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1. Introduction

Many experiments that one would like to describe theoretically have a common
(idealised) form: one starts by perturbing the system one wants to study by an external
agent (such as alaserpulse) and after a certain time interval one probes the system by
measuring one of its dynamical variables such as its polarisation (dipole moment). In
other words the dynamical response of the system to an external perturbation is
measured. Often the system of interest, such as aliquid, is macroscopic in nature and
it becomes impossible to describe the motion of all its individual constituents in full
detail and one has to resort to the methods of statistical (quantum)mechanics. In this
case it is often profitable to divide the system into two parts, a small subsystem
(hereafter simply called “the system”) which is described in full detail (e.g. a
molecule in a liquid) and the rest of the system (called “the environment” or “the
bath”) which is treated only statistically and which interacts with the system proper.
At the start of the experiment one assumes that the system and the bath are in
stationary equilibrium and can be described by equilibrium thermodynamics. The
external perturbation then excites the system in various ways, taking it out of
statistical equilibrium. Subsequently the system interacts with the bath and will tend
to loose (dissipate) its excess energy to its environment and will eventually return
(relax) back to thermodynamic equilibrium. One can now study this relaxation
process by measuring the value of some observable of the system as function of the
delay since the system was excited (the dynamic response function of this
observable), thus obtaining information about the system bath interaction (the
intermolecular forcesin aliquid for example). If the delay islong enough one expects
the system to have relaxed to equilibrium and one simply measures the equilibrium
value of the response (which usualy vanishes, e.g. the average dipole moment of a
molecule in aliquid is zero, due to random orientations).
In this short course we will discuss the theoretical tools which are needed to describe
the type of experiment discussed above. There are apparently three ingredients we
will have to treat which are absent in the description of the groundstate properties of
isolated molecules.

We will have to decide how to describe a quantum system statistically rather than

by specifying its wavefunction.

We will have to describe the time dependent interaction with the external

perturbing agent and the subsequent influence of this perturbation on the

properties of the system as a function of time.

Finally we will have to study the interaction of the system with its environment

and decide on how to model the relaxation processes introduced above.
We will start with abrief summary of the quantum description of isolated systems and
then we will address each of these three problems in turn and study how they come
together in the description of quantum statistical response.



2. Summary of Quantum M echanics
The Postulates of Quantum Mechanics

Quantum mechanics can be based on the following abstract postulates with which the
reader is assumed to be familiar and which are repeated here in order to set the stage
for subsequent devel opments.

A. The state of a quantum system is fully described by a vector in a (usualy
infinitely dimensional) vector space (Hilbert space). This state vector is often but
not always represented by a wavefunction. The vector space has an inner product
which is called the overlap of two state vectors.

B. The observables (measurable quantities) of a quantum system are described by
(Hermitian) operators working in this Hilbert space.

C. All measurements of an observable A have one of the eigenvalues a, of the
corresponding operator A astheir result.

Aln} =a |n 1)

The corresponding eigenvector |n> is called an eigenstate of the operator. The
eigenstates form a complete orthonormal set of states in the Hilbert space, i.e. any
state vector can be expressed as alinear combination of these eigenvectors:

1Y) =& InXnlY)

n 2
inlmp =38,,,,
It isin principle impossible to predict which of the eigenvalues will be measured,
even if the state (state vector) of the system is exactly known. Quantum
mechanics can only predict the probability with which a particular eigenvalue can
be found. Note that this indeterminacy has nothing to do with an incomplete
knowledge of the state of the system and is unrelated to the statistical description
of macroscopic systems by statistical mechanics to be treated | ater.

D. The probability P(a,) of measuring an eigenvalue a, in a system described by a
state vector |Y > is given by the square of the overlap of |Y > with the eigenstate

|[n> corresponding to the eigenvalue a,,:

P@,) = [l Y’ €)

E. From aknowledge of the state vector at any point in time, one can predict the state
vector at alater time through the time dependent Schrédinger equation:

Ol _

o HY (4)



where H isthe operator of the total energy (the Hamiltonian).
Projection Operators

Note that the expression |n><n| in equation (2) can be considered as an operator
working on the state vector |Y >, the result being a vector proportiona to [n> with a

coefficient equal to the overlap <n|Y >, i.e. the projection of the vector |Y > on the

vector [n>. The operator |n><n| is therefore called the projection operator on the state
[n>. The completeness relation (2) can then be written in terms of these projection
operators as:

& In¢nl =1 )
Similarly one can write any operator A in terms of its eigenvalues and eigenvectors:
AlY) =@ AIXnlY} =4 alXnly) b A=3 alnXn ©)
We can then derive a compact expression for the average value measured for an
observable using (3) and (6):

(AY=Q P(a,)a,=a{YImainlY)={YIA]Y) 7

The Schrodinger Picture
Equation (4) can be formally solved as

[Y @y =e" Y () ° Ut L)Y ()

'éUtt = HU(t,t ©
IS U(tt) = HU (Lt

where U(t,t,) is called the evolution operator, which propagates the state vector from
timet, to alater timet.

In this formulation of quantum mechanics, called the Schrodinger Picture the
operators are independent of time, while al the dynamical information is carried by
the state vector.

The Heisenberg Picture

An aternative equivalent (in fact the oldest) formulation of quantum mechanics is
obtained by transforming all operators and all state vectors with the unitary operator
U of equation (8):

A, ) =UTLE)AURL) Y, =UTEY @) =Y () (9)



In this Picture the state vector is independent of time, but the operators evolve in time
according to the Heisenberg Equation of motion, found by combining (8) and (9):

9A, (1)

s i[H,A,®)] (10)

Since U isunitary, the equation for the average value (7) remainsvalid in al pictures.

The Interaction Picture

For our purposes it is most useful to use a Picture intermediate between the
Schrodinger and Heisenberg Pictures, called the Intermediate or Interaction Picture.
In this formulation the total Hamiltionian is split into an unperturbed part H, and a

(possibly time dependent) perturbation H¢t). We transform all operators and state
vectors with the evolution operator U, corresponding to H , in the spirit of equation
(9). As a conseguence al the unperturbed dynamics is cast into the operators, while

the state vector only evolvesin time under the influence of the perturbation:
AI (t) = UoT(tyto)A Uo(tito) |Y I (t» = UoT (ttolY (t))
alY A (1) (11)

\
. | / — — .
= =HAY, O oo i[HoA, (1)

For the evolution operator in the Interaction Picture we now have from (11)

‘%U'“'%FF‘W)Uu(tto) [Y,(1) =U ], (t)) (12)

It is now easy to make an expansion in orders of the perturbation for the evolution in
the Interaction Picture by integrating equation (12) iteratively :

UI (t’to) = 1+(' i)t(‘fh:lH g(Tl) +(' i)zéﬂt 21(2\)j11H|Q(Tz)H FI:(Tl) t...=
) t Tto T t to (13)
1+ 1) o, Ot s OFTH T, )H AT, ). Hf(Ty)

to ty

This expansion is the basis for all developments in Time Dependent Perturbation
Theory and is of course most useful if the perturbation is small, so that we can limit
ourselvesto thefirst few termsin (12).

Response Functions

Let us use equation (12) to calculate the response discussed in the introduction in the
case of a system that can be described by a state vector. In particular we perturb the
system with some time dependent perturbation H¢t) and we ask ourselves what
average value we will measure for some property A at some later time t;. We will



limit ourselves here to the linear response, i.e. we take the perturbation into account
to first order only. For the average value of A at t; we have from (7)

(A, =Y WIAlY @) =AY, WA WY, (1) (14)
while from (13) we find for the state vector in the Interaction Picture
ty
Y, ()7 =V, (6 6] Y, () = U, (o) Y () =Y ()) - T gt H ) Y (&) (15)
to
Putting (14) and (15) together we find

(A, =Y WA Y ) +i Y () [HEK). A®)] Y ()] (16)
fo

Thefirst termisjust the average value of A in the absence of a perturbation, while the
second term represents the contribution to the change in the average of A that islinear
in the perturbation, i.e. the linear response. Higher order response functions can easily
be derived by using (13) to higher order.



3. Quantum Statistical Mechanics, The Density Operator
Definition and Properties of the Density Operator

The theory in the previous section for the response function depends critically on a
knowledge of the unperturbed state vector and cannot therefore be used for
macroscopic systems or systems that interact with a bath, since in these situations one
can never actually determine the state vector. However, often it is possible to specify
the probability that the system can be described by a certain state vector. For example
if a system is in contact with an external heat bath at a temperature T,
thermodynamics tells us that the probability of finding the system in a state with
energy E, is proportional to the well know Boltzmann factor:

p,»e ™" (17)

If one wants to evaluate the average value of some observable A in such a case one
has to deal with two kinds of probabilities, first the inherent quantum mechanical
probabilities that are always present and second the probabilities due to our lack of
knowledge of the precise quantum state the system isin. If p, is the probability that
the system isin the state |Y > the average value for a property A isfound as:

(AY=a plY, Al (18)

The statistical state of the system is clearly defined by the combination of the
probabilities p, and the corresponding state vectors |Y >. This total state information
can conveniently and compactly be summarised by introducing a new object, the
density operator, defined as a weighted sum of projectors on the state vectors |Y ,>:

p=a mlY nY.l (19)

The average value (18) can then be written in terms of this density operator as:

Ay=a piY, Al =3 a plY JAIm{mY,) =
n m n (20)
A & (mlY,}plY JAImy =@ (mipAlm) © TrpA

In the last line we have defined the trace of an operator as the sum of all its diagonal
elements in any complete set of states (the value does not depend on which complete
set we choose). The density operator in fact contains al information that can be
known about the system, e.g. also the probability of measuring a particular eigenvalue
a, for the property A can be expressed with the help of this operator (see eqg. (3)):



P(@@,) = & p.R.(a) =& {nlY ) pa{YnIny={nlpln) =
2/ :1 / \/ T \/ (21)
a {alY »p.{Y.InXn|a) = Trp|nXn|

mq

So this probability is equal to the trace of the density operator and the projector on the
eigenstate of A corresponding to the particular eigenvalue a, or alternatively by the
diagona matrix elements of the density operator in the eigenstate basis of the operator
A.

The density operator can be defined by giving its matrix elements in any complete
basis, the so called density matrix. The diagonal elements of the density matrix are
known as populations (they correspond, according to (21), to the probability of
finding the system in the corresponding state), while the off-diagonal elements are
known as the coherences.

For the trace of the density operator itself we find

Trp=a a{mly,)plY.Jm=a pfv,Iv,)=8 n, =1 (22)

m n n

since the probability to find any state should be unity.
If al the p, in (19) except one (say for |Y>) vanish, the density operator in fact

reduces to the projector on the state that has probability 1:
p=lYKY] (23)

The density operator formalism becomes then superfluous but remains correct. In
such a case one says the system isin a pure state, while the more general case (19) the
system is said to be in a mixed state. It is easy to recognise if a given density operator
corresponds to a pure state or not by taking the trace of its square. We have

Trp’=a p’ £4 p,=1 (24)

since al probabilities are smaller than unity. Only if al p, in (24) vanish except one,
can the equality be reached, in which case the state is pure and the density operator is
aprojection operator (23) with the characteristic property

p*=p (25)
In the case of a system in contact with a heat bath at temperature T, as in equation

(17) (the system is then said to be described by the canonical ensemble), we can write
avery compact expression for the density operator:

1 1 1
=2 IV)e v, = S A X, = Se

— CHIKT — 8 / - HI KT \ — & 4 EnlkT
Z=Tre _a\lee |Ym/_ae
m m

(26)



Here Z is a normalisation factor ensuring that the trace of the density operator equals
unity. In fact it plays an important role in statistical thermodynamics, where it is
known as the partition function and it can be shown that if it is known as a function of
temperature and volume, then all other thermodynamic quantities can be derived from
it.

Time Dependence of the Density Operator, The Liouville Equation

From the Schrodinger equation (4) we easily derive the corresponding equation
determining the time dependence of the density operator:

d o

a_p =a oY, /otp.AY, I+aIYm/pm\8Y [ot] =
" (27)
aly,

/Ym|+ IalYm/pm\leH = I[H p(t)]

This equation for the evolution in time of the density operator is known as the
(quantum) Liouville Equation. Note the change of sign compared to the Heisenberg
Equation (10) for an arbitrary operator in the Heisenberg Picture. Equation (27) is
actually in the Schrédinger Picture, where the state vectors and hence the density
operator change in time, while the operators describing observables are time
independent.

For a system in thermal equilibrium described by (26) the density operator is seen to
be a function of the Hamiltonian and hence it commutes with the Hamiltonian.
Equation (27) then tells us that the density operator and hence all average values are
in fact constant in time as is to be expected for a system in stationary thermal
equilibrium. If we apply an external perturbation, the density operator will no longer
commute with the total Hamiltonian (including the perturbation) and (27) then tells us
that the density operator will start to evolve. After the perturbation is switched off we
will see later that the system will return to equilibrium (26) provided it is coupled to a
heat bath at temperature T.

Again we can formally solve (27) using the evolution operator U of equation (8):

p(t) = U (t,t,)p(t U '(t,t,) (28)

The Liouville Superoperator

By a notational trick one can make the Liouville Equation for the density operator
(27) look exactly like the Schrédinger Equation for the state vector (4). To this

purpose one introduces the Liouville superoperator or Liouvillian L, i.e. a
mathematical object that turns an operator into another operator, just like an ordinary

operator turns a state vector into another state vector. It is defined by its action on an
arbitrary operator A:
L A°[HA] (29)

The Liouville Equation can then be written in complete analogy with (4) as

10



@ =-iL p
ot (30)

p(t)=U (t.t,)p(t,) U(tt,)= et th)

where in analogy with (8) we have also introduced a superoperator evolution operator
that obeys the differential equation (compare 8)

_aug,to) —-iLU (L) (31)

Although these notations do not introduce anything new, they have the advantage that
many of the equations valid for state vector dynamics can be taken over if one
replaces state vectors by density operators and Hamiltonians by Liouvillians.

A simple two state example, Density Operator versus State Vector

Let us as a simple example consider a system with only two energy levelsa en b (a
concrete example would be the two energy levels of a spin 1/2 particle, Zeeman split
by a magnetic field). For simplicity we choose the zero of energy so, that the energies
are symmetrically distributed around zero. The matrix of the Hamiltonian in the basis
of its two eigenstates [a> and |b> is then simply:

0

H =%
e0 -Dg

(32)

We now consider the system in two different statistical states, with two different
density matrices. First assume that at time t=0 the system isin a pure state described
by the state vector |Y > or the equivalent density operator |Y ><Y|. If |Y >isgiven by

IY):%(la) +|b}) (33)

the corresponding density matrix in the basis of the eigenstates |a> and |b> reads

gk
pl_zéél 12 (34)

On the other hand we consider a mixed state of the system at time t=0 in which there
Is a probability 1/2 that the system is in state |a> and 1/2 that it isin |b>. In that case
the density matrix in the eigenstate basisis given by

_1g O

2e0 1g¢
Note that according to (21) in both cases the probability of measuring the energy D or
-Dis equal to /2. Nevertheless the two density matrices describe different physical

situations. If we are given the matrices in (34) and (35), then according (24) and (25)
we can immediately verify that (34) refers to a pure state, while (35) does not:

P, (35)

11



1
Trp; =1 Trp§=-2 PI=p, Pat P, (36)

Moreover (35) and (36) will evolve differently in time. In fact one can easily verify
by substitution into the equation of motion (27) and evaluating the commutator of
(33) and (34) that at times other , t=0 (34) isgiven by:

1@l e™p
pl(t) :E(ééu 1 ; (37)

On the other hand (35) obviously commutes with (33), so (27) then tells us (35)
remains constant in time. In both cases the probabilities of measuring the energy D or
-Dare constant and equal to 1/2 at all times. However, the two distributions do differ

for their predictions of other properties. For example consider a property B that only
has off-diagonal matrix elements between our two energy eigenstates (in the spin
example this might e.g. be the x component of the spin, if the magnetic field isin the z
direction). For the average value of such a property we find using (20) and (35), (37):

b..
g=f 06
& Og (38)
\B), =Trp,(t)B=DbcosDt (B}, =Trp,(t)B=0
So while in the pure state the average value of B oscillates in time, it vanishes for all

times in the mixed state, clearly demonstrating the physical difference of the two
situations.

Exercise
Calculate the possible values for the property B above. What is the probability (as a

function of time) of measuring each of these values in the statistical states studied
above. Verify that the average values are indeed given by (38).

12



4. Quantum Statistical Response Functions
Response Functions and the Density Operator

In this chapter we will consider how to calculate the response functions we treated
briefly in chapter 2 in the state vector formulation, when the system we study is
described by a density operator rather than by a state vector. The problem we have to
solve can be described as follows: At a time t, in the distant past the system is
described by a density operator p (usualy the equilibrium operator (26)).

Subsequently we disturb the system with a time dependent external perturbation
H ¢t), such as one or more pulses of electromagnetic radiation. During the time the
perturbation is present the density operator will evolve under the influence of both the
unperturbed Hamiltonian H, and the perturbation Ht). Finally we ask ourselves
what the average value of some observable A will be when we measure it at some
timet in the future. Just as in chapter 2 the problem can most profitably be formulated
in the Interaction Picture, where the density operator (and the state vectors from
which it is constructed) only evolve under the influence of the perturbation Ht),
while the operators describing observables are evolving with the unperturbed
Hamiltonian H,. We easily derive from (11) and (27) the equations of motion in the
Interaction Picture:

ap, (t) _ .
pa_tO =-i[ H(t).p, (0]

aAét(t) —i [H (0, A, (t)] A ®) = gHo(t ) g o Ho (t-to)

(39)

We can now use equation (39) to derive a perturbation expansion for the density
operator in the Interaction Picture in powers of the perturbation H{t). To this
purpose we can, to first order, replace the density operator on the right hand side of
(39) by its unperturbed value at time t,. It isthen easy to integrate (39) and we find to
first order:

P (1) =p (L) - i(‘)jTl[H|q(Tl)1p| (to)] (40)

To find the density operator to arbitrary order, we substitute this first order solution
back into (39) and integrate again. Proceeding iteratively in this way we obtain the
time dependent perturbation theory expansion for the density operator:

P =p () + & (1) ¢, Ot OBt HAGE). [HO(E ) [HAE)0 1)
O 0 0 (42)

For the n™-order response, i.e. the average value of the observable A at time t we then
find with the help of (20) (which remains valid in the Interaction Picture, prove this)

13



(AN = (- iy odr cﬂrnl odr TrA, O] HOE,) [HeG, ) - [HEe)e ]| 43)

As an important concrete example let the perturbation be due to an externa time
varying electric field E(t) interacting with the dipole moment operator p of our

system, so the interaction is H{t) = - uxE(t). One then usually measures the

resulting perturbed time varying dipole moment of the system, which (if macroscopic)
will generate a measurable signal. The time dependent proportionality factors between
the n™ power of the applied electric field and the n™ order contribution to the resulting
dipole moment are called the dynamic n™ (hyper-)polarisabilities or the non-linear
susceptibilities and are the prototypical examples of optical response functions. From
(43) we find for these susceptibilities c:

T2

("= & oir odrnl O X (6T T T B (0B, (1,.0)--E, ()

Iﬂln 1 1to o

XIII

nn-1-

G GTR T e T) ST Mn(’f)[unn(fn),[unn1(Tn.1)---,[ My, (T, p|(to)”]

(44)

Note that the n™ order susceptibility in (40) is an (n+1)™ order tensor with respect to
the Cartesian directions. It also seems to depend on n+ 1 different times, but we shall
see that in actual fact it only depends on the n differences between these times. Note
also that there is no commutator involving the latest (Ieft most) dipole operator.

Pictorial Representation

In the case of an isolated system (no relaxation) that we are considering here, we can
in fact give explicit expressions for these response functions in terms of energy
eigenvalues and eigenstates of the system. Due to the commutators in (44) we will
have to treat an increasing number (2") of terms as we go to higher order. To keep
track of all these termsit turns out to be advantageous to represent them in a pictorial
way. In order to see how this pictorial representation comes about, let us work out one
term of the second order response function given by (44) with n=2. One contribution
would be e.g.

- Tr (0w ) ey () 1y (T2) = - é P(a)clp,; (OIbX bl (TlaXalw, (t,)lc)

_ - E/KT
P(@) =1e

(45)

where we have explicitly written out the trace and inserted the completeness relation
(5) for the eigenstates of the unperturbed Hamiltonian. The density operator at the
start of the experiment is assumed to be in thermal equilibrium and is therefore given
by (26). We now use equations (8) and (11) to calculate the matrix elements of the
Interaction Picture dipole moment operators:

14



{alu, @) ={aluy (¢ - t,)uUy(t - to)b} ={ale™ ™ “pe ™ Wgy =

iI(E;- Ep)(T-t9)/ \ (46)
e'= = allb)

where in the last line we have expressed everything in the matrix elements of the
ordinary, time independent, Schrédinger Picture dipole moment operator. Substituting
(46) into (45) wefind:

- Tri, (D1 (1), () i (5,) = - @ P(@)elw IbX bl | a)al,|cyel - & -wgie Bt =

abc
- & P@Yclw|bXbly, la}aly,lcye ™ =)t )
abc

(47)

Note that (47) indeed only depends on the two differences of the three times and in
the last line we have made this explicit by introducing relative time coordinates:

t10 T,-T tn-l0 Th=Tha tno t- Ty (48)

Also note that the time t, (a time before any interaction, see above) has completely
dropped out of the equation. This is physically sensible, since the system was in
thermodynamic equilibrium before the external perturbation acts and can not

therefore evolve from t, until T, , the time of the first interaction.

With equation (47) we now associate a picture (Figure 1) that summarises the
physical process involved and from which we can derive the corresponding equation
in an unambiguous way. These pictures are known as Double Sded Feynman
Diagrams.

[c> <c

1% f‘frll
W,

2

ub_,.r"'

ja> <aj

Figurel

We read the diagram with time running from the bottom to the top. We start with the
system in the state |[a><a| (the Boltzmann sum over a is implicit). Subsequently the
first interaction takes the system from the population [a><a| into the coherence
|b><al. The left linein the diagram corresponds to the “ket” part of the operator, while
the line on the right corresponds to the “bra’ part. The interaction contributes a matrix
element <b|uja> in (47) and is symbolised in the diagram by a wavy line (we ignore
the arrow). Subsequently the system evolves freely for atime t; contributing a factor
exp(i(E,-E)t, . Then the system again undergoes an interaction, taking it to the state
|b><c| and contributing a matrix element <alu|c> and a factor —1 coming from the

15



commutator in (44). There is such afactor for every interaction on the right. Next the
coherence evolves for a time t, contributing a factor exp(i(E-E,))t,. The fina
interaction takes the system from the coherence |b><c| to the population |c><c| and
contributes a matrix element <c|u|b>. The total contribution is then obtained by

summing the resulting expression over all the labels (a, b and ¢ in this case).

Clearly every term in (44) can be represented by a similar diagram and conversely we
can generate al the terms that contribute to the response function by enumerating al
possible diagrams and associating an algebraic expression like (47) with each of them.
The response function is then calculated as the sum of the contributions from all
diagrams.

General Rulesfor Double Sded Feynman Diagrams

Let us summarise the genera rules for associating and algebraic expression with a
(double sided) Feynman diagram:

For the n™-order response function draw two lines representing the density
operator and add n wavy lines representing the interaction with the external
perturbation connecting in all possible ways with either the left or the right line
and in all possible time orderings. Add afinal (n+1)" interaction representing the
operator we measure the response of (A in (43)) on the left only. (We will aways
draw the arrow head pointing to the right except for the final one which points to
the left, but we do not attach any significance to this convention.)

Label al the lines between interactions with their energy level.

Label al n intervals between two successive interactions with a relative time
coordinatet, t, ... t, starting at the bottom.

For each interaction connecting a line labelled a to a line labelled b we have a
factor <alu|b>.

For each interval t, we have afactor e where a is the label of theright line
during thisinterval and b the label of the left line. E, and E, are the corresponding
energies.

For each interaction on the right there is a factor —1.

Add aBoltzmann factor P(a) =1e &/*" for the starting level a at the very bottom.
Finally sum over al labels and sum the contributions of all diagrams.

The n™ order response function has an overall phasei" from (44).

iI(E,- Ep)t;

In Figure 2 we draw all possible 2™ order diagrams, while in Figure 3 al 3 order
diagrams are enumerated.

Exercise

Write down the algebraic expressions corresponding to the four 2™ order diagrams.
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R (t) =

Experimental Determination of Response Functions

In the previous section we discussed how we can calculate the time development of
the average dipole moment of a system under the influence of an externa time
dependent electric field. In real experiments of course, we have to consider a
macroscopic sample and at any instant in time the electric field and consequently the
induced dipole moment will depend on the position within the sample. However, in
many cases it is a reasonably good approximation to assume that the local response
only depends on the local field. We can then consider a volume element of our
macroscopic system that is small compared to the wavelength of light and calculate
the local dipole moment per unit volume (called the polarisation P(r)) just asin the
previous section. Since we saw that the susceptibility only depends on the relative
times defined in equation (48), we can write (44) at a particular point r in space in
terms of these relative coordinates as:

¥ ¥

InI n—l"'ll 0

(49)

The time varying polarisation P(t) is in fact directly measurable, since from classical
electrodynamics its generates a signal wave whose intensity is proportiona to its
sguare.

The are two idealised ways to set up the experiment. In the first type of experiment,
called time domain spectroscopy, the perturbation consists of a series of short pulses of
radiation, that is short compared to the time scale of evolution of the system studied,
but nevertheless containing severa periods of oscillation in the electric field in order
to dtill be able to assign definite frequencies to the beams. One then studies the
response (the signal generated by the polarisation) as a function of the delays between
the pul ses.

In the second type of experiment, called frequency domain spectroscopy, one uses a
set of continuous beams of various frequencies, and one studies the intensity of the
continuous signal generated by the polarisation as a function of these frequencies.

Time Domain Spectroscopy

The perturbation in this case can be written as the sum of a series of pulses at times
T,..T,5,T, With frequencies o, ..., ,, ®,. We can write this as a sum of delta

Yo
function contributions;

E(t) :§ Ed(t- 1,)e"" (50)

j=1
Substituting into (49) and using the transformation to relative coordinates (48) we find

after performing all the trivial time integrations
pm (t) — X(tnutn. 1’”.’,[1) EnEn_1~-~ Ele[l(ml+w2+mw")tn+m+l(m1+w2")t2+|wltl] ,

e-i(w 1+ma +..mp)t

(51)
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where we have suppressed the obvious spatial tensor indices on the vector fields and
the response function. We see that in this case the signal intensity (which is propor-
tional to the squared polarisation) is directly proportional to the absolute value of the
response function.

1,(1) ~ b (bt 1o ) (52)

In fact one can show that with a different detection technique (so called heterodyne
detection, which we will not treat here), the phase can also be measured.

Frequency Domain Spectroscopy

In this case the perturbation consists of a number on continuous monochromatic
beams, so we can write for the time dependent electric field:

Em =8 Ee™" (3

i=1
Substituting into (49) we find

P(n) (t) = X(OJ1+ 0, +"'(Dn’ ey O +(,)21 0)1) EnEn—l"' Ele-i(w1+m2+_,mn)t

) ! ’ IWt +. . +iIWLt,+H W, t (54)
X(an’vvn'l"“’vvl)o Ojtnojtn-l"'(jjtl X(tn’tn-li'--at:l.)e e 2z v
0 0 0

So the signal is now proportional to the (one sided) Fourier Transform of the response
function and therefore provides essentially the same information.

Is(t)~|x(0)1+u)2+...03n,...,(ol+(02,c01]2 (55)

The Fourier Transform in (54) can easily be carried out on the expressions given by
the rules for Double Sided Feynman Diagrams above. The (one sided) Fourier
Transform of the time factors given there for each time interval are found to be

, :
At ei(Wi+iﬂ)t1ei(Ea' Bo)ty — | .
E)d. E.- E, + W+in =

where we have added a small imaginary part in to make the Fourier Transform

converge. So to write down the frequency dependent response functions from the
diagrams we can use the same Feynman rules as above with two exceptions:

For each interval n we have instead of the time dependent factor a frequency
1

E.- B +W+in

There are no factors of — (the original factors cancel with those in (56))

dependent factor
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The Fourier frequencies W can be directly replaced by the frequencies w;, of the
radiation beams to calculate the response (54) and (55) with

W =3 o, (57)

j=1

In Figures 1 to 3 the frequencies of the participating beams are used as |abels for each
interaction, thus facilitating the transcription to algebraic expressions.

For example the contribution to the frequency response of the diagram in Figure 1 is
given according to these rules by

_8 Pa) (clu bXblaXalilc)
ax (B~ By +oy o, +in)(E, - B+ o, +in)

(58)

Note that the response can be very large if the frequencies of the beams are close to
making one of the denominators in (58) vanish. In such a case the experiment is said
to be resonant or near resonant and we can then usually neglect all contributions
from other diagrams that are not resonant (this is known as the Rotating Wave
Approximation). In this way a particular experiment can sometimes be described by
oneor only afew diagrams.

Exercise

Calculate the contributions in the frequency domain for all the diagramsin Figure 2.
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5. Quantum Description of Relaxation Processes
System-Bath Interaction

As discussed in the introduction, experiments are rarely performed on single
molecules in total isolation. Rather the systems studied interact with their
environment during the course of the experiment and we have to take this interaction
into account in some way in order to get a meaningful description of the response
functions of the system. In order to do so we conceptually split the whole
macroscopic system under consideration into the system proper, which we try to
describe completely, and the rest which we will consider as a heat bath that can
exchange energy with the system, but which we describe only in an average statistical
way. The total Hamiltonian can then be written as the sum of the system Hamiltonian
Hg, the bath Hamiltonian H; and their mutual interaction Hg,. We can write these
Hamiltonians in terms of their eigenstates and eigenenergies according to (6) as.

H(ds,05) = Hs(ds) +H 5(0d5) +H &(ds,d)
H.=Qa ElaXal H, = a e, laXol (59)

Hg = & Fu(aolaXbl= & F,.la0}{bB|
ab

ao b
Reduced Density Operator

Before the system and bath interact we can write the density operator for the total
system as the product of the density operators of the system and the bath respectively

1
P=pgo pfze'”B’” (60)

where we assume the bath to be in thermodynamic equilibrium, but allow the system
to be in a genera state. However, once the system and the bath interact the density
operator will evolve according to the Liouville equation under the influence of the
total Hamiltonian and will loose the simple product form (60). On the other hand we
are usualy only interested in the properties of the system and not in those of the bath.
If we consider the average value of an operator that only acts on the system
coordinates we have according to (20)

(AY=TrpA = § {acpAlac) = § <a|§a (lplai A3 =TroA -

c° Trgp

where we have defined the reduced density operator ¢ as the trace of the total density

operator with respect to the bath coordinates. Note that this definition is consistent
with (but more general than) equation (60) since the trace of the bath density operator
in (60) is unity. In order to describe the dynamics of the system with this reduced
density operator we need an equation of motion for it, which we can derive from the
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equation of motion (27) for the total density operator. Just like in (39) we will
describe the evolution in the Interaction Picture, but now the unperturbed Hamiltonian
is the sum of system and bath Hamiltonian, while the perturbation is the system-bath
interaction. We therefore have:

ap, (t .
Bl = i[H (0.5, ]

P (t)=p,(0) - ic‘;ir[Hsa(n),p. )] (62)

B -1 00,00 Oph-[H O[Hs).p @]

where we have iterated the differential equation once in order to get it into a form
which turns out to be more convenient for the purpose of eliminating the bath
coordinates. Since we expect the (large) bath to be hardly affected by the presence of
the evolving system, we can to second order in the interaction write the density
operator on the right in its unperturbed product form (60) after which we can take the
trace on both sides with respect to the bath coordinates:

a‘;t(t) aTrz‘z'(t)_ iTry[He(®.p0, (0)] - c;err[Hs3(t)[HSB(r)pBG Q)|

(63)

This equation is an integro-differential equation for time evolution of the system
density operator. The first term involves the system-bath interaction averaged over the
bath coordinates:

TrsHgp 5 = aP(oc) Fosal aXbl = \Fab>l ° D(ds) (64)

Thisis simply an additiona term in the system Hamiltonian and we can therefore add
it to the unperturbed Hamiltonian. Without loss of generality we can therefore assume
that the system-bath interaction is defined in such away that the first term on the right
of (63) vanishes.

In order to reveal the content of (63) more clearly we take its matrix elements in the
basis of the system energy eigenstates

S (1) = {alo (1) b} 0,(1) = & 10 (X

ull-- 4 Gy (1106 (6) >
with Gdefined as

Guoea(t,7) =Trefal H(t)[He (1), poleXdl]]ib) (66)
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Substituting (59) we find for Gthe dightly complicated expression

J

- ( de (t) Fac (T)) - <I:db(ﬁc )Fac (t)>

Gea(t,7) = & LR, (OF (0))8, + & {F, 0)F, (1))3 0
j (67)

where the brackets signify the average of a (bath) operator over the bath variables

{A(t,)B(L)) =TrA(L) B(t)ps ={A(t, - 1)B(0)) (68)

Since the bath is supposed to be unaffected by the system and remains in (time
independent) equilibrium, the average in (68) can only depend on the difference of the
two times involved. Expectation values such as in (68) are known as correlation
functions (of the bath in this case) and they describe to what extent the value of A at t,
depends on the value of B at t,. Because of the rapid random motion in the bath we

expect that after a sufficiently long time t, called the correlation time, the bath will
have lost all memory of the situation at times longer ago than t.. The average values
of A and B will then be independent of each other and we simply have

{A)B(L)) ={AMIXB(L)) - t, >>T, (69)

In the case of G the average values of the F operators in (67) vanish (their average
value was absorbed into the unperturbed Hamiltonian (see (64)). Therefore the
Gfunctions will vanish if the difference of their time arguments is larger than the

correlation time of the bath and moreover (68) tells us that they only depend on the
difference of their arguments

Gtt)=Qgt-1) (70)
Gt-1t)=0 t-1T>>T1,

The equation of motion for the reduced density matrix (65) is difficult to solve in
genera even if the Gfunctions are known, but one can make progress in special
circumstances. Let us assume that the random motions in the bath are so fast and
consequently the correlation time so short, that our system does not evolve
appreciably during a time interval equal to this correlation time. In this case, caled
the homogeneous limit, we can take the density matrix outside the integral in (65) and
we can take the limits on the integration to infinity since Gvanishes anyway in this
added integration range. We then find a differential equation with constant
coefficients equation for the reduced density matrix, which can be solved:

26, (t o ~
GS?[( )-. A GO (1)
cd

v (71)
Gpea = (‘}h G (T)
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Population Relaxation

Let us study these equations a little closer in the simple case of a system with only
two energy levels a and b. We first concentrate on the evolution of the populations

(the diagonal elements). From (67) we have for the relevant G matrix elements

¥
Gaaaa =- Gobaa = djﬂl:(Fab(T)Fba(O))emabr +c.co ¥
0

¥

G = = Gaarn = (jjﬂC{I:ba(T)Fab(o))eimahT +c.co -y, (72)
0

For the populations we then have according to (71) a differential equation with smple
solutions (check them):

Es.aabz_eya -’Ybbggaab Gaa+(5bb:1

Y

€0 .9 €Y. Yp 90,9

0u(t)=0u(¥) +€ " (0, (0)- 0,(¥)  ou(¥)=—2 (73)
() =0,(¥)+e (atrolit (be(O) - be(¥)) O, (¥) = 0
Ya +Yb

We see that the populations decay exponentially due to the interaction with the bath
and eventually reach constant values (they have relaxed). The inverse of the exponent
in (73) is often denoted T, and is called the longitudinal relaxation time.

One can in fact show from (72) that there is a relation between the g's, called the

detailed balance condition given by
Yo :'Yae_wab/kT (74)

Equation (73) tells us then that the final values for the populations are exactly given
by the Boltzmann factor, i.e. our system has come into equilibrium at the temperature
T of the bath.

Note incidentally from (72) that the population relaxation is entirely due to the off-
diagona parts in the system-bath interaction, which is physically reasonable since
these can cause transitions in the system which brings it to equilibrium. The diagonal
parts do influence the system in a different way which we study next.

Dephasing

In a similar way as described above one can study the decay of the off-diagonal
elements of the density matrix (the coherences). When left undisturbed the off-
diagona elements remain constant in the Interaction Picture and oscillate in the
Schrodinger picture as

6,,()=06 " (79)
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When we take relaxation into account, the off-diagonal elements will decay to zero,
i.e. they will loose their (time dependent) phase, a process which is therefore caled
dephasing. From equation (71) we have for the off-diagonal elements

J6, (t . . . ]
—;()LGM% G (t) =G ,(0)€ *' (76)

showing the decay of the coherences. Note that eventually the density matrix becomes
diagonal with diagonal elements given by the Boltzmann factor (see above) as is
required for thermodynamic equilibrium. The inverse of the exponent in (76) is often
denoted T, and is called the transverse relaxation rate (the names longitudinal and
transverse derive from applications in the theory of NMR spectroscopy and are not
particularly descriptive in the general case).

We can calculate the G coefficient in (76) again from (67) and it is then found to
contain two terms, one from the off-diagonal system-bath interactions that also caused

the population relaxation and a second one, called the pure dephasing, which arises
from the diagonal elements of this interaction.

A

(Ya +Yb)+Gab

Nl

Gap =

w

- (77
G, :'; C (Faa(T)' be(T)(Faa(O) - Ry (O» +C.C

o

Note that the pure dephasing rate depends only on the difference of two bath
operators that will modulate (through the random motion of the bath) the energy
difference between the two levels. One can therefore interpret the decay of the
coherences as the destructive interference of the frequencies in (75) that are randomly
modulated by the interaction with the bath.

Incorporation of Relaxation into the Feynman Rules

We have seen above that relaxation processes cause the density matrix elements to
decay exponentially, but as (73) shows some populations, i.e. the ones at lower
energy, also increase so as to preserve the trace. If we neglect this latter contribution
we can make the approximation that all levels decay exponentially except the ground
state level which remains constant. We can then write

Cu(t)=0,(0)d =" y,=0 (78)

This can easily be incorporated into the Feynman rules of the previous chapter.

In the time domain we have the modification
For each interval t, we have a factor €' *"=) where a is the label of the right
line during this interval and b the label of the left line. E, and E, are the
corresponding energies

while in the frequency domain we obtain

For each interval n we have instead of the time dependent factor a frequency
1

E.- B+ WHivy

dependent factor
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As an example let us calculate the contribution to the frequency domain response of
the diagram in Figure 1. Using the modified rules above we find instead of (58)

& P@ {clu, IbXblu | aX alp, )
ar (B~ By #0400, +i7)(E, - B, +0, +i7 )

(79)

Note that (79), unlike (58), can no longer become singular when we are at resonance.
It might seem that (58) which was derived for an isolated system, without coupling to
a bath that causes relaxation, would predict a singular (infinite) response when we
would perform an experiment at resonance on an (almost) isolated system such as a
molecule in a dilute gas. However, in redlity there is always a relaxation process,
even if we can neglect collisons in a dilute gas, namely the phenomenon of
spontaneous emission, which can take place even in the absence of a radiation field.
One can consider this process as a special case of the system-bath interaction
described above, if one considers spontaneous emission as being caused by the
interaction of the system with the zero point fluctuations of the quantized e ectro-
magnetic field, which then plays the role of the bath. In practice the contribution of
spontaneous emission is much smaller than the influence of molecular collisions and
therefore only becomes important as a relaxation process in dilute gasses.

Relaxation and Lineshape

As a simple example of the theory above let us study the linear process of absorption
of a beam of frequency w in a polarisable medium. In the presence of a polarisation

P(r,t) the electromagnetic wave equation (which can be directly derived from the
macroscopic Maxwell equations for a classical electromagnetic field) can be written
as

4 9°

? ? P(r,t) (80)

- 1 92
N*E(r,t) t5e7 E(r,t) = -

In the absence of the right hand side, (80) would simply be the well known wave
equation for the electromagnetic field in vacuo, which has the simple wave solution
(for amonochromatic wave travelling in the z-direction)

i22 it kc

E(zt)= E,e“ " =Ee° 1 (81)

(O]

which shows that the wave travels with a speed c.

If we now include the influence of the medium on the right hand side and if we realise
that in genera the polarisation is related non-linearly to the electric field (see (49))
equation (80) becomes a complicated non-linear differential equation that essentially
contains all the various effects on non-linear optics.

Here we will confine ourselves to the ssmple case of linear response and we then have
according to (54), using only the linear susceptibility

P(r,t) = % (@)E(r.t) (82)

28



In this case we can incorporate the right hand side of (80) on the left and find a
modified wave equation

Nﬁano+8§”§§5mo=o e(0) =1+ dny (o) (83)

where we have defined the frequency dependent dielectric constant in terms of the
susceptibility. This is again of the form of the wave equation in vacuum with a
solution like (81), except that the relation between the wave vector k and the
frequency w has now become frequency dependent and consequently the velocity of
light in the medium has been changed and is different for different frequencies
(colours), a phenomenon known as dispersion. Moreover, one has to realise that the
susceptibility isin general a complex quantity and we can write

g:\/g(w) =1+ 4my (0) °© no) + ik (o)

n(w) » /1+ 4% Rey (@) K(m) » 2n Im (o)

n()

(84)

where we have defined the index of refraction n(w) and the extinction coefficient
K(w). So in a medium the solution (81) now becomes

L im(ﬂz-mz-iwt
E(zt)=E,€“"'=Ee ¢ °© (85)

which clearly shows that the velocity of the beam has been changed by a factor equal
to the index of refraction. In addition the extinction coefficient contributes a term
which exponentially extinguishes the beam, i.e. the beam is being absorbed. From
(84) we see that the strength of the absorption is directly proportional to the
imaginary part of the linear susceptibility. The absorption of course depends on the
frequency and will in general exhibit a more or less sharp peak near a resonance of
the system. The behaviour of the absorption around the resonance, called the line
form, is therefore directly determined by the imaginary part of c. Let us calculate this

line form with the tools developed in the previous sections. First we write down the
Double Sided Feynman Diagrams for the linear susceptibility of which there are only
two:

1 ()

1a> <aj Ib> <b)

ja> <aj ja> <af

Figure4
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We can immediately write down the linear susceptibility in the frequency domain
using our rules and we find

(alulbYblul a5 (alulbYblula
X(@):é Pla)—" |ulb)} |H|a/ ) é P(a)— |ulb)} |H|_/ (86)
ab Ea - Eb TO 1Yy w Eb- Ea TO 1Y,

If we assume that we are near the resonance o » E, - E, only the first term becomes
large, while the second (said to be anti-resonant) can be neglected (Rotating Wave
Approximation). Also in the sum we can neglect all non-resonant terms and we can
then find the imaginary part of the susceptibility, which directly gives us the
absorption line form as

(a|H|bXb|M|a) — F’(a)Kalulb)|2 Y an . (87)
Ea_ Eb+(‘o+i’Yab (Ea_ Eb+0)) -'-’Yab2

Imy(w) =ImP(a)

The line shape has the characteristic Lorentzian Form in this homogeneous (see
above) limit. If the relaxation was totally absent (which as discussed above is never
realistic) we would obtain an infinitely sharp deltafunction form

<alu|bjblu| &)
E.- E +o +in

Im (@) =limImP(a) = P(a){alulbf 78 (E, - E, +®) (88)

and therefore the relaxation is said to be responsible for line broadening (in the limit
(87) homogeneous line broadening). If the only relaxation process is spontaneous
emission, we again find (87) with the g's (the inverse lifetimes) determined by the
interaction with the quantised electromagnetic field. The line shape is then called the
Natural Line Shape, which usually has a much smaller width than any broadening
caused by other relaxation mechanismsif present.

We can also consider the opposite limit to the homogeneous relaxation process. We
assume that the motions in the bath are so slow that our system (say a molecule in a
liquid or a glass) only sees a static environment during the course of the experiment.
We can then calculate the response function for each environment, all with slightly
different energy differences and we subsequently average the response over all
environments. If we assume that the energy differences w,, have a Gaussian

distribution around the average E-E, with a width A we find using (88) weighted
with this distribution

¥ (Op-(E-Ea))
Imy@)=¢¢ 7  (PaKadulblnd(- o,))do,
X (89)
(- (5, -E)

=P(a)Kalulb)fre  ©

So in this case, called the inhomogeneous limit (the system is inhomogeneous in the
sense that each molecule sees a different environment), we find a Gaussian Line
Form and we speak of inhomogeneous line broadening.
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Outlook

In general at least some bath motions are neither fast nor slow on the time scale of the
experiment and neither of the above limitsis then reached.

In this general case it isimpossible to calculate the response functions or find the line
forms without a detailed modelling of the bath itself, which we will not consider in
this short course. Two ways of tackling this problem have been widely used. In the
first approach the bath is modelled by a large collection of random (Brownian)
harmonic oscillators of various frequencies that interact in a ssimple way with the
system studied, which leads to models that can at |east be approximately solved. The
second approach, used e.g. in the description of response in liquids, is to describe the
intermolecular motions of the molecules (which constitute the bath from the point of
view of a single molecule) by classical mechanics using molecular dynamics
simulations.
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