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B Al may be an excellent sparring partner to develop your own ideas. Pros:
it takes you seriously and it may be easier to admit your ignorance to it
than to a colleague/supervisor; Cons: it tends to be sycophantic (by
design, | suspect). Beware of its responses, and keep challenging them.
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B Al may be an excellent sparring partner to develop your own ideas. Pros:
it takes you seriously and it may be easier to admit your ignorance to it
than to a colleague/supervisor; Cons: it tends to be sycophantic (by
design, | suspect). Beware of its responses, and keep challenging them.

B It knows the literature better than anybody on Earth. It points you to
the right problem and the right method (if you are vigilant enough). No

more excuses for Irrelevant work—or for doing badly what others have
already done better.

B |t codes better than most and faster than all.




response functions
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response functions

O(variable)

property —

O(strength)

polarizability, dielectric constant

elastic constants

piezoelectric constants

interatomic force constants

Born effective charges
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the Hellmann-Feynman theorem
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the Hellmann-Feynman theorem
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the Hellmann-Feynman theorem
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the Hellmann-Feynman theorem

Hy Uy = E\ Wy
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AH
Ex = Eo + (Wo| AFA[Wo) + O(AA2)
E| = c (WalHx|Wx)
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the Hellmann-Feynman theorem

Hy Uy = E\ Wy
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the Hellmann-Feynman theorem: what about DF T 7

Ey = {n(r):fT(ip)dr:N} l/—_[n] + / n(r)VA(r)drl

no quantum mechanics, no (obvious) perturbation theory

what then?’
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the Hellmann-Feynman theorem: what about DF T 7

Ey = ot fT(I?)dr_N} l/—_[n] + / n(r)VA(r)drl

g(A) = mXin Glx, A\

0G

g'(A) =

X=X(M\)

£l = /nk(r)VA’(r)dr




food for thoughts

£l = /nk(r)vx’(r)dr
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the "2n+1" theorem
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the "2n+1" theorem
d =)+ O(e) = FE = Ey + O(€?)

=05+ » ANol+ o\t =

[=1
\—— 2n+1
¥ E=E+ Y ANED 4o\
[=1
o (Do + D'|(Hy + V)| ®g + D) WoR

(D + D'| Dy + D)

E®) = (¢'|V'|2') — (2'|®")(Do|V'|)

Dalgarno & Stewart (1956); generalization to DFT: Gonze & Vigneron (1989)
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susceptibilities as enerqgy derivatives

H, = H°+aA
_ 9(B)a
XBA = I
(B) = 8;;5 (Hellmann & Feynman)
fl, - 0° + BB

02E, 5

XBA = D000

Hay— B +ad+ 3B
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energy derivatives
H = H() + Z )\z'vz'

ED\] :EO_Zfi)\i | ;thj)\z)\]+
() i ]

r structural optimization & molecular dynamics

¥ (static) response functions
elastic constants
dielectric tensor
piezoelectric tensor

¥ vibrational modes In the adiabatic approximation
interatomic force constants
Born effective charges




enerqgy derivatives from perturbation theory
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energy derivatives from perturbation theory
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enerqgy derivatives from perturbation theory
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enerqgy derivatives from perturbation theory
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density-functional perturbation theory
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density-functional perturbation theory

Va(r) = Vp(r) + Z \iv;i (1)

E()\) = min (F[n] + / v/\(r)n(r)) / n(r)dr = N DFT

n

HF

DFP 1
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calculating the response
n(r) = > |¢u(r)|3
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calculating the response
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DFP I : the equations

DFET
Vo(r) S n(r) V'(r) = n'(r)
Voor®) = Vo) + [ 2L+l < Vaor®) = V() + [ I (o
n(r) = | ;EF o (1) - n'(r) = 2 Re%;% 6% (r) !, (r)
(~A + Vsor(r)) du(r) = eoo(r) — 5 (-A+Vscr(r) = )¢, (r) = PeViop(r)u(r)

SB, P. Giannozzi, and A. Testa, Phys. Rev. Lett. 58, 1861 (1987)
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DFP T : the batch representation

(_A + Vscor(r) — ev)#) (r) = PVsop(r)o.(r)

n'(r)=2Re »  ¢}(r)¢),(r)

€, < B g

n’'(r) is a linear functional of {®,'(r)} = Vuxc'(r) is also a linear functional of {®,’(r)}

(D + K){¢,} = —{PV. .0}
D{¢,} = {(H° —e,)¢,}

{9} = {f-cb‘&(r) > [ o (G2 + e <b3,<r'>¢'vf<r'>}

Baroni & Giannozzi (1994); Gonze (1995); Rocca, Gebauer, Saad & Baroni (2008)




variational perturbation theory
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variational perturbation theory
E = min (V|H|W)

| .

(WW)=1
. HU = AV
S[(WIAIW) — A(W|W) —1)] =0 = { A
H =H°+H
Set ¢ W =W°+ W' and neglect terms o(H’?). Variation with respect to W’ and A’ gives
AN =N+ N
E'=N = (W°|H|we)
o o it A ] (/:/O—EO)\IJ/ :_(/://_E/)wo
(HO—E )V =—(H =N)V° = — O A

E" = (W°|H V)

Dalgarno & Lewis (1956); extension to DFT, Gonze (1995)



simulating atomic vibrations ...
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monochromatic perturbations
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macroscopic electric fields
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macroscopic electric fields
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macroscopic electric fields

Gy(r) = e Tuy(r)
| Vel = 7
OI1H, ][0 B2
- (@lalgy = LTy = PO gy

—P.V'¢) = —E) ¢2(e0]x|dp)




macroscopic electric fields
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macroscopic electric fields

0 H 0
(@lelgly = PLLIE) gy g =

c

~P.V'¢) = —EZ¢8<¢S|:E\¢2>

DFEPT rhs
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D = = ——/" ~E
QoE - 4Te
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FT — —ngu
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phonons in polar materials

E(u,E) = %nguQ ;TEOOEQ—eZ*u-E
F = gf = —Mwiu + Z*E
B I— gglé = 4éTZ*u%—eOQE
rot E~ iq x E =0 ulqg=E=0 (T)
divD~1iq-D =0 ullq=D=0

Fr=—-Muu F, =— ( )u




interatomic force constants
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interatomic force constants
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interatomic force constants

2
2 (R-R)) = =
ou(R)ou; (R/)
) . :
_ iq-(R—R') pols
(27_‘_)3 /e Dst (q)dq

Dgtﬁ (Q)

_|_




interatomic force constants

0°FE
P R-R) = g
ou(R)ou; (R/)
() a (R_R’) ~a
— (27)3 /e TR-R )Dstﬂ(q)dq
D?f(‘l) — T
_|_
& remove singularities in D(q) = Dsr(q) & interpolate Dsr(q) on any finer mesh (pad & with

0's and do FFT-1: # g's = # R’'s)
add back Dgyq(q) analytically

& do FFT’s (# R's = # g’'s - the shorter the range,
the coarser the grid)

& store information & calculate phonon bands
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DFPT: the main features

response functions calculated in terms of response orbitals, {#,}

solve the linear system: ¢, — Hgis¢, ; do not calculate empty (conduction) states
calculate the response to the perturbation you want, only

non-local perturbations: OK

non-periodic perturbations: OK

macroscopic electric fields;: OK
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phonons from DFPT
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P. Giannozzi, S. de Gironcoli, P. Pavone, and SB, Phys. Rev. B 43, 7231 (1991)




DFP T phonons in metals

q=(q,q,q) o5

frequency [cm]

q=(9,9.9)

a4

Stefano de Gironcoll,
Phys. Rev. B b1, 6773

(1995)

frequency [cm]
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applications done so far

Dielectric properties

Plezoelectric properties

astic properties

nonon In crystals and alloys

nonon at surfaces, interfaces, super-

attices, and nano-structures
Raman and infrared activities

Anharmonic couplings and vibrational

line widths

Mode softening and structural
transitions

Electron-phonon interaction and
superconductivity

Thermal expansion

Isotopic effects on structural and
dynamical properties

hermo-elasticity and other thermal
properties of minerals

SB, A. Dal Corso, S. de Gironcoli, and P. Giannozzi, Phonons and related crystal properties
from density-functional perturbation theory, Rev. Mod. Phys. 73, 515 (2001)



DFP T goes time-dependent

simulating materials spectroscopy with 1DDF T
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probing the flickers of matter

flicker probe
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excited states from TDDFp T
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the Liouville-Lanczos algorithm
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the Liouville-Lanczos algorithm
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EELS & IXS spectra in Silicon from TDDFp T
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spin-fluctuation (magnon) dispersions in Crls
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