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Photoinduced out-of-equilibrium events



Ultrafast Events Determine Function (I): 
Primary Steps of Vision

Formation of all-trans rhodopsin triggers a long complex sequence of events:
1) Reduction in [cGMP]
2) Na+ channels close, increasing the membrane potential
3) Slows release of glutamate neurotransmitters at synapses
4) Modulates the interneuron pathways
5) Connected ganglion cells fire and feedback to brain

65% of 
photoexcited 11-
cis-rhodopsin is 
converted to the 
all-trans form 
within 200 fs

D. Polli, et al., Nature, 467 440 (2010). 
1 fs = 0.000000000000001 s: there are more fs in one 
second than there are years in the age of the universe!!



Ultrafast Events (II): Initial Steps in Light Harvesting

Muir Woods, California

• Very efficient conversion of 
excitations into e− and h+

• Inbuilt photo-protective and 
repair mechanisms

• Plants grow, live and flourish in 
diverse environments including 
fluctuating light conditions

• Two main pigments used in 
natural light harvesting: 
Chlorophylls and Carotenoids



Length and Timescales of Photosynthesis

Pigment-protein 
complexes

10 nm

Pigments
1 nm 

Membrane
100s nm

Photosystems
25 nm

Inter-pigment 
energy transfer

Electronic Energy
Transfer (EET) to
reaction centres

Charge separation Electron and proton 
Transfer

• The primary steps of photosynthesis occur on ultrafast timescales and drive 
downstream processes such as charge separation and electron and proton transfer



Ultrafast Events (III): Organic Photovoltaics

• Instantaneous exciton formation 
(bound electron-hole pair)

• Exciton migration to an interface 
must be very fast otherwise the 
energy will be lost as 
fluorescence/heat

• Exciton dissociation into h+ and e-

carriers must also be fast to avoid 
geminate recombination
near to the interface

• What is the influence of morphology?

P3HT PC60BM



Ultrafast Events (IV): DNA Photophysics

• Photoinduced lesions and reactions are correlated with the 
absorption spectrum of DNA bases



Structure Affects Function and Lifetime
• 90% of thymine molecules 

return to S0 within 1 ps
(1 ps = 1x10-12 s)

• When the sugar and 
phosphate groups are 
attached, the lifetime 
increases significantly

• For (dT)n, 10% of molecules 
decay on a nanosecond 
timescale  (~1x10-9 s)

• Lots of time for excited 
state photochemistry!

Deoxythymidine
monophosphate



Course Outline

TAAO Lectures
1. Waves
2. Maxwell’s Equations and Light-Matter Interactions

3 Remaining lectures: 
Example based: Beyond the Jablonksi Diagram, 
Energy Transfer and Charge Transfer, Experimental
Techniques



One-Dimensional Waves
• A travelling wave can be thought of a self-sustaining 

disturbance in the medium it propagates through
• Longitudinal – sound waves, compression in solids
• Transverse – waves on a string, elec-mag. waves

• Note: The disturbances advances, not the medium



One-Dimensional Waves
• The energy-carrying disturbance travels through the 

medium, the individual participating atoms remain in 
the vicinity of their equilibrium

• The disturbance, y, moves in the positive x direction 
with constant speed, v

• We can describe this as:
• Let the profile of the disturbance (for a fixed time) be:

• At time t, the pulse has moved in space (x) by a 
distance vt, but its profile remains unaltered

ψ(x, t) = f (x, t)

f (x) = e−ax
2

NB the square



One-Dimensional Waves
• Lets change the co-ordinate system, such that the 

origin (0,0) travels with the pulse at speed v for x’
• Again, y is no longer a function of time for co-

ordinate system x′:
• Putting this in terms of xwe obtain:

• And via substitution:

• This is a general form of a 1D
wavefunction.

• This describes a wave having
the given profile moving in +x
with speed v

ψ = f (x ')

ψ (x,t) = f (x − vt)

x ' = x − vt



Example 1D Wavefunction

ψ (x,t) = 3 / (10(x − vt)2 +1)

• 1D waves propagates in a plane
• 2D wave propagates on a surface

and only requires a few additional 
co-ordinates 

f (x) = 3 / (10x2 +1)• Let
• y represents the profile of displacement/ 

pressure/electric field of our wave
• To turn f (x) into y (x,t) requires

replacing x with x-vt in f (x):

• For simplicity, let v = 1 ms-1



Harmonic Waves
• Sinusoidal waveforms are the simplest form of harmonic 

waves
• Any wave can be synthesised from a superposition of 

harmonic waves
• The profile can be described as:

• A is the amplitude (maximum disturbance)
• k is the wavenumber (or wavevector- see later) and 

defines the propagation direction
• To transform this into a progressive wave at velocity v, 

we substitute x for x-vt:
ψ (x,t) = Asin k(x − vt)

ψ (x,t)t=0 =ψ (x) = Asin(kx)



Wavelength
• Holding either t or x fixed yields a sinusoidal wave, with the 

wave being periodic in space and time
• The spatial period is known as the wavelength, l, and is the 

number of units of length per wave. Usually in nm (1x10-9 m).

• An increase (or decrease) in x by l will leave y unchanged:

• For a harmonic wave, this is equivalent to changing the sine
function by ± 2p

Wavelength (l)

ψ (x,t) =ψ (x ± λ,t)

+A

-A



• Thus                      and so long as k and l > 0 &      ,

• The temporal period, t, is the time taken for one complete 
wave to pass a stationary point.  Using the same analysis as 
for l:

• And therefore:                         and via re-arrangement:

• The period, t, is the number of units of time per wave

Temporal Period

k = 2π / λ
sin k(x − vt) = sin k(x ± λ)− vt = sin(k(x − vt)± 2π )

kλ = 2π R

ψ (x,t) =ψ (x,t ±τ )
sin k(x − vt) = sin k(x − v(t ±τ ))
sin k(x − vt) = sin k(x − v(t ± 2π ))

kvτ = 2π
kvτ = 2π

kvτ = 2π
kvτ = 2π

2π
λ
vτ = 2π τ = λ / v

as k and l > 0 & R

• We can show the following:



• The inverse is the temporal frequency n (Greek letter ’nu’) 
which is the number of waves per unit time (s-1, Hz):

• Recall that                   , therefore via substitution: 
• Other useful quantities:

• Angular temporal frequency (rad s-1):

• Wavenumber or spatial frequency (m-1):

• Can give our wavefunction in terms of an angular freq:

Temporal Frequency etc.

ν ≡ 1/τ
v = νλ

ν ≡ 1/τ
v = νλτ = λ / v

ω ≡ 2π /τ = 2πν
κ = 1/ λω ≡ 2π /τ = 2πν

κ = 1/ λ

ψ (x,t) = Asin(kx ±ωt)



Phase

ψ (x,t) = Asin(kx −ωt + ε )

• In order to generate 
harmonic waves in a tight 
piece of string, the hand 
has to move in the vertical 
plane to generate vertical 
acceleration

• This adds a initial phase 
factor, e, to the wave 
equation:



When two 
separate waves 
overlap in space 
(and time) they 
will constructively 
and destructively 
interfere with one 
another.

This is merely a 
linear 
superposition of 
waves

Superposition of Waves

ψ t = ψ i
i

n

∑



• Using sine and cosine functions to describe harmonic waves 
is cumbersome and requires undesirable trigonometry!

• Instead we can use a complex number representation that is 
far more convenient

• Recall:                             where
• x and y are real numbers
• The real and imaginary components of     are x and y, 

respectively
• Moving from Cartesian to polar co-ordinates:

and
• So 
• And using Euler’s formula: , we can 

show:

Complex Polar Representation

!z = x + iy i = −1

!z

x = r cosθ
y = r sinθ

x = r cosθ
y = r sinθ

eiθ = cosθ + isinθ

sinθ = e
iθ − e− iθ

2i cosθ = e
iθ + e− iθ

2

!z = r cosθ + ir sinθ



• And therefore: 
• r is the magnitude of     , 
• q is the phase angle of     in rads
• Worth noting the complex conjugate

• Recall: and substitute as above: 

• The full form is complex, and is required for full manipulation

• And we can collect all these terms as the phase, j

Complex Polar Representation

!z
!z r = !z

!z* = re− iθ

ψ (x,t) = Re(Aei(ωt−kx+ε ) )

ψ (x,t) = Aei(ωt−kx+ε )

ψ (x,t) = Acos(ωt − kx + ε )

ψ (x,t) = Aeiϕ

!z = reiθ = r cosθ + ir sinθ



• We can now think about phase in 
the polar co-ordinate space

• This is a far more succinct way of 
describing the harmonic wave

• Consider a harmonic wave of 
amplitude Awhich revolves 
around a point at a constant rate

• The changing angle it makes with 
the x axis is wt

• The rotating arrow and angle 
constitute a phasor

Phasor 



• The plane wave is the simplest 
example of a 1D wave

• Useful for studying propagation 
through optical devices

• Think of a plane that lies 
perpendicular to a wavevector k
that passes through origin x0, y0,
z0 r0 and ends at point r (x, y, z)

• r-r0 = (x-x0)i + (y-y0)j+ (z-z0)k
• Let us set the dot product of 

(r-r0) . k = 0
• k can be described by its parts:
k = kxi + kyj + kzk

Plane Waves



• And from the dot product we know:
kx(x-x0) + ky(y-y0) + kz(z-z0) = 0

• Or:   kxx + kyy + kzz = a
• a = kxx0 + kyy0 + kzz0 = constant
• r . k = a = constant
• The plane is defined by all the points where the 

position vectors (ri) each have the same projection 
onto the k vector

• And now a set of planes are constructed so that:

• These are harmonic functions and should repeat 
themselves in space, after a displacement of l

Plane Waves

ψ (r ) = Aeik .r



• Where k is the magnitude of k
• And k/k is the parallel unit 

vector
• No time dependence so far in 

vector space...

• As this wave propogates along 
k, the surfaces joining all the 
points of equal phase are 
known as the wavefront

Plane Waves

ψ (r ) =ψ (r + λk
k
)

ψ (r ,t) = Aei(k .r+ωt )
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Maxwell’s Equations

• Maxwell’s famous equations are comprised from 4 
main expressions that are a generalisation of many 
different experimental results

• They form the basic laws of electromagnetic theory
• We need an overview of them in order to describe 

light, and light-matter interactions
• To begin we need to consider some basics from a 

classical viewpoint
• A stationary point charge, q, interacts with electric 

field E , and experience force:  FE = q.E



Maxwell’s Equations

• A different point charge that moves with velocity v, 
experiences another force FM∝ v

• We can think of this force as the magnetic 
induction field (or just the magnetic field), B

• This force is equal to: FM = q.v x B
• If FM and FE act on the charge at the same time 

then the particle feels total force:
F = q.E + q.v x B



Maxwell’s Equations
• 1) Maxwell-Faraday Induction Law
• A time varying magnetic field induces an electric 

field

Time-varying magnetic field

vector normal to surface, S

Line integral around line C

Infinitesimal vector element of the contour C

E
C
!∫ •dℓ = − ∂B

∂t∫∫ •dS

Electric field
Magnetic field

A

N.B. open area, A



Maxwell’s Equations
• 2) Gauss’s Law (aka Gauss’s Flux Theorem)
• The net electric flux through any closed surface is

equal to 1/e0 x net electric charge 

E • dS = 1
ε0

q∑
A
!∫∫

• The electric flux is the flow 
of the electric field in area

• e0 is dielectric constant – a 
measure of resistance 
encountered forming an 
electric field

Surface integral over area A



Maxwell’s Equations
• 3) Gauss’s Magnetic Law
• The magnetic field B does not diverge/converge 

towards a magnetic charge (monopole)
• Rigorous investigations for decades have found no 

evidence for the magnetic monopole
• So the flux of the magnetic field through a surface 

is zero:

• Magnetic fields should instead be described by 
current distributions

B• dS = 0
A
!∫∫



Maxwell’s Equations
• 4) Ampère’s Circuital Law
• A time varying electric field will 

be accompanied by a magnetic field

• Where permeability is the degree of magnetisation of a material 
in response to a magnetic field

Current density

Permeability
Dielectric constant for
the medium, i.e. how far
electric field permeates into medium

Line integral around line C

Infinitesimal vector element of the contour C

B
C
!∫ i dℓ = µ J + ε ∂E

∂t
⎛
⎝⎜

⎞
⎠⎟A

∫∫ i dS



Electromagnetic Waves
• The interdependence of E and B is very clear from 

Maxwell’s equations
• A time varying E field generated a B field
• If the E field changes direction, the B field will 

also, but remains perpendicular to E
• The interdependence is also true between B and E
• Therefore E and B fields will be transverse EM 

waves with E and B propagating in the same 
direction

• E and B fields are the two components of 
electromagnetic fields- the source of which is a 
point charge



Electromagnetic Waves

• In free space the velocity of all EM waves is given by:

• e0 and µ0 are known, and thus the speed of light in a 
vacuum, c, is 2.997,924,58 x 108 ms-1

v = 1
ε0µ0



Transverse Waves
• Consider a linearly polarised EM harmonic plane 

wave with the E field propagating along the x-axis 
with speed c and oscillates in y.

• The B component oscillates in phase and along the 
z-axis

• Bz and Ey only vary by a scalar c: Ey = cBz

Ey is the magnitude of E projected
onto the y-axis

Bz is the magnitude of B
projected onto z-axis



Poynting Vector
• How much energy can the field store? We need to 

consider the energy density, u, the radiant energy per 
unit volume

• We can compute these for E and B fields:
• uE = (e0/2)E2 and uB = (1/2µ0)B2

• Knowing E = cB and c =1/(e0µ0)1/2 we can show:
uE = uB and u = uE + uB

• This means that the energy is shared equally between 
electric and magnetic fields

• Further: u = e0E2 or u = B2/µ0



Poynting Vector
• Let S represent the power (energy/ 

unit time) associated with the EM 
wave across a unit area

• Making the reasonable assumption 
that the energy flows in the same 
direction as the propagation axis 
and has vector S (Poynting vector): 

• For a harmonic plane wave:
S = c2ε0Ecos(k • r −ωt)× Bcos(k • r −ωt)

S = c2ε0E × Bcos2(k • r −ωt)

S = c2ε0E × B

• And represents the instantaneous flow of energy per unit 
area per unit time.



Irradiance
• The average energy per unit area per unit time is 

known as the irradiance, I
• Very important when considering what a photodiode 

or light sensor actually measures!
• This is a time averaged value, the magnitude of the 

Poynting vector,        is a measure of I
• For a harmonic field, 
• The cos2 component = ½ if T is large cf. 1/w
• Therefore: 

• Which means that the irradiance is proportional to 
the square of the amplitude of the electric field

S T

S T = c
2ε0E × Bcos2(k • r −ωt)

I = S T =
c2ε0
2

E0
2



Photons
• "It seems as though we must use sometimes the one 

theory and sometimes the other, while at times we 
may use either. We are faced with a new kind of 
difficulty. We have two contradictory pictures of 
reality; separately neither of them fully explains the 
phenomena of light, but together they do". – Einstein

• Each photon has an Energy, E, that is quantised: 
• E = hn

• h is Planck’s constant = 6.626 x 10-34 Js-1

• n is the frequency of light in s-1

• Photons are stable, chargeless, massless, 
elementary particles that exist only at speed c



Photons

• Photons cannot be observed directly; what is 
known of them comes from observing the result of 
them being created or annihilated

• When a very large number of photons occupy the 
same state, the inherent granularity of light 
vanishes and the EM field appears as a continuous 
wave

• Different monochromatic plane waves represent 
different photon states, i.e. different frequencies of 
light



Electromagnetic Spectrum



Induced Dipole
• When EM waves fall on an atom or molecule the electric 

field disturbs the electron cloud around the nuclei
• The situation is analogous to bringing a charged particle 

close to an electric field
• When the field is applied from the top

the positive charge density is attracted
towards it, and negative density
repelled- creating a dipole

• If the field is applied on the bottom,
we observe the opposite effect

• In the situation where the field oscillates between upper 
and lower positions, the induced dipole will oscillate with 
the frequency of the field



Light-Matter Interaction

• The oscillating E field of EM radiation 
acts in a similar way and creates an 
oscillatory dipole in the matter

• The dipole moment is created in the 
direction of the E vector of light

• If the frequency of light is resonant 
with the energy levels of the molecule, 
the energy can be absorbed, creating 
oscillating dipole moment µ (transition 
dipole moment)



Absorption
• Let a molecule have two energy states E1 and E2, 

where E2 > E1.
• The frequency required to excite the molecule 

from E1 to E2 = hn = E2-E1
• Lets expose the system in E1 to 

radiation with density of r(n)
• The rate of change in E2 population

due to induced absorption is given by:

• B12 is the Einstein B coefficient for
induced absorption and N1 and N2 are the number 
of molecules in states E1 and E2, respectively.

dN2

dt
= N1B12ρ(ν )



Stimulated Emission
• The probability of returning back to E2 has two 

components
• Stimulated emission is the first we shall consider
• For N2 particles in E2:

• Here the emitted photon travels
co-linear with the incoming radiation

• B21 is the Einstein B coefficient for
stimulated emission

dN2

dt
= −N2B21ρ(ν )

E2

E1



Spontaneous Emission
• Conversely molecules may spontaneously emit 

from E2, in any direction. The population decay is 
independent of any external radiation field:

• A21 is the Einstein A coefficient for
spontaneous emission

• At equilibrium the two rates are equal:

dN2

dt
= −N2A21

B12N1ρ(v12 ) = A21N2 + B21N2ρ(ν21)

E2

E1

• For this specific two level system n12 = n21



Einstein A and B Coefficients
• So by re-arrangement we get the ratio of the 

excited and ground state populations:

• The ratio of the number of particles in the two 
energy levels can also be given by the Boltzmann 
distribution law:

N1
N2

= e−(E1−E2 )/kT = ehν /kT

N1
N2

= A21 + B21ρ(ν )
B12ρ(ν )



Einstein A and B Coefficients
• And re-arranging and substituting:

• But Planck got here first from the energy 
distribution of black body radiation at temp, T:

• Thus                                   and A2→1 =
8πhν 3

c3
B2→1B1→2 =

N2

N1
B2→1

ρ(ν ) = A21 / B21
N1
N2

B12
B21

ehν /kT −1

ρ(ν )dν = 8πhν
2

c3
hν

ehν /kT −1
⎛
⎝⎜

⎞
⎠⎟ dν



Spin and Vibrations
• Singlet and triplet states in atoms:

• Quantum mechanically: DS = 0 (also: Dℓ = ±1)
• For systems with more than one nuclei, we have to 

worry about nuclear degrees of freedom, i.e. (ro-) 
vibrational states.
• For linear molecules with N atoms: 3N−5 vibrational 

states
• For non-linear molecules: 3N−6 vibrational states

� �



Jablonski Diagram
• For more than two states, we can think in terms of a 

Jablonski diagram (which includes ro-vibrational levels)


