r;° and continue smoothly towards ¢(r)
the origin as rt(a; — b;)r? 05 Ru ] ]
Two parameters: (a and b): the new orbitals ‘ ‘ f | i |
and its first derivates must be continuous at r;° os 0 S S A

The second-( is the (normalized) difference
between the first-¢ and the function above
1 is controlled with PAO.Splitnorm (default = 0.15)

Phys. Stat. Solidi (b) 215, 809 (1999)
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Atomic orbitals:
¢Iplm(rl) — RIpl (r) Yim (r7)

Generation of the polarization orbitals

s|iesta



Atomic orbitals:
¢Iplm(rl) = Rpp (r) Yi, (1)

Generation of the polarization orbitals

1. Perturbative polarization
» Free pseudo atom valence orbitals under an external electric field
* [+ 1 orbitals with the same range of the unperturbed orbitals

2. Atomic polarization

» Solve the Schrodinger equation for a free
pseudo atom with higher angular momentum

» Usually unbound: requires short cutoffs

s|iesta

Phys. Stat. Solidi (b) 215, 809 (1999)

Polarization d orbitals for silicon

03 F b
(a) -
0z | AFE=0.25 eV |
$(r) :
AFE=0.01 eV -
01 - X 1
000 26 io 80 80
r (Bohr)
(b)
|
1 L 1 1
0.0 2.0 4.0 6.0 8.0 10.0
r (Bohr)



Atomic orbitals:

Shorter radii Larger radii

More accurate

More efficient

Basis can be optimized to get better agreement with experiments. That
doesn’t necessarily mean the basis set is better. There are other
approximations implied (e.g. the XC functional) that could be responsible
for disagreements between calculations and experiments!!

N | N 1 '
5.0 6.0 7.0 8.0
cutoff radii (a.u.)

J. Phys.: Condens. Matter 14, 2745 (2002)
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Small recap
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Small recap

» Generating basis sets for a calculation:

General philosophy: Larger number of orbitals — Better quality of basis set.

Single-{ Multiple-C
Polarization
Diffuse orbitals
Cheap Highly
exploratory converged
calculations calculations
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Small recap

» Generating basis sets for a calculation:

General philosophy: Larger number of orbitals — Better quality of basis set.

e In SIESTA

* Warning 1:

« Warning 2:




General advice

* Tests your basis set before doing serious calculations

* Warning 1:

« Warning 2:




Practical stuff
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Practical stuff

Basic

FDF Flags Default Slightly better

Basis size:
Range of first {:
Second (:

Range of second:

Confinement
potential:

Fictitious pressure HEEHE: —
=i dea 7
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Practical stuff

Advanced

%block PAO.BasisSize

Si DZ
H SZP
0] DZP

%endblock PAO.BasisSize
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Practical stuff

Advanced
%block PAO.BasisSize %block PAO.Basis
Si DZ 0 2
H SZP n=2 (%] 2 E 560. 2.5
0] DZP 0.0 0.0
%»endblock PAO.BasisSize 1.0 1.0
n=2 1 2 P 1
0.0 0.0
1.0 1.0

%endblock PAO.Basis

% Species | Number of orbitals

s|iesta




Practical stuff

Advanced
%block PAO.BasisSize %block PAO.Basis
Si DZ 0 2
H SZP n=2 (%) 2 E 50. 2.5
0] DZP 0.0 0.0
%»endblock PAO.BasisSize 1.0 1.0
n=2 1 2 P 1
0.0 0.0
1.0 1.0

%endblock PAO.Basis

% Species | Number of orbitals

% principal quatum number | angular momentum | number of C

s|iesta




Practical stuff

Advanced
%block PAO.BasisSize %block PAO.Basis
Si DZ 0 2
H SZP n=2 (%) 2 E 560. 2.5
0] DZP 0.0 0.0
%»endblock PAO.BasisSize 1.0 1.0
n=2 1 2 P 1
0.0 0.0
1.0 1.0

%endblock PAO.Basis

% Species | Number of orbitals

% principal quatum number | angular momentum | number of C

% type of confinement| parameters for the confinement potential

s|iesta




Practical stuff

Advanced
%block PAO.BasisSize %block PAO.Basis
Si DZ 0 2
H SZP n=2 (%) 2 E 50. 2.5
0] DZP 0.0 0.9
%»endblock PAO.BasisSize 1.0 1.0
n=2 1 2 P 1
0.0 0.0
1.0 1.0

%endblock PAO.Basis

% Species | Number of orbitals

% principal quatum number | angular momentum | number of C

% type of confinement| parameters for the confinement potential

% cutoff radius first-T| matching radius second-C

s|iesta




Practical stuff

Advanced
%block PAO.BasisSize %block PAO.Basis
Si DZ 0O 2
H SZP n=2 (%) 2 E 560. 2.5
0] DZP 0.0 0.9
%»endblock PAO.BasisSize 1.0 1.0
n=2 1 2 [
0.0 0.0
1.0 1.0

%endblock PAO.Basis

% Species | Number of orbitals

% principal quatum number | angular momentum | number of C

% type of confinement| parameters for the confinement potential

% cutoff radius first-T| matching radius second-C

siesta X potarization orvitals | muber of ¢ for polarzation




Practical stuff

Advanced

%block PAO.BasisSize

Si DZ
H SZP
0] DZP

%endblock PAO.BasisSize

s|iesta

%block PAO.Basis %block PAO.Basis

0O 2 O 3

n=2 (% 2 E 560. 2.5 n=2 (%) 2
0.0 0.0 0.0 0.0
1.0 1.0 1.0 1.0

n=2 1 2 [P n=2 1 2
0.0 0.0 0.0 0.0
1.0 1.0 1.0 1.0

%endblock PAO.Basis -

%endblock PAO.Basis




Hands-on session:
Basis sets optimization
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Problems...
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Problems...

The VOID
(vacuum)
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Problems... Localization is a double-edged sword

Very efficient in terms of number of orbitals per electrons.

Very well suited to describe localization.

Large reduction in CPU and memory costs.

No need for periodicity.

Vacuum is almost free.

Chemical information (charge population, projected density of states, etc).
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EXCELENC 1A
e A RBE LR . ocHOA

nanociencia




Problems... Localization is a double-edged sword

» Very efficient in terms of number of orbitals per electrons.

» Very well suited to describe localization.

« Large reduction in CPU and memory costs.

* No need for periodicity.

« Vacuum is almost free.

« Chemical information (charge population, projected density of states, etc).

 Lack of systematics for convergence.

* Require human and computational effort to get a good basis set before use.

« Spatially biased, since they are optimal for an atomic problem: Basis Set Superposition Error.
+ Orbitals move with atoms, which brings extra terms in forces (Pulay corrections).
 Calculation of Hamiltonian matrix elements can be quite complicated (and expensive).
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Problems... BSSE
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Problems... BSSE

Ebinding — Etotal o Esystem1 o Esystem2
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Problems... BSSE

= More flexible basis set as
compared to the individual
systems.

= Typically it overestimates the
interaction energy

Ebinding — Etotal o Esystem o Esystem
1 2
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Problems... BSSE... Solution
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Problems... BSSE... Solution

= Place basis functions where there
are no atoms (more flexibility)

= They do not add charge to the
system

» |n SIESTA they enter the FDF file in
the ChemicalSpecieslLabel block
as negative numbers

= |f we have better basis sets the
improvement by adding ghost
atoms lowers.

Created by Rihards Gromuls
trom Noun Project

Created by Rihards Gromuls
from Noun Project
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Problems... 2D materials

Graphene
Graphene: on a substrate

Z N S S N
» o -
.I.l.l.l
L \ ..‘
. . .
NV S N S N
| |
..‘..
S S N N
. . .
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Problems... 2D materials...Solutions

Graphene
Graphene: on a substrate
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Problems... 2D materials...Solutions 2

Graphene
Graphene: on a substrate
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Problems... 2D materials...Diffuse orbitals

i

ecee 9%

\% \Q—%\g = Very important for surfaces/2D materials
= |onger cut-off radii and slower decay than the usual
orbitals in bulk materials
Q%b Q%E) . Typically: 1 — [ + 1

Graphene: 2s 2p valence — 3s 3p diffuse orbitals

(a) Opt. DZP  (b) Diffuse (c) 1-Floating (d) 2—Floating

s|iesta

5
Z (Bohr)

FIG. 7. Decay into the vacuum of the wave function of the
surface state at the I" point for Ag, plotted along a line in the z
direction (perpendicular to the surface) which passes through a sur-
face atom. The last atomic layer is located at z=0. (a) and (b) show
the wave function in linear and logarithmic scale, respectively.

» |Improve the surface energies and work functions

= Improves the energy of the surface states and their
decay into vacuum

= They are a bit more expensive than ghost orbitals

» They are more convenient for relaxations (or
dynamical calculations)
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Hands-on session:
Basis sets...Special cases
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