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. Challenges and Insight in DFT from Fractional
Perspectives

. Scaling Corrections to Approximate Functionals

. Pairing Matrix Fluctuations--Connecting DFT to
many-body theory through the pairing channel for
electron correlation

. Pp-RPA as an approximation of linear response to a
pairing field perturbation

. Capturing double, charge transfer and Rydberg
excitations

. Diradicals, Conical Intersections



Density Functional Theory

 DFT is exact and should give agreement with experiment or
high-level ab initio calculations in all situations.

« Approximate functionals perform well in many systems but
can fail dramatically in other situations.

« This can be traced back to errors of DFA (density
functional approximation)

« The understanding of these errors will hopefully lead to new
and improved functionals.

« The same challenges for other approximate QM
methods.



A large class of problems

Wrong dissociation limit for molecules and ions
Over-binding of charge transfer complex -
too low reaction barriers / 3
Overestimation of polarizabilities and hflperpol |
Overestimation of molecular conductance™
Incorrect long-range behavior of the exchang
Charge-transfer excited states

Band gaps too small

Diels-Alder reactions, highly branched alkanes, dimerization of
aluminum complexes

"4

arizabilities
Rolecular electronics
rrelation potential




Error Increases for systems with fractional
number of electrons: Yingkai Zhang and WY, JCP 1998
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2 at the dissociation limit
too low energy for delocalized electrons
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Savin, in Seminario, “Recent Developments and Applications of Modern DFT”, 1996



DFT for fractional number of electrons

from grand ensembles,
Perdew, Parr, Levy, and Balduz, PRL. 1982

Enys=(1—-0)EN +dEN41
pN4s = (1 —0)pN + dpN41



Where can you find fractional charges?
WY, Yingkai Zhang and Paul Ayers, PRL, 2000 — pure states

H, atthe dissociation limit
Y
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The linearity condition in fractional charges: The energy of e/2

E(z)=2EQ)

0 e/? =



Exact
typical LDA/IGGA ——

Energy

N-1 N N+1
Number of electrons




A dimer, with oo separation: each monomer has E(N)

exact
oN-convex E,. ——
oN-concave E,.
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dl \
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Number of electrons

For oN-convex, 2E(N +%) < E(N)+E(N+1), delocalized

For oN-concave, 2E(N +%) > E(N)+E(N +1), localized



Delocalization and Localization Error
Paula Mori-Sanchez, Aron Cohen and WY, PRL 2008

exact
oN-convex E,. ——
oN-concave E,, —— ]

Localization Error
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Delocalization Error 7

N-1 N N+1
Number of electrons

Consequence of Delocalization Error
1. predicts too low energy for delocalized distributions

2. gives too delocalized charge distributions



Delocalization Error

30

Define the Delocalization Error as the violation of the
linearity condition for fractional charges

A

H3 binding curve

H atom with fractional charge

Delocalization
Error

Cohen, Mori-Sanchez and Yang, 2008 Science



Self-Interaction Error (Perdew-Zunger 1982)

Delocalization Error vs. Self-Interaction Error (SIE)

Exc error for one-electron systems

Self-Interaction Correction (SIC) forces the correction for
every one-electron orbital, improves atomic systems. N
SIC does not improve molecular systems in general -
(sometime over corrections).

SIE fractional extension (0<N<1, Zhang and Yang, JCP 1998)

explained H; problem)

E(N+3) - E(N)

Delocalization Error (Mori-Sanchez, Cohen and Yang, PRL 2008)

Two SIE-free functionals: Becke06, and MCY2 (2006) did not solve the problems
(Self-interaction-free exchange-correlation functional for thermochemistry and
kinetics, Mori-Sanchez, Cohen and Yang, JCP 2006)

Many-electron SIE were used in 2006 (A. Ruzsinszky, J. P. Perdew, G. I. Csonka, O.
A. Vydrov, and G. E. Scuseria, JCP 2006, Mori-Sanchez, Cohen and Yang, JCP 2006)
Delocalization Error agrees with SIE for one electron systems. For general
systemes, it reveals the true relevant mathematical error of approximate
functionals, and captures the physical nature of the error—delocalization.



Delocalization Error in GGA, LDA, B3LYP

Too low energy for fractional charge systems

* Energy of dissociation of molecular ion: too low
« Charge transfer complex energy: too low

* Transition state energy: too low

« Charge transfer excitation energy: too low

« Band gap: too low

* Molecular conductance: too high

* (Hyper)polarizability for long molecules: too high

* Diels-Alder reaction products, highly branched
alkanes, dimerization of aluminum complexes: too
nigh

Cohen, Mori-Sanchez and Yang, 2008 Science



Seeing the delocalization error
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Aron Cohen, Paula Mori-Sanchez and WY, JCP, 2008

Another large class of problems
* huge error dissociation of chemical bonds
 transition metal dimmers
* sSome magnetic properties
« strongly correlated systems
« Mottinsulators, high T superconductors
» degeneracy and near degeneracy

4
Static Correlation Error




The huge error in breaking any bond
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Where can you find fractional spins?

Aron Cohen, Paula Mori-Sanchez and Yang, 2008, JCP
Yang, Ayers and Zhang, PRl 2000

H at the dissociation limit
2

E =EN{)+E(T)

E,=E(M+EW)
¥, =1(¥,+¥,) 5 y Proton)
E =2E(T)=2E({) E

Fractional Spin H Atom: half spin up electron and half spin down electron

E (&) =E(T)=EN)




The constancy condition: energy of fractional spins

E(y)
E () =E(M=EWX)
O = O
l ~ 1



Static Correlation Error

Define the Static Correlation Error as the violation
of the constancy condition for fractional spins

200§ C H,binding curve H atom with fractional spins
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Cohen, Mori-Sanchez and Yang, 2008, JCP; 2008 Science



Exact conditions on DFT

Fractional Charge: 1982: Perdew, Levy, Parr and Baldus
E [(1_ 5)10N T 510N+1] — (1_ 5)EN T 5EN+1

Fractional Spins: 2000, PRL, WY, Zhang and Ayers;
2008, JCP, Cohen, Moris-Sanchez, and WY

E [Z, CipN,i:| =E[py;]1=E,

Fractional Charges and Spins: 2009: PRL, Moris-Sanchez, Cohen and WY

£ (1-0)Y, 6o 6. 0oy |= (=), +0E,

!l The exact XC functional cannot be an explicit and differentiable
functional of the electron density/density matrix, either local or nonlocal.

*Valid for density functionals, and also for 1-body density matrix
functionals, 2-RDM theory, and other many-body theories.



Why we have to deal with fractional number of electrons?

p(r) <=Y(ry,ro,...ryN)

/

E = Elp(r)

Density Functional Theory

Fractional charge can occur

Many-electron theories based on

*Green function
*Density matrix

N\

E = (0| H|T)

Wavefunction Theory

Integers, always!

25



Falt— plan for Hydrogen: H™,H,and H "

Fractional Charge and Fractional Spin Combined —+—

Ng=Np —*—

A = ‘ﬂqﬂq oo 1
"'Il-_'l-.‘_h"':?‘_ﬁg-‘
T

=

""q".'!‘..‘_'ﬂ'q‘:z‘h
gy CH
i o I R
ST

Fractional Charges and Spins: PRL 2009, Cohen, Moris-Sanchez, and WY






Band Gap

Definition of fundamental gap

BT — [E(N —1) — B(N)} — {E(N) — B(N + 1)}
= [—A
derivative k
pderiv {a_E _ 9E }
gap ININ+Ss ONIN_§

integer ' : AT
Egnp " = EZJSEV, Only if  E(N + §) islinear.



Cohen, Mori-Sanchez and Yang (PRB 2008), based on potential
functional theory (PFT) (Yang, Ayers and Wu, PRL 2005)

Computing the chemical potential based on PFT
- 3 L S
E,(N) = min,_ FE,|lvs, N| = E,[v%®, N|

The ground state energy is the minimum of the KS energy functional in
terms of the KS potential.

OFy|v,, N| /d O, |v,, N]
r
ON

0v°(r) N OF,|v8%, N|
dvs(r) |5 ON ON e

- (" ’N])Ugs Bt

OE,(N) (61_% {7 ni}]

ON s ) o)




Chemical Potentials Cohen, Mori-Sanchez and WY, PRB, 2008

Unified expressions:

OF,(N)
ON

Egeriv — <(b]umo|Heff|Cblumo> — <Cbhomo|Heff|(bhomo>

= (@¢| Herr|ot)

Functional Calculation % Ege””
explicit density functional
EiBC — El‘c[p(r)] KS E_If(s g%fnsno o ggosmo
orbital functional
Ere = Eypolps(x!,r)] OEP e + AL || Slome — Ehome T Az
orbital functional
Eye = Eyelps(r', 1)) GKS gff}KS 51%51% — 5%011{1180

—KS orbital gap i1s equal to the band gap, for any explicit density
functional.

—OLEP orbital gap 1s NOT equal to the band gap.
—GKS orbital gap is the band gap, for any orbital functional.

Gap as the discontinuity of energy derivatives- chemical potentials



How can fundamental gap be predicted in DET

For continuous and differentiable functionals of density/density matrix

LUMO energy is the chemical potential for electron addition
HOMO energy is the chemical potential for electron removal

Fundamental gaps predicted from DFT with KS, or GKS
calculations, as the KS gap or the GKS gap

For orbital functionals, the LUMO of the KS (OEP) eigenvalue
IS NOT the chemical potential of electron addition.

Thus the KS gap is not the fundamental gap predicted by the

functional. SE.(N
g]i, L (¢¢| Hest | %)

WY, Mori-Sanchez and Cohen, PRB 2008, JCP 2012




exact

oN-convex E,. ——
oN-concave E,.

=3
0 L
For Linear E(N) Al
oE
AN :1, AE — a_N N-1 N

Number of electrons

Convex curve (LDA, GGA):
derivative underestimates I, overestimates A, [|-A is too small

Concave curve (HF):
derivative overestimates I, underestimate A, I|-A is too large

N+1



How well can fundamental gap be predicted in DFET

 Fundamental gaps predicted from DFT with KS, or GKS
calculations, as the KS gap or the GKS gap

 Only works well if functionals have minimal
delocalization/localization error.

exact

oON-convex E,, ——
| oN-concave E,, ——— ]

-E(N)

E(N+3)

N-1 N

Number of electrons

N+1
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REVIEWS

Challenges for Density Functional Theory
Aron ]. Cohen,” Paula Mori-Sanchez,* and Weitao Yang® 2012



What do we do?

1. Use the exact conditions to improve existing
approximations

2. Many-body theory



First Approach: Use the exact conditions to improve approximations

Improving band gap prediction in density
functional theory from molecules to solids

PRL, 2011, Xiao Zheng, Aron J. Cohen, Paula Mori-
Sanchez, Xiangqgian Hu, and Weitao Yang

Xiao Zheng Aron J. Cohen  Paula Mori-Sanchez
(USTQC) (Cambridge) (Univ. Autonoma Madrid) Xianggiang Hu



Nonempirical Scaling correction

To linearize an energy component, E
electrons, we construct

compr TOr @ systemof N+n (0<n<1)

o

Ecomp[:}'r + ”) — (1 - ”:) Ecomp{:}'r) -+ ”Ecc:-m]}{: N + l)

~

E.omp (N +N)scaleslinearly withn,and reproduces E, at n=0and n=1

comp

The SCto E is

comp

o~

Eecomp(N + 1) — Ecomp(N + n)

AEcomp(N + n)

It is then important to cast AE ., into a functional form, so that it depends
explicitly on p(r), or on Kohn-Sham first-order reduced density matrix

o (r,r’)

42



Scaling correction to J[p]

At fractional electron number N + n, the electron density is

PN in(r) 2= py(r)+nf(r), where f(r) = lim (’)\J_n (x)

n—>0

is the Fukui function.

v(r)

vt = & [ e 22 0L (e )

v — 1

The modified electron Coulomb energy which scales linearly with n is

TN 4 1) = ndlpya ()] + (L= n)Jpx ()]
L [favar {lont) 2 SN £ 50| 0= mion 0ot}

r — 1| r — 1’|

The SCto J[p] is
AJ(N+n)=J(N+n)—J(N+n)= (n 0 ) //drdr’ f|r — r’|

43




Scaling correction to J[p]
— Z N | O (1) 7

meocc

o) = —plr) [ de' I )
= /dl‘;{)g(rjr!)ps(r’vr) — Z m|@m( )|2

meocce

HF exchange hole function

At integer points, n_ = 1 for all occupied m, so that p(r) = g(r)
At fractional n:  p(r) — g(r) = p(r) [1 + / dr’ k2 (r, r’)] = (n—n?)|ds ()

Use Kohn—Sham frontier orbital density to approximate Fukui function,

f(r) =~ |os(r)|?
[ |2
AIV 4y [ v )= 0l

v -1

44



Energy versus fractional electron number
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Band gaps by various DFA and S-DFA

Summary of band-gap prediction for a variety of systems

eV MAE (# of data) MLDA|S-MLDA| LDA S-LDA |B3LYP S-B3LYP
I (18) 0.16 | 0.16 [0.30 0.30 | 020  0.20
o A(15) | 025] 025 |0.27 027|012  0.12
eono (18) | 3.53 | 0.33 [5.18 0.33 | 3.88  0.35
ecnvio (15) | 247 054 |3.33 065 | 228 0.67
La (70) [ 0.22] 022 [021 021|016 0.16
Colecnlos|  Aad (A7) [ 025 [ 025 [024 023|013 013
enono (70) | 310 [ 021 [4.19 035 | 3.09  0.31
cLvno (47) | 278 0.27 [3.66 034 | 250 0.39
solids | Eu, (18) [ 077 [ 077 [1.81 181099  0.99

» The SC preserves the accuracy of /, A, and integer gaps, while it improves
significantly on HOMO and LUMO energies, and derivative gaps

» S-MLDA predicts reasonable band gaps with consistent accuracy for systems
of all sizes, ranging from atoms and molecules to solids 50
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Band gaps of H-passivated Si nanocrystals

Computational details

» Systems under study: H-passivated spherical Si nanocrystals. The largest

system is Si q,H; 45 With a diameter of 20 angstrom

» Geometries optimized by B3LYP with Lanl2dz ECP basis set, except that
the largest system Si,q,H,,5 is optimized with semiempirical PM3 method

» Diffusive basis functions are important to obtain accurate HOMO-LUMO
gaps: 6-31G for H atoms; an sp-shell with an exponent of 0.0237 au and a
d-shell with an exponent of 0.296 au added to Lanl2dz basis for Si atoms

Molecule

d (A) basis

SiogH3e
SizsHzg
SigrHeo
Siz1Hga
Sig7Hze
SigoH100
Sito3H 100
SitgrHyag

9.0 Lanl2dz—spd
10.9 Lanl2dz—spd
11.8 Lanl2dz—spd
13.3 Lanl2dz—pd
14.1 Lanl2dz—pd
15.4 Lanl2dz—pd
16.1 Lanl2dz—d
19.4  Lanl2dz—d

Siig1H1sg

52



Band gaps of H-passivated Si nanocrystals

LDA (integer)
GW >
S-MLDA 44
S-LDA 3]
]
1

e XO
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2
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The S-MLDA HOMO-LUMO gaps agree well with the GW gap3



Local Scaling Correction, PRL, 2015

A Local Scaling Correction for Reducing Delocalization Error in Density Functional
Approximations

Chen Li,} Xiao Zheng 23 * Aron J. Cohen,* Paula Mori-Sdnchez,® and Weitao Yang!:T

Chen Li Xiao Zheng Aron J. Cohen Paula Mori-Sanchez
(Duke) (USTC) (Cambridge) (Univ. Autonoma Madrid



Delocalization Error

30

Define the Delocalization Error as the violation of the
linearity condition for fractional charges

A

H3 binding curve

H atom with fractional charge

Delocalization
Error

Cohen, Mori-Sanchez and Yang, 2008 Science



Local Scaling Correction

* Motivation
 Consider M%>* (M is an atom)
* Diagonize PS matrix

1
0] 0]
1
PS — 0] 0.5 0]
0
0] 0]
i 0
0 ]
0] 0]
0
« PS—(PS)™ — 0 0.5 0




Local Scaling Correction

* Motivation
« S=§, (screened S to reflect locality)
 In atomic basis representation,

[(r) = nlli_I}looXT(T)[P — (PS,)™ 'Px(1),
d(r) = nlll_rgo )(T(r) [l — (PS,)™ — (I —PS,)™] (Sv)_l)((r) ,

« Our key idea

« Apply local linearity condition using f(r) and d(r)



Local fractional occupation humbers n(r)

0.5

(b) d(r)

-4 -2 0 2 4 6 8 10

x(A)

FIG. 1. (a) The local fractional occupation number n(r) and
(b) the local fractional orbital density d(r) of a dissociating
HJ along the bonding axis at various internuclear distances
R. A proton locates at = = 0, while the other proton resides



e Reaction barrier heights

Test Set MAE (kcal/mol)
BLYP LSC-BLYP B3LYP LSC-B3LYP
HTBH38/08'1 7.83 4.85 4.43 2.71
NHTBH38/08%! 8.79 4.38 4.44 2.93
G2-9712 7.28 7.41 3.40 4.51

e LSC improves reaction barrier heights,
maintains thermochemistry.

11. Zheng, J.; Zhao, Y.; Truhlar, D. G. J. Chem. Theory Comput. 2009, 5, 808-821.
12. L. A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem. Phys.

1997, 106, 1063.
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FIG. 2. Dissociation energy curves of (a) Hy and (b) HeJ.




e Polarizablity (longitudinal)
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e Polarizablity (longitudinal)

Polythiophene (PT)
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Second Approach: Many-Body Theory

Kohn-Sham electrons

O

Physical Electrons

o

> =

Kohn-Sham Noninteracting System

Physical System

E; =T.[p] + [ drvs(r)p(r)

E =T:lp] + Jlp] + Exclp] + fdrumt(r)p(r}

connecting H)

Z?’r —%V? + AVee + Zf"r vy (r;), keeping fixed density py(r) = p(r)

Hy = H,

H,=H




Adiabatic Connection

1
OE
E,—E, = /—‘]‘d,l
0

Eqelp] = / (Us| Ve [T2) dA — T[]



Two channels

Ee.lp] = / (Ws| Ve [T2) dA — T[]

Particle-hole channel

Gijkl = {1If|m;mm;“mi|‘l'}

Particle-particle channel (Hole-hole channel)

Lijgr = (0
Qijri = (¥

+ +
a; a; a;a;

-
aRaia; a,

v)
v)

1 .
3 Z<’Ej |kl}aia§a;ak
ik

1
E°¢ =tr f V(G — G%)d).
0

1
E° =tr [ V(T —T%)d\
]

1
E¢ =tr / V(Q* — Q%)ax
0



Linear response Iin density

Particle-hole channel

Gijkl = {qf|ﬂ-;ﬂ-gﬂ; a; | W) EC=tr /1?((}"—(}“)@.
0

particle-number conserving field
FO)=) 1y, 0a, O s5y(r. )
kl

;5'(['] pertubation ﬁp(r,t)
(U, la’a, ) > (Ty |a:[j(t)aHi(t)|\I!év>
Density at t=0 . : / Density at t
Zfoﬂijkl(t_t )szdt
kl

Linear response



SV %)

N

~

sf(""};%}: F(rz —t> _(){fz)
= Jaron r teth svr, t7)
J % )

ey (k) [0 (0| ko) | W) (B k) ) (WY )| )
o) =2 E—(EY - Ey) +in -2 E—(EY — EY) —in
n=0 0
+-|1 - J'L 0 '
" / / o /dxdx /H X E — (X‘X‘E}d}fd}
2?*1 T —

* Exact expression (Langreth and Perdew, 1975)
* ACFDT —adiabatic connection fluctuation dissipation theorem

* Correlation from Dynamic linear response of electron density



First-order approximation to Linear response

* Simplest Approxmation is particle-hole Random Phase
Approximation (ph-RPA)

0

0

~

0

~

0

O L TIVITOVIT® +- ..

* Geometric summation of V, or Ring diagrams

* Direct-RPA, using only direct interaction, w/o exchange



Particle-particle channel — Pairing Matrix Fluctuation

Helen van Aggelen Yang Yang

Exchange-Correlation Energy from Pairing Matrix Fluctuation and the Particle-Particle
Random Phase Approximation
Helen van Aggelen, Yang Yang, Weitao Yang, arXiv:1306.4957 (2013), PRA (2013)



http://arxiv.org/find/physics/1/au:+Aggelen_H/0/1/0/all/0/1
http://arxiv.org/find/physics/1/au:+Yang_Y/0/1/0/all/0/1
http://arxiv.org/find/physics/1/au:+Yang_W/0/1/0/all/0/1
http://arxiv.org/find/physics/1/au:+Aggelen_H/0/1/0/all/0/1
http://arxiv.org/find/physics/1/au:+Yang_Y/0/1/0/all/0/1

The pp propagator K describes pairing matrix fluctuations

Zcr[ r, )= 0 > Z[KG{)

(Vo la,a 10y) > (U la, (Da, (1))
ZfKijkl(t_t‘)fkldt/
KL



Paring Matrix Fluctuation

$Dcr r, 1)
Zcr[ r, )= 0 > Z[KG{)

Sx(r r,t)
:j/<(ﬁ ro 737, f—t’)JD(J} Qf’/)
/

Ky ()= -3 (T lafa 1UN 2NN a,a, 1 T)) NS (O 1a,a, 1 0¥ )T 1 afaf 1TY)
ijkl . E_w’iV—Z +l7] - E_w’11V+2 +”7




particle-hole

2 correlation/excitation
channels

particle-particle hole-hole

a‘a”
aa

N+2 _ N+2 N
wn T En _EO



The correlation energy can be written in terms of

pairing (matrix) fluctuations

-|—13L- e I L -0 !
/ [ En/d}{d}{h (X:K!E:’ K (K:X!E}dE
‘)7]'1 |I‘ o I,.r|

van Aggelen, Yang, Yang, PRA (2013)

density (matrix) fluctuations

+io0 A ] !
/[ ._E”[dxdxfn (x,x", F) H(K’K’E)d}fd,h

T 2 Ir—r/|

Langreth, Perdew (1975);
Gunnarsson, Lundqvist (1976)



The simplest approximation to K is the pp-RPA

K ()= =3 (Uy lala 102 )(W, " la,a, 1Ty +Z<\1ﬂg la,a, | U2 (U2 afar 10
ijkl - E_w,iv_z—i_ln - E_wr]l\/+2+l77

K=K"+KVK
K=K’+KVK° + K°VK°VK® + ...

pp-RPA has been used

* double ionization energies for molecules

« correlation energy in nuclear physics, not in electronic
structure before.



The pp-RPA correlation energy from pairing matrix fluctuations:

E_EHF:__I +i00

: e"'tr VIKN(E)— K (E))dEd)\
2l Y —ico

=~ f f o N'tr (VK(E))'dE d)
i —ioo

tr (VK (E))""'dE

O3
n= 1
—i0c0

27Tl

1 +ico
= e"'tr In(I1+VK"(E))+tr VK" (E)dE
Tl —i00



One way to get the pp-RPA correlation energy

(6 ¢) (37) == (6 %) ()

Agbed = (abl|ed) + dacOpd(€q + €5 — 2v)
Bapi; = (abl|ij)
Cﬁjkﬁ = (:iij'”ki} — 53';;5_};;{:& T €5 — 21‘:’)

Npp N
N2
:E wp + —E (e + €q) E Vabab
7L

a<bh a<b

Npp
= E wﬂ+2—trﬁ
TL



The ph-RPA has large fractional-charge errors

E (Hartree)

-0.48

Bond length (Ang)
1 2 3 4 5 6

-0.52

-0.56 4

-0.604"

-0.64

—m— ph-RPA
—@— pp-RPA
—A— KS-LDA
—v— CCSD

-0.68 -



The ph-RPA has large fractional-charge errors

Bond length (Ang)

0 2 4 6 8 10

He—2|_ _4? | | 1 | ]
—m— ph-RPA
—o— pp-RPA
—A— KS-LDA
—v— CCSD
o

¥

" S

E (Hartree)

-5.2 -



The ph-RPA violates the ‘flat plane
condition’

1.0 0.0



The pp-RPA satisfies the ‘flat plane condition’

1.0 0.0



ph-RPA vs. pp-RPA

E(A.U.)

-7.20

-7.40 |

NB

Na

Li atom



CH3-CHS3 dissociation

E(A.U)
78

-79

-80

7

bond length (A)

—ph-RPA
pp-RPA
KS- B3LYP

—CCSD



The pp-RPA has much better energy derivatives than the ph-

E (Hartree)

RPA
N
16.0 16.5 17.0 17.5 18.0
-459.0 4 ' ) I |
-459.1
\\ —m— ph-RPA
-459.2 4 o pp-RPA
—A— HF

“499:34 ~v— CCSD
-459.4 -
-459.5 -
-459.6 -
-459.7 - \

: fE
-459.8 -




The pp-RPA has much better energy derivatives than the ph-
RPA

(

)
ON

J

N+d

m O =Z2 O W

MAE

pp-RPA

0.125
1.185
0.772
0.177
0.959
-1.395
-4.206
0.945

ph-RPA

-3.013
-2.811
-4.010
-4.131
-5.553
-8.299

-11.434

4.552

LDA

-2.169
-2.515
-3.812
-5.083
-4.910
-7.709

-10.812
4.232

expt.

-0.618
-0.295
-0.280
-1.262
-0.070
-1.461

-3.401



The pp-RPA also recovers van der Waals
Interactions

Bond length (Ang)

3 4 5 6
A 0.0015 —! ' ! !
r2
0.0010 - —m— ph-RPA
—o— pp-RPA
—A— KS-LDA
0.0005 -
— —w— accurate
Q
Qo
£ 0.00004
4y}
L
W 500054
-0.0010 -
-0.0015 -




The pp-RPA also recovers van der Waals
Interactions

Bond length (Ang)

3 4 5 6
l l 1 |
NeAr
0.0004
0.0000
)
o
t
£ -0.0004
L —m— ph-RPA
@ pp-RPA
-0.0008 —A— KS-LDA
—w— accurate
-0.0012 -



70
65 - ® pp-RPA
i O
60 ] 0 ph-RPA
~ 554
o) - 0
g 50 0 g O
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= 35_- O o o 0O
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Number of atoms

Reason?
May be change
of electron pairs

ph-RPA:
INncrease
dramatically

PP-RPA:
nearly
constant



TIDDEI with.pairing fields

What is the exact theory behind pp-RPA?

D = O
& —

TDDDFT-P: TDDFT with pairing fields

D= % f dxdx'[D* (x, x ) (x" ) (x) + h.c]

Ph-excitation:

Pp-excitation:
double ionization,
double electron affinity

110



Linear-response TDDFT-P

 TDDFT with pairing field (TDDFT-P) at zero-
pairing field limit

Kw)=Ks(w) + K(w)LK(w)

lim TDDFT-P = pp-RPA

02Exc/dk*dk—0

e Extension and Restriction of work related to
DFT/TDDFT for superconductors by Gross et al.

e Path forward 52 Excp, 5]

Jre = dk*(x1,x])dk(x2,%5)

Peng, van Aggelen, Yang, Yang, J. Chem. Phys. 2014 H



TIDDEI with.pairing fields

--What is the exact theory behind pp-RPA?

D — C
D —

--Justify the use of DFT reference in the pp-RPA calculations

Ph-excitation:

Pp-excitation:
double ionization,
double electron affinity

Peng, van Aggelen, Yang, Yang, J. Chem. Phys. 2014 e



Capture Challenging Excitations
with Particle-Particle Random

Phase Approximation

Yang Yang, Helen v. Aggelen and WY
J. Chem. Phys. 2013



E-uN

N-2 system to N system

Reference shift

N-2

N+2

E-uN

A

Eexcitation: Eblue' Ered



Results: capture double excitation

TABLE 1. Lowest double excitations or excitations with double excitation
character (in eV).*

Term Standard RPA-HF TDA-HF RPA-B3LYP RPA-HF*
Be

'D 71.05 7.06 71.06 1.97 7.06
ip 7.40 745 1.45 7.84 7.45
BH

iy 5.04 5.51 5.48 5.12 5.53
LA 6.06 6.15 6.12 5.9% 6.18
'y 1.20 7.10 71.11 7.05 1.22
Butadiene

: A, 6.35 5.93 5.83 6.47 7.93
Hexatriene

'AE 5.21 543 5.34 5.01 7.46




Results: describe Rydberg excitation / '

TABLE II. Rydberg excitations (in eV).*

Transition Term Standard RPA-HF TDA-HF RPA-HF*

Be

25— 68 33 8.82 8.79 8.79 8.79
25— 68 's 8.84 8.81 8.81 8.81
25— 6p ip 8.89 8.87 8.87 8.87
2s—>6p 'p 8.90 8.87 8.87 8.87
2s—6d ‘D 8.93 8.91 8.91 8.91
2s—ad 'D 8.96 8.95 8.95 8.95
Li

25— 68 ’S 4.96 4.97 4.97

25— 6p ’p 5.01 5.05 5.05

25— d 2D 5.01 5.03 5.03

N>

0y 350, XL} 12.0 10.97 10.39

og—>3s0, 'Zf 12.2 11.07 10.69

o, — 3pm, ', 12.90 11.62 11.26

o, —>3pos, T} 12.98 11.63 11.29




Accurate atomic quantum defects from particle-particle random

phase approximation

Yang Yang

Department of Chemastry, Duke Unawversity, Durham, NC 27708, U.S.
Kicron Burke*

Weitao Yang!

The particle-particle random phase approximation with a
Hartree-Fock reference accurately describes all the
Rydberg excitations with a small error in quantum defect.

Mol. Phys. 2015



Results: correct CT 1/r behavior
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Results:

nood single excitation

TABLE III. Single excitations (in eV).*

Term  Standard RPA-HF  RPA-B3LYP RPA-HF* TDDFT
Mg

ip 2.71 2.57 343 2.58 261
lp 4.53 4.27 5.68 4.28 4.25
g 5.11 4.99 6.96 5.00 5.06
lg 5.39 5.27 7.21 5.28 545
CH*

n 1.15 1.72 1.16 1.31 ~1.24
T 3.07 3.60 3.18 3.50 2.83
Co

‘n 6.32 5.59 5.84 6.44 5.96
3y 8.51 7.77 7.99 9.32 8.42




Benchmark tests: Error summar

Ethene  E-Butadiene all-E-Hexatriene
O
A @ 4 J
Cyclopropene Cyclopentadiene Norbornadiene Furan
HsC
>=O OGO
H.C=0
HsC
Formaldehyde Acetone p-Benzoquinone

o< X

N-phenylpyrrole (PP) 4-(N,N-dimethylamino)
benzonitrile (DMABN)

all-E-Octatetraene

Yy
N / N \,/7‘ N
Pyridazine s-Tetrazine

All-E-Decapentaene
not drawn

16 molecules
46 excitations
27 Singlets
19 Triplets




Benchmark tests: Error summar

o | RPA-| RPA-| RPA- | TDA- | TDA- | TDA- cls | TD-hi TD- | TD-
hf |b3lyp| pbe hf |b3lyp| pbe b3lyp | pbe

Total MSE 0.02 0.04 -0.14 -0.14 -0.24 -0.44 0.34 -0.85 -0.34 -0.54

Total MAE 0.88 0.38 0.38 0.85 0.41 0.60 0.79 1.74 0.38 0.54

Singlet MSE -0.17 0.10 -0.04| -0.33 -0.16  -0.30 0.82 0.61 -0.28 -0.63

Singlet MAE 0.99 0.33 0.34 1.00 0.32 0.54 0.87 0.79 0.36 0.63

Triplet MSE 0.29 -0.05 -0.27 0.12 -0.34 0.40 -0.36 -2.93 -0.42 -0.41

Triplet  MAE 0.71 0.46 0.44 0.64 0.54 0.43 0.67 3.08 0.42 0.41




Predictions of singlet-triplet
gaps for diradicals through
particle-particle random phase
approximation

JPC 2015



Diradicals

* Radical ?
* Diradical --- two radicals 4 4
P q
— To pair or not to pair?
q
— — ¢
« P | A
P g v P
Degenerate Energy far away

Hund’s rule --- Exchange Orbital energy
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Vertical singlet-triplet gaps for disjoint diradicals

TABLE III: Vertical singlet-triplet gaps (in keal/mol) for disjoint diradicals®

Ref.? pp-HF pp-B3LYP pp-PBE (V)FS-PBE® SF-LDA? SF-PBEY SF-B3LYP4 SF-wPBEL?

.CH,CH,CH,. 1.8 24 4.4 5.4 20.4
'Ar 00 00 0.1 0.1 - 0.0 0.0 0.0 0.0
.CH,(CH,),CH,, 1B, 1608  79.9 147.4 159.2 - 35.1 38.2 67.8 133.2
2'4; 1631  80.6 149.0 161.9 - 35.2 38.3 67.9 133.6
1A, -02  -03 0.1 0.4 - 1.5 1.2 -1.1 0.6
CH,(CH,),C(CH)H.  2"A; 131.1  66.1 129.0 139.8 - 26.9 23.2 54.8 113.3
314; 1443 783 142.1 152.3 - 46.4 44.6 74.5 127.6

. Using DFT references are critical for pp-RPA.

. When there is no charge transfer ( *4,), both pp-
RPA and SF-TDDFT perform well.

. pp-RPA performs much better when there is charge
transfer.




Singlet-triplet gaps (in eV) for acenes

peve |23 ]4]5]6 7 8|9 10

SRZVEEIREE 290 2.01 141 1.00 0.71 0.51 0.37 0.28 0.22

geo

pp-RPA/B3LYP T 0.39 0.25 0.17 0.12 0.09
geo
_2.65a 1.87 1.27¢ 0.86

b d

1000600060000
n-1

0 GO
o0 GO0
9999900
(0 s

=
==}
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op-RPA with SCC-DFTB

Adriel Dominguez Garcia Thomas Frauenheim



1. Excitations with double contributions

pp-DFTB pp-RPA TD-camB3LYP

hexatriene Ag

butadiene Ag

-
2. Charge transfer excitations

5

--Need functionals with reduced delocalization error.
--Use the RS hybrid DFTB from Thomas Niehaus



Conical intersection

* two electronic states are
degenerate and the
potential energy surfaces
Intersect

« NINt-2 dimension space

« Often relates to charge
transfer, ultrafast
photochemical transitions




.Current methods

. IDDFT
. Completely fails to get N"-2 dimension
. Multi-reference methods
. Usually expensive
. Recently developed methods
. CIC-TDA, CDFT-CI, SI-SA-REKS, SF-TDDFT

A multi-configuration method that efficiently describes

the ground and excited states on the same footing.




O | |

A | A |
| v | v
D, Huckel’s model Ground state Excited state

o =001
y (angsirom) ¥ (angstrom)

(a) CASSCF(3,6) (b) TDDFT-B3LYP (¢) pp-RPA-B3LYP (Same as pp-
TDA-B3LYP here)

J. Phys. Chem. Letters, in press 2016



2. Dy, NH,

A I
| | Accurate double-
Al | A
" ¥ | cone character
Mori-Sanchez, Cohen and Yang, JCP 2006,
Ground state Excited state

105 N

B (degree) f (degree)
P B (degree)

(a) CASSCF(6,6) (b) TDDFT-B3LYP (c) pp-RPA-B3LYP (d) pp-TDA-B3LYP

radius fanastrom) radius {anostrom)

J. Phys. Chem. Letters, in press 2016



