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Plan for the next hour...

Starting point:

Electronic structure problem and its importance
Density Functional Theory and Hartree Fock. Why, how and practicalities.

From there:
* Does this solve all our problems in electronic structure?

* If not, why not?

* The nature of electron correlation.

* What else lies out there: LDA+U, Post-DFT, the spectrum of other methods, Embedding,...
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(Static) mean-field theory
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‘e \ .-
Q/Q‘@I/ .
° °
N-body problem N, 1-body independent particle problems

U[H] YIF()]

* HF/KS-DFT can be represented by single Slater determinant:
No explicit correlation in this representation

Hartree-Fock theory

) Coulomb and exchange interaction with
K.E., nuclear repulsion ~_— average of other electrons [Note, when electrons

\ T are the same, this cancels]
IPH - ZE iy Z‘I;n uv

u<v
Dependent on orbitals: Solve self-consistentl!
Eu=j% )H,y,(1)dr P Y

w [Iv. (l)w;(z)ﬁwﬂ (l)'/’v(?') dr,dr,do,do,
k=]l "’Z(‘)WC(Z){,IE..Z]‘Vu(Z)V’v (1)dr, dr, do, do,

* One-body effective Hamiltonian
* No correlation effects (implicit or explicit)
* Symmetry breaking very powerful concept
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Hartree-Fock to Kohn Sham-DFT...

B+ 3T~ K. +Egelp]

U= p<v

)Hyy, (1)dz
() ( )drdr do do,

- [Wu(z)v'v (1)dr, dr, do, do,
2

« Still one-body effective Hamiltonian
* Implicit correlation effects

1) Write energy as
functional of total electron density

2) Existence proof of density functional
for remaining neglected physics

Hartree-Fock to Kohn Sham-DFT...

II’H_ZE +Z"u\ x +EIEC[p]

u<v

E, =jw,1 Ay, (1)dr
jyv E'[ij(l)w;(Z)mwp(l)wv(Z) dr dr,do do,

K =[] W;(])V’:(Z)'rl _lrz["’u(z)'/’v (1)dr, dr, do, do,

* Hybrid functionals [PBEO, B3LYP]: add back
in a fraction (e.g. 25%) of ‘exact exchange’.
* Back to HF cost

 Still one-body effective Hamiltonian
* Implicit correlation effects

1) Write energy as
functional of total electron density

2) Existence proof of density functional
for remaining neglected physics
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Hartree-Fock vs. Kohn Sham-DFT...

* HFis fully ab initio, while DFT is semi-empirical in practice
= XC-functionals parameterized and optimized over data sets,
giving (hopefully) a domain of applicability and transferability

’ KS-DFT often cheaper and almost always better

R L I

IPs and EAs +0.5eV +0.2eV [Delta SCF]
Bond lengths -1% +1pm

Vibrational Frequencies +10% -3%

Barrier heights +30-50% -25%

Bond energies -50% 1+0.1eV

KS-DFT now overwhelmingly dominates materials (and molecular) modelling with excellent cost:accuracy ratio
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Which functional should | use...??
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Lets start to think about errors a bit more systematically.

30

Stretched H,*

LDA ——
B3LYP ——
Exact —s— «

Hartree-Fock

AE/kcal mol™

-70 PR

ul i il

1234567 8 910 100 1000 10000

oo

Bond Length/Angstrom

Self-interaction / delocalization error
DFT can’t describe H%5*

Cohen et. al., Chem. Rev. 2012

9
Delocalization error: Fractionally charged (sub)systems
Exact —= . Bve - Is this all completely abstract?
) L * Gaps significantly underestimated
E L * Excitations/charge spuriously delocalized
L ] * Electron transport
| - | * Absorption processes
b ) oy * Coulomb blockade H® hole density
T T T T T T * ..and many more ‘ '
Exact —e— Exact Molecules  « " "
Initial Slope - e B3LYP Molecules t PBE t MO8-2X
€g3Lyp . L ':.. of . : )
> | oL e 1 2, -ﬁ:ﬁﬁ‘% e ““‘ﬁm@*““
3 1 [ ", e g
] - == =
I [ ]
9 e — 9 l'u:::::-.... 22800 f HF cesp
5 55 6 6.5 7 5 55 6 6.5 7 %E
Number of Electrons Number of Electrons per C &f Al g o o5 s A
— == =
DFT has unphysical smooth change wrt variation in charge * w * w
Cohen et. al., Chem. Rev. 2012
10



11/8/22

Delocalization error: Fractionally charged (sub)systems

Energy

Energy

"Exact —e—

Table 4. Seeing the Delocalization Error in Organic Chem-

istry: Errors of Many Functionals for the Twist to Heart

T T
Exact —e—

Initial Slope -

€g3LYP B

)

5 55 6
Number of Electrons

6.5 7

DFT has unphysical smooth c/

Isomerization Energy of [10]-Annulene, C,oH,o"

O - D
==, o’
functional annulene error CH,"™
LDA —1427 -1597
GGA and Meta-GGA Functionals
BLYP ~1395 —1562
HCTH 1437 1554
HCTH407 —14.47 -1542
PBE 14.08 1554
BPS6 1412 1544
BPBE —14.08 —1548
OoLYP ~1493 -1559
OPBE 1504 1545
TPSS ~ 1447 -1497
MO6 L ~1144 —14.61
Hybeid Functionals

TPSSh -1278 -13.08
BiLYP 1060 1176
PBEO -991 -1066
B97-1 ~1034 -11.74
B97 2 1060 11L.70
B97-3 938 1069
Mo —6.86 -1092
MO6-2X 274 623
MO06-HF 266 L9
HF is%0 438
HFLYP 270 a8

Is this all completely abstract?

* Gaps significantly underestimated

* Excitations/charge
* Electron transport

spuriously delocalized

* Absorption processes

* Coulomb blockade
* ..and many more

Comparing errors in isomers with different

electron localization.

DFT spuriously stabiliz

es delocalized structures

Cohen et. al., Chem. Rev. 2012
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Delocalization error: Fractionally charged (sub)systems
' "Exact —e— ' " Exact —e— : 2
1 s B3LYP 1 Is this all completely abstract?
) J L ] * Gaps significantly underestimated
L% J L ] * Excitations/charge spuriously delocalized
J L | * Electron transport
1 | - | * Absorption processes
) . T b e + Coulomb blockade
T T T T T T * ..and many more
Exact —e— Exact Molecules  «
Initial Slope - e B3LYP Molecules  + —_—
- £3LYP R " | Absorption of NO, on graphene
5 | i i NO,
2 | 4 L
w w— Coulomb blockade hehavior
o q - Density funetional theory (DFT):
T NO, on graphene
I © ] i A
5 55 6 6.5 7 5 55 6 6.5 7 . ]
Number of Electrons Number of Electrons per C & 0 —
05 1 |
“10 -5 0 5

DFT has unphysical smooth change wrt variation in charge

Cohen et. al., Chem. Rev. 2012
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Lets start to think about errors a bit more systematically.

Stretched H,
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250 DA o A
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Lets start to think about errors a bit more systematically.

Stretched H,

300
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-150

14
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Lets start to think about errors a bit more systematically.

Stretched H, _ |

AE/keal mol™

300
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100

(42
o

‘ \p ¥,
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LDA —— A 8
Exact —— (

|
- . |

—— N\p W,
A B

lo i\ 3B lg) 1B (N2
—_— AN AN

A B

From a wave function perspective, this is a
question of conditional probability,

P

12345678910 100 100010000 < i.e. electron correlation
Bond Length/Angstrom
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Lets start to think about errors a bit more systematically.

Stretched H,

AE/keal mol™

300
250
200
150
100

(4}
o

HF -
B3LYP —+— Hartree-Fock ——

LDA —— B3LYP ——

Energy

Number of electrons

PR PR L

6 7 8 910 100 100010000 <
Bond Length/Angstrom

Despite the ‘in principle exact’ nature, due to viewing the N-electron density as a
continuous (not discrete) variable, DFT still has the spirit of an average ‘mean-field’ method...

16
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. . .
Fractional Spin / strong correlation errors
famctional Hi Hy HTS
Energy (eV) Energy (V) oA ase fost G
GGA and Meta-GGA Functiosals
N /1 BLYP a6 “s2 69
. . . . \ 7t - as o
Again, these abstract model manifest in real errors: i : %Xf » o o o -
i PaE e« 516 90
i \ BPSS 6664 4ae ss2
* Degenerate systems NP> o ow s e
* Competing spin states 7K o s on o
. = PSS 6347 2.50 “ae
* Bond-breaking ~ s s
* Partially-filled transition metal d-shells . . St .
» f-electron systems T T oo . o o
. ——— . i . 8971 350 7% 870
X R G MR XG e ss14 767 59
These errors are universal across DFT, b v e e
H . fn’ 2 M Mo6-2X 1665 10348 200
and largely inherent in the approach NP S @ - S e o
EIRTRTIT A O S TR IR TN e o an
Range-Separated Functionds
Other (related) universal difficulties: n- o e e yi26
+ Dispersion _cys e -y i o
. . ~ CYS™=O4 HSE 5608 09 an
* EXC|tatlons R R o on \. B=0 OC\y N /Scys unctionals of the Unoccupied Orbitals
* Charge transfer Lolr o A i S s
* Multicenter bonds = = NC“/ w2 . AT
. T T ;:Sn.;.llrhi;\ ;-Lw B ,(x,.xm\;u.‘ukl.\‘-lk 45‘; due.';\
e NC SCys ot e il o B e dend o e
column, & very smilar and disastrous for all functionals.
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So, what can we do about this...?

Energy (eV)

Energy (V)

Electron Repulsion

1) Try to fix DFT: LDA+U

Lets consider a local description of
strong correlation: Hubbard model

‘Sites’ ~ ‘3d shells’ of Tm?

weak coupling t>U

(correlated physics)

U

LA |

TRITIE
\V

Kinetic Energy -t H= Z ta}o’ajﬂ + Z Unianig

non-interacting electrons
electrons delocalize across atoms

CSouucoCO

strong coupling [J > ¢

electrons localize

AFM ordering, Mott physics

Q0O 0006

N/

bk
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et
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Unsolved problem in general

High Dimension
Lattice structure
*  Filling
. Temperature

— porbitals

—d OrbitAlS

18
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Energy (eV) Energy (V)

So, what can we do about this...?

¥

]

Y
[‘.

Electron Repulsion

1) Trytofix DFT:  LDAU  (coreltedphysics

i

U

SIS
-v\'-vlTﬁ'-
il

ASSARN

[
!

— p erbitals

Lets consider a local description of \ \
strong correlation: Hubbard model ﬂ 1‘ i ﬂ u T l X R G MR XG

‘Sites’ ~ ‘3d shells’ of Tm?

—d Orbitals

-t

Kinetic Energy

How can this fix DFT: Remove contribution to
3d energy from DFT (not unique)

Erpa+ulp(r)] = Evpale(r)] + Exab [U; {nﬁi’: H = Eac|U; {7;1"}]

Depends on local occupation of e.g.

Approximate solution as Hartree-Fock 3d orbitals (moving away from density)
. ~ Note: choice of projector
i.e. <n n>"~<n><n>

19

LDA+U

Remove contribution to
3d energy from DFT (not unique)

Buoasulp(e)] = Buoalp(e)] + Buaw (U3 {ni5)] — EaelU; '}

Depends on local occupation of e.g.

Approximate solution as Hartree-Fock 3d orbitals (moving away from density)
) ~ Note: choice of projector
i.e. <n n>~<n><n>

Differentiate to get potential:

o o 1 o
tot = VipA + ZU (5 - nin) |t ) (D
Im

Perspective 1: Get 3d filling right * Repulsive potential if less than half-filled
* Attractive potential if more than half-filled
» Discourages fractional occupation of 3d shells
* Large U favours Mott localization (n -> 1)
* Note, only affects occupied bands, so changes
Cococcioni and de Gironcoli, PRB, 2005 energy of conduction relative to valence

20

10
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LDA+U

Remove contribution to

Differentiate

Perspective 2: Local Hybrid functional .

3d energy from DFT (not unique)

Buoasulp(e)] = Euoalp(e)] + Buaw[U; {ni7)] = EaelU; n'*}

Depends on local occupation of e.g.
Approximate solution as Hartree-Fock 3d orbitals (moving away from density)
. ~ Note: choice of projector
i.e. <n n>"~<n><n>

to get potential:

o o 1 o
Viot = Vipa + E :U (5 - n'lm) |84 ) (B
lm

Include HF exchange on local subspace via empirical U
* HF opens up the gap at the chemical potential relative to DFT

* Cheap hybrid functional

Cococcioni and de Gironcoli, PRB, 2005

21

LDA+U

Remove contribution to

Differentiate to get potential:

Perspective 3: Balance fractional charge error by adding energy

3d energy from DFT (not unique)

Eppa+ulp(r)] = Evpa[p(r)] + EH'ub [U; {nif:z H = Eac[U; {7;16}]

Approximate solution as Hartree-Fock
i.e. <n n>"~<n><n>

— LDA
— exact
—— LDA+U correction

E(N+2)

Total energy

(o8 g 1
tot — VLDA+ZU (5 ™
Im

penalty quadratic in fractional electron number

\/\/—\/_\/ >
N+1 N+2

N
Number of electrons

22

Cococcioni and de Gironcoli, PRB, 2005
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7.0
— Fo1 up Spin states
6.0 | == Fe1down spin states
s O p states GGA
8
2
]
g a b ]
0 e
8 F
)
s
| 1]
-100 50 00 50 a
Energy (eV) E o
2 °
7.0 '
— Fo1 up spin states HF LDA LDA+U LDA+U B3LYP Embed
6.0 | = Fe1 down spin siates (4.36eV) (8eV) ccsp
w— O p states
gsof GGA+U ) ,
2ol SrTiOs: Nusspickel, Booth, PRX 2022
2
230t
§ 20
. _M
0.0,
-100 5.0 0.0 5.0
Energy (eV)

Fe,Si0; Himmetoglu et al. 1)QC, 2014

23

LDA+U

ELpa+ulp(r)] = ELpalp(r)] + Enuw[U; {nig}] — Eac[U; {n'"}]

Considerations:

* Choice of U [fully empirical, get filling/gap to match experiment/hybrid DFT,
energy differences, linear response...]

* Choice of double-counting correction

* Choice of projectors

* Isincreasingly a method-of-choice for transition metal materials modelling

LDA+DMFT: Treat E,, term ‘exactly’ (not HF approx.)

* Requires dynamical mean-field picture, but gets true quantum fluctuations
* Same issues as above
* Beyond scope of this lecture

24

12
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Can we avoid empiricism...?

2) ‘Post-mean-field’ methods GW [Perturbation theory + Greens function]: Next term
QMC [Variational Principle + Wave function]: Next term

World of (important) variations on a theme:

Choose: Perturbation theory or variational principle
Choose quantum variable: Greens/response function, Density matrix, Wave function

Beyond this, choose ansatz/deterministic vs. stochastic/infinite-order resummations/suitable for strong vs. weak correlation:

Random phase approximation (RPA, GF+PT), Coupled-Cluster (CC, WF+PT), Configuration Interaction (Cl, WF+V),
Moller-Plesset (MP2, WF+PT), Algebraic Diagrammatic Construction (ADC, WF+PT), DMRG (WF+V),...

Key starting point:

These methods (all?) remove any explicit reference to the exchange-correlation potential
Start from Hartree—Fock (know what you have to start from) [post-HF], or just the DFT orbitals [post-DFT]

25

A brief view of the (traditional) landscape of many-body quantum chemistry

* Return to rigorous and systematic hierarchy of approximations.
* No empiricism/fitting. Know how to improve (in principle). We conclude that traditional
wavefunction methods, .. are
generally limited to a small number
of electrons, N < 0(10).

- H# 11
o T4
- T

HF .
; By veech " - Physical states and
a a aoc a.
|lpHF> ¢ |lp;> Cij |lp,1 > Cijk \p,-jk Hamiltonians are ‘simple’
Reference determinant Excited determinants

1) How to truncate this ‘space’ of configurations
2) How to find the coefficients

26

13
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A brief view of the (traditional) landscape of many-body quantum chemistry

Lets converge wrt the explicit many-body effects to exactness,
by increasing #determinants / level of theory...?

Level of Theory

>

HF MP2 CCSD CCSD(T) FCI

27
. o ogs .
A brief view of the (traditional) landscape of many-body quantum chemistry
In{M)
T .0,6 T 0,4 T a,o T 0,4 O,B 1,2 1,6 - 2,0 2,‘ 2]6 3]2 -0.015 H10 correlation energy, R=3.6 A
0 -
Ra-.. .
- B In(E-Ew) vg, M
4 i L & nEEave mt) -0.020
>
8- T 2 0025
- L
e c
W o2 . o
'“E—J’ o 5 0.030
16 - o . 2
LY D -
£ -0.035
2r l‘%«:\ 1 8
EN .
24 - 0,040
P
‘
PR - 1 1 1 1 1 1 1 P L
0 2 4 6 8 10 12 14 18 18 20 22 24 -0.045
Number of §-6 ns =M 000 0.02 0.04 006 0.08 0.10 012
1/#bas
Mean-field methods converge exponentially with basis Correlation energy converge as ~1/#basis
c.f. “F12” methods / explicit correlation
28

14



11/8/22

A brief view of the (traditional) landscape of many-body quantum chemistry

Basis set

) ; Approximate
A basis orbitals CCSD <«—— many-body
ce-pvSz ccpVDZ 86 6918 method
cc-pvqz ccpVTZ 204 6.660
cc-pVQZ 400 6.562
cepviz cc-pVSZ 694 6474
cc-pvdz cc-pV6Z 1106 6428 deviation due
6-31G . & CBS estimate o0 6.365 <—— many-body
- Level of Th effects
= < eve °\ eory Butadiene (C,H;) lowest excitation (first optical peak) (eV)
HF MP2 CCSD CCSD(T) FcCI Experimental excitation ~ 6.2 eV, resolution ~0.1 eV

Chan, Simon’s electronic summerschool notes, 2016

29
A brief view of the (traditional) landscape of many-body quantum chemistry
MP2 (Moller—Plesset perturbation theory):
Property '‘Best’ hybrid DFT
accuracy
IPs and EAs +0.5eV 10.2eV [Delta SCF]  +0.2eV
Bond lengths -1% 11 pm +1pm
Vibrational +10% -3% +3%
Frequencies
Barrier heights +30-50% -25% +10%
Bond energies -50% 10.1eV +0.4 eV
hitps/ocw mit. edul: 5.61 Physical Chemistry
30

15
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A brief view of the (traditional) landscape of many-body quantum chemistry

MP2 (Moller—Plesset perturbation theory):

Property '‘Best’ hybrid DFT
accuracy

IPs and EAs +0.5eV 10.2eV [Delta SCF]  10.2eV
Bond lengths -1% +1 pm +1 pm
Vibrational +10% -3% +3%
Frequencies

Barrier heights +30-50% -25% +10%
Bond energies -50% 10.1eV 0.4 eV
Cost [canonical] ~N4 ~N* ~N°®
Atoms [v. rough] ~1000 ~1000 ~50

» Similar accuracy to (hybrid) DFT. Higher cost.
* Can catastrophically fail [strong correlation, degeneracies, metals]

hitps:ocw mit edul: 5.61 Physical Chemistry

31
A brief view of the (traditional) landscape of many-body quantum chemistry
Coupled-cluster
Property | W acaurscy | st Iy FT acurscy | MP2_—| GESDT) (GOLD SANDAD)
IPs and EAs +0.5eV +0.2eV [Delta SCF] +0.2eV +0.02 eV
Bond lengths -1% +1pm +1pm +0.5 pm
Vibrational +10% -3% +3% 45 cm?
Frequencies
Barrier heights +30-50% -25% +10% +2 kcal/mol
Bond energies  -50% +0.1eV +0.4 eV +0.05eV
Cost ~N4 ~N4 ~N5 ~N6-7
[canonical]
Atoms [v. ~1000 ~1000 ~50 ~10
rough]
* Gold standard of many-body quantum chemistry
* Generally as good or better than many experiments
hitps-/ocw mit edul: 5.61 Physical Chemistry
32

16
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But... huge progress...

MP2:
200 g water

= =1

«

=0y

il:

! =
1 .51 mL i200 il El%

BLYP TAP e
SAriPLE = FPT4Y | sAnPE | L SANPLE P 3700
. 3 ’ i
L i1
16 DNA base-pairs, Ochsenfeld, J. Chem. Phys. (2009) Dynamics of liquid water, Del Ben et al., JCTC 2013

33
But... huge progress...
Coupled cluster: T
sty o\*\r ‘j’\};...- —— Benzene molecular crystal
.

ey

“Exact” theoretical lattice energy

Wadk2 G Aksuz

55.97 +0.76 + 0.1 kJ/mol
prossll _ Exptal OK extrapolation
2H,0 + 4hv — 4H" +4e™ + 0O, 51-53 ki/mol

Mn,Ca cluster:
photosynthetic center

Expt. extrapolation must
be in error, revised extrapolation
increases lattice energy by 10%

Yang, Hu, Usvyat, Matthews,
Schiitz, and Chan, Science (2014)

Crambin protein fragment: 644 atoms, coupled cluster theory (CCSD)
Riplinger and Neese J. Chem. Phys. (2013)

34
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But... huge progress...

Towards application in solids: -76.02

)

Correlation energy captured (%

-76.00-

=+ Experiment (without ZPAE)

A : PB]
- 0 1O o
o n=10 5 C: 3 .
& ~76.04 . x
104 g n= q
102 2 -16.06 \"\W
100J— Ay ] ot~ ’O 3 X
98 = —76.08 o do o o
06 n=10—"
94 -16.10 0 ' - 0 '
3.40 345 3.50 355 3.60 365 3.70
92 — CCsb(Mm Lattice constant (A)
90 - CCSD
b — MP2 3.61 =10 = 470
86 Z 360 460 T
84 € 359 4= =@= Emb. CCSD lattice constant | 450 2
82 2 =@= Emb. CCSD bulk modulus | w 3
c 358 =+ = Exp. laltice constant =
80 S . a=10 -+~ Exp. bulk modulus -430 B
al . " 1 N " " " " i v - —_— E
78 Ne Ar C SiC Si LiF LCI BN BP AIN AIP B =10 i 20 o
(A1) (A1) (A4) (B3) (A4) (B1) (B1) (B3) (B3) (B3) (B3) 53 -a10 @
Jag Trifrrernne e T oo
. . 100 150 200 7%0 YCI)D 1%0 400
Hlerarchy still holds up... Number of cluster orbitals

Can now converge results well within the spread of XC-fun

35

Locality of correlations

Is a high-scaling of these many-body methods physical?

| QM/MM approach |

Density matrix decays exponentially [insulators]: “nearsightedness”
Even many-body correlations functions decay algebraically*

,\( b, 2 >

() 1 ’»ﬁ “4.\3\’ 1

MMr‘gc AR \r )5-‘
N o R Y g

& P ‘!)v’*_\g.f;}y.‘i £

e \,;.. Y 32
S R st

Vs FAK A
L ;v“\“ PR Qam

Can extend to e.g. CCSD(T):DFT:MM:Continuum layers

E=FEym+ EQM + EQM—MM cf. ONIOM

36
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Locality of correlations

* s a high-scaling of these many-body methods physical?

Significant challenge:

. o . . . . . ”
Density matrix decays exponentially [insulators]: “nearsightedness How to couple QM to environment

* Even many-body correlations functions decay algebraically*

r3 * Mechanical embedding
AR AT . 1’0 energy from interaction of charge densities

SN o S .
fis ?7 !z;‘}-f’x ‘(f( -t"/ * Electrostatic embedding
L s KL T LN MM f i

& ovta SN > ‘orms potential felt by QM
T R e N "?

PLETE IR * Polarizable embedding
Il : LG A B MM can relax due to QM
3 DR BTSN .

IMEA T T, aMm

E=Eym+ Eom + Egm-mMm

37
Locality of correlations
* Is a high-scaling of these many-body methods physical?
. . . . “ . ” Significant challenge:
* Density matrix decays exponentially [insulators]: “nearsightedness .
i ! X How to couple QM to environment
* Even many-body correlations functions decay algebraically*
A A
e ';‘\"?'n)\ : 17 * However, these still neglect
AVl | ’~
" ,D"(;rr /3‘3' g(‘ar/f’ guantum entanglement (e.g. hybridization)
2 o R Dy
MM o ,‘!"",/;h }:,?\,\ B between subsystems
r’\ I-';;;::Zq"aﬁ?? f?:;:?_: < \é!c,”~ Q? - especially important for covalent bonds
QT LN AR AN 5
SR
< _f(/ii .**“f*%fé‘rg v ;,':f\_,' Ak * Various ‘hacks’ to fix: Link atoms
B Son oA SRR T
LA § N o 7..‘, °3 “‘;3 - >
=X I&« ?yavcfﬁ\’,‘f. & '.'r“,"'; v
£ ({.k 2wy »,1- 7:‘;;--\__7, S Rigorous approach:
LGSR T ey 5 TS X
Sy .(-;f: RO f M ‘Quantum’ embedding
LSO A A ST
S Wy 1:,*“\‘. '1:, " am (c.f. DMFT and others)
(% # ._,l‘ 4
» ...for ‘next time’...
E=FEvum+ Eqom+ EQum-MmMm
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Summary

Failures and challenges of mean-field theory and DFT
Emerging approaches to ‘fix’ DFT:

* LDA+U, LDA+DMFT
* ‘Rigorous’ many-body quantum chemistry

Quantum chemistry in a nutshell

Ideas behind multiscale and embedded approaches for large systems

Thanks!
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