WHY DFT? Besides E(k) and DoS?

Equilibrium crystal structures
Elastic constants
Charge densities
Vibrational properties
Qualitative prediction of band topology

How to Do DFT with Quantum Espresso?

1) Understand your structure

2) Obtain (generate or steal) pseudopotentials

3) Test your pseudopotentials on known systems (Gf possible)
4) Test your system for convergence in PW energy cutoff

5) Test your system for convergence in k—point sampling

6) Do project—specific calculations and associated tests
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What will almost always get wrong?

Excited state properties:
e Band gaps [can do GW mstead.
 Optical properties (electron—hole interactions) [can do BSE]

Other missing bits and trouble areas:

« Overbinding in LDA, underbinding in GGA

« Strongly correlated systems (narrow d— and f— bands)

e Lack of van der Waals interactions [can be added through the
use of various schemes in addition to DFT]

* Presence of self—interaction error (electron interacts with its
own charge density) [reduced by using hybrid functionals
with some fraction of exact—exchange, but expensive]




o Wavefunctions
e Collective motions of the atoms

equivalently:
Yk (r) = é’ik'ruk(r)

ug(r+T) = uk(r)

Allowed form of the Bloch vectors:
2
m;
k Z _b;
i=1 Ni

where m._ are integers
1



We say the solutions are “Plane Waves”
-> requires periodic boundary conditions

Bloch form of solution:

ezk-r

Yk (r) =" uk(r)

can be satisfied by expansion of the form:

i rG*r




AB INTIO SOFTWARE

Plane Wave Software (for periodic system)

Quantum Espresso
VASP

Requires PERIODIC boundary conditions to work (not great for molecules
- Solution for molecules make the unit cell so large (typically 1.5 nmis

enough) that the atoms in the cell can’t possibly interact (how to do th
https://www.youtube.com/watch?v=/Z8TEpaW7RNc )

Atomic based (site-based)

Gaussian
QChem


https://www.youtube.com/watch?v=Z8TEpaW7RNc

The 15t calculation iteration is complected when all states are
filled below a cutoff energy

. .
ok(r) = ¥ oa(GIOE(D)  ob(r) = MO

Coefficients decay with increasing wavevector magnitude, and thus
can be truncated without loss of accuracy:

ﬁ2

E |k‘|—G‘2 < Ecu‘[

\ Plane wave energy cutoff, typically

expressed in Rv (e.g., QE) or eV (
e.g. VASP)



Many-body wavefunction (keep it simple: only 3 electrons)

Y(r) - ¥ = U(ry, ro,r3)

Probability of finding electron #1 at the point r

prob(r;=r) :/|\I!(r.; ry, 13)|? dradrs

Electron density at the point r

n(r) = prob(ry=r) + prob(r2=r) + prob(rs=r)

Electrons are indistinguishable

n(r) =3 /|\I!(r? ro, r3)|* draodrs



o “alfmf

Kohn and Sham said the (Helmholtz) Enerqgy of the system is:

1 7 re(r)p(r

= Tg p + EHurrrecf[p] -+ E-’t'li‘ [p]

1) Kinetic energy of the system of non-interacting electrons
at the same density.

2) Coulomb is the electrostatic term (Hartree)

3) Exchange-correlation is everything else 7, [r] :ESOEXC[F(")]S
¢ ar(r) ¢




How would you compute the total charge density of a
crystal of N electrons?

n(r) = /\If*(r,rg,--- ry)U(r, 1o, - ry) dPrydPrs - dPry+
+/\IJ*(I'1,I',--- ) U(ry,r, - ry) APy dPrg - APy -
—|—/\I/*(I'1,I'2,"' ,r)\I!(rl,rg,-~- ,I') d37“1 d37’2 d3T3"'d37’N_1 =

:/(5(1‘—1‘1)+5(I'—I‘2)+"°+5(I'_I'N)>

« 3 13 13 3
U*(ry, 1o, - ,rn)V(ry, 1o, -+ ,ry) d°ry drgdorg - - dory =

N
= Z/ (Ulry, 1o, -+ ,rn)0(r —1;) {ry, 1o, - -,y |¥) dPry dPry dPrg - - diry =

1=1

= N/ (Ulry, 1o, - ,rn)0(r — 1) {r1,re, -, rn|¥) d°ry dPrydPrg - - diry =



2 8 ELECTRON DENSITY MAPS, p(r)

’ Electron probe

SrTio, BiFeO,

:'\ i
| | CBED patterns

Pixellated detector

Charge density (e A2)

EXPERIMENT
G
P
:
THEORY (DFT)

Real-space charge-density imaging with sub-angstrom resolution by four-
dimensional electron microscopy. Nature 575, 480-484 (2019).
https://doi.org/10.1038/s41586-019-1649-6
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Charge density (e A2)



) fix coordinates of ions

Initial Guess
p(r)

__> guess charge density

!

Calculate Effective Potential
pil"l

Verf (1) = Ven (1) +f|r_f dr’ + Vyc[p(r))

compute effective potential

1 v

Solve Kohn-Sham qul&ll ions compute eigenfunctions
and charge density

n.f 3 =
|— s Veir| Wi =€i Wi

2m, I

' different compare output and
Evaluate the Electron Density & Total Energy input charges
pr) =X, lvi(m — Enlp)] =...
same

compute forces on atoms

v

greater than threshold?

Converged?

yes

Output Quantities ¢no
po(r), Ej[po(r)] — Forces, Eigenvalues, ...

done




B /
Fuk|p] = Fkslp] = Ts[p] + 5 / f pf:)_[)l(.f)dBPdBP’+E,rf-[p]

== Tg p + EHm’H‘ffff [P] + E-’fli‘ [p]

Take the functional derivative wrt p,
and evaluating at LCAO orbitals gives
the Kohn-Sham equations

o) (r)} i(r) = 011



] r)p(r’
Fuk[p] = Fislpl = Tslpl + 5 // p|(r )_pl(.;l \ra +E, P
— Iy P + EHartree [P] + E.n:‘ [P]
Take the functional derivative wrt p,
and evaluating at LCAO orbitals gives
the Kohn-Sham equations

72
{_ AT Vks[P](l‘)} ¢i(r) = €:0i(r)

2m

where the Kohn-Sham potential is given as:

VI\"S [p] (l‘) — Vex{ (r) + VH(II'TI'(’e [p] (r) + V\'C [p] (r>
WHY?
p(r’) 3 In the Kohn-Sham
VHarIree[p](r) — / ‘l‘ . r,l d’r’ equation the atoms are
not interacting (i.e
V-.[p](r) _ SE_H-[D] Schrodinger Equation),

Sp(r) Instead p keeps track of
all interactions!



Vyc: LDA Local Density Approximation

Approximate as that of a homogeneous electron
gas where each nuclei replaced by a uniform
positively charge background electron density p

0 Fge|n] — ¢ (rm n(r' O€ze(r'sm) 3,/
e = calrin) + [ ()

Vee(r;n) =

LDA potential:

Vaalrs ) = e22(m) + 022 0 _ L (a0 yeogy
the electron gas exchange term VP =V VP
3 LD __ _l 2, \s _ % LD
eiP(n) = —4—(377271)% - Vel = BTt =g
" VLD—é{ln<y2)—|—2—barctan( ¢ >+
¢ 2 Y (y) Q 2y + b

v [ () + 2 et (535) | 1+
~Ac(y — yo) — byoy

6 (y—uy)Y(y)
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FIG. 70 Exact and LDA KS potentials for the He atom.

LDA potential for the He atom. It decays
far too rapidly, and so its orbitals are far
too shallow. The HOMO is at -0.5704 H,
while the LUMO is not bound at all.



V,c: GGA Generalized Gradient Approximation

Generalized Gradient Approximation, 0
the derivative of the charge computed numerically =

yGGA () — ESSA (7)), | Vp ()]
2C 0p (1)

VIS (p (7). [ Vo (R)] . V2o (7). Vo (7) - V |Vp (F)

Density gradient need not be provided, since they are
calculated numerically using the density at the grid points

dp Pit1 — Pi1

or Tirl] — @&

' _,”(:T:.H.

oL,
{:);”J

A finer grid is required for GGA
'(r.(.Jr.l 5 —
Vo= S p =

L. C. Balbas et al., Phys. Rev. B 64, 165110 (2001)



l1l. Exchange-correlation density functional

Performances: GGA vs LDA

Atoms: Molecules:

Exchange-correlation energies in Ha Atomization energies in Ha
Atom [.SD GGA Exact Molecule LSD GGA Exact
H —-0.29 —-0.31 —0.31 H- 4.9 4.6 4.7
He —1.00 —1.06 —1.09 CHy4 20.0 18.2 18.2
Li —1.69 —1.81 —1.83 NH; 14.6 13.1 12.9
Be —2.54 —2.72 —2.76 H->O 11.6 10.1 10.1
N —-6.32 —-6.73 —6.78 CO 13.0 11.7 11.2

Ne —-11.78 —12.42 —12.50 O2 7.6 6.2 5.2
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Controlling Bands
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Walking on B.Z.
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Band =
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K-Points 4 4 4 (i)
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—— o e
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Plotting DOS

Max Energy 500000e-01 | eV - @
Vin Energy So000e01 | v e
EnergySep 100000602 | ev - e
Broadaring S e
brondering Width | 100000602 | By e

Before running
DoS, you

can control
the calculatiol
length and
output here__




Hoterioie APt 0 (580

re calc)

SCF Band
Band resulResult

Result .
After, iterate process to calculate
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Electronic Structure @ - L.
Click electron structure Does your result
d thze ClF_f'lf Az make sense with
oom In Literature .
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PRR— “ Mostly good! But you took
/IS \ e | - = slight different path through
\|/ il = - Change or address in your report!
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AN /._.,\/ \7*\\ E— Lastly, load the outputfile in Excel.

AN/ \\ L/ ‘\\f\------f / adjust and re-plotin your favorite
el Ll L Sci-graphing program!
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