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Introduction

These lecture notes accompany the Chem 115B/215B Graduate Quantum Chemistry course at UCLA. This
course builds on the previous 115A /215A course that introduced the foundations of quantum mechanics and
its applications to a range of simple analytically soluble problems. This course focusses on more advanced
topics and problems that cannot be solved exactly with analytical techniques, which almost all quantum
problems in chemistry are, but instead have to be solved approximately. The first part of this course
focusses on time-dependent quantum mechanics and its applications, particularly an introduction to rates of
quantum state transitions, density operators and theoretical foundations of spectroscopy. The second part
focusses on the electronic structure of atoms and molecules, including the second quantisation for many-
electron systems and density functional theory, and concludes with setting out the framework for treating
full coupled electron-nuclear systems.

Assumed knowledge

A basic working knowledge of introductory undergraduate quantum mechanics, multivariable calculus and
linear algebra is assumed including the topics

e Basics of (finite-dimensional) vectors and matrices. Matrix-vector multiplication, determinants, in-
verses, eigenvalues and eigenvectors.

e Multivariable calculus, partial differentiation, changes of variables, integration, solving simple differ-
ential equations.

e The time independent and time-dependent Schrodinger equation.
e Position-space wave functions, position and momentum operators.

e Wave functions for systems including angular momentum, harmonic oscillators and the hydrogenic
atom.

e Time-independent perturbation theory and the variational approach to quantum mechanics.

If you are unfamiliar with any of these topics, I advise you to review your favourite undergraduate/graduate
physical chemistry textbook, or one of many other resources available on these topics.

Accompanying Textbooks

Much of this course is based on Modern Quantum Mechanics by J.J. Sukurai and Jim Napolitano. Molecular
Quantum Mechanics by Peter Atkins can also serve as a useful complementary text to parts of this course.

Acknowledgements

These course materials were prepared based on materials kindly provided to me by Benjamin Schwartz,
Daniel Neuhauser, and David Manolpoulos.



1 Time-dependent Perturbation Theory

1.1 Time-Dependent Hamiltonians

Suppose we have a system described by a Hamiltonian which depends on time H (t). How do we solve the
TDSE for this?

d N
in () = H(0)[9()

We formally integrate this (we’ll assume ¢ > ¢y throughout this):

(1)) — W (ko) :—f/dtl (t2) [ (1))

=) = ) 3 [ dn A )

to

Now insert this equation for |¥(t)):

= 1000 = 190) — 5 [ Fen) W)

<_> /to/t:ldtldtQ (t1) H (t2) | ¥ (t2))

Notice that ﬁ(tl)ﬁ(tQ) only appears with t; > to. We repeat this to find the propagator from ¢g to ¢:

(1)) = Ut to) [¥(to))

Utto—l—/Htldtl—F(—) // Ht1 t2dt1dt2+

Notice we can write:
i1
/ H(t)H (ts)dt dts = / / T (H(t H(tg)) dt 1 dt

to Jto

where T ( (tl)H(tz)) is the time-ordered product:

T (H(tl)ﬁ(t2)> = {

We can repeat this for all higher integrals appearing in U (t,to) to find:

Ult,to) =T (1—; t:dtlﬁ(tl)—i—;(—) /dtl/ dty H(t)H )+...>
=Tiexp (;/;dtﬁ(t))

This is called a time-ordered exponential. It satisfies:

(t)H(ty) t1 >ty
(tg)ﬁ(tl) to > 1

o

%U(t to) = —%fl(t)ff(tvto)

o
Dty

It is fairly straight forward to verify that this U is unitary:
U(t,t0)'U(t, to) = U(t,to)U(t,t0)" = 1

Ul(t,to) = +hU(t to)H (o)



1.2 The Interaction Picture

We now have the basic tools to tackle time-dependent perturbation theory. Let’s start by dividing H into a
reference part Hy and a perturbation AV (¢) which we now take to be time-dependent:

H(t) = Hy+ \V ()
We define the interaction picture state |0 (t)) as:
|97 (1)) = T (1))
And we differentiate this to find:
d iH, -
_ \I;I ) = -7 u +iHot/h U (t
<) <+h> )

4 etitlot/h <—;ﬁ10 - ;AV@)) W (t))
= I AY (1) [0 (1))

Inserting 1 = e~ ifot/hetiflot/h e find:

d b ih - 7 7
E ’\I’I(t)> — _%e—HHot/h/\V(t)e—zHot/he+1H0t/h |\I’(t)>

= fﬁAVI(t) ol (1))

where V1 (t) = etiHot/hy (1)e=iHot/h This is called the interaction picture Schrédinger equation. We can
always recover |¥(t)) using:
(0 = et | (1)

We can use our general solution from before to solve this as a perturbation series (note [¥(0)) = [¥7(0))):
- ¢
0) ~
[ 0) = [ 0) — 3 [ Ve w0 dn

n <_;)2,\2 /Ot /Otl dtydty V' (t1)V (t2) [9(0))
4o

We can also write |¥/(¢)) in the eigenbasis of Hy:
w6y =3 ‘n(0)> en(t) = cn(t) = <n(0)‘\111(t)>

and the coefficients can be expanded as a perturbation series:
en(t) = D) + AV (t) + 22D (8) + - - -

Comparing coefficients in powers of A we find:

() = (n ]! (0))

) =~ / O (12)] 7 (0)) dty



LN 2 t t1
@) = 1t Ldty (O V() (8) 0T
20 = (1) [ ] i aOW e wlv o)

If |0(0)) = |i?)), then we can simplify the first two equations to:

O (t) = <n(0)‘i(0)> =0n,i

R
)= [t WO 0l
0

1.3 Time-Independent Perturbation & Fermi’s Golden Rule

Suppose V(t) =V is independent of time. Let’s evaluate cg)(t) in this case:

. t . A
Csll)(t> = —%/ dtl <n(0)|e+iH0t1/ﬁve—i[—jotl/h|i(0)>
0
; t
= / dty eFE 0 (O | [(0)) B 0/
h 0

. t
(] (g (0) _ g(0)

= —— Vi [ dty et B —EiDh/h
h 0

i BBt/ g

- *7Vn,i
W ED - B /b
t/2

_ efiwn,it/2
h'(*)n,i
QZVnJ 6iwn,it/2 sin(wnyit/Q)

h Wn g

)

Wn i
-V veiAEm-t/Qhe
- n,t

where wy, ; = (Eflo) - Ei(o))/h and V,,; = (n(9|V]i(®). Now note the population of |n(@) is:

[{(nO1E()) [ = | (0@ P 1w (2)) |2
= e B (O]9 (1)) |
_;E0)
= [e M ey (1)
= lea(t)]?
So the population of |n(?)) is (for n # i) AQ\cgll)(t)F:

B NV, )2 sinz(wn7it/2)

2 (1)t 2
A |Cn ( )‘ K2 (wn,i/2)2

Let’s carefully examine the behaviour of this. First note:

e’} 2
/ deZﬂ'a fora>0
w

So consider (wy, ;t/2) becoming large:
lim sin®(wt/2) |0 if wp; #0
t—00 (wn7i/2)2t n +oo if Wni = 0

but:
/°° sin?(w,,.it/2) t

dw, ;= 2o = 2
o (wna 22 Wi T AT AT



So as (wp,it/2) — oo, this becomes a J-function. So:

A2V, il2
Po(t) = XM ()2 = ot 2m(wn )
Noting 6(az) = ﬁé(m), this is:
2 2 12
Po(t) = Mt . 6(ET(LO) _ Ei(O))

h

which is valid for small A?|V,, ;|, i.e. short times. Compare this to a kinetic equation solution:
i i

for P;(0) =1, P,(0) =0, and t — 0:
Po(t) = kit or  Po(0) = ki,

This implies with the above that:

kiﬁn -

2w A2V, |2 0
22 il s(B©O — O
; (B, — E;7)

This is Fermi’s Golden Rule. It tells us a perturbation can (to lowest order) only induce transitions between
states if:
V,:#0 and E© =E©

i.e. the coupling is non-zero and energy must be conserved.

1.4 Time-Dependent Perturbations

Let’s consider a time-oscillating perturbation:
V(t) =V cos(Qt + ¢)
_ %f/eﬂ‘%-s-mt + %Ve—iqbe—iﬁt
— V+e+mt + Ve
We can now use what we worked out before to write down cgll)(t) if |w(0)) = |i(0)>:

2i sin ((wni + Nt/2) i
) i ) ni +i(wni +Q)t/2
n ( ) h +,ne Wi T Q e
B %V, o sin ((an — Q)t/2) e+i(wm*9)t/2
h ’ Wni — Q

We can again find P, () to lowest order in A:

2 12 w2 ‘
Pa(t) = NV il sin® ((wn; + Q)t/2)

h? ((wni +©)/2)*
)\2|V,’m-|2 sin® ((wns — Q)t/2)
+ 2 2
h ((wni = 2)/2)
A22Re [V Vo nie ™™ sin ((wni + Q)t/2) sin ((wni — Q)t/2)
h? (wni +92)/2)  ((wni —Q2)/2)



By the argument we had before, for |(wy; £ Q)t| > 1 and A — 0, the first two terms give:

A2V i
Let’s analyse the last term as before: first as ¢t — oo:

sin(wt/2) {0 w#0

500 (/272 {400 w=0

and the integral satisfies (for ¢ > 0):

e w2 T i

So the last term is involves terms that become:

sin(wt/2) 216

/+°° d sin(wt/2) 2w

Jim iy = 7

(w)

So:

lim sin ((wns + Q)t/2) sin ((wn; — Q)t/2)
t=oe ((wni +92)/2)  ((wni —92)/2)

but for Q # 0, this is zero, so this term vanishes. Overall we find:

= (2m)20(wWni + Q) X 6(wni — Q)

22|V il

N2V il?
h2 e 2

ﬁ2 7r5(wm- — Q)

So a time oscillating perturbation can only cause a transition if the frequency matches the energy gap.

1.4.1 Example: Dipole-transitions

For a system interacting with an oscillating electromagnetic field, V(t) is:
V(t)=—p-E(t)
E(t) = Eyn cos(2t)
where n is a unit vector defining the polarization axis, and fi is the system dipole moment. This gives:

X 1 X
Vi = —Efo@g

So a transition probability is non-zero if and only if:
(n@ln- i) # 0

so at least one component of the transition dipole moment must be non-zero. We also see that the transition
probability is proportional to £ which is directly proportional to the energy intensity of the electromagnetic
wave.



2 Adiabatic theorem

Suppose the Hamiltonian of a QM system depends very slowly on time. Previously we saw that time-
dependent perturbations can cause transitions between eigenstates, but what happens if the change is very
slow?

H (t) is hermitian, so it has a time-dependent basis of eigenstates

H{(t) [n(t)) = En(t) [n(t))

This basis can be used to expand |¢(t))

() =D ealt) In(t))

n

Plugging this into the TDSE gives
d i
— =—-H
< [9(0) = — 3 B (1) [ (1)

D [en(t) (1)) + ealt) lin(t))] = —% > cn)Ea(t) In(t)

n

Take the inner product with (m(t)| to obtain
Cm (t) + e () (m(t)|m(t)) + Z cn(t) (m(t)|n(t)) = —%cm(t)Em(t)

n#m

= ém(t) + e (t) ()0 (t)) + B (t) = Y enlt) (m(t)]in(t))

Let’s consider (m(t)|n(t)) = dnm

where v,,,(t) is real. So this term only contributes a phase factor to c¢,,(¢). This is called the Berry phase.

Now let’s consider the derivative of H(t)|n(t))

4
dt

d

(Fr ) n(e))) = 37 (Ba(t) In(9))

:‘ (iH <t>) [n(®)) + H(®) [2(5)) = En(t) [n()) + En(t) (1))

Take (m(t)| with this for m # n

(m(t)| (jtﬁ(t)) In()) + Epa(t) (m(@)[2(t)) = En (t){mpte]) + En (1) (m(0)lin(t))

10



Putting this all together we find

m 4 f n

n#m

Assuming %H’(t) is small (i.e. H(t) is slowly varying) and E,,(t) — E,(t) is never zero, the right hand side
is approximately zero, so

em(t) = e (0) exp [—z’ /O i (wr) + ;Em(r)ﬂ

We can include the term on the RHS, the non-adiabatic term d,,,(t) = (m(t)|n(t)), as a perturbation to
give

grlL)( )+ 7'emc’m ( ) - Z C»ELO) (t)dmn(t)

n#m
> 5 (70D m) = X @O (0
dt
n#m
S V() = e 3O / dr € (7)) (1) (7)
n#m
So for very slow changes |¢,, (t)| = |¢m (0)] and there are no transitions between eigenstates. If energy states

cross however this breaks down and transitions occur.

2.1 Example: Molecular Electronic Transitions
Let’s treat a molecule semi-classically. We’ll fix the nuclear positions, but let them vary in time, R(t), but
treat the electrons quantum-mechanically.

The electronic energy states depend on R through H (R)

|En> = |E7L(R)>

Transitions occur due to nuclear motion
En(t) = En(R(1))

d

SH(R() = VA(R() - R(t)

If energy levels cross, coupling becomes significant due to nuclear motion, and a transition can occur.

Points where E,(R) = E,,,(R) are called conical intersections, and when E,(R) # E,,(R) goes through a
minimum is an avoided crossing. An example is LiF

11



Lit +F~

Li+F

LiTF-

> R

If Li—F is formed in its excited state, it can transition when the energy gap is smallest as Li + F move
apart.

2.2 Landau—Zener Transitions

For most systems we cannot analytically calculate the transition probability between states. One special
case is the two state Landau-Zener model

H{(t)

Subl1) (1] = Set12) (2] + A>T (2] + 12) (1)

(vt A
T\A —%vt

|1) and |2) are called diabatic states. The adiabatic (time-dependent) eigenstates are
[64) = cos(B(1)) 1) + sin(0(1)) |2)
[¢-) = —sin(6(1)) [1) + cos(6(1)) |2)
Ey(t) = :i:% (vt)? +4A2

tan(20(t)) = %

These are shown here

- - - diabatic: Hy, ,, = :I:%t
— adiabatic: Fy = £4/(vt/2)? + A?
‘ t

12



For t —» —o0
V) = 12) 5 o) = 1)
and t — 400

) =11 5 ) —=12)

We'll assume we start in either [¢4) or |[¢_) at ¢ — —oo. We want to find the transition probability as
t — 4o00. Henceforth we’ll assume we start at ¢ = —oo in |1). We can just work with diabatic states to find

[(8)) = co(t) 1) + ca(t) [2)

Applying the TDSE we find

bt) = —oren(t) — 1 Acs(t) 1)
alt) =+ ea(t) = 7 A (1) )

We can re-write this by introducing

so we find

ar(t) = —%e%w(t)az(t)
N
az(t) = — e Way (1)

We can differentiate the a1 () equation again with respect to time to obtain

. vt (JANY A 5 -
ar(t) = r (—he2"p(t)a2(t)) — ?62@(”@2@)

The first term on the RHS in brackets is a1(t). The second term can be written in terms of a;(t) using the
equation for as(t)

2 2
i (t) = %al(t) _ %al(t)

We note that letting ¢ — 00, a,(t — c0) becomes a constant, because the phase factor completely captures
its evolution where the diagonal term dominates the dynamics of ¢, (£). We also know az(t — —o0) = 0.
The last equation we found for a;(t) can be rearranged to
ay(t) ihay(t) A2
= —— — 11—
as (t) vtay(t)  hot

We now integrate this from —T to T to obtain

T T b (t T A2
m(-4) :—/ Z—al()dt—i/ =
a1 (=T) _p vt ay(t) _p hut
Letting T' — o0, it can be argued using tools from complex analysis that the first integral is 0. This involves

taking the integral into the complex plane and integrating over the contour depicted below. Likewise the
second integral can be evaluated along the same contour as

1 o1 ;
/ fdt:/ —iTe’ df = —im
T t - T@l

13



Im(t]

Ch

The end result is

In ai(co) \ _  mA?

ai(—o0) ) o

and noting that P = |c1(00)|? = |a1(00)|?, and |a;(—o0)|? = 1, the probability of staying in |1) is
P = e—27rA2/hv

This is the Landau—Zener Formula.

This is consistent with the adiabatic theorem as v — 0, P; — 0 so P, — 1, so population stays on the
adiabatic (eigen-) state. If v — 400 the time spent in the crossing region is low. So no population can be
transferred from |1) — |2) and P, — 1.

14



3 Density Operators

3.1 Ensembles and the density operator
So far we have only considered single isolated quantum systems, the state of which is described with a state
vector |¥). In chemistry we generally have very large numbers ~ 1023 molecules in our system of interest.

Each molecule has the same Hamiltonian, so in this sense is identical, but it may be in a different state. We
label each state for each member of the ensemble |¥,,).

-
é‘ |Us)
'R |W3)
|¥s5)
|Wy) )

If we measure an observable O for each system and take the average of the measurements we find

(0) = 3 (w0,

We re-arrange this to find

NZ (,|01|®,)

1
n,k

=> (k‘\ﬁ D 1)l Olk)
k n

We define the density operator as

w2

N
and recall Tr[A] = ok (k|AJk) so we can write (O) as
(0) =Tr [ﬁ@}

The density operator p contains all information about observables of the ensemble.

3.2 Properties of the density operator

It is straightforward to verify that p is hermitian

p=p
Its trace is 1
Tr[p] =1
and it is positive-semi-definite, i.e. V|¢p) € H
(¢lplg) = 0

15



From this we can show i

— <Tr[p?] <1
0 = [p%] <
where dy; is the dimensionality of the Hilbert space.

p = p' is necessary for observables to be real-valued and Tr[p] = 1 ensures the total probability for finding
the ensemble in any set of orthonormal states is 1.

3.3 The purity of the density operator

The Tr [ﬁz} is called the purity of p. If all members of an ensemble are in the same state |¥,,) then

p=19)(Y|
* =) (7|
= Tr[p°] =Tr[p'] =1

This is called a pure state for the density operator.

If a fraction of the ensemble is in another state |¥’) where |(U|¥’)| = 0 then

p=(1-p)|¥)(¥|+p|¥) (¥
P = (1= p)? [©) (W] + p? [ W) (U] + p(1 = p)(|¥) (¥'] + &) (¥])
=Tr[p?] =(1—-p)P+p°=1-2p+2p° <1

So if any fraction of the ensemble is in a different state ’I‘r[ﬁg] < 1. This type of ensemble (density operator)
state is called a mixed state.

If p= -L1, this is called the maximally mixed state, which has the minimum purity.
dy

3.4 Thermal Density operators

From Stat. Mech. we know that for a thermal ensemble the expectation value of an observable is
1 o
0)=> —e B (E,|O|E,
(0) Zn: 0 (En|O|En)
Note = 1/kpT. Inserting an identity as before we find p to be
p=1 S BB
@<

_ %Ze*ﬁff |E,) (En]

En) (Enl

1 ~
= —e_BH

Q

and the partition function @ = Tr [e‘fBH }

16



3.5 Entropy
The entropy of a thermal ensemble is
§ = (B~ A) = kpB(E ~ A)
A=—kgThhQ, E= —%an
S = ka(nQ - 53, Q)
—kp(nQY pu+>_ BE.p,)
=—kp» pn(InQ+ BE,)

= —kp Y pnlnpy

n

For a thermal density operator

P|En) = pn |Ey) and In(p) |Ey) = In(pn) |En)

So
S=—kpY_ (Ealplnp|Ey)
= —kp Tr[pln g]

We can use this to define the entropy for any density operator.

3.6 Dynamics of the density operator

How does the density operator evolve in time? Each state in the ensemble obeys the TDSE

so this means 4 p(t) is
d. 1 d d
@70 =5 2 (G 19 (a2 )
= LS (L) (W + L )
- N . h n n h n n

i

h

i

h

=2 Hp+ +pH (H, p]

This is called the Liouville-von Neumann equation.

Recall that operators on H themselves form a Hilbert space (in the parlance of linear algebra this is H ® H*)
which we call the Liouville space.

It is straightforward to verify that R
ApB = C(p)



is a linear operator on operators.

é(ﬁ%& + QQBZ) = A(Chfﬁ + azéz)B
= (Il/if)lé + QQA[)QB

= a1C(p) + asC(B)

So operators on operators of this form are linear and we can unambiguously write C (p) = ¢ p. This is called

a“super-operator”. We indicate them with double hats e.g. A.

We can also write the Liouville von-Neumann equation as

Because this equation is linear, we can use all the tools of linear algebra to manipulate equations involving
density operators.

3.7 Inner products of density operators and observables

As we have shown, density operators form a Hilbert space, much like quantum states of individual isolated
systems, but with the dimensionality squared. We will sometimes use Hilbert space “ket” notation for density
operators. This will be referred to as a Liouville space vector

o)) =p
The dual ({p| is defined using the density operator inner product
({pilpa)) = Te[pl ).

A long time ago in 215A you verified that this does indeed constitute an inner product. Note we should
generally try to avoid mixing the Hilbert space notation p and Liouville space notation |p)), in order to avoid
confusion.

Using Liouville space notation, we note expectation values of observables are given by

(0) = ((O']p))

and density operators are normalised such that

L= (1) = (({1]p)-

Note that the inner product

((ple))

is the purity of the density operator.

3.8 Matrix-vector representation of Liouville space

Very similar to how quantum states of composite systems are represented with complex column vectors, we
can construct a column vector representation of a density operator. First we pick a basis for the Hilbert
space |n) and map each basis vector onto a unit column vector e,,.

In) = en
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The operators [n)m| form a basis for the Liouville space, so we map these onto kronecker products of the
Hilbert space basis vectors.

[n) (m| — e, ® e,

so density operators are mapped onto column vectors as

p— Z (n|plm) e, ® en,

n,m

From this we can represent super-operators as matrices. Left multiplication by an operator is represented as

Ap— 32 (nlAlk) (klplm) en @ e

n,m,k

= Z(Ap%) ®en [Note pg, denotes column m of the matrix of p]

m

=(A®1)p
and right multiplication is represented as

pA — Z ) (k| Alm) e, @ e

n,m,k

= Z en ®en[(prA)lm [Note p! denotes row n of the matrix of g

- Y (AT
= (1 ® AT)p
So general super-operators are represented as

ApB - (A®1)1@BT)p
= (A®(B))p.

This is a very useful recipe for going from matrix representations of operators and states in Hilbert space to
super-operators and density operators in Liouville space for computations.
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4 Linear Response Theory

In a typical experiment, e.g. in spectroscopy, we apply a time-dependent perturbation to a QM system and
then measure the response in an observable. This is often done to a whole ensemble of systems.

Let’s consider the ensemble initially in pg. It evolves according to
QT .
p(t) = —— | H OV, p t}
Sot) =~ [Bo+ £V, (1)

f (t)V is the applied perturbation.

As in TDPT we can move to the interaction picture

Al(t) — eiﬁot/hA(t)efiﬁgt/h.
In this frame p’(t) obeys
dorony L o b ifit/h [ f oA —iHot/h
o0 0 =+7 [Hmp (t)} — e [Ho + f(t) ,p(t)} e
__t Ty AT
= — [FOV 0.5 @)
We can apply PT to this to find
.
A A 2 - A
710 =10~ 5 [t g [P0,/ 0)] + 0V?)
This is completely analogous to TDPT with wave-functions.

Suppose we measure an observable Ain response to the perturbation. Using (A4) = Tr [fl[)] we find
(A(t)) = Tr [AUO,;(O)UOT}
-
— %/ dtl f(tl)TI‘ [AUO {Vl(tl),[)o} Ug:|
0
Uy = e~iHot/h, Re-arranging gives, together with 5?(0) = pg [Note Tr [AE} =Tr [BA}]
() = Tr | 4" (t)po]
ot
_v AL [v! 5
h/o dty f(t1) Tr {A (t) {V (t1>7p0i|:|
=T {AI (t)ﬁo}
ot
_ AT o1 .
P [ an e [[410. 7)) )

Write (A)g = Tr {Aﬁo} to find

.
i . .
(A40) = A0 = 5 [ an e [0, 77w o
The last term is called the linear response function

1

= (AT @®), V(1))

XAV (t7 tl) =

This is linear response theory.
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4.1 Thermal Initial conditions

The response function can be simplified considerably if [py, ﬁo] =0, eg. if po = ZLO B0 Pirst note
xaB(t,t1) can be written as
i

h(CAB(ta t1) — Cpal(ti,t))

XAB(t7 tl) =
where Cap(t,t1) is

Caplt,t1) = Tr [Af(t)éf(tl)po]

Henceforth we drop the Al(t) = A(t), but remember the time evolution is generated by Hy, and not H (t).
If [Ho, po] = 0 this can be written as

Cap(t,t1) =Tr

=Tr g(t - t]_)AU()(t - tl)BpAo
== CAB(t - tl, 0)
= CAB(t — tl)

So xas(t,t1) = xap(t — t1). Likewise (A’(t))o = (A)o

So linear-response theory simplifies to:

(A1) = (Ao — / Ft)xav(t — 1) dty

4.2 Correlation functions
We see that the linear response is entirely encoded in the correlation function
Cap(t) = Tr [A(t)f}ﬁo}
where we will continue to assume [Hy, po] = 0.
Let’s consider some properties of this:
Cap(—t) = Tr |0 (=) AU (~t) Bjo
= Tr [AB(t)o]

= Tv [AB(#)70

_" _ﬁ(T)BT(t)AT}

CAB(—t) = OBA(t)*
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A short aside on the Kubo-transformed correlation function

For thermal states we can find a more symmetric form of the correlation function as
1 [ . -
Chplt) = —— / d\ Tr [A(t)e—w—A)Ho Be—mo]
Zof Jo

This is called the Kubo-transformed correlation function.
This satisfies
Chp(t) = Chi 4 (—1)*

(the proof is very similar to before.) But also
K 1 g —XHo 4,—(B=NHo
Cup(t) = 7 ) dA Tr {e Ae B(—t)}
1 P ’ —(B=X)H 3 _MNHo P
=70 ; d\ Tr [e Ae B(—t)}
= Cpa(-1)

So for A = At and B = Bf

CRAp(t)" = Cpa(—t)
= Cﬁx(B (t)

So CKL(t) is real-valued. The Kubo-transformed correlation function contains the same information as the
standard thermal C4p(¢) but it has a more natural connection to classical dynamics (more on this later).

4.3 Useful Properties of the Response Function

Note that the response function is given by:

{

Xan(t) = © (Can(t) ~ Coa(-1)
And the conjugate:
Xan(t)' = —+ (Cap(t)" ~ Cpa(-1)")
= 3 (Ca(~1) ~ Can(®)
— 3 (Can(t) ~ Coa(-)

Checking time reversal:

i

5 (Caa(=t) — Caalt))
= *XAA(t) = 0Odd

xaa(—t)

So xa4(t) is real and odd.
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4.4 Linear Response and the Absorption Spectrum

Why is the absorption spectrum related to x,,(w)?

Consider Maxwell’s equations for light propagating along the x direction with polarisation included. Let
E(x,t) = E(z,t)e, (polarised along z).

The wave equation is:
O*E(z,t) 1 8°E(x,t) 1 0?°P(a,t)

0x? ¢z Ot? C2¢p  Ot2

where P(z,t) is the polarisation along the z direction. Since P(x,t) is local, we have:

P = average dipole per unit volume
Pla,t) = e / ' (et — 1) E(n, 1)

assuming Linear Response, with causality requiring x(x,t < 0) = 0. This falls naturally out of linear response
theory. To relate x(¢) to microscopic quantum linear response theory, note

PGa.t) =p(0) =p [ Nt = DG 7)dr
Comparing to macroscopic definition:
cox(@,t) = pO(t) Xp.p. ()

Taking the Fourier transform of the above equation (with e*?):

O?E(z,w w? - w? -
TE@0) | & hew) = - i)l w)

O?E(z,w)  w?
—

Ox? 672(1"‘)2(%60))E~’(x7w) =0

Let’s assume we have the material of interest between = 0 and « = L. This means X(x,w) = 0 outside of
this region.

e Outside the medium (z < 0 and x > L):
PE(r,w)  w? -
I +
Ox? c?
e Inside the medium (0 <z < L):

PE@0) 1 4 5@ o) =0

Solving these with the source to the left (at z < 0):
x<0: E(l‘,w) = Ei(w)eikom + E‘T(w)efikox
0<zx< L: E(x,w) = Ef(w)elk(w)i + Ebe—ik(w)x

r>L: E(r,w)= E/(w)eko®

Assuming minimal reflection, E,. ~0,E, ~ 0 (if you work through with continuity and derivative continuity
this falls out if |k(w)| ~ ko). Matching |F(x,w)|? at the boundaries, we find:

~ *

|By(w)[2 = | B (w)|2e k@) —k@) )L
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Now, analyzing k(w):

k@)’ = (14 Xw) = kW)~ =1+ Xw)
— k(W) = =+ X (W)
— k(W) = k(@) = = (Y(e) = Xw)")
=i Im[Y(w)]

So the transmitted intensity I; o< |Ey(w)|? is:
It _ Iie—% Im[x(w)]L
Comparing this to the Beer-Lambert law (I = Ioe~*L):
I, = Lie "

ap = = Im[{(w)]

Taking the Fourier transform of the linear response result gives

ﬂw=p/emmm®ﬁ
0

€0
And the spectrum is therefore proportional to a(w) o Im x,,, .. (w).

Now considering the integral for the imaginary part:

(Using the symmetry properties derived above).

4.5 Fermi’s Golden Rule from Linear Response

Suppose we have an initial state |i) and a family of final states |f, €) with density of states ps(e), such that:
Ho li) = Ei |i)
];:r0|fa€> - 6|f76>

How do we find the rate if a coupling perturbation V is turned on at time ¢ = 07

First, note for ¢t > 0, with the projection operator Pf = [deps(e)|f,eXf €l

i () =5 (1.21)

(Since [Hy, Pf] = 0).
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The commutator is:

= 3 [ dens @ (Vas(@ ).l = Vinle) Il
n#
This defines the ”flux” operator from i — f (taking n = i):

Fig =1 [ deps(e) (Vig (@) [kl = Vil Il

The instantaneous rate is (F;y). Take py = [i}(¢| and apply Linear Response theory with A = F;; and
V(t) = h(t)V:

Fip) = = [, vto)
where the response function is: . ’
X v () = £ T [[E(2), V1ol
4.5.1 Evaluation of the Response Function
Evaluating the trace with go = |i)(i:
- GILEL (), V1)
= L (GEL OV — GV EL@)))

t) = eiﬁgt/hﬁ‘ifefiflot/h:

XFL'fV(t)

= D‘\N 31‘\

Using the interaction picture definition Flf
- . { (B, —e -
GELOV1) = 5 [ dec'®=0mV,y(6) (£ 1)

Using the property [de (f,€'|f,€) ps(€') = d(e —€'):
GEL OV = 5 [ de B0 (0 Vis (o)

Substituting this back into the expression for x:

LN 2
1 —€ i(E;—e
w0 = (7) [ deonOWig(oP (eHEn g i)

2 E—¢
:_hg/depf(ﬁ)vif(e)Fcos( - t)

4.5.2 The Rate Constant

For short times, the flux has contributions from all |f, €}, but over time the oscillations average out leaving
only F; = € terms. The long-time limit of the flux is the rate constant:

k'i—>f:<sz t—)OO / dTXFIfV

E; —¢€
= 2 [dcosvistor / dreos (E257)
Using the identity [ cos(wt)dt = w6 (w):

2
bives = 3 [ deprlQIVig (@ - hb(Ei — o

™
— Vg (B s (E)

This is exactly Fermi’s Golden Rule!
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5 Open Quantum Systems and Quantum Master Equations

5.1 Open Systems and Reduced Density Operators

Suppose a quantum system can be partitioned into two sub systems A and B, so the full Hilbert space is
H=HasQHp

and basis states are
Ina,mp) =[na) @ |mg)

with [n4) € Ha and |mp) € Hp.
The full density operator for this system is j.
We now define the partial trace over A or B by
Tra(lna, mp) (ny, mpl] = [mp) (Mp| 0w
Trp(lna,mp) (nly, mip|] = [na) (ny| Smm
So this reduces an operator from an operator on H to Hpg or Ha.

We can define the full trace in terms of partial traces as

Tr {/q =Tra[Trp [A]] =Trp[Tra [AH

We can now define the partial reduced density operators 64 and 6p as

64 ="Trg[pl, &p="Tralp]

If O4 is an operator that only acts on H 4, then it is straightforward to show

(04) =Tr [OA[s}
= Tra[Trp[0af]]
= Tra[Oa Trp[/]]

= TYA[OA&A]

So 0 4 contains all information about observables of A and likewise 65 contains information on observables
of B.

Why is this useful?

Often in real systems we have a system of interest, s, and an environment, often called a “bath”, b. Our
experiments often only probe the system, so which consists of far fewer degrees of freedom than the full
system + bath. This is why we often work with &.

This is illustrated here:

b A = s the subsystem
@ B = b the environment or “bath”
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The system might be a molecule and the bath might be a solvent or electromagnetic fields or vibrational
degrees of freedom of a molecule. The most sensible partitioning depends on the problem at hand.

This is what is generally called an open quantum system. The subsystem of interest can exchange energy
(and also potentially particles) with the bath through a system bath interaction, so in this sense it is open,
as opposed to a closed quantum system that has a fixed energy and number of particles. What we aim to
find is an effective equation of motion for the subsystem recduced density operator, which is analogous to
the Liouville von Neumann equation, but which accounts for the effect of the bath. We do this because the
full system is generally too complicated to solve in its entirety.

Note we’ll play a bit fast-and-loose with use of the term “system” and “subsystem”. “System” may refer to
the total system or, just the subsystem. I'll try to use the term “total system” when referring to the whole
subsystem+bath, and the term “system” will mostly be used to refer just to the subsystem.

5.2 System—bath interactions

The full Hamiltonian of a total system can be written as
IA{ = I:]s + ]:]b + I;[sb

H, and fIb only act on the subsystem and bath, but Vsb couples the two. ‘A/Sb can always be decomposed as
‘A/sb = Z SaBa
a

where S, ~acts on s and B, on b. For simplicity we’ll just consider Vi = S’B, but the generalization to
multiple S, B, is relatively simple.

Question: Can we find an equation of motion for &,7
Let’s try starting from the LVN equation for j(t)

d [~ - S
0 = =7 [H + Hy + Hap, p(0)]

h
%(}S(t) =Tr, [;tﬁ(t)}

=y [[A (0]~ 1Ty [, (0]
— % Ty, [[ﬁsb» ﬁ(t)]}

e Talp(0)] = 5 T [1H0sp(0)]

= =7y, 65(t)] - %Trb {[ﬁsb,ﬁ(t)]}

The first term is the LVN equation as if the bath was not present. The second term can’t be simplified
exactly though.

The bath interaction introduces correlations between the system and bath that cannot be easily simplified.

5.3 Interaction picture

Let’s try another approach. First let’s move to the interaction picture (as we did in perturbation theory).
gO:-Hs+ﬁba V:Hsb
pL(t) = eTHot/h () e=iHot/h (Same def. for V(1) etc.)
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Analogous to the TDSE in the interaction picture we find,

S0t = V7 0), 0" (1) 1)

Let’s define 61(t) = etifst/hg (t)e_imt/h. This is equal to Try[p! (t)]. Now let’s integrate this to give

PO =0~ [ ar V. 0) 2)
and substitute this into the equation for & 57 (t)
GO = =1V 0.5 01~ [ a7 o007 ) Q0

We don’t seem any closer to an equation just for 64(t). ..

Let’s assume initially the subsystem and bath are uncorrelated.
p0) = 64(0)f
Taking Try[-] of (1) gives
=510 1 [ ar W70, 0]

So 61(t) = 61(7) + O(V?).
Taking Tr, of the first term in (3) gives
Teg [V (2), 5 (0)]) = 87 (8) Ty [ B (8)31)6(0) — 7.0) Ty [ B (1)) 37 )

Now assuming Try, [BI (t)pp) = 0, as we generally can, this term vanishes. Often by assuming pi (t) = p, and
Try[Bpy] = 0. Now in (3) in the second term we can replace p(7) with
pl(r)=6"(m)py +O(V)
=5ty +O(V)
This is called the Markov approximation. The full equation includes a memory term, so we’d need to know

the density operator and previous times to predict its dynamics. The Markovian approximation simplifies
this term by removing the memory.

Now taking Tr; of (3) gives

G0 == [ ar T 70,170, L0

Now let’s transform back to the Schrédinger picture
d i
—64(t) = —=

6u(t) = —1

i

— 5 [ a7 = 0.0,

[H,,64(t)]

[E—

Let’s expand out the last term after 7/ = ¢t — 7 substitution.



Define C(7) = Try[B!(7)Bps), and this becomes
Trb[[V, [VI(—T’), Gspp)]] = SC(T/)S’I(—T/)&S — C’(T’)*S&SS’I(—T’)
—C(r)8" (=765 + C(7')"5,5" (-7')S
We see now when we expect the Markov approximation to be valid, which is when the correlation terms
decay fast compared to the dynamics of the density operator.

We can expand S7(—7') in the eigenstates of H,
H, In) = En |n)

S1(=1") =Y Us(=7") [n) (n|S|m) (m| U] (~7")

=D e B S )

So taking the integral gives terms of the form
t
/ C(r)e  nmt/hS, 0 ) (m]
0

Assuming C(7) decays rapidly, we can take the integral time limits to oo
We define
~ 0 A
A= / dr C(1)S8*(—1")
0
and the equation for 65 becomes

o)) = — L1, 640 = 218, Ro(t) — 6,AT]

This is the Redfield equation (in its full “non-secular” form). The Redfield superoperator R describes the
relaxation of the system induced by the bath. Sometimes this is also called the Born-Markov quantum
master equation.

5.4 Secular Redfield Theory

In its current form Redfield theory is a little unwieldy. Let’s move back to the interaction picture to see
what happens.

First let’s define

So
o1 = 0.0 (R0 1001 0)) 070
Taking component (a|6!(t)[b) = ol ,,(t) gives

d i — A —1 —
apoen®) = O R e (d]on a(pye BB

. ab—We t I
_ § :6+z(w b—Wed) Rab,cdgs,cd(t)
cd
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Integrating this gives
t
ol a(t) = / dr Z eTiWar—wed) T Ry caol Lg(0) + -
0 cd

Doing the integral gives (for wqp # Weq)
ei(wabfwcd)t —1

t
/ dT e+i(wab7wcd)7— J—
0 Z(wab - wcd)

The dominant terms, therefore are wy, = weq terms which grow linearly in time. In the secular approximation
we retain only these terms, where
E,—FE,—FE.+E;=0

So we retain terms with

or2) a=c, b=

The terms corresponding to case 1) are
Raabb

These connect populations in the reduced density operator to populations so they can be interpreted as rate
constants
Raabb = ka(—b = kb%a

The case 2) terms are
Rabab = —Yab — Z'AWab

So these cause decay through the real part and a change in oscillation frequency due to the imaginary part.

5.5 Expressions for Secular RE Redfield Rates

First let’s consider Ryqpp with a # b
1

Roan =~ (al[S. A1) (6] = [1) {b[ AT]a)
= 2 ((@l3) GAtla) + (@lA) G181a)
We have -
(a|A|b) = Sap i dr C(1)e™ ™™ = S J (wWap)

1
= Raabb = +ﬁ|5ab|2 . QRQ[J(CU@[))]

And likewise
Raa,aa = - Z Rbb,aa

b#a
In the homework problems you will show that
2Re/ C(r)e ™" = C(r)e ™"dr = C(w)
0 —o0
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and also R '
C(~w) = C(w)eTms

So Redfield theory predicts rates that satisfy

kb—)a _ Raabb _ C(wab) _ S*B(Ea*Eb)
ka%b Rbbaa C(—wab)

So the steady state for the system evolving under the Redfield equation will be the thermal distribution.

. 1 _
Gs(t = 00) = — > In) (n] e B

Coherences 67, (t) evolve with the rate (frequency shift

Rt = = 7 {al[3, A1) ] — ) (A1)

= — 2 ({410 + (alATSIE) — (ol a) (51 A1) — (alA]a) o] SI1))
- (Z(sacsmj(ww) + sbcscbj(wcb)*)> + 25 (25, SuRelT(0))

The sums can be re-written in terms of real and imaginary parts tp give

1 = . 1 .
Rabab =~ =5 > [Sacl?Re J(wea) + > [Shel* Re J(wen) | + 73 (2500 = 53, — S Re[J(0)))
c#a c#b
. Sacl*Im J — [Spe|? Im J (wpa)
B2 <| aC| m (wca) ‘ bc| m J(Wpa
1 i -
=+3 (Raaaa + Rovby) — E(HLS,aa — Hys) — (Saa — Sew)? Re[J(0)]

This Rapap term has three distinct terms. The first is a population decay term, this ensures coherences decay

as populations decay.

The second term iwaLbS = %(H LS.aa — Hrspp) is imaginary so it contributes to a frequency shift in the
dynamics of the system. This is called a Lamb shift term. It’s often a small effect so it’s frequently just
ignored.

The last term is an additional dephasing term that arises due to fluctuations in the diagonal coupling between
the subsystem and bath. This is also called an additional decoherence term.

5.6 The Lindblad Equation

The secular Redfield equation can be written as

d 1.~ -
—0s(t) = ——[Hs + Hps,05(t
$05(0) = 3+ us,5,(0)
. 1oae o
+ Z kb—>a <Labgsle - 2{leLabvas(t)}>
a,b#a

A 1 oavn
+ Ya (LdaSL; - Q{L;Ld,as(t)}>
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with {A, B} = AB + BA as the anticommutator and
N 1 ~
Hps = P Z |Sa0|21m[J<wca)} |a) {al

2 ~
kv—a = Raaby = ﬁ|sab|2Re[J(wab)]

IAJab = |a'> <b|
Yo = 1 ReL(0)]

L, ZS‘W la) (al

This is exactly of “Lindblad” form

Qyw=—gﬁmm+§)%@mm—iammm)

This is the most general form of equation for a density operator that preserves trace, Hermiticity and
positivity.

Redfield theory in its non-secular form is not of this form, so it can break the positivity of the density
operator (which is unphysical). There are two perspectives on this: 1) we should always have positivity
preserving dynamics, so the secular approximation is to be preferred, or 2) violation of positivity gives a
clear metric for how accurate we expect the other approximations we have made (perturbation theory and
Markovian approximations), so secular Redfield is to be preferred.
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6 Introduction to Many-Electron Systems

6.1 One-Electron Systems

Consider a single electron. Fundamental physics tells us this has spin. So the full Hilbert space for a single
electron is H = Hzp ® Hspin and a suitable basis is:

r o) =[r)@]o)

where the spin states are |a) = |s =1/2,ms = +1/2) and |38) = |s = 1/2,ms = —1/2). The electron spin
angular momentum is always fixed at s = 1/2 unlike orbital angular momentum.

Single electron states are can be expressed as a “spinor” — a vector of two position wave-functions:
r
¥ = Y wnl)lno) = 9= (U200)
s b (r)

Typical single-electron systems in the absence of magnetic fields or spin-orbit coupling have Hamiltonians
that commute with spin operators (e.g., Sq,a = ,y, 2):

[H,S,] =0

This means eigenstates of H can be chosen to be eigenstates of S.:

6.2 Two-Electron Systems

Two electron systems live in H = Hi @ Ha = Hsp1 @ Heping ® Hap2 ® Hepin,2- A suitable basis is
|rio1,7209). The wave-functions are in general:

|‘I/> = Z /dﬁ /dTQ \Ijalag(rlar2) |7’10’177°202>
0102
The typical Hamiltonian for simple atomic systems like He, Hy, LiT, etc., is (in atomic units):

1

H=T1+To+ V(1) + V(F2) + 7
|71 — 72

The electrons are identical so they feel the same external (nuclear) potential V(r). The Hamiltonian com-
mutes with total spin S, = S1, + Saq.

[H,S8,) =0 = [$%,H] =0
So eigenstates can be chosen to be eigenstates of 52 and S, as well.

For two coupled spins (s1 = 1/2,s5 = 1/2), the allowed total S is S =0 or 1.

e S =0: Singlets
e S =1: Triplets

The eigenstates |E, S, M) can be separated into Space and Spin parts:

‘\IIE,S,MS> = |\Ijspace> & ‘S, Ms>
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The spin functions are (see homework on coupled angular momentum from 215A):
1
) ﬁ(lalﬁﬁ —|Praz)) (5 =0,M, =0)

Triplet |T4) = |apas) (S=1,M,=1)

1
) 2(|0<152> +|fia2)) (S=1,M,=0)
)

152> (S = 11Ms = _1)

Singlet |S) =

Triplet |Tp

|
s )

Triplet |T_) = |

6.3 Symmetry of 2-Electron Systems

Let’s define the hermitian (you’ll prove this in the homework) exchange (permutation) operator Py by:
Pra|ri01,7202) = |r202,7101)

Physically realistic Hamiltonians for electrons commute with Pis, ie., [H, Pjy] = 0. Because P2, = 1, the
eigenvalues are p = +1.

Quantum field theory tells us that for electrons, the only physically allowed states are antisymmetric (p =
—1):

) Pry |0) = —|¥)
Note that Py = PP pip™,

e For Singlet: P |S) = —|S) = Space must be Symmetric (+).

e For Triplet: P |T,,) = + |T),) = Space must be Antisymmetric (—).
So:

2,8 = Wiy @19)
1, Tn) = [0 ) ©1Ton)

where ‘\Ilggce> is a spatial wave function with £+ permutation symmetry.

Note that this means electrons cannot be in the same state at the same time. So if two electrons are in the
same spin-state, they cannot be at the same point in space, but if they are in opposite spin states, then they
can be at the same point in space.

6.4 A Simple First System: Helium (He)

He has nuclear charge Z = 2 and two electrons. The Hamiltonian is:

S S - 2 2 1
H=T1+Th—— - — + ——
1 ] |7’1*T'2|

Neglecting repulsion (H ~ Hy), the ground state is 1s2. The spatial wave-function is:

|15%) = [Wspace) = /drldrz VY1s(r1)ns(ra) [re, r2)

This is symmetric, so it must pair with the singlet spin function |S). This has a ground state energy (Oth
order): Ey = 2E15(Z = 2) = 2(—2) = —4 Hartrees.

The first order repulsion energy is:
5
B = (Viy) = 3Z=1
Total energy ~ —4 + 1.25 = —2.75.
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Note of effective nuclear charge

In order to improve the estimate of the ground state energy we can also treat this with orbitals with an
effective nuclear charge which is treated as a variational parameter using Z.ss < Z. The orbitals expand to
reduce the electron-electron repulsion. You do exactly this in the homework problems.

6.5 Excited States of Helium

The lowest energy excited states from Hy will have one electron in the n = 2 shell, so the configuration will
either be 1s2s or 1s2p.

Consider the 1s2s configuration. The overall zero-order wavefunctions for the singlet (5) and triplet (7))
states are:

1
[1525,5) = — (|151252) + [251152)) ® |S)

-5

1528, Ty = —= (|181282) — 281182)) @ |Tn)

V2

6.6 First-Order Repulsion Energy

Evaluating the repulsion energy to first order for the singlet state:
B, s = (1s2s,8|Vis|152s, S)

5 (15125 + (251150]) Vi (|11252) + [251152))

— % (151255[Vha|151252) + % (151255[Via |21 185) + % (251 15[ Vi 151 28) + % (251 155[Via|251 155)

=J+K

The simplification to J and K uses symmetry of the integrals.

e Coulomb Term (J): Represents classical Coulomb repulsion between the two electron densities:
1
7= [ dridralon(ri) P loaura)
12
e Exchange Term (K): Arises from exchange symmetry with no classical analogue:

K = /d7‘1d7°2¢9fs(7°1)¢35(7’2)i%s(h)%s(rz)

For the triplet states, the calculation yields Eﬁ)st = J — K. Thus, the triplet is stabilized relative to the
singlet by 2K.

6.6.1 Probability Densities and the Fermi Hole

The two-electron density pa2(r1,72) = Yspace (71, 72)* Vspace (71, 72) explains this stabilization of the triplet:
pg(m, 7’2) = Pls(ﬁ)ﬂzs(rz) =+ ¢1s(7'1)(1525(T2)¢1s(7’2)¢25(r1)
P (11,79) = p15(71)pas(r2) — 15(11) P24 (12)d1s(ra) P2s(71)

As |ry —r3| = 0, pf — 0 (the Fermi hole), while p5 remains finite. Like-spin electrons in the triplet state

avoid each other, reducing their mutual repulsion.
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Comparison of 1s2s and 1s2p Configurations

For hydrogenic orbitals with charge Z, the integrals for the 1s2s and 1s2p are:

Configuration J K
1525 iy 167
152 ﬁZ ﬁZ

p 243 6561

The 152s configuration has lower repulsion (J) because the 2s orbital is more penetrating and electrons are
further apart from each other on average while feeling a stronger nuclear attraction.

Energy Level Diagram

Energy

A

1s2p, 'P (J + Ky,)
21y,

1s2p, 3P (J — Kap)

1s2s, 1S (J + Kas)

2K>s

1525, 38 (J — Kas)

152, 1S (Ground State)

6.7 Dynamic Electron Correlation

Let’s consider the 2-electron Schréodinger equation where 715 — 0. Locally the e-e repulsion dominates.

S S 1
EV ~ TV + TV 4+ —U
T12

In terms of relative coordinates r = 1 — r2 and centre of mass R:
- - 1
Ty + Ty = —zv%{ %

Separating variables ¥ = W(R)W,.(r). The relative aprt can be split into different relative angular momentum
terms (just like the hydrogenic atom Schrodinger equation) W,.(r) = 3", y, ®1(r)Yz 1 (0, ¢) and following a
very similar separation of variables we find

d? 2d L(L+1) 1
—_— e =+ | D =FEd
( dr2 7 dr + 2 + T) L(r) L(r)

We found before that @1 (r) = r7uz(r), so plugging this in above gives
Erfup = (~L(L — 1)rF2up — 20rf =) — rLuf)) + (—20rt2up — 2rF 1) + L(L + 1)rt2up + Py,

= —2(L+ )rf ) — P 478ty
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-1

So dividing by 7%~ u;, and considering small r we find

1 duL 1
lim —

r—0 ’LLL? o 2(L+1)

This is the cusp condition. It implies that for like-spin electrons (which must be antisymmetric spatial
so L = 1,3,...), the wavefunction goes as r” (linear) or higher powers, reducing probability density at
coalescence. On the other hand for opposite spin electrons . = 0 components can contribute at the wave-
function can be non-zero at small r15 because the spatial function has to have even L contributions. (Recall
that the parity i.e. exchange symmetry of the angular part is (—1)¥, c.f. s orbitals are symmetric but p
orbitals are anti-symmetric.)

Zero-order mean-field wavefunctions (like our symmetrised product ansatz here) do not satisfy this cusp
condition exactly, because they are only approximations to the true wave function. This missing energy is
called dynamic correlation. It can be added back using perturbation theory:

- 3 Ll

m¥#n m

Wave functions of multi-electron systems built from (symmetrised) products of orbitals never include dynamic
correlation. They only include the simple direct Coulomb and Exchange energies.

6.8 Molecules

For molecules we have an electron Hamiltonian

52 ZA 1 ZAZB
ey Ay —2A%E
m;h’i*RM ;V’i"ﬂ 2 |Ra — Rp|

A,B>A
To gain a qualitative understanding, let’s first ignore e-e repulsion (1712) and set Hy = T — Vi5. This is
separable, so solutions are appropriately symmetrized products of le wavefunctions i.e. molecular orbitals.

We also know H — H 4 for r; =& R4, so locally solutions should resemble atomic orbitals. This motivates
using the linear-combination of atomic orbitals ansatz for the spatial le functions.

) = e o)
v
Applying the variational theorem we find
> €Sy = Z Hyuc
o
where H,,, is the le Hamiltonian matrix element.
Let’s see how this works for Hs ...
For Hs let’s use a linear combination of 1s orbitals on atoms A and B

Hpay =a=Hgp and Hyg = Hga = 8. Let’s approximate Sy = 0 and we know Sy = Sgp = 1. This
gives two molecular orbitals
o) = (\13A>—|—|153>), € =a+f3

0%) = —= (l1sa) —[1sB)), €+ =a—-f

Sl
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Note Haa ~ E15 < 0 and also 8 < 0, so the o orbital is lowest in energy. Now the allowed many electron
wavefunctions are

‘02,S> = |o102) ® |S)
0*2,8) = |o*o3) ®|S)

* 1 * *
loo®,5) = 7 (lorog) + lo1o2)) @ [S)
* 1 * *
loo™, T) = 7 (loro3) — lovo2)) @ |Tin)

The lowest energy state is ’02, S > Let’s evaluate its first-order energy including repulsion. We’ll use the
shorthand |A1Bs) = |1s4.11sp,2) etc.
(0) 1
E.=2(a+8)+
728 (a+5) Rup

E[(,g)s = (0102|Vi2|o102)
12

1
po(r) = 5 (paa(r) + pp(r) + 2pap(r))
Let’s approximate with pap(7) = X1s, (7)X1s5 () and further let’s approximate

/dr /d pAB(Tl)pAB(Tz) ~0
/dm/dr paa(ri PBB(T'Z) ~ 1

Rap

/drl/drgpAA 1 ,OAB(T2) ~0
T12

So the electron repulsion energy becomes

po (1) is given by

1 1 1 1
EY. == (Jan+Jpp +2J SRR
2 4( AA+ BB +2JaB) = +2RAB

Likewise oo = F15 ~ so the total energy is
2 1 11 1

E,2g =2Fs — = —J+2

25 s T R +RAB+2RAB+2+5
1

1
=2k — ——— J 2
1: 2RB+ +283

This is valid for medium to large R4p, as long as the overlap is small.

_1
Rap

Is this physically correct? Let’s consider Rap — o0
E 25 =2F5 + %J
and the spatial wavefunction becomes
’02>Space = % (|A1A42) + [A1Bs) + |B1A2) + |B1B2))

so the wavefunction corresponds to the state 3 ((H~H") + |[HTH ™)+ 2|H H)) and it has high energy ionic
contributions. This is wrong for large Rap because Hy should dissociate into two neutral H atoms (this
is the ground state for infinite R4p)! The spurious ionic contribution explains the spurious —%% in the
energy.

In order to fix this we need to account for static correlation, which arises from the electron repulsion coupling
different molecular orbital configurations.

38



6.9 Static Correlation in H,
Let’s evaluate what we need for the 2"? order perturbation energy for Hs in the |02, S> state. First we find
<UJ*7S‘V12|O'2,S> =0
<00*,TM‘V12|02,S> =0
and the only non-zero term is

5 1 1 11
(072, 8|Viz|o?, §) = 1 (Jaa+ e — Jap — Jpa) = 5d~ 3 Fan

So the electron-repulsion couples 0% and o*? configurations. The |0*2, S) energy is (up to 1°* order)

1 1

1
E g =2y ————+-J—2
o*2S 1 2RAB+2 /B

This is all we need to do a variational calculation using a multi-configurational ansatz
|0) =C4 ‘02,S> + Cs |J*2,S> =C1|1)+ C2|2)

The variational (secular) equations are

<H11 H12> <C1> _E <C1>
Hy Hy ) \C Cs

with
11 1
Hy =2E), — ~—— + ~J+2
11 1 5 Rup + 2 + 28
11 1
Hoy =2, — ——— 4+ —J — 2
22 ! 2RAB*'2 b
1 11
Hyg=Hoy = ~J — =——
12 19" T 9 Ran

For large separations 8 — 0 and the lowest energy solution is

‘02, S> — 0*27S>)

1
‘\IL>:E(

11 1 1. 11
E_=2B,—~———4=J—(=J—=—— ) =2Ey,
T 3 Rap |2 <2 2RA3> b

with

and the wavefunction is 1

V2

which is purely atomic with no ions. Notice that the erroneous —

|w_) (|A1B2) + [B1A2)) @ |S)

1
2RAB

dependence in the energy is removed.
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6.10 Many electron wave-functions

We have been able to put together a treatment of two electron systems, but how to many-electron systems
work? Let’s consider Li using the same analysis as above. Ignoring the two-electron repulsion Vee, the zero
order Hamiltonian has hydrogenic solutions, so we fill these states. Because electrons can only be in one of
two spin states, we can only have two electrons in 1s spatial orbitals and respect the anti-symmetry under
exchange. The third electron therefore has to occupy the 2s orbital.

We can’t easily factorise spatial and spin functions anymore, but we can write down the anti-symmetrised
wave function by considering |1s11822s3) |S12, a3), which is anti-symmetric for 1 and 2, but not all three.
We therefore symmetrised by adding in the states generated by applying — P15 and —Ps3 to this reference
partially symmetrised state. This gives

1
|\I/> = % < |181152253> |5127013> — ‘251152153> |532,041> — |151252183> 513,042>)

If we want to generalise this to 4, 5, 6, or more electrons, this rapidly gets very difficult to deal with. The
general approach to generate an anti-symmetrised state from a set of occupied, orthonormal orbitals is to
use a Slater determinant. First let’s introduce the notation for the space-spin basis states |x;) = |rrok),
S0 ¢(Xi) = ¢Po, (Tr). This is a common short-hand for dealing with the electron spin in compact notation
(but it can take a bit of time to get your head around it). States can be written as

6) = [ dxot01x) = > [ aroniro) - > [arotra)ira)

The function ¢(x) is called a spin-orbital because it is a function of both space and spin coordinates.

The Slater determinant for N electrons in N spin-orbitals is defined as follows

o1(x1)  di(x2) -0 di(xn)
1 |P2(x1)  da(x2) - d2(xn)

,XN) = W

@(Xl,XQ,... . . ] :
on(x1) on(x2) -+ on(xn)

This is a determinant so by construction this is anti-symmetric with respect to exchange (which corresponds
to swapping columuns).
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Example: He 152

As a sanity check for a 1s? configuration of He, ¢y = 1s, and ¢ = 1sg. For these ¢1(ra) = x15(r) and
d1(rB) =0 and ¢o(rfB) = x15(r) and ¢1(ra) =0

(D(rl(X,I‘gOé) = ¢’(I‘1571‘2ﬂ) =0

B(r10,r28) = —B(r1f, ro0) = %xlsm)xls(rz)

so this is exactly the |132,S> state we had before. We denote this Slater determinant D15, 154 (we'll use
analogous notation below for other states of He).

We can much more compactly represent the Li wave function above using a Slater determinant with ¢ = 1s,,
@2 = 1sg and ¢3 = 2s,,.

Question: Can we always represent states with single Slater Determinants?

We can represent the He singlet |1s2s, T, ) states as single Slater determinants with ¢1 = 1s,, ¢2 = 254, but
try as you may you cannot write the |1s2s,.S) or |1s2s,Tp) states as single Slater determinants. These are

given by
1 1
\111525,5()() = 7@15(125/3 (X) - 7(1)15325(2 (X)

V2 V2

1 1
U10s,1, (%) = ﬁq)lsa2$5 (x) + 5@15523(, (x)

The single slater determinants ®1,,2,,(x) are not eigenfunctions of 5’2, and in general Slater determinants

are not guaranteed to be eigenfunctions of S2. This is why some states cannot be represented with single
Slater determinants.

In general electronic wave functions that satisfy anti-symmetry are linear combinations of Slater determinants
U(x) =) CsPy(x)
J

where each Slater determinant ®; can be associated with a different set of orbitals ¢§€J).

Configuration state functions (CSFs) are linear combinations of Slater determinants with spins flipped
appropriately, and using Clebsch-Gordon angular momentum coupling coefficients that can are by construc-
tion eigenstates of 52 and Sz, so they are always “spin pure”. What we constructed above for two electron
systems are strictly speaking configuration state functions. Slater determinants find wider use in compu-
tational chemistry because it’s much easier to evaluate matrix elements between Slater determinants (as
we’ll see when we examine the second quantisation) compared to CSFs, although CSF's find their use in
some electronic structure methods and codes (for example they are used in the “complete active space self
consistent field” (CASSCF) method).

We’ll see more how Slater determinants are useful when we learn about the second quantisation.
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7 Second Quantisation

In the previous course we saw the consequences of symmetry in quantum mechanics, and how it plays a
role in several aspects of quantum mechanics. When considering systems consisting of multiple identical and
physically indistinguishable particles, there is one more important symmetry: particle exchange. If we swap
the labels between two indistinguishable particles, any physical observable, must be unchanged. This implies
the two particle permutation operator, Pij is a symmetry of a system of indistingushable particles. In this
chapter we will explore the consequences of this and set-up the so-called “second quantisation” formalism
for describing systems consisting of many indistinguishable particles, for example the electrons in atoms and
molecules, or photons interacting with matter.

7.1 Setup and symmetrised states

For systems with identical and indistinguishable particles, the Hamiltonian governing them, and any physi-
cally relevant observables, must be invariant to any permutation of two particle indices

]:_A[ = ]5”1;[]52]

and therefore the Hamiltonian is invariant to any permutation. Because Pfj = 1, and because it commutes

with the Hamiltonian, we know the states of any physical system of ind1st1ngulshable particles must obey
Py |¥) = £|¥)

and because any permutation can be decomposed into a product of other permutations, they must all have
the same sign. The symmetry is determined by the type of particle + for bosons and — for fermions. This
turns out to be determined by the intrinsic spin of the particle, but showing this connection goes beyond
this course. We will simply accept this for now. One immediate consequence for this is that an acceptable
basis for N bosons is

k) = |k, ko, ... k) = (2), ..., ks(N))

T e

where n;(k) is the number of times basis function j appears in the list k. For fermions the antisymmetrised
basis functions are

k) = [ki, ka,... . kn) = \/% ZUPP|k1(1)>k‘2(2)a s k3(N))
* P

where op is —1 if the permutation P consists of an odd number of two-particle permutations, and +1
otherwise. In general we can write these in terms of the symmetrisation and anti-symmetrisation operators

as . .
St = Z Polﬁj
P
where ajg =1and op = op. In general
Pij Sy =+51

We can now define an enlarged Hilbert space, that includes not only the IV particle states, states with any
number of particles N from 0 upwards. This is called the Fock space, and its basis is defined by the set of
all possible |k) states for all N. We note that this set of states is over-complete because |k) = o5 | Pk), but
this set at least contains the basis.

The one state we should carefully define is the zero particle state or “vacuum” state
[) = |vac) .

This is a state that contains no particles, but it is not the zero-vector. Sometimes the notation [), |©2), |0)
or |0) is also used for this state. We define this state to be normalised to 1, so (vac|vac) = 1.
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7.2 Creation/annihilation operators

We can now define the creation operator on the Fock space by its action on an arbitrary

al k1, ko, k) = (k) + 1lkr, ko, .o ke, k)

and we note that if k¥ = k; for any ¢ when this is a fermionic state that this is zero. The creation operator
just appends k to the end of the list of states occupied in the many-body basis state. We also note that we
can construct the one-particle states as |k) = d;rc |vac).

We will now distinguish between fermions and bosons by using éz for fermions and 52 for bosons.

For bosons we have L n
bibt k) = bIb, [k)

for any j and k. For fermions we have (due to the anti-symmetry)
el k) = —eélel k)
and therefore specifically
éhel k) =0

For fermions this follows because |k,j, k) = — |k, k,j) = IADN+17N+2 |k, &k, j) because the “parent” non-
symmetrised state for the two anti-symemtrised states are related by Py.1,n42, and so therefore are the
symmetrised states.

So from this we deduce that o
b6k =0 {el.efy=0
where {A, B} = AB + BA is the anti-commutator.

What about the adjoints of these operators? Remember that they act on the Fock space that consists of all
correctly symmetrised states with all possible number of particles. We know that

(K'[k) = 0

if the states have different numbers of particles or if the occupied basis states are different, and 0% if k and
k’ are related by a permutation P. This means the only non-zero matrix elements of d}; are

(k. klaj| Pk)
where P is an arbitrary permutation of the sequence k considering the conjugate of this we find that
(k, k|a}|Pk)" = (Pk|ag|k, k)

so the non-zero matrix elements of a; are between states with N — 1 and N particles. As such we say ay is
an annihilation operator, because it removes a particle from the state k to produce a correctly symmetrised
state with one fewer particles occupying this basis state. Overall we deduce that

ax [k) = o /i (k) |k, )

where k,; denotes the sequence k with k removed and P is the permutation such that Pk = (k, , k).

From this we can conclude that the adjoint is well-defined, and it has the same (anti-)commutation relations
T

as ay,
[bj,bp] =0 {&;,éx} =0.

In order to fully define the algebra of the creation and annihilation operators in Fock space, we need to

deduce how d; and a; act together. Firstly for bosons for

b;bl (k) = /n (k) + 1b; [k, k)
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This is zero if j is not in k and because k # j by assumption, and denoting ’k;, k> with k; as the state
with j removed once from the sequence we have

IA)IA)E =\/n h/nj ‘

Repeating this f9r IA)LIA)J we get the same result so [13],13;2] = 0 for j # k. Now considering the case where
7 = k, we know b;i adds a particle in state k, so

bibj k) = (Vi (k) +1)° [k) = (n (k) + 1) [k)
now because Bk removes a particle from k, for I;LIA);C we have

bibe k) = /ni(k)b), |k; ) = nk(k) k)
so overall we have o
[b;, 0] = 6
For fermions, we have
&iéy, k) = —op ki, k)

where P is the permutation such that P(k;,j) = (k) if k is not in k and j is in k, and it is zero otherwise.

Likewise for ¢ ckcj this is zero unless k is not in k and j is in k in which case it reduces to
ehes k) = opel [kj) = op [k k)

so for j # k we have {¢;, 62} =0. For j = k the ékéz |k) is zero unless k does not appear in k, in which case
it simply returns |k), so overall

érel k) = (1 —ny(k)) k)
Likewise ézék |k) is zero unless k does appear in k, and it is zero otherwise, so

een k) = ny(k) k)

so overall we have

{¢),¢1} = k.
This fully defines the algebra of the creation and annihilation operators. We now consider how to construct
second quantized representations of symemtric one and two-body operators.

Summary

To briefly summarise, the creation and annihilation operators act on (anti-)symmetrised states as

aj k) = vVne(k) + 1|k, k) ax k) = o5 v/ni(k) [k, )
We note that for Fermions the state [k, k) =0 if k € k and |k; ) =0if k ¢ k.

The creation/annihilation operators also obey the following (anti-)commutation relations for bosons (by,) and
fermions (&)
b ool

[l;jvi)k]zo {éjvék}zo
(b5, 0] = 05 {25,24} = b1
Note that this means we can write down the many-body basis states as

k) = aLNaLN ) a,t aj, |vac) = (H ar, > |vac)
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7.3 Number operators and Fock states
The number operators ny are defined as
fy, = aay,
This operator clearly preserves the total number of particles in the system (or reduces it to the zero vector).

It is fairly straightforward to verify from the (anti-)commutation properties of the creations/annihilation
operators that

[, 7] = 00 [al, 7] = —0;k
both both fermions and bosons. This is identical in structure to the harmonic oscillator raising/lowering

operators. This means the operator 7y, acts like a'a = (ﬁ — hw/2) /hw for the harmonic oscillator to measure
how many particles are in state k.

Likewise the operator 7y acts on |[k) to give
i 1K) = () [K)

so these states are eigenstates of . The number operators will always return 0 when acting on the vacuum
state
iy, [vac) = 0

Just as for the harmonic oscillator, we can construct states that are simultaneous eigenstates of 1y as

n) = |n1,n9,...,n )" [vac)

HF

where the product is understood such that the largest dL appears to the left. This set of states is complete,
so forms a basis for the Fock space.

We note that the total number operator can be written as
N=> i
k
which measures the total number of particles in the state.

7.4 Basis changes

Suppose we change basis from |k), to |k) where
= Z 17} Sik
J

where (j|k) = Sji. The transformation § = >k [7)(k| Sk is unitary, and transforms [k) to k).

The non-symmetrised many-body state ‘151(1), k2(2),. .., kg(N)> can be written as

J1(1),j2(2), -+, in (V)

F(1), ko (2), ... & > Z HS“

©JN t=1

so this extends to the symmetrised states

Z Hsh /\/ E1j)

JN =1

45



Noting that
N
j) = /\GH&}: [vac)

i=1
we find

N
151(1),122(2),...,153(N)>:NRH Sl S, | Ivac)
=1\ Ji

So this implies

k-)—h

J
and likewise for the annihilation operators

= 3 R = Y (k)

J

7.5 Second quantised one-body operators

A general symmetrised one-body operator acting on an N particle state can be written in the form

N
A=3"%" Apg Ip(0))a ()]

i=1 pq

where [p(i)) denotes the state where particle 7 is in basis state p. Let’s consider how to construct
= " Ip(i)Xa(i)
i

in a second quantized form.

Firstly we note that

= Z Ip(1)Xp(7)

simply measures the total number of particles in state p. This means Bpp maps onto the number operator
.
Now we consider p # ¢q. We can construct the operator Bﬁq as

B — B,y + B,

—Z 2 (D)X +2 ()] = [ (D)X= (D))

where (p|+,) = 1/v/2 and (p|+,) = £1/4/2. Using our change of basis formula (left as an exercise), we can
express By, as

By, — (ajaq + alay)
We can repeat this with BY, = i(B, — Bj,) to find
ng — i (aTaq - dep)

and noting that B,, = (B%, —i

bq — 185, /2 gives



for all p and q.

Alternative proof: A direct derivation goes as follows. Firstly for bosons let’s consider

Z\p ()] k) = \/W le

If ¢ does not appear in k then this is zero. If ¢ appears exactly once in the sequence k at the index i, then

(&) P[ky(1), k2(2),. .., k3(N))

we can use the permutational invariance of qu to deduce that

Z [p(1)Xa(0)| [k) = — ZPZ Ip(i)Xa(@)] k1 (1), k2(2), . .., k3(N))

= " PIa(1) oD i) Ra(N))

In general if ¢ appears n,(k) times then the expression above is multiplied by n,(k) (and i, is now the first
index for which k,, = ¢) so

Z|p (i) |k) = \/7213“«1 seeyplig), -
ng (k) (k) + 1[p. X, )

The additional factors are introduced to produce the correct normalisation for | pk > We note that this is
exactly equivalent to

- k3(N))

bibg k) .
For Fermions the argument is simpler because ¢ can only appear either 0 or 1 times in the sequence k so
Z p(i)Xa(@)| k) = ng(k)(1 = ny(k, ))op |p, Kk, )
This is equivalent to
eheq k).

So overall we can conclude that in order to go from one-body operators in the first quantisation to the second
quantisation we use the replacement
S @)l — aa,
i

7.6 Two body operators

A general two-body operator in the first quantisation can be written as

53 M@ lAnlr()s2) 3 () )s0)

pqrs 1,771

A:

This motivates finding a second quantised form of
Bugrs = Y Ip(D)a(5))r(D)s()]
1,571
We start by noting this can we written as

qurs - Bpqus Z |p )‘ |q( )><S(Z)‘ = BPTBQS - 67"7qu5
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In second quantised form this is

Note the change in order of r and s. Some authors use a slightly different definition of the two-particle
matrix elements Apq.s = (p(1)q(2)|A12]r(1)s(2))

7.7 Second quantised Hamiltonians

Overall we find that for Hamiltonians containing up to two-body interactions, if the first quantised Hamil-

tonian is
H Zthq |p Z vaqrs |p )>< ( ) (])|

i,j#ipqrs

then the corresponding second quantised Hamiltonian is

In chemistry the matrix elements are sometimes written is so-called chemist’s notation as
(pT|V|qs) = Vogrs
For an interaction which is just a function of 71 — 71 the chemist’s integrals are
riVlas) = [ dxa [ dxa 000 (00)V (712165 0200 (x2)
where we have introduced the space-spin coordinate ¢(x) = ¢(r, o) and the integral over this coordinate is

denotes an integral over space and a sum over spin coordinates. If V(r13) is the Coulomb interaction this is
often just denoted (pr|gs) for short.

7.8 Hartree-Fock theory

Hartree-Fock theory is the simplest theory for the many-electron wave-function fully accounting for the
Coulomb interaction. It formalises the idea of molecular orbitals to include electron-electron intractions Our
ansatz for the Hartree-Fock method is N
D) = H al |vac)
i=1

each orbital 7 is expressed as a sum of some basis (orthogonal) orbitals
= Z Cui |11)
”w
and we assume we can evaluated the one and two-body Hamiltonians in this basis. We enforce that

< |j - 5 j = Z cuzcﬂﬂ
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With this ansatz the energy of the Hartree-Fock state can be evaluated, and then we can apply the vari-
ational principle to optimise the HF molecular orbitals to minimise the energy of the approximate wave
function and give us a best estimate for the true ground state. Starting with the one-body term we have

Hy) = hyg (2]adag|®) = hpglp g (B[ | @) = Zh”

pq pq
For the interaction term we have
1 At At A A
=3 Z Vpgrs <<I>|a;2a:5asar|(l>)
pqrs

because of the action of the creation annihilation operators, only ¢ =r, p=s or ¢ = s, p = r terms are non
zero, and only for the occupied orbitals (denoted 1, j, k etc.) so

1

(V)= B} Z(qum <(I)|&1T) gGp|®) + Viggp (P ‘&L&(Eaz}aq@»

prq
using the anti-commutation relations we get
1 Atata a
(V)= 5 Z(qum ~ Voaap) <‘I’|a;a2aq%‘@>

pq

which again simplifies to
(V)= % D Vigiy = Viga) = %Z(Vim = Vijji)
4,571 ,J
The V;;;; term is the classical coulomb repulsion, as can be seen by writing it in chemist’s notation
Vigij = (iilj37)
whereas the V;;;; = (ij]j¢) term is the exchange integral that arises from the anti-symmetry.

We can write this energy out in terms of the wave-function coefficients as
E E c,“cllzhm/ + E E /’“/LU CV’LC CV’] Culcu_]cu ]cl/ z)
i uwt "voig

This can be written in terms of the density matrix
v =Dt
i

after some manipulation of indices in sums as
1
= Dby +5 D [wlu'v') = (u/|u')]| Dy Dy
nv pvp' v’

The basis functions need not always be orthogonal, but in general

8ij =Y ChiSuvCuj = gijld]

nv

We can enforce orthogonality of the Hartree-Fock orbitals using lagrange multipliers, so we minimise the

functional
= > Xiilgi — 8)
ij
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Differentiating this gives

oL
5t > FulDlevi =Y > AijSuen; =0

v g

oL
9y = ZFMV[D]*C;' - Z Z )‘ijszucl*/j =0

v o ij

The matrix F),, [D] is called the Fock matrix, and it is given by

Fuu D] = hy + Y (| ) Dy =Y (| t'v) Doy

H/V/ ;L,V/

The second term is denoted as the Coulomb matrix J,,, and it represents the classical electron repulsion, and
the third term is denoted the exchange matrix K, [D] which represents stablisation due to anti-symmetry
of the wave-function.

If we choose c,; to solve the generalised eigenvalue problem F),,[D], then they will automatically be orthog-
onal and A;; = 0 for ¢ # j. We find that A\;; = ¢; where ¢; is the eigenvalue for the generalised eigenvalue
problem solves the above equations when c,; solves the generalised eigenvalue problem.

With this the total energy can be re-written as

(E)=) e —% > V') = (| v)) Dy Dy

% prp'v’

Note that the because F),,, [D] is itself a function of ¢,;, so we have to self-consistently solve the generalised
eigenvalue problem until the equations are satisfied. So in the Hartree-Fock method we solve the generalised
eigenvalue problem

F[D]cz = GiSCi

but the density matrix D,, depends on the coefficients of the occupied orbitals c;, so this equation needs to
be solved self-consistently (this is actually a set of cubic equations for ¢, ;). In practice we first take some
guess of the occupied orbitals CZ(-O)7 build the density matrix D;(S/) and Fock matrix, then diagonalise F[D(®)]
and take the lowest energy states to be occupied, and then update the density matrix thll,) and use this
to build a new Fock matrix. We then repeat the diagonalisation and the other steps until the orbitals (i.e.
density matrix) stop changing. [In practice we often need some other tricks like damping, or Pulay mixing
to get efficient convergence. |

7.8.1 Restricted and unrestricted HF

In the above the labels i for the HF orbitals are spin-space functions and |u) are spin-space one electron
states. We can enforce singlet spin symmetry by associating both an a and f spin state with an identical
spatial orbital

) = 17°*) @ |o3)

with o; = a, 8. This is less general than the form we had above. This is called the unrestricted HF (UHF)
theory. Note that this ansatz will not necessarily be a true eigenstates of S 2 although it will be an eigenstates
of S,.

For a system with an even number of electrons we can restrict the ansatz further such that each there are
always two electrons with different spins in a given spatial orbital, e.g.

12i) = [@7"") @ )

20 + 1) = i) ® |B)
This defines RHF theory. This state will always be a singlet $? |Pgrpp) = 0.
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When accounting for spin (see homework problems) we use a basis which is a product of a spatial function
basis and «/f spin functions: |uo) = |u) ® |0). The sum over the basis p above has to be replaced with a
sum over both space and spin states > s > - and using the fact that the one and two electron terms are
spin-indpendent, things simplify a lot. We define the spin-free density matrix as D;w =3, Dyovs which
for the RHD state is D;w =2y, ChiCusi where ¢ are the occupied spatial orbitals (so for N electrons only
N/2 orbitals are occupied and included in this sum). The resulting RHF energy equation is

_ 1 1 _
(E) = Duwh + 5 D [wlu'v') = 5 (/|1 v)] D Dy

pvp v’

where we have to interpret (uv|p'v’) as an integral just over spatial degrees of freedom for the spatial part of
the basis functions, so these electron-repulsion integrals are spin-free as well. The exchange term is halved
because the exchange interaction is only present if electrons have the same spin. The Hartree-Fock equations
can be derived in the same way as above for this system, and the resulting Fock matrix is

_ _ 1 _ _
Fy D) = s + (i) Dyra = 5 3 (w\i'v) Dy = sy + Ty [D) = 5 K D]

w'v’ w'v!
In RHF we still need to solve the HF equation self-consistently, but with the RHF form of the Fock matrix.

In UHF we can always choose orbitals to be real-valued, which improves computational efficiency, and the
wave function has the correct S, symmetry by design. Likewise in RHF the HF equations simplify because
there are only half as many independent wave-function coeflicients, so this is more computationally efficient,
plus total spin symmetry is enforced. Note also there is restricted-open HF (ROHF) which can treat systems
with multiple unpaired electrons and yields eigenstates of 52 with S > 0.

7.9 Electron correlation

Hartree-Fock theory captures the exact electronic energy fairly well, however it misses “correlation” due the
electron repulsion causing electrons to avoid each other. We know for example that the electronic wave-
function should be “cusped” as two electrons approach each other, but the Hartree-Fock ansatz does not
capture this. Hartree-Fock theory does provide the zeroth order approximation for more complicated ansatze
that account for the missing electron correlation.

The simplest approximations in corporate excited electronic configurations into the wave-function

=|®) + > trala;|®) + > titajalaa; @) +

abij

where the amplitudes t? etc. are either determined perturbatively, variationally, or some other way. If we
incorporate all possible excitations and determine the amplitudes variationally, then we would recover the
exact energy. Because perturbation theory tells us that high energy excited states contribute less to the
wave-function, we generally hope that truncating this expansion at low excitation levels will give a good
approximation to the exact electronic energy.

7.10 Brillouin’s theorem
In order to more concretely analyse electron correlation, let’s re-write the electronic Hamiltonian as
H=F+

where F is the Fock operator,



where we note that Fj,, = 0, 4€p, and 0 is the correlation potential , given by the remainder
= Z abatasar(prigs) — Y _((palii) — (piliq))ala,
pqrs Pqi
We can evaluate the matrix element between |®) and
®2) = afa, D)
For the two-body part we have
(®lafalasarala;|®)

This will be non-zero only if r = a, p =i and ¢ = s = j € occ, and j # 4, or some permutation of these
conditions. So the two-body part is

(@|V|9F) = > (Vijaj — Vijsa) = D_l(ialij) — (if]ja)]
J J
The sum can be taken over all occupied j because the j = 7 terms vanish. The one-body term in the
fluctuation matrix element is non-zero only if ¢ = a and p = i. So clearly these two terms cancel.

Overall the only excited determinants that couple to the HF state through the fluctuation potential are
doubly excited states. A similar argument to the above reveals that

|0eP) = ajazala; |@) = alajaja, @)

(l

is coupled by the matrix element
(@|0|@5)) = (ialjb) — (ib|ja)

These results are enough to immediately apply second-order perturbation theory to obtain a correction to
the Hartree-Fock energy that accounts for electron correlation

-y [(O[V|m) |*

= E(o E(o

Identifying |®) = |0) and noting the only coupled states excited states are |n) = ‘@f}’% this can be evaluated
to give the “MP2” energy.

Aside: The state |®) is sometimes called a Slater determinant because the wave-function can be written as

p1(x1)  d1(x2) - d(xn)
o 1 |fe(x1) da(x2) - da(xw)
on(x1) On(x2) -+ dn(XN)
where |- --| denotes the determinant. We saw this before in the our fundamentals of electronic structure.

Note that MP2 is only the beginning for how we can treat electron correlation. Other methods include
CASSCF, CISD, CCSD, and many others. We won’t aim to cover these here, but you should now have the
basic tools to start to understand these theories.
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8 Density functional theory

We saw in the previous section that it is quite a formidable task to evaluate the energy eigenvalues for general
owing to the very large number of excited configurations &];d}; -+ - @;a, - - |Po) that we need to account for in
order to obtain accurate energies. In this section we will explore a very powerful formal theory to circumvent
this problem. Density functional theory or DFT.

8.1 Background
8.1.1 Field operators and the electron density

It is useful to re-write the second quantised many-electron Hamiltonian in terms of field operators ¢ (x)’ =
Yo (7). 1y (r)T creates an electron in spin state ¢ = a or 3 at the point 7

Q@U(T‘)T [vac) = |ro)

These can be written in terms of the standard creation/annihilation operators (using the basis transformation
we found in setting up the second quantisation) as

r)t =" a} (plro)
P
and they obey the expected anti-commutation relations
{’l[)q(’l"), 1/;17’ (T/)} = {12)0(7”))[7 12),,/(7”)T} =0
{QZJU(”'% 1&0/(74/)'”’ = 5(’!’ - r/)(;a,g’

The second quantised Hamiltonian can now be written as

FI:T"‘/drV:sxt Zi/h; Wa

_ /dr/drm_T ng ()b (1) (7)

here U(r) = 1/|r| is the standard Coulomb repulsion between electrons. Ve (r) is the external potential
generated (typically) by the nuclear charges, but in DFT this is generalised to an arbitrary potential.

In DFT the central quantity is not the many-electron wave function |¥) but instead the electron density
n(r)

n(r) =Y (WL (r)do(r)|¥)

o2

This is just the number of electrons per unit volume at a point in space. This quantity is positive n(r) > 0
and integrates to the total number of electrons N,

N, = /drn(r)

The density is measured with the density operator 7i(r) (the operator that measures the density) which
can be defined using the field operators as (using a direct product basis for the one electron Hilbert space

|p0> = |@p>spacc ® |U>spin)

Z Vo (T T% Z <)0p a;r;odqa

p,q,0

Note that this is not the same as the density operator p describe the state of a specific quantum system,
althoguh confusingly it is called the same thing.
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8.1.2 Functionals

In what follows we will be dealing a lot with functionals. These are a special class of functions F[n] that
take functions as their arguments and return a r independent real or complex number. A simple example is

n] = /drn(r)

but they can also be more complicated, for example they may involve multiple integrals or gradients of the
input function. In fact they can be very abstract indeed, and we may not always be able to write down an
analytic closed form expression for a particular functional.

8.2 N-Representability

One key result needed to formulate DFT is the fact that any physical electron density n(r) which is non-
negative everywhere n(r) > 0 and has a positive integer integral fR3 drn(r) = N can be obtained the density
of an antisymmetrised N electron wave function.

The proof of this goes as follows. For a given density let us define

wr(r) = /n(r)/N exp(2nk fr(x)i)

1 x o0 o0
= N/ dac/ dy/ dzn(r)

It’s fairly straightforward (do this as an exercise) to show that these orbitals are orthonormal, and if there
are all occupied an a Hartree-Fock state |®) (with arbitrary spin functions) then the density is n(r). So
there are a whole family of quantum states that can represent the density n(r).

with £k =0,..., N — 1 with

8.3 First Hohenberg-Kohn Theorem: Densities determine external potentials

The first important theorem of DFT states that the external potential Vot () is (up to an additive constant)
uniquely determined by the ground state electron density ng(r). Clearly the external potential, through the
Hamiltonian also determines the ground state density, so this overall means that there is a one-to-one
correspondence between the ground state electron density and the external potential.

Proof: The proof of this follows a proof by contradiction set-up. Suppose we have two external potentials
V(r) and V'(r) and
V(ir)£V'(r)+C

Each potential defines a many electron Hamiltonian H and H’. These have non-degenerate ground state
wave functions |¥¢) and |¥(). Now suppose these give rise to the same ground state density no(r).

We know by the variational theorem that if |¥g) # €' | W)
Eo = (Vo|H|Wo) < (¥|H|Vp)
But the right hand side can also be written as
(Wo|H|Wh) = (Wol(H — H)[ W) + (Vo H'| W)
= (Tpl(V V)|W’>+Eo
— [ar i) = vmo(r) + £
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So overall we have
Eo < / dr (V(r) = V'(r))no(r) + B}

We can also repeat this argument swapping the two Hamiltonians and wave functions, so we also find
B < / dr (V/(r) = V(r))no(r) + Eo

Adding these together gives

Ey+E\<Ey+E; = 0<0

This is a contradiction, so our original premise that V(r) # V/(r) + C must be false. We conclude that the
ground state density also determines the external potential.

Consequences: Formally through the full many body Hamiltonian, the external potential determines the
ground state wave function, which also determines the ground state density

Vet (1) = H — [U) — ng(r)

The first HK theorem shows also that the density determines the potential ng(r) — Vixt(7), so this also
means K
no(r) = Vext(r) = H — o)

So this means that the groundstate wavefunction and Hamiltonian are formally (operator and wave-function
valued) functionals of the ground state density

Vo) = Woln]) H = H[n]
Actually writing down a closed form expression for these functionals is not possible, but formally this
relationship exists.

Note: Above we assumed the ground states to be non-degenerate. It is possible to relax this assumption,
but these get more fiddly so we’ll only consider non-degenerate ground states here.

8.4 Second Hohenberg-Kohn Theorem: A Universal Variational Energy Func-
tional

The first HK theorem showed us that the ground state density uniquely determines the external potential,
and therefore the many-body Hamiltonian and ground state wave function. The second theorem states that
the ground state energy is the minimum of a universal functional E[n]

Ey = min E[n)

where n(r) integrates to a particular fixed total number of electrons N..

Furthermore this functional can be written as
E[n] = FIn] —|—/dr (1) Vext (1)

Where F[n] encodes the electron kinetic and interaction energy as a functional of the density. The external
potential term we will denote as V[n| for short. This is independent of the external potential, so in this
sense it is universal.

Proof: The proof of the second HK theorem uses the variational theorem energy, together with the first
HK theorem.
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Let us define F[n] as o
F[n] = min (Y|(T + U)|¥)
U—n
The ming_,,, here means minimising over wave functions that yield a particular fixed density n(r).

Using this we know that for any wave function |¥) yielding a density n(r)
(U|H|T) > Fln] + /dr Vext (1) (7)

This means the ground state energy can be found by minimising the energy functional above with respect
to the density because o o
mq%n (Y(T+U)|¥) = minénin (YT +U)|¥)
n —n

so the ground state energy is given by

Ey = min (U|H|W) = min(F[n] + Vn])

This strengthens the first theorem to a variational theorem.

Consequences: Formally if we know the external potential felt by electrons, we can variationally determine
the ground state energy by minimising E[n]. Furthermore the kinetic/interaction functional is independent
of the external potential, so we only formally have to determine it for an arbitrary external potential, and
we can then apply it to any system.

Unfrotunately the formal definition of F[n] still involves constructing wave functions, so it’s completely
impractical. In what follows we’ll outline the steps to constructing more practically useful DFT.

8.5 Kohn-Sham DFT

8.5.1 Splitting the universal functional

We have established that formally there exists a functional E[n] that when minimised with respect to the
density yields the ground state energy of the electronic system. Unfortunately the expression we found still
involves full-dimensional wavefunctions, so it’s not particularly useful. To make progress, it is useful to split
F[n] into a kinetic energy and potential energy part

F[n] =T[n] + Uln|
We can also examine the interaction term
Ul = 5 [ar [ar Ut = v/) 32 U1 1)/ (0 i (1 () )

We can write this in terms of the two-particle density

9 . . . .
n2) (1) = (Wl (1) o (1) s () (1))
This can be split into a classical uncorrelated density term, and an “exchange-correlation” hole term

(2

Ny o (T ') = ng(r)ng (r') + no (P)ng (v ) ho o (7, 7")

where the exchange correlation hole is defined as

(2) ’
n,(r,r
0,0 ( ) 1

o T e )
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This function should decay to zero for large separations |r — /| because electrons should become uncorre-
lated at this distances (at least for molecules). This exchange correlation hole contains all of the exchange
antisymmetry effects and correlation effects of the electron interaction.

This division of the two-particle density in this way allows us to write the interaction term as
1
Ul = § / dr / dr' n(F)U (r — ¥')n(r") + Eyeln] = Ex[n] + Eaeln]

The first term is just the classical coulomb energy of a charge density, also called the Hartree energy. The
second term F,.[n] is the exchange-correlation functional that formally contains all the non-classical and
correlation effects. The first term normally makes up a large part of the overall energy of a system, but
exchange-correlation effects are still very important.

The simple Coulomb term includes a self-interaction. Just using the Coulomb term on its own for a one-
electron system would not give the correct total energy, because the electron interacts with itself. An
exchange contribution is needed to exactly cancel this for one-electron systems. All approximate density
functionals contain this so-called self-interaction error.

8.5.2 The kinetic energy functional

The kinetic energy functional T'[n] formally only depends on the density. However in practice it is challenging
to obtain an exact form of the kinetic energy functional. We note however that in the entire derivation of the
Hohenberg-Kohn theorems, we never assumed anything about the form of the electron-electron interaction.
This means it also holds true for systems where electrons are non-interacting. This this case we know the
exact wave function is a simple slater determinant

@) =[] al vac)

and the kinetic energy is

(T) =" (#ilTle:)

i

so in this limit we know the exact exchange correlation functional, which we denote Fy[n|
K3

where ming_,,, means taking the minimum over single Slater determinant wave functions, which is a much
smaller space of wave functions than the full anti-symmetrised Hilbert space. |¢;) is a one electron state,
and these states are orthonormal.

8.5.3 Kohn-Sham DFT

We have seen that we can write-down the exact universal kinetic/interaction functional in the case of non-
interacting electrons. We can also represent any density n(r) with a single Slater determinant |®) with

’I’L(T) = Z |@i,a(r)|2
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where ¢; »(r) are the orthonormal orbitals occupied by the non-interacting electrons. Using this we can
represent ground state energy as

Ey = my}n(F[n] + Vin])
= min (To[n] + (F[n] = To[n]) + V[n])

= min min ((®[7]®) + (Fln[®]] - To[n[®]]) + V[n[]])

n d—n

= min (([T19) + (Fn[@]) - To[n[@])) + VIn[e]))

In the last two lines we introduced an explicit dependence of n(r) on ®, but we will drop this below. The
new functional
Fxs[n] = F|n] — Ty|n] = Eg[n] + Ezc[n] + ATn)

contains electron Hartree energy, exchange-correlation energy and corrections to the kinetic energy. Evaluat-
ing the energy of the effective non-interacting electronic system is more involved than just working with the
density, but the non-interacting kinetic energy captures most of the interacting kinetic energy. This proves
invaluable in developing an accurate and useful approximate density functional theory. Often the (unknown)
correction to the kinetic energy functional is lumped in with the (also unknown) exchange correlation func-
tional, although it is important to remember that in Kohn-Sham DFT this term is formally present. Almost
all DF'T calculations use the Kohn-Sham formalism, where the density and energy is constructed using the
fictitious Kohn-Sham non-interacting electron system given here.

8.5.4 Exchange and correlation hole

Above we defined the full spin-dependent exchange-correlation hole. Let us define the spin-free exchange

correlation hole as (2)( )
~ nE(r,r’) 9 B 9
hye(r,7') = 711(1")71(7”) —1 nl )(r,r’) = UEU nl )(T,T'/)

The exchange hole h, (7, r") captures the portion of the exchange-correlation hole that arises purely from Pauli
exchange effects, i.e. the fact that no two electrons can occupie the same quantum state (point in space with
same spin) at the same time. The Kohn-Sham reference non-interacting electron system provides a definition
for the exchange hole h,(r,r’). This is because the the Kohn-Sham system has exchange symmetry built in
(because it is a non-interacting system of indistinguishable electrons), and it formally exactly reproduces the
ground state energy and density, but the Kohn-Sham wave function has no correlation effects (because the
electrons do not interact). This means its exchange-correlation hole cannot contain any correlation effects,
just exchange, so we can define the exchange hole as
(2) ’
n _ ks (T’ r )
1) = )
The correlation hole arises from the electrons avoiding each other in space due to repulsion. The full
exchange-correlation hole is the sum of correlation and exchange parts, so the correlation hole is defined as

he(r, ") = hye(r, ') — hy(r,7")
These also allow us to formally define the exchange and correlation functionals in terms of these holes
1
E.[n] = /drn(r) P r,|n
1
r—r]"

(r")ha(r, 7')

E.[n| = /drn(r) (rYhe(r, ")

This means the exchange correlation hole is also a functional of the density. Using this the problem of finding
approximate functionals can be tackled by finding an approximate model for the exchange-correlation holes
in terms of the density. Unfortunately this remains an exceptionally hard problem.
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8.5.5 Functional derivatives

We have an expression for the Kohn-Sham DFT energy in. Assuming we have the KS exchange correlation
functional, or some reasonable approximation to it, in order to obtain this energy we need to minimise the
functional with respect to the occupied single electron orbitals ;.

Formally we can do this using functional differentiation. Let us assume that the functional can be written
as

Flf) = / dr L(f(r))

where L(f) is some function. This is a common functional form that we encounter, and we will generalise this
below. Let us consider how this changes on addition of a small change to the function f, f(r) — f(r)+dg(r).

oL
o7 = [[ar (@) + eg(m) - L) = [ ar 25 sg(r)
So in order for 0F to be zero for any small function dg(r), we need
OL(f) _
“of

The functional derivative ‘;—? is defined such that

5F:/dr§—f§g( )

We can repeat the above analysis for different forms of L, e.g. L = L(f,Vf)

57 = [ ar <6L(£,fo Jsg(r) + ) 8;%5{ >afa§g(r))

Using integration by parts (and assuming dg(r) vanishes at the integral limits) we find

(SF:/dr(aL £,V1) Zaf OL( fo))ag(r)

So the functional derivative in this case is

SF  OL(f,Vf) 0 OL( f,Vf)
5f—of Zam

We can also generalise this to integrands involving higher derivatives of f and more complex functionals, for
example those involving multiple integrals like the Hartree energy.

8.5.6 The Kohn-Sham equations

Equipped with the basic tools functional differentiation, we can find equations for orthonormal orbitals as

o[

-0
005,

where the Lagrangian £[®] is

= ey (Z/dﬁpw 7))o (r) = 5i,j>

>3]
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The Lagrange multipliers ¢; ; enforce the orthonormality. Performing the functional differentiation we obtain

AL o P

*
Wie 5

Now due to the symmetry of the energy functional in ¢;, because it is defined in terms of the real-valued
density, if we choose

JE[P]

0% 5
orthogonality of the orbitals is automatically enforces, so the Lagrange multipliers are ¢; ; = €;0; ;. The ¢;
are the Kohn-Sham orbital energies. They don’t have any direct physical meaning apart from the highest
occupied moelcular orbital (HOMO) energy. For the HOMO obtained with the exact density functional the
HOMO energy is the negative of the first ionisation energy for the system

= €ipio(T)

enomo = —EE

For approximate density functionals this will not be true, so it can serve as a useful test for the applicability
of a particular approximate density functional.

Now let us state the result for the final Kohn-Sham equations
€iio(T) = T‘PLU(’“) + Vext (P)i,0 (1) + Vi (7)i0 (1) + Vae(r)pi0 (1)

the Hartree potential Vi is the potential due to all other electrons in the system

Vir(r) = / drU(r — )n()

and the exchange-correlation potential is given by
5Ea:c
r
5, )

When we expand the orbitals in a particular basis ¢; = > u CuiXp We can use the KS equations to obtain a
set of self-consistent equations for coefficients

Vee(r) =

FKS [D} C; = EiSCi

where D is the density matrix we encountered before in Hartree-Fock theory. The main difference between HF
and KS DFT is in the exchange term appearing in the Fock matrix F[D]. In HF this only includes exchange
effects, given by a non-local potential, whereas in KS-DFT it includes both exchange and correlation effects
in the V. term.

8.6 Adiabatic Connection

One final thing we will discuss is the adiabatic connection. This is a useful theorem for connecting Hartree-
Fock and other wave function theories to DFT, and it’s also a useful starting point for building approximations
to the exact density functional (DFAs).

We know that for non-interacting electrons the exact ground state wave function is given by a single Hartree-
Fock state. Likewise our analysis of Hartree-Fock theory and MP2 (perturbationt theory) showed that if the
electron-electron interaction is scaled by A then the energy is given by

E(X) = Ear(A) + N Eup2(A) + O(X?)

so the exact energy is given by the Hartree Fock energy, with an error O(\?). This means any DFA should
reduce to HF as A — 0. In terms of the DFA we require that

E*n] = énin Ejp[®] as A —0
—n
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This motivates adding some “exact” exchange into a DFA (these are called hybrid functionals — see below).

A more formal framework for doing this is the adiabatic connection where it is possible to show that

1
ETp[n] = /0 dA W)\[’I'L] - EH[TL]

with R
Wiln] = (UA[n]|U|@[n])

where |Uy[n]) is the many-body quantum state which minimises the energy with the density constrained to
n(r) for the electron-electron interaction strength scaled by A\. We know that for non-interacting electrons,
when A = 0, |¥,[n]) = |®[n]) where |®[n]) is the Kohn-Sham non-interacting state that produces the density
n(r). This means R

Wi=o[n] = (@[n]|U]®[n])

We can approximate Wy[n] using known limits or other approximations, for example
W] = (®[n]|U[®[n]) + f(A)(Wora[n] — (2[n]|U|®[n]))

with f(A — 0) = 0. Integrating this yields an XC energy functional that contains a portion of “exact”
Hartree-Fock type exchange. This justifies mixing in HF exchange into approximate DFAs. This can also be
used to justify a range of other functionals, for example range-separated and double-hybrid type functionals
(see below).

8.7 Density Functionals

There are many recipes for concocting density functionals. They all have their advantages and disadvantages.

Density functionals generally are written in terms of a local exchange-correlation energy density
Exe[n)(T)

Eoeln] = / dr () eln](r)

There are many way to cosntruct DFAs. Some are based on using known limits (such as the uniform electron
gas), and/or using the adiabatic conenction. Others are more empirical. In either case the DFAs vary in
complexity based on what math the complexity of the mathematical function e,.[n](r).

8.7.1 Types of Exchange—Correlation Functionals

The exchange—correlation functional E,.[n] formally contains all of the complex quantum effects of exchange
and correlation, but its exact form is unknown. In practice, various approximate forms are used. These are
often organised according to how much information about the electron density they use, forming what is
sometimes called Jacob’s ladder of density functional approximations. Each rung of this ladder increases
in both accuracy and computational cost.

(1) Local Density Approximation (LDA) The simplest approximation is the Local Density Ap-
proximation (LDA). Here the exchange—correlation energy density at each point is assumed to be the same
as that of a uniform electron gas with the same local density,

ELPA[] = / dr n(r) YRS (n(r)). (1)

LDA works surprisingly well for systems with slowly varying electron densities, such as simple metals, but
tends to overestimate binding energies and underestimate band gaps in molecules and semiconductors.
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(2) Generalized Gradient Approximation (GGA) The Generalized Gradient Approximation
(GGA) improves upon the LDA by including the local gradient of the electron density, allowing the functional
to respond to spatial inhomogeneities:

ESGA[) = / dr f(n(r), Vn(r)). ()

This additional information makes GGAs much more accurate for molecular geometries, atomization energies,
and surface properties. Popular examples include PBE (Perdew—Burke-Ernzerhof) and BLYP (Becke-Lee—
Yang—Parr).

(3) Meta-GGA (MGGA) A further refinement is the Meta-Generalized Gradient Approximation
(Meta-GGA or MGGA), which depends not only on the density and its gradient but also on higher-level
quantities such as the kinetic energy density 7(r) or the Laplacian V?n(r). This provides additional infor-
mation about the local orbital structure and type of bonding;:

EMGGA[,] — / dr f(n(r), Va(r),(r)). 3)

The kinetic energy density, denoted 7(r), represents the local contribution of the Kohn—Sham orbitals
to the total noninteracting kinetic energy. It is defined as

occ

() = 5 S IVul, @

where the sum runs over all occupied Kohn—-Sham orbitals ;(r). The integral of 7(r) over all space gives
the total Kohn—Sham kinetic energy,

T, = /T(r) dr. (5)

In meta-GGA functionals, 7(r) provides information about the local orbital character of the density, helping
to distinguish between regions of different bonding types (e.g. covalent, metallic, or weakly bound).

Examples include the SCAN and TPSS functionals, which can achieve near-hybrid accuracy with moderate
computational cost.

(4) Hybrid Functionals Finally, Hybrid Functionals mix a fraction of exact Hartree-Fock exchange
with the DFT exchange and correlation components,

B — o BF 4 (1 - a) EPFT 4 DI, (6)

where ¢ is an empirical mixing parameter, typically around 0.2-0.25. Well-known hybrid functionals include
B3LYP, PBEO, and HSE06. Hybrids generally improve thermochemical and electronic property predictions,
at the cost of greater computational effort.

Each rung of this hierarchy improves the accuracy of the exchange—correlation energy at the expense of
additional computational cost. The appropriate choice of functional depends on the type of system and the
required balance between accuracy and efficiency.

The exact exchange-correlation potential should asymptotically become —1/r. One way to enforce this is
through range-separated hybrids, which use Hartree fock exchange for the long-range part of the Coulomb
potential. Examples of this include wB97X-D3 and wPBE.

(5) Non-local functionals Dispersion interactions are relatively long range, ~ 1/RS, and the long range
part cannot be captured with the local density descriptors above. Sometimes this is corrected for empirically
using simple functions of the atom identity and distances (e.g. D2, D3, D3(BJ), D4), but these don’t alter
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the density, this is just an empirical correction. Non-local functionals can more rigorously account for this
by adding functional terms like

Bu=j [drn() [ar 6ulr = atr)

where ¢,,;(r) ~ 1/r5 at large distances. The price to pay for using these is that they are much more expensive
to self-consistently evaluate, so often they’re added in non-self-consistently after an SCF KS calculation with
the rest of the functional.

(6) Double-hybrid In double hybrid functionals a proportion of MP2 correlation energy is added in. This
also helps capture dispersion, but it adds significant cost and basis set-dependence because now the accuracy
depends not only on how well the occupied orbitals are represented in the chosen basis set, but also the
virtual orbitals need to be well represented.
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9 Molecular Hamiltonians

In this section of the course we will explore how to put together a framework for describing molecular
properties and dynamics with QM.

9.1 The Hamiltonian

The basic Hamiltonian for N, electrons interacting with N,, nuclei, with charges Z 4 is

H:Tn+Te+Vnn+‘Z&n+‘7ee

1
7 —i5~ Lp
2"
N,
N _1 9
e 9 : i
=1
AB£A [Ra — Rs
A ZA
V:en = -
; i — Ral
- 1 1
Vee = +
2 i#j |Ir.74 - Irj|
We have used atomic units so m, =1, My = %—A

In general this is very difficult to solve. But we can make some simplifying approximations to gain physical
insight.

9.2 For The electronic Hamiltonian

First we note that
Me 1

<
My 2000

So generally we expect, from perturbation theory, the effect of T, to generally be small compared to other
terms. This motivates of splitting H into

H=H.+T,
Now H, is diagonal in the nuclear position basis:
[R) = |R1) ® |R2) ®---®|RN,)
(R'|H|R) = 6(R — R\)H.(R)
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where er(R) is just a function of Ry, Ry, ...but still an operator on the electrons.
. N Za 1 ZaZp
H(R)=T.+Vee t ) ———F5—+2 T
;|Ti—RA| QAJ;#A |RA—RB|

In principle this can be solved to give a set of eigenstates & eigenvalues that depend parametrically on R.

The states |®;(R)) are the electronic eigenstates for a given R, and we denote the eigenvalues as V;(R)
H.(R)|®(R)) = Vi(R)|®1(R))

and we note that these states are orthonormal, (®;(R)|®;(R)) = d,x, or equivalently
[ dw(@lR) @ (@lR) =

and they form a basis for the electronic Hilbert space for any choice of R.

The states |®,(R)) are called the adiabatic electronic states, because they are the electronic energy eigen-
states that adiabatically follow the nuclear coordinates R if these coordinates are very slowly changed.

9.3 Born-Huang expansion

We now return to the full molecular Hamiltonian. The states |®5(R)) form an electronic basis, so we can
expand any state of the nuclei + electrons as with this for any R. The states

R, ®x(R)) = [R) @ |®1(R))

form a basis, so we can write any full quantum state of the nuclear-electronic system as

) =Y [dRIR) © [BR) (R ()
k

=Y [aru(RIR) o)
k
or written in terms of wave-functions

U(x,R) =Y xx(R)®)(x|R)
k

where @ = (71, 81,72, S2, . ..) is the vector of electron space-spin coordinates, and (x|®;(R)) = @ (x| R).

This is called the Born-Huang expansion. Sometimes this is also called the wave function in the adiabatic
representation.

We can extract the nuclear wave-function associated with each electronic state , using the orthonormality of
the electronic states, as

G = [ dod;(@lR) Ve, B) = (R0;(B))
and we can define the nuclear states as

u»:/AMRMAm:/kRmMR@Amw»
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9.4 The Schrodinger equation in the Born-Huang expansion

In order to find a more practical eigenvalue equation, or dynamical equation, for |¥) we need to evaluate
H|¥) in the Born-Huang expansion.

We recall that .
He(R)|®k(R)) = Vi,(R)|®k(R))
and (®;(R)|®x(R)) = 6k

Electronic energy term: With this we can evaluate (R, ®(R)|H|¥) from the H, part:

(R, ®4(R)|H.|V) = Vi(R)(R, 1(R)|¥) = Vi(R)xx(R)

Nuclear kinetic energy term: The T,, part is more complex. Let’s consider

PA|R, O, (R))xk(R)

or in the wave function representation

P4 (xi(R)®y(2|R)) = (=iVaxi(R)) 21(z|R) + xi(R) (=iV 4Py (2| R))

Importantly ﬁ@k(ﬂdR) # 0 due to the parametric dependence of ®4(xz|R) on R.
Let us note that

P4 (x(R)®k(2|R)) = (—iV axk(R)) Pk(a|R) + xi(R) (—iV 4% (z|R))
and
P APy (xi(R)®i(z|R)) = (—V4Xk(R)) ®k(z|R)+2 (—iV ax(R)) (—iVaPk(2|R))+xk(R) (~V4Pr(z|R))

Taking the sum over A & k and projecting with (®;(R)| gives (R, ®;(R)|T,|¥)

(R, @ (R)|T,| ) = —*ZM VAG(R) - 5 33 AN (CiVaw(R —fZMGJm
Ak

with
Aj) = i(®;(R)|Va®i(R))

G, = (9;(R)|V3®r(R))
We note that

—iVa - —iVa - (P;(R)|[iVaP,(R)) = (iV4D,;(R)|iVaD(R)) + G]k

Inserting 1 = Y, |®4(R))(®,(R)| we find
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We note also that
iV a(Qr| @) = —(iV4Dk|D;) + (B]iVaDL) = —AjF + Af; =iV a0 =0
= Ag‘j* = A;‘;

Combining this we arrive at

(R, ®;(R)|T,|¥) = +

% Z MLA (—iVAéjg + Aﬁ) . (—iVACM + A&) xk(R)
A

0k

The Schroédinger equation in the Born-Huang expansion: We can put the above terms together
concisely to find the action of the full Hamiltonian in the Born-Huang expansion (a.k.a. the adiabatic
representation)

(R, @, (R)\AIW) =3 Hyou(R)
0= 3 23 1 (<1 a8 = AL (<iVadn — An) + S Vi(R)
¢ A

Putting this together we can write the time-dependent Schrédinger equation by noting that with the Born
Huang expansion to electronic states are time-independent so

=Y [ary o R 2,R)
J
so the nuclear wave functions satisfy

8
Xth Z ijth
k

or for the energy eigenvalue equation H |¥) = E|T)
EXJ Z ka

Importantly H jk is non-zero for j # k, so nuclear wave functions associated with different adiabatic electronic
states are coupled together by terms dependent on the coupling vectors A;‘k

9.5 Hellmann-Feynman Theorem for couplings

The coupling term Aj‘k can be written as

(®;]iV 4 Pr) = A;‘k

Let’s consider j # k

0= (®;|H.|®)
= 0 =iV A(Dj|H,|Dp) = —(iV 4D |H,|Dp) + (B H iV aDr) + (B;](iV 4 H,)|Dy)

= Vi AL + VAL + ()] (iVaH)| @)
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iP5V A H| )

= AL = —
jk V],_Vk

So as long as |V; — V| is large, A;‘k will be small.

9.6 The Born-Oppenheimer Approximation

For positions where adiabatic surfaces are well-separated in energy from each other, the couplings will be
small. This means if initially ¥ = x; (R)<I>]—(:c|R), other adiabatic states will never be populated so we just
have

_72 VAXJ R) +V;(R)x;(R) = —i0ix;(R)

So the system evolves on a single adiabatic surface, as if the other electronic states weren’t even there.
This is precisely the Born-Oppenheimer approximation. We can use the same approximation in the
time-independent Schrédinger equation to define the Born-Oppenheimer energy eigenstates. We can always
formally correct for the Born-Oppenheimer approximation because we are essentially doign perturbation
theory. Our zeroth order Hamiltonian is the diagonal Born-Oppenheimer Hamiltonian, where any term
involing V 4@ (x| R) is ignored. The effects of these terms can be added back in with perturbation theory.

This is essential for understanding lots of chemical reactivity, because we can treat nuclear motion on a
single potential energy surface with wells and barriers. It’s also essential for spectroscopy like vibrational,
rotational and electronic spectra (see below).

9.7 Electronic Spectroscopy and the Franck-Condon approximation

If we make the Born-Oppenheimer approximation we can always write eigenstates of a molecular Hamiltonian
as (sometimes called vibronic states)

Un(z, R) = (R, z|Ey) = Xn(R)®;, (z|R)

where j,, is the adiabatic state index associated with the total molecular eigenstate n, and x,, is the associated
nuclear wave function. It’s straightforward to show that within this approximation the energy is

En = E +V;, (Rj, 0)

where the first term is a nuclear energy and the second term is the energy at the minimum of adiabat j,.

The transition probability between these states in spectroscopy is given by the the transition dipole moment

<En|ﬂ|Em> = Hpm
=X 2k Yo
A i
Using the Born-Oppenheimer approximation we can simplify this to
Pom = (Xl (@, [0]95, ) [Xm)
the (@ |@|®;,.), = 1, jm(R) term is an operator on the nuclear degrees of freedom, the subscript means
we just integrate over electronic coordinates. For electronic transitions we can further make the Franck-

Condon approximation where we treat this as a constant at the minimum energy geometry of the lower
state Ry (this is called the “Franck Condon point”)

1,5, (R) ~ ;5 (Ro)
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and with this the transition dipole moment is

Kpm = K. (RO) <XTI‘Xm>

and because the nuclear wave functions are associated with different adiabatic potential energy surfaces the
overlap (Xn|xm) is not simply 0 or 1. This factor is called the Franck-Condon factor. Together the electronic
transition dipole moment p,,,,(Ro) at the Franck-Condon point, and the Frank Condon factor {x,|xm)
determine the probability of a given electronic-vibrational (vibronic) energy state transition.

9.8 Quasi-diabatic states

Adiabatic electronic states form the basis of many phenomena in chemistry, such as reactivity at typical
temperatures. But there are situations where they break down. One example is in electron transfer reactions
(and excitation energy transfer as in FRET). In these situations two adiabatic states come very close in
energy, so the couplings diverge. This makes it impossible to apply perturbation theory to this type of
problem.

Looking more closely at the two adiabatic potential energy curves we have. A typical situation for electron
transfer is illustrated below. As a function of some nuclear coordinate @ on the left hand side the lower
adiabat corresponds to molecular fragments A and B both being neutral, but the upper surface an electron
has transferred from A to be to give ATB~. On the right hand side however the situation is reversed and
the lower adiabat corresponds to the charge transfer state and the upper corresponds to the neutral state.
In between where the two curves come very close lower and upper adiabatcs correspond to partial charge
transfer state AT0-5B05,

/
--- Diabatic 1
--- Diabatic 2
AtTB~ —— Adiabatic F
—— Adiabatic E_

Energy

AB

AB
ATB~

Nuclear coordinate @

If the gap is large, then the electron transfer is adiabatic, so if we start on the lower surface, we stay there
and the electron continuously transfers. However in the limit where the adiabatic gap is small we can instead
define new states that are called (quasi-)diabatic states,

1(R)) = c1,4+(R) [®4(R)) + c1,-(R) [®_(R))
Z2(R)) = c2.+(R) |21 (R)) + ¢3, - (R) |2 _(R))

[1]

These states are linear combinations of the adibatic states, where the position dependent coefficients are
chosen to remove the divergent terms in the non-adiabatic coupling. We previously encountered this idea
looking at the adiabatic theorem and LiF, but now we have a more formal framework to understand this.

The molecular hamiltonian then approximately reduces to

HxT,+ Y U(R) [Ex(R)NER(R)| + Ar2(R) |E1(R)}Es(R)| + ATy (R) [E2(R))(Er (R)]
k=1,2



The diagonal terms Uy (R) are called the diabatic energies and the off-diagonal terms A2 (R) are called the
diabatic couplings. The diabatic coupling will typically be small, which allows perturbation theory to now
be applied (more on this later).

Formally quasi-diabatic states have a nuclear coordinate dependence, so the derivative couplings (Z;|V4Zx)
are non-zero, which means the nuclear kinetic energy operator in the quasi-diabatic basis is not exactly
diagonal. However quasi-diabatic state derivative couplings do not follow the Hellman-Feynman theorem,
so they do not diverge at state intersections. In general we can more safely assume the derivative couplings
with quasi-diabats are small, unlike with adiabatic states.

Diabatic states are not unique. This means they are not universally useful or even well-defined. There are
many ways to define them, one such way is to define an electronic operator Q4 and (g that measures the
electronic charge on fragments A and B, and to diagonalise the difference operator in a basis of adiabatic
states

AQij(R) = (®i(R)|(Qa(R) — Q5(R))|®;(R)
The resulting eigenvectors define the diabatic states.

This type of situation is also naturally encountered when spin-orbit coupling is included. The diabats are
then called the spin-diabats.
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