Basissets

minimal basis (| function per shell)

H-He: Is (1)

Li-Ne: Is, 2s, 2px, 2py, 2p:z (5)

Na-Ar: |s, 2s, 2px, 2Py, 2Pz, 35, 3Px 3Py, 3Pz (9)

Slater-type orbitals

computationally demanding

f15(C, 1) = exp[—(r]

Gaussian-type orbitals

computationally convenient

9is (Oé, I')
nga: (Oé, r)

93d,, (C\{, I')

(8043/773)1/4 exp|—ar?]
(128()45/71'3)1/4113 exp|—ar?]

(2048a” /73) 4 2y exp[—ar?]



Basissets

Gaussian-type orbitals

computationally convenient, but not as accurate as Slater-type orbitals

linear combination (contraction) of several gaussians (primitives)

STO-3G

?SGF ZZB di,lsgls(ai,ls)

gSGF Z? di,Qsle(Oéq;,Qsp) a J\

1s

/f 1s*
V4

A
d

3
d5y " = 205 diapgap(Qi2ap)

least-square fit to Slater orbitals

min [ [ (455 (r) — 675" () )dr]’

min [ (651 (r) — 6§77 (x)) dr — [ (65} (x) = 6557 (v)) dr]”
notation (for |st row elements)

(653p/3s)[2s1p/1s]

y




Basissets

Double-Zeta basis (split valence)

two basisfunctions (contractions) per valence orbital

3-21G

(653p/3s)[3s2p/2s]
H-He: ,
1s — Z d’b 18918( z 18)
/1,8 — 913(042/,13)
Li-Ne: 3
b1s = D diisg1s(@iis)
/25 — Z dz 25915( Qs 2sp)
/2/8 — 918(04;/,2319)
¢/2p — Z dz 2p92p( ) 2sp)
¢,2/p — ng(a;Z/,ZSp)

compact

diffuse

compact

diffuse

compact

diffuse



Basissets

Double-Zeta basis (split valence)

two basisfunctions (contractions) per valence orbital

4-31G

(8s4p/4s)|3s2p/2s]
H-He:
e = Y diasgis(al )
s = 91 (0 15)
Li-Ne:
P1s = Zf dz‘,13913 (%‘,15)
/28 — Z dz 23918( z2sp)
/2/3 — gls(af/i,,Qsp)
¢l2p — Z dz 2p92p( ) 2sp)

qb/2/p — 92p(042/’28p)



Basissets

Double-Zeta basis

two basisfunctions (contractions) per valence orbital

6-31G
(10s4p/4s)|3s2p/2s]
H-He:
3
1s = 2 dinsqis(ag )
s = 91s(05 1)
Li-Ne:
P1s = Zf di,lsgls(ai,ls)
/23 — Z dz 23918( z2sp)
/2/3 — gls(af/i,,Qsp)
¢l2p — Z dz 2p92p( z2sp)

qb/2/p — gzp(a;/,QSp)



Basissets

Double-Zeta basis with polarization functions

two basisfunctions (contractions) per valence orbital
Li-Ne: 3d functions (*)

H-He: 2p functions (**)

3-21G*,4-31G*, 6-31G*, 6-31 G**

note 6 d-functions (i.e. 5 3d functions + 3s)

Sda’;a?) 3dyy7 3d2Z7 dey7 3dy257 Sdzx

linear combinbations of 5 pure 3d functions | 3s:

dey, deQ—y27 dez, 3Clza3, 3d22, 38x2_|_y2_|_22

contractions
6-31G* (11sdpld/4s)|4s2pld/2s]
6-31G*: (11sdpld/4slp)|ds2pld/2s1p]



Molecular Quantum Mechanics

molecular orbitals

linear combination of atomic orbitals (hydrogen)

bi(r) =) ciixs(r)
J
example: hydrogen molecule, minimal basis

P1(r) = x1(r) + x2(r)

P2(r) = x1(r) — x2(r)

. @



Molecular Quantum Mechanics

molecular orbitals

linear combination of atomic orbitals (hydrogen)

bi(r) =) ciixs(r)
J
example: hydrogen molecule, minimal basis

P1(r) = x1(r) + x2(7) U(ry,r2) = |¢1(r1)di(r2)
2(r) = x1(r) — x2(r) X% (G 1

) ST J X, ) J e

dissociation!!!




Molecular Quantum Mechanics

limitations of Hartree-Fock theory

» mean-field: no electron correlation

beyond Hartree-Fock

> configuration interaction (ci)

U= [o) + 2onchln) 4+ S0 ST s
s>r t>s g rs
+§ja S‘b>a Zc>b abi|¢abi>

s>r t>s u>t rstu rstu
T y:oL y‘b>oz Zc>b d>c Cabed abcd> T -

> multiconfiguration self-consistent field (mcscf)




Electron correlation

definition

Jcorr. Eexact . EHF
Configuration Interaction

sum over all possible Slater determinants/spin adapted-configuration state functions
general expression for correlation energy (not so useful...)
truncated Cl

MCSCF/CASSCF

size consistency

Perturbation theory

slater determinants, single, double, triple, ... excitations

Combinations of Cl| and PT
MCSCF with xth order perturbation (x=2)

Concludes the ab initio, next is density functional theory



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory

Slater determinant (Pauli principle)

o(r) = det [@1(r1)d1(r2)da(rs)de(rs)

....¢n/2 (I'n—l)ggn/Q(rn)]



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory

Slater determinant (Pauli principle)

o(r) = det [@1(r1)d1(r2)da(rs)de(rs)

molecular orbitals

foi(r) = €igi(r)

....¢n/2 (I'n—l)ggn/Q(rn)]



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory

Slater determinant (Pauli principle)

tho(r) = det [¢1(I‘1)(E1(I'2)¢2(1‘3)$2(r4)...

molecular orbitals

foi(r) = €igi(r)

Fock operator

Fiy = (s )l (e1)) + 3 duten)on(ra) | 2
k

¢n/2 (rn—1)$n/2(rn)}




Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory
Slater determinant (Pauli principle)
tho(r) = det [¢1(r1)p1(r2)d2(rs)da(rs)....dn /2 (Tn_1)dpn 2(rn)]
molecular orbitals
fi(r) = €ii(r)

Fock operator

fij = (G eD) Bl r0)) + 3 <¢i<r1>¢k<r2>
k

2 — p12
1 — 12

i (T )¢j(r2)>

basisset

O; (rl) Z Cia X (rl)

density matrix




Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory
Slater determinant (Pauli principle)
tho(r) = det [¢1(r1)p1(r2)d2(rs)da(rs)....dn /2 (Tn_1)dpn 2(rn)]
molecular orbitals
fi(r) = €ii(r)

Fock operator

fij = (G (o)) 65 () + 3 <¢i<r1>¢k<r2>
k

2 — p12
1 — 12

i (T )¢j(r2)>

basisset

O; (rl) Z Cia X (rl)

density matrix

iterative self-consistent solution procedure



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory, no e-e correlation

Slater determinant

Yo(r) = det [¢1(1'1)<51(1'2)@52(r3)<52(r4)----¢n/2(I'n—l)&n/z(rn)]



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory

Slater determinant
tho(r) = det [@1(r1)1(ra)da(r3)da(ra)....dp 2 (Tn_1)dp/2(rs)]
electron-electron correlation
static correlation

large separation of electrons in pair (i.e. H> dissociation)
near degeneracies: different spatial wavefunctions

multi-configuration SCF



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory

Slater determinant
Yo(r) = det [¢1(1'1)<51(1'2)%(r3)<52(r4)----¢n/2(I'n—l)&n/z(rn)]
electron-electron correlation

static correlation
large separation of electrons in pair
near degeneracies: different spatial wavefunctions

multi-configuration SCF

dynamic correlation

short distance: cusp
not so dependent on orbitals/density

perturbation theory



Configuration interaction

restricted Hartree Fock in nutshell

one particle, mean field theory
Slater determinant
tho(r) = det |p1(r1)d1(r2)d2(rs)d2(ra)....dn /2 (Tn_1)Pp 2 (rn))
electron-electron correlation

static correlation

large separation of electrons in pair
near degeneracies: different spatial wavefunctions

multi-configuration SCF

dynamic correlation

short distance: cusp
not so dependent on orbitals/density

perturbation theory

simple distinction not always possible



Beyond Hartree-Fock: Configuration Interaction

one-electron basisset

B(x1) = Y a;pi(x1)

1

two-electron basisset

D(x1,x2) = Zai(X2)¢i(X1)
O (x1,X2) > > bij®i(X1)9;(X2)




correlation energy

configuration interaction

functions of one electron

expansion in one-electron functions
d(x1) =N a;xi(a1)
1

functions of two electrons



correlation energy

configuration interaction

functions of one electron
expansion in one-electron functions
P(r1) = E a;xi(1)
;
functions of two electrons

expansion in one-electron functions, keeping second electron fixed

O(r1,T2) = Z a;(22)xi (1)

1



correlation energy

configuration interaction

functions of one electron
expansion in one-electron functions
(1) = E a;Xi(x1)
7
functions of two electrons
expansion in one-electron functions, keeping second electron fixed
¢($1» 552) — § :az’(SL’Z)Xi(fBl)
7
expansion of coefficients in one-electron functions

a(T2) = Z bijX;j(22)



correlation energy

configuration interaction

functions of one electron
expansion in one-electron functions
P(r1) = E a;xi(1)
;
functions of two electrons

expansion in one-electron functions, keeping second electron fixed

O(r1,T2) = Z a;(22)xi (1)

1
expansion of coefficients in one-electron functions

= > bijx;(z2)
J
so that

5517332 LmeXz L1 Xj(xZ)




correlation energy

configuration interaction

functions of two electrons

Pauli principle

¢(x1,T2) = —@(x2, 21)



correlation energy

configuration interaction

functions of two electrons

Pauli principle

¢(x1,T2) = —@(x2, 21)

antisymmetric superposition

CE‘1,$2 Zzbw Xz X1 Xj $2) Xj(zl)Xi(an)]

A )



correlation energy

configuration interaction

functions of two electrons

Pauli principle

¢(QE1, 332) — _gb(mZ; 371)

antisymmetric superposition

CL‘l,ZCQ Zzbm Xz L1 Xj $2) Xj(xl)Xi(xZ)]

A )

in determinants

o(x1,x2) ZZ Tbm det [xi(z1)x;(z2)]



correlation energy

configuration interaction

functions of two electrons

Pauli principle

¢(QE1, 332) — _gb(mZ; 371)

antisymmetric superposition

CL‘l,ZCQ Zzbm Xz L1 Xj $2) Xj(xl)Xi(xQ)]

A )

in determinants

o(x1,x2) ZZ wa det | X@(xl)Xj@Z)]

in general
n-electron wavefunction
- _ T T T8 T8
U, =) Cijbj=Ciotbo+ ¥ Clbn+ »  Clais + ...
9 ra

a < b
r < S8



correlation energy

full configuration interaction
exact solution (within finite basisset)
Ui =) Cith; = Ciotho + ) Ciy+ D Ciathap + -
9 ra

a < b
r < S8



correlation energy

full configuration interaction

exact solution (within finite basisset)

Ui =Y Ciytby = Ciotbo + Y Chh + > Clais + ...
9 ra a <b
r < 8

truncated configuration interaction
ClSingles

excited states (higher roots)

no correlation in ground state

ClSinglesDoubles

stronger correlation in ground state

ClSinglesDoublesTriples

stronger correlation in excited states than in ground state

too expensive: number of configurations blows up



correlation energy

truncated configuration interaction

ClSingles, Double, Triples ...

systematic

number of configurations blows up



correlation energy

truncated configuration interaction

ClSingles, Double, Triples ...

systematic

number of configurations blows up

multi-configuration SCF

multiple configurations

free to choose, not black box!

optimize both Cl and MO coefficients

M
\117; = Z Cijwj-
J

Slater



correlation energy

truncated configuration interaction

ClSingles, Double, Triples ...

systematic

number of configurations blows up

multi-configuration SCF

multiple configurations

Slater
free to choose, not black box! U, = Z Cij %’-
optimize both Cl and MO coefficients -
basis for higher level methods
MultiReferenceCl single excitations double excitations
b = Z KU+ Kria%ria+ Y KriajpVriajs + )

1,a 1,a,7,b

a root in MCSCF of Slaters in each configuration in root



correlation energy

truncated configuration interaction

ClSingles, Double, Triples ...

systematic

number of configurations blows up

multi-configuration SCF

multiple configurations

free to choose, not black box!

optimize both Cl and MO coefficients

M
\Iff,; = Z Cijwj-
J

basis for higher level methods

MultiReferenceCl

o = Z K[\I/] + ZKIza\IJIza + Z KIza,jb\IjIza]b + .. )

1,a 1,a,7,b

perturbatlon theory: CASPT?2



correlation energy
multi-configuration SCF

multiple configurations

free to choose

not black box

Complete Active Space SCF

select orbitals for full ClI

energy

full Cl CASSCF



correlation energy

multi-configuration SCF
Complete Active Space SCF

select electrons and orbitals for full CI (HF, NBO)

knowledge/intuition/luck



correlation energy

multi-configuration SCF
Complete Active Space SCF

select electrons and orbitals for full CI (HF, NBO)

knowledge/intuition/luck/



correlation energy

multi-configuration SCF
Complete Active Space SCF

select electrons and orbitals for full Cl (HF NBO)

knowledge/intuition/luck

example

protonated schiff base
CAS(4,4) with all TT orbitals




beyond Hartree Fock

Configuration Interaction

linear combination of Slater determinants
U= [go) + 2o, chlvn) + 20 Dona chilvng)
> Dbsa Dcob Capel Vabe)
+ 20 X020 Loeab 2dse Capedl Vabed) + -
intermediate normalization

(Wtho) =1

size consistent, if all determinants are included

variational in ¢



Beyond Hartree-Fock: Configuration Interaction
|

one-electron basisset 3
P(x1) = Z%‘@(Xl) E T T
) ;
two-electron basisset
Al | A
P (x1,X0) = ZOJZ’(XQ)¢Z'(X1) 9 | ¥ v I
p a _ 41 A I
e 0 | ¥ | v \Z
P(x1,%x2) = >4>4bij§bi(xl)¢j(x2) O A A A
i | v | v | v
n-electron basisset none single double
slater determinants, single, double, triple, ... excitations
Noce MNvirt Nocec Noce MNvirt MNvirt
D=[To)+ Y D clPi)+y D> > D cal¥i)+..
a r a b T S

Brillouin’s theorem
(WolH|W;) =0
truncate: CIS, CISD, CISDT, CISDTQ, ... (size inconsistent!!)



beyond Hartree Fock

Configuration Interaction

linear combination of Slater determinants
U= Jgo) + Xq caXalto) + 300 Yoph chs Xib o)
+ 30 XiZa Xesh CaneXapeltho)
30 X020 Xoeat Ddse Capea Xaped o) +
truncation of full C| to limit computational effort

CISD, CISDT, CISDTQ, ...

not size consistent because not all determinants are included



beyond Hartree Fock

O O
Full Configuration Interaction expansion | ’)
all determinants included
example H; and 2 H;
e W = |glagiB) + ' T [d3adhf)
= |1i1y) +cF21(2,24)
2Hy W12 = |14 T11500) 4+ 121212115 10) + 2222 (1111 2525)

21212229 >, 9
—|—611111212 |21212222>

Truncated Confi gualo Interaction expansion

only include HF single and doubly excited determinants

2 Ha: \1112 — |11111212> —+ Ci% |21?11212> -+ C?z?§|11112222>



beyond Hartree Fock

Full Configuration Interaction expansion | ’)

all determinants included

2 H: \1112 — ‘11111212> -+ Ci% ‘21211212> -+ C?;%i ‘111122§2>

21212222 ) )
—|—6111112I2 |21212222>

Truncated Configuration Interaction expansion

only include HF single and doubly excited determinants

2 Ha: \1112 — |11111212> -+ C?i%i |21§11212> -+ C?z%z|11112222>

not size consistent!

COrr.

lim —<BD —
N — o0 N




beyond Hartree Fock
Full CI

all determinants included

U2 = |11 1212> +c§f1\21211212> + ez 1 11 2020)

21 212524 ‘
_|_011 11 12 1o ‘21212222> ‘,'f

at large separation mdependent molecules!
gz = gly?

— (‘1111> -+ Ci% |21§1>) (‘1212> -+ 6?222‘2222>)

‘1 11>‘1212> —+ C%i%i |2121>‘1212> —+ C%i%;|1111>|2222>

e 23?2\2121>\2222>



Coupled Clusters

idea

approximate the quadruples coefficients by doubles...

rstu ~_ TS tu
Cabed ~ Cab * Ced

due to anti-symmetry there are 18 such terms:

rstu ~_ .rs _jtu rs tu rs tu
Cabed ~ CabCed — CacClbd T CadCbe T

coupled-clusters doubles wavefunction
peer = Hab,rs (1 + copXap )|Yo)
non-linear expansion in coefficients
all (2n)-tuply excited determinants included: size consistent!
only uses doubles coefficients

non-variational



Coupled Clusters

idea

approximate the n-tuply coefficients by singles, doubles, ..

rstu ~_ TS tu
Cabed ~ Cab * Ced

rstuv ~_ TS tu V
Cabede ~ Cab * Ceq * Ce

rstuvw ~_ TS tu VW
Cabcdef ~ Cap * Cegd * Cef
general case

non-linear expansion in coefficients and excitations

VY = [, (1 + e X0)] [Map,rs (1 + chy Xoi)] - |tbo)

identical to full Cl if all possible excitation levels are considered



Coupled Clusters

general case
non-linear expansion in coefficients and excitations
CC
U = o (1 + ¢ Xg)] Map,rs (14 cop Xop)] - |900)
identical to full Cl if all possible excitation levels are considered

close to full Cl otherwise, because all excitations are approximately included

restrict excitation level to doubles: CCSD
CcCCSD
W = [Ha,r (1 + ¢ Xo)] Map,rs (1 + copXap )| [¢0)
all n-tuply excited determinants included: size consistent!
only singles and doubles coefficients needed

optimization of coefficients



Coupled Clusters

general case

non-linear expansion in coefficients and excitations

P = (Mo (1 + g X0)] Map,rs (1 + €y Xap)] - 0)
exponential ansatz

since

X’I”S ’I”S O

we can use the Taylor series

1
L b X = 1+ e Xaf + 5 (e X X0 + . = exp(cp X37)

to recast the coupled clusters expansion

P = g, 7 eXp(CZXg)Hab rs €Xp(crp X gy )---|¥0)

VOO =exp [ Y h X7+ > e Xi+ .| [tho)

a,r ab,rs



Coupled Clusters

exponential ansatz of CC

VEC =exp | Y chdlh+ Y e Xip+ | [vo)

a,r ab,rs

restrict excitation level up to doubles: CCSD

YCCSD _ oxny ZCZfZ + Z o Xon | 1to)

a,r CLb,’I"S
includes all excited determinants: size consistent!

only uses singles and doubles coefficients

single reference methods

works only if HF is reasonable approximation
fails if ground state has multi-configurational character: dissociation!

UHF reference



Beyond Hartree-Fock: Perturbation Theory

Moller-Plesset

zeroth order Hamiltonian

=3 Fe) = 3 (W) + 07

zeroth order wave function

U(x1,X1,...X,) = det|p1(x1)p2(X2)...005(Xy)]

zeroth order energy (!!)
e

EO — Z €;
)
true Hamiltonian
H=H+V

perturbation
R PTVNE R
H = zz:h (rz) - 9 >i4>jJ T




Beyond Hartree-Fock: Perturbation Theory

Moller-Plesset

zeroth order Hamiltonian

= i: f(r:) = i (ﬁo(rz‘) + @mf(rz'))

1

true Hamiltonian

i =Y+ 532—

perturbation
V=i -0
Ne N n
N N, R
V=222, Ch



Beyond Hartree-Fock: Perturbation Theory

Moller-Plesset

perturbation

: 1
V=2 —

4 T’L]

ne ne

first order correction to energy

By = __S:Y//% (X1)¥] (X2)1 — P pi(X1)pj(x2)dxidxs

12

second order correction to energy

To|V|W,)]
E(Z) Z ‘ 0
0 0
2 g0 _ E()

5?) — %‘ ny %‘ %: ‘Ifo|V!‘Pab>|

€a + €p — — €5

cccccc Nvirt Nvirt |ff90a, X1 SOb X2) 1—Pyo Spr(Xl)CPs(XQ)XmdXz‘z

2R 33)3) 33 -

€, T €p — € — €Eg



Semi-empirical quantum chemistry

Fock Matrix elements

basisfunctions (N> operations)

F. = h,

+237, 30, 20 CraCha S S (x) v (r2) 5 (r2) v (11 )dr i

12

=20 2 2on ChaCra | (1) Vi (r2) 7oy (r2) Ya (11)dry drr
speeding up the calculation of Fock matrix
only valence electrons (2s,2p)
minimal basis, one function per electron
zero differential overlap
Suv = <7u‘%> = Oy
replace remaining integral by parameters fitted to experimental data (NIST)

NDDO, MNDO, MNDO/d,AMI, PM3



Density functional theory

Hohenberg-Kohn theorems

exact mapping between non-interacting and interacting electronic systems

\Ijreal « Veﬁ[p(r)]H\Pnon—int.

effective potential exists, so that densities are the same (ground-state only!!)
AN
Hnon—int. _ __vQ i Veff
> (v ven)
1
one-electron wavefunctions: Kohn-Sham orbitals
1
(—5 V2 + Vi)6i(x) = eigs(r)
density of both systems

) = > [6()

with exact effective potential

p(r) = p**(r)



Density functional theory

Hohenberg-Kohn theorems

exact mapping between non-interacting and interacting electronic systems
preal o j7eff 5 (p)] y guon-int
ground-state only
energy functional
Elp] = T|p] + Eeelpl + Enelp] + Exclp)
variational principle

Blp(r)] = min (V| ]¥) > B



Density functional theory

energy functional

Elp] =T|p] + Eeelpl + Enelp] + Exclp)

electron-electron repulsion

% / / p‘(I)_p(;'l’) T

electron-nuclei attraction

/Z |RA - r| r)dr = /Ven(r)ﬁ(l‘)dr

exchange-correlation energy (uniform electron gas)

EYDA L] = / exc(p(r))p(r)dr

kinetic energy of non-interacting systems

T(p(r)] = min (@[T )



Density functional theory

minimize functional with respect to density

0
OF = / (—T%—Vee + Ene + Vxco

dp

electron-electron repulsion

0
Vit (lplix) = 4~ EX¢ = p(r)

) Opdr = 0




Density functional theory

energy functional of non-interacting system

Eronint [p] = Tp] + / Ve (r)p(r)dr

minimize functional of non-interacting system

oty = [ (LTl Vo)) apte)ar o

kinetic energy functional

0 eft
5Tl ==Vt

effective potential function of true potentials

V() = Vo) + Ve[ ) + Ve[



Density functional theory

Practical DFT scheme
Step |:guess density ,O(I')

Step 2: construct effective potential

Veff(r) = Ven(r) + Vee(lpl, T) + Vxc(lp], T)

Step 3a: solve the Schrodinger equation for non-interacting electrons
1
(—5 V2 + V)gi(r) = cigi(r)

Step 3b: compute new density & kinetic energy

() = Y 10(0)]°

Tlpl =Y (0l = 59000 = > o= [ V(wpla)dr

i
Step 4: goto step 2, until convergence is reached

final energy:

Blool = Y e - / Ve (£)po (£)dr + Eenlpo] + Eeelpo] + Exclpol



Quantum Monte Carlo

Variational Monte Carlo

expectation value of energy
[ Wi (r, {a}) HYr (x {a})dr _
| \If* r, {a})Vr(r, {})dr

importance sampling (Monte Carlo)

W (r)]
p(r) = f U (r')|dr’
local energy
1) = 4,

Sampling of energy, optimize coefficients in wavefunction

EQ(a}) 2 B



Quantum Monte Carlo

Variational Monte Carlo

wavefunction
U (x) = exp[J(x)] Z ¢; D;(x)

determinant (antisymmetric)

p1(x1)  p1(x2) . p1(xn)
Di(x) — p2(X1)  p2(x2) .. p2(Xn)
on(X1) ©n(x2) - ©n(Xn)
Jastrow factor
N N[ N NI
Zu ng XI Tzl ‘|_> > fI TZ]7TZI7TJI)

1> 1I_1 1>7 I=1



Quantum Monte Carlo

Diffusion Monte Carlo

propagate Schrodinger equation in imaginary time

iﬁqj(r’t) = —1V2\If(r,t) + V(r,t)¥(r,t)
ot 2
T =1t

diffusion equation of electronic possitions

OUPMC (R ¢)
ot

project out ground state

= V(e 7) + (V(r) — Br) (e b



Quantum Monte Carlo

Diffusion Monte Carlo

propagate Schrodinger equation in imaginary time

OUPMC (R ¢ 1
B o) () - Eow )
expansion in (unknown) eigenstates
U(r,t) = Z Cnhy, (r)e~ H{En =Bt
n=0
U(r,7) = Z Cphn (r)e” (En =BT
n=0

with f/ = F/5 we can single out ground state in diffusion process

U(r,7) = cotbo(r) + Y cnthp(r)e” Fn=Fo)7
n=1



Some practical guidelines

Basissets
STO-3G too small

6-3 1 G* & 6-3 1 G** reasonable results

DFT often less sensitive to basisset

often better than cc-pVDZ

higher accuracy with cc-pVTZ, better than 6-31 | G**, etc.

diffuse functions (aug- or +)
anions
excited states

dispersion bound complexes



Some practical guidelines

Methods
prefer DFT over HF
HF < DFT ~ MP2 < CCSD < CCSD(T)
MPn may not converge with n

beyond MP2, use CC
CASSCF/CASPT2

bond breaking, diradicals, excited states, transition metals
DFT can be dangerous

HF, semi-empirical and DFT fail for VDW complexes
MP2, CC, dispersion corrected DFT



Some practical guidelines
Always do!

check if SCF converged!
check for multiconfigurational character (MPn/CC:T2)

check if geometry converged

NMA analysis

minimum: all postive frequencies

transition state: one negative frequency.

non-covalent complexes: flat surface, difficult, go by hand
think of symmetry

optimization cannot break symmetry

know what to expect: think first

never thrust the computer

CASSCF/CASPT?2

check final natural orbital density matrix

check for large orbital rotations



Gradients
Analytical derivatives
OE  OF S OE 0C,,
0X4 0X4 0C,a 0X 4

wua

Hartree Fock solution

OE  OE
0Xa 0Xa
Hartree-Fock energy
core 1 1 — l]512
B=3 BuH +5 ) PuProluv|—2=]0)
ULV UV O

n/2

P =2% Cr.Cua




Gradients

Analytical derivatives

Hartree Fock energy

1 ~
core —p12

T
MVAJ 12
gradient
OF _ Z P OH "
0X A B uv — MV 90X 4

2 Z,LLV)\O‘ PMVP)‘U 0X A <IMV‘ 2p12 |)\0-> | ggfz

OP,. OP,.
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Gradients

Analytical derivatives

orthogonality of RHF molecular orbitals

Z C,uaS,uVCI/b — 5ab

U

v
gradient

OF
0X A

with

n/2

0S,.,
= — %V: CMQCVQE

5w P 55
pr = HY 99X 5
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Gradients

Analytical derivatives

Configuration interaction

) = > erlyn)

I

general gradient

OF 801

OE  OE S OE 9Cyi

0Xa 0Xa ” 0C,,; 0X 4
MCSCF gradient
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