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Linear response TDDFT

V
ext

�n

: external field

: induced density

Jun Yan, Jens. J. Mortensen, Karsten W. Jacobsen and Kristian S. Thygesen, Phys. Rev. B 83, 245122 (2011).

�n(r, t) =

Z
dr0�(r, r0, t)V

ext

(r0, t)

K : Coulomb (+xc) kernel

� = �0 + �0K�

�0
GG0(q,!) =

2

VBZ

X

k,nm

(fnk � fmk+q)
h nk| e�i(q+G)·r | mk+qi h mk+q| ei(q+G0)·r | nki

! + ✏nk � ✏mk+q + i⌘



Jun Yan, GPAW meeting, May 22, 2013

Applications

Plasmons 

• Substrate effect on the plasmon excitations in 
graphene
• Adsorbate effect : H monolayer on Ag(111) surface
• Acoustic surface plasmons

Excitons 
(documented, no tutorial, slow, problem with W)

Bethe-Salpeter Equation
Bootstrap kernel with TDDFT

• Boron nitride sheet on graphene

RPA on GPUs EXX+RPA total energy 

• Formation energy of metal oxides

Overview

Implementa)ons,

Density(Response(
Func/on(

Others :
GW (Falco)

RPA, rALDA (Thomas)
Plasmons (Kirstan)
Solar cell (Ivano)
...

(robust, well documentation and tutorial)

(robust, doc/tutorial only for CPU version)
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Plasmon : nanoplasmonic applications
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Plasmon : quanta of collective electronic excitations

localized plasmon

Localized plasmons depend sensitively on 
the size, shape and dielectric environment 
of the nanoparticles, they can localize and 
enhance electromagnetic wave. 

Applications : 
  Surface enhanced Raman spectroscopy, 
  Chemical and biological sensing, 
  Plasmon enhanced photocatalyst

Propagating plasmon

Propagating plasmons can recover 
evanescent wave at interface, have negative 
refractive index 

Applications: 
  Photonic circuit
  Optical imaging

Plasmonic Field : Classical -> Quantum back
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Application 1 : Graphene @ substrate

Graphene(/(SiC(0001)( Bandstructure(

Graphene(is(weakly(bounded(to(the(SiC(substrate.(
Fermi(level(is(shiAed(upward(by(0.05(eV.(

Substrate: 
•  Change the interface structure /
 electronic structure
•  Introduce doping
•  Dielectric screening

      Static Vs Dynamical effects

The effect of substrate at the weak interaction limit

Jun Yan, Kristian S. Thygesen and Karsten W. Jacobsen, Phys. Rev. Lett. 106, 146803 (2011).

back
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 Graphene @ semiconducting SiC(0001) substrate

Loss$spectra$

Free$standing$$
graphene$

Graphene$/$SiC$

Plasmon$dispersion$
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Graphene @ metallic Al(111) substrate

• !!Plasmon!is!completely!quenched!by!a!metallic!aluminum!substrate.!

π!Plasmon!disappers!

Surface!plasmon!of!
!aluminum!
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Application 1I : H monolayer @ Ag(111) surface

The effect of adsorbate with strong interaction :
a charge-transfer like excitation

Jun Yan, Karsten W. Jacobsen and Kristian S. Thygesen, Phys. Rev. B 84, 235430 (2011).

clean surface H/Ag(111)

back
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Application III: acoustic plasmons at noble metal surfaces
Expt : M. Rocca, Phys. Rev. Lett. 110, 127405 (2013)

Jun Yan, Karsten W. Jacobsen and Kristian S. Thygesen, Phys. Rev. B 86, 241402(R) (2012).

back
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Exciton : solar cell applications
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Implementing the Bethe-Salpeter Equation
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• TDDFT with adiabatic kernel fails to reproduce the excitonic effect

Jun Yan, Karsten W. Jacobsen and Kristian S. Thygesen, Phys. Rev. B 86, 045208 (2012).

back
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TDDFT with non-adiabatic kernel : bootstrap kernel

•  BSE calculation is too expensive 

The kernel is supposed to have a form of       where q  is a wave vector 
and alpha is constant. The adiabatic kernel is independent of q. 

↵

q2

•  An approximate bootstrap kernel with TDDFT

S. Sharma, J.K. Dewhurst, A. Sanna, and E.K.U.Gross, Phys. Rev. Lett. 107, 186401 (2011)

fxc updated self-consistently
It can reproduce bulk tests very well. 
The performance for surfaces or 2D systems is unclear.

back
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RPA correlation energy
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RPA correlation energy :

EXX + RPA total energy

EXX + RPA total energy :

E = EDFT � EDFT
xc

+ EEXX
x

+ ERPA
c
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back

RPA improves:
• Lattice constants
• Surface energies
• Adsorption sites
• Adsorption energies

_______________________________________________________________________________________________
L. Schimka, J. Harl, A. Stroppa, A. Gruneis, M. Marsman, F. Mittendorfer, and G. Kresse, Nature Materials 9, 741 (2010)
X. Ren, P. Rinke and M. Scheffler, Phys. Rev. B 80, 045402 (2009)

LETTERS

NATUREMATERIALS DOI: 10.1038/NMAT2806
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Figure 1 |Atop CO adsorption and surface energies for Pt(111) and Rh(111). a, Considered CO adsorption geometries for a (2⇥2) surface cell. Semilocal
functionals predict CO to adsorb in the fcc hollow site coordinated to three metal atoms on Pt and Rh, whereas experiments unequivocally show
adsorption atop a metal atom. b, Atop adsorption energies versus surface energies for Pt(111) and Rh(111); surface energies are specified per unit area
(u.a.). Various semilocal functionals were used: AM05 (ref. 11), PBEsol (ref. 12), PBE (ref. 9), rPBE (ref. 2) and BLYP (ref. 13), in order of increasing gradient
corrections. Furthermore, the hybrid functional HSE (ref. 18) based on the PBE functional was used.

close to the Fermi level, the adsorption energy is too large if the
surface energy is correct. Good agreement with the experimental
adsorption energies is only obtained by making surfaces artificially
stable using, for instance, the BLYP functional. In this case,
however, a better overall description is not obtained either, because
BLYP underbinds the solids dramatically and yields for example
much overestimated lattice constants (see Fig. 3b). The hybrid
functional describes the position of the 2⇡⇤ and 5� frontier orbitals
best, but the bandwidth of the transition metal is overestimated
compared with experiment. As this increases the surface energy
and concomitantly the capability of the surface to form bonds
with adsorbates, the beneficial effects of the hybrid functional
on the description of the CO molecule are counteracted by the
adverse effects on the description of the substrate. The GW–RPA
method yields excellent results for themetal bandwidth and the 2⇡⇤

frontier orbital, but somewhat underbinds the 5� orbital, which is
a known problem of the GW–RPA approximation and commonly

observed for localized states (5� and 1⇡ in our case). Overall, the
RPA seems to offer a very reasonable description of the electronic
properties (DOS) of CO and the metal, which is also reflected in the
improved energetics.

In passing we note that hybrid functionals work well for a closed
d shell, for example Cu (refs 8,21). In this case, even low-order
many-body perturbation theory, such as second-order Møller–
Plesset perturbation theory, applied to small clusters21 yields
results in good agreement with cluster-based RPA calculations22
or periodic RPA calculations23. However, open-shell transition
metals are more difficult and pose a more stringent test for the
accuracy of the RPA.

The adsorption energies for CO at the metal top and hollow
sites are summarized in Fig. 3c for Cu, the late 4d metals and
Pt. Structural optimization was only considered for CO on Rh
and Pt. For the top and hexagonal close-packed (hcp) sites, the
distance from the surface increases by about 0.03 Å from the PBE

742 NATUREMATERIALS | VOL 9 | SEPTEMBER 2010 | www.nature.com/naturematerials

Despite : PBE structure, none-self-consistency, 
underbinds for atomization/cohesive/
adsorption energies
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Response function - convergence parameters

Number of (empty) bands
Number of k-points

Number of (irreducible) q-points, q = k - k’
Number of plane waves (reciprocal lattice vectors)

Convergence parameters

Number of frequency points

�0
GG0(q,!) =
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X
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Parallelized over q, k (or bands), w and G. 
The parallelization over q and k (or bands) has almost 100% efficiency.
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Frequency integration

•  Use imaginary frequencies •  Use Gauss-Legendre integration method 

Default value for RPA
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For free electrons the non-interacting response function is known as the 
Lindhard function and for high energies its RPA correlation energy scales as:

Ec = E1
c +

A

(Ecut)3/2

Free electron gas limit at high energy cutoff

O2
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Speed up ground state calculation

Grid basis Plane wave basis

N2/Ru(001): 40 hours on 40 cores 2 hours 13 mins on 8 cores

100-400 times speed up


�1

2
r2 + V (r)

�
 nk�(r) = Enk� nk�(r)

The key reason for such speed up is that using plane wave basis, the KS equation is diagonalized 
directly instead of solving iteratively. 

 0
nk�(r)Trial

n(r), V (r)

 new
nk�(r)

until 
converged

Given

Calculate residue

n(r), V (r)Given

Diagonalize KS Hamiltonian
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RPA bottlenecks

Response function takes most of the time (>99.5%)

n(G) ⌘ h nk| e�i(q+G)·r | mk+qi

For a given n, m, k, q, define density matrix :

�0
GG0(q, i!) =

2

VBZ

X

k,nm

(fnk � fmk+q)
h nk| e�i(q+G)·r | mk+qi h mk+q| ei(q+G)·r | nki

i! + ✏nk � ✏mk+q + i⌘

The computing of the response functions consists of :

1. Calculate

 A few hundred lines of code, takes 10% of total computing time for the response function.

2. Perform                              and add to  

     A few lines code, takes 90% of total computing time.

n(G)

�0
GG0(q, i!) 16 complex matrices of size 

4000×4000 : 4G memory
C(i!)n(G)n⇤(G0)

Example : N2/Ru(001) 2*2*3 slab
16 (k-point) * 60 (occ bands) * 3000 (unocc bands) * 16 (w points) * 5 (q-points) = 230,400,000 
loops, which takes 80 cores for 50 hours.
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Bottleneck :      

It is calculated using zher routine in blas. Move this function to cuda using cublas gains 13x speed up.

Group multiple charge density matrices together and use zherk instead of zher routine. 

Speed up RPA using Graphic Processing Units (GPUs)

Final speed up 

6000 lines of python, 1000 lines of C/CUDA (and re-uses many 
GPAW functions)

Techniques:
Use BLAS3 “zherk” instead of BLAS2 “zher”
Batch FFTs
GPU kernels parallelized over atoms/bands/projector-functions
No thunking: all calculations on GPU

Special kernel for PAW terms
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Performance over different systems

__________________________________________________________
Jun Yan, Lin Li and Christopher O’Grady, submitted, 2013.

back
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Enthalpy of Formation per Oxygen

Alkali and Alkali Earth Metal Oxides
with oxidization states

 O2- (oxide), 
O22-(peroxide) , 
O2-(superoxide). 

Transition Metal Oxides
with simple structures 
and spin configurations

• Selection of oxides

PBE values < 0.1 eV difference compared 
with Materials project database 

back
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Enthalpy of Formation per Oxygen

Mean absolute error:
PBE : 0.44 eV
RPA : 0.15 eV

__________________________________________________________________________________
Jun Yan, Jens S. Hummelshøj, and Jens K. Nørskov, Phys. Rev. B 87, 075207 (2013)
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Bulk Volumes with RPA

__________________________________________________________________________________
Jun Yan, Jens S. Hummelshøj, and Jens K. Nørskov, Phys. Rev. B 87, 075207 (2013)

Two representative oxides:
•  Li2O : PBE volume 16.3% smaller than Expt. one
•  Cs2O : PBE volume 16.4% larger than Expt. one
Other oxides : volume error -3% to 6%

RPA volume is 5 and 44 meV lower in total energy for Li2O and Cs2O, respectively
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Different Oxidation States
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Summary

• Plasmons (easy to calculate and measure in Expt, meaningful results even when not converged)

  - Substrate effect : dynamical screening at weak interacting limit

   - Adsorbate effect : charge transfer like excitation at strong interacting limit

   - Low energy acoustic mode : predicted plasmon energies at Au and Ag surface

• Excitons (easy to measure, difficult to calculate and achieve k-point convergence)

  - Single layer boron nitride on graphene

• RPA correlation energy (not directly measured, robust on GPU, hard to converge for metals)

  - Benchmark formation energy of 23 metal oxides : 
         Mean absolute error 0.44 eV (PBE) -> 0.15 eV (RPA)

• Implementations
  - TDDFT with ALDA and bootstrap fxc kernel : well documented and detail tutorials, robust code

   - BSE : documented, no tutorial, hard to converge with k-points

   - RPA (on GPUs) : robust, difficult to converge with k-points for metals

• Other talks 
  - Plasmonics with GPAW (Kristian), GW (Falco), 

   - Extending RPA with renormalized kernel (Thomas), Thin film solar cells (Ivano)
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