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“The underlying physical laws necessary for the
mathematical theory of a large part of physics and
the whole of chemistry are thus completely known,
and the difficulty is only that the application of
these laws leads to equations much too compli-
cated to be soluble.”

P.A.M. Dirac, Proceedings of the Royal Society

A123, 714 1929
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• Complete description of materials chemistry and physics given in principle by
quantum mechanics of electrons and nuclei.

• Covalent, ionic, metallic, van der Waals bonding are all the result of QM
behaviour of electrons.

• The Born-Oppenheimer Approximation - Treat nuclei classically and assume
electrons move adiabatically in field of fixed ions.

Then QM electrons give interaction forces between nuclei – or “atoms”.

• Primary computated quantity is ground state energy, E0.

• All observables related to change in E0 when system perturbed.

Crystal Structure Ion positions and lattice parameters which minimize E0.

Phase stability Phase with lowest E0 is most stable at T=0.

Forces on ions given by ∇ri
E0.

Elastic Constants e.g. K = V d2E/dV 2.

Vibrational Frequencies given by ∂2E0

∂xκ,α∂xκ′,β
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• Comprehensive ab-initio simulation code.
S. J. Clark et al. Z. Kristall, 220, 567-570 (2005)

• Uses plane-wave basis set with pseudopotentials

• XC-functionals LDA, PW91, PBE/RPBE, WC, HF, PBE0, B3LYP

• Vanderbilt Ultrasoft pseudpototentials (also supports norm-conserving)

• Geometry Optimization BFGS, cell optimisation, delocalised internals

• Ab initio Lattice Dynamics

• Both supercell and DFPT with interpolation methods supported.

• Phonon Spectra and Dispersion Curves.

• IR intensities and raman activities

• Dielectric Permittivity (electronic and ionic contributions)

• Born Effective Charges

• NMR Chemical Shifts

• GUI - Accelrys Materials Studio, (or file driven control)
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• For molecules usually model molecule in empty
space. Most quantum chemistry codes (eg
Gaussian, GAMESS) do this

• For extended systems (ie solids, liquids) this is
a poor idea. Surface effects would dominate
unless system very large.

• Most extended-system calculations use periodic
boundary conditions e.g. CASTEP, CRYSTAL,
DMOL, SIESTA,...

• Can model molecules or surfaces with periodic
code using supercell or slab geometries.
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Density Functional Theory – Hohenberg Kohn and Sham

»−~
2

2m
∇2 + Vi-e(r) + Vh(r) + Vxc(r)

–

ψi(r) = ǫiψi(r)

•
−~

2

2m
∇2ψi(r) is kinetic energy of electrons.

• Vh(r) = e2
R n(r′)

|r−r′|
d3

r
′ the Hartree potential, is mean potential of other

electrons. n(r) = 2
P

i |ψi|2 is the electron density.

• Vi-e(r) = ZIe
|r−RI|

is Coulomb interaction of electrons with nucleus

• Vxc(r) is exchange-correlation potential. True form unknown but
approximate by local density approximation (LDA), generalised gradient
approximation (GGA) or hybrid functional.

• ψi(ri) is wavefunction of single electron in effective potential of other
electrons and nuclei.

• Hartree and XC potentials depend on n(r) and in turn on ψi(ri) Must be
solved self-consistently.
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Ir spectroscopy measures absorbence or transmittance by excitation of vibrational

modes of sample.
Light couples to modes with electric dipole character
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Raman spectroscopy (inelastic light scattering) measures frequency shift of laser by
excitation of vibrational modes of sample.
Light couples to polarisability of modes.
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• Based on expansion of total energy about structural equilibrium co-ordinates

E = E0 +
X

κ,α

∂E

∂uκ,α
.uκ,α +

1

2

X

κ,α,κ′,α′

uκ,α.Φκ,κ′

α,α′
.uκ′,α′ + ...

where uκ,α is the vector of atomic displacements from equilibrium and

Φκ,κ′

α,α′
is the matrix of force constants Φκ,κ′

α,α′
= ∂2E

∂uκ,α∂uκ′,α′

• At equilibrium the forces Fκ,α = − ∂E
∂uκ,α

are all zero so 1st term vanishes.

• In the Harmonic Approximation the 3rd and higher order terms are assumed
to be negligible.

• Plugging this into Newton’s equation of motion yields matrix eigenvalue
equation:

Dεm = ω2
mεm

where the dynamical matrix is Dκ,κ′

α,α′
(q) = 1√

MκMκ′

Φκ,κ′

α,α′

• There are in general 3N (crystal) or 3N-6 (molecule) normal modes of
frequency ωm. Atomic displacements are given by eigenvectors εmκ,α.
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• The energy expression can be trans-
formed into a quantum-mechanical
Hamiltonian with energy levels
Em,n =

`

n + 1
2

´

~ωm for mode m.

• Quantum excitations of modes
known as phonons in crystal

• Transitions between levels n1 and
n2 interact with photons of energy
(n2 − n1) ~ωm, ie multiples of fun-

damental frequency ωm.

• In anharmonic case where 3rd-order
term not negligible, overtone fre-
quencies are not multiples of fun-
damental.

-2 -1 0 1 2
0
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Compute force constants as second derivatives of energy directly from electronic
structure formalism, ie compute response of electrons to atomic displacement.

E(2) =
1

2

d2E

dτ2
κ,α

=
X

m

D

φ
(0)
m

˛

˛

˛
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˛

˛

˛
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(1)
m

E

+
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2

X

m

D

φ
(0)
m

˛

˛

˛

d2V

d2
τκ,α

˛

˛

˛
φ

(0)
m

E

DFPT formalism gives Dκ,κ′

α,α′
(q) directly from primitive-cell calculation. (a.k.a.

linear response)
Need to compute first-order KS orbitals φ(1), the linear response to λ. V is
self-consistent potential.
DFPT can also calculate

• Born Effective Charges (a.k.a. atomic polar tensors)

• polarisability/dielectric permittivity

• LO/TO splitting

• infra-red reflectivity/absorption coefficients

• Raman tensor

Similar schemes in quantum chemistry known as analytic second derivatives or
coupled Hartree Fock.
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In DFPT need first-order KS orbitals φ(1), the linear response to the perturbation
First-order response orbitals are solutions of Sternheimer equation

“

H(0) − ǫ
(0)
m

” ˛

˛

˛
φ

(1)
m

E

= −PcV (1)
˛

˛

˛
φ

(0)
m

E

Pc is projection operator onto unoccupied states. First-order potential v(1) includes
response terms of Hartree and XC potentials and therefore depends on first-order
density n(1)(r) which depends on φ(1).
Finding φ(1) is therefore a self-consistent problem just like solving the Kohn-Sham
equations for the ground state.
Two major approaches to finding φ(1) are suited to plane-wave basis sets:

• Green’s function (S. Baroni et al (2001), Rev. Mod. Phys 73, 515-561).

• Variational DFPT (X. Gonze (1997) PRB 55 10377-10354).

CASTEP uses Gonze’s variational DFPT method.
DFPT has huge advantage - can calculate response to incommensurate q from a
calculation on primitive cell. Disadvantage of DFPT - more programming required.
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The finite displacement method:

• Displace ion κ′ in direction α′ by small distance ±u.

• Use single point energy calculations and evaluate forces on every ion in
system F+

κ,α and F+
κ,α for +ve and -ve displacements.

• Compute numerical derivative using central-difference formula

dFκ,α

du
≈ F+

κ,α − F−
κ,α

2u
=

d2E0

duκ,αduκ′,α′

• Have calculated entire row k′, α′ of Dκ,κ′

α,α′
(q = 0)

• Only need 6Nat SPE calculations to compute entire dynamical matrix.

• This is a general method, applicable to any system.

• Can take advantage of space-group symmetry to avoid computing
symmetry-equivalent perturbations.

• Works only at q = 0.
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CASTEP can perform ab-initio lattice dynamics using

• Primitive cell finite-displacement at q = 0

• Supercell finite-displacement for any q

• DFPT at arbitrary q.

• DFPT on M-P grid of q with Fourier interpolation to arbitrary fine set of q.

Full use is made of space-group symmetry to only compute only

• symmetry-independent elements of Dκ,κ′

α,α′
(q)

• q-points in the irreducible Brillouin-Zone for interpolation

• electronic k-points adapted to symmetry of perturbation.

Limitations: DFPT currently implemented only for norm-conserving
pseudopotentials and insulators.
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• DFT usually gives frequencies within a few percent of experiment.
Exceptions are usually strongly-correlated systems, e.g. some
transition-metal Oxides where DFT description of bonding is poor.

• Discrepancies can also be due to anharmonicity. A frozen-phonon calculation
can test this.

• In case of OH-bonds, DFT errors and anharmonic shift cancel each other!

• In solid frquencies may be strongly pressure-dependent. DFT error can
resemble effective pressure. In that case, best comparison with expt. may
not be at experimental pressure.

• Hartree-Fock approximation systematically overestimates vibrational
frequencies by 5-15%. Common practice is to multiply by ”scaling factor”
≈ 0.9.

• Scaling not recommended for DFT where error is not systematic. Over- and
under-estimation equally common.

• For purposes of mode assignment, or modelling experimental spectra to
compare intensity it can sometimes be useful to apply a small empirical shift
on a per-peak basis. This does not generate an “ab-initio frequency”.

• When comparing with experiment remember that disagreement may be due
to anharmonicity.

• Less obviously agreement may also be due to anharmonicity. There is a
“lucky” cancellation of anharmonic shift by PBE GGA error in OH stretch!
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Zincblende BN Diamond
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Phonon dispersion curves
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Cubic symmetry of Hamiltonian predicts triply degenerate optic mode at Γ in both
cases.
2+1 optic mode structure of BN violates group theoretical prediction.
Phenomenon known as LO/TO splitting.
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• Dipole created by displacement of charges of long-wavelength LO mode
creates induced electric field.

• For TO motion E ⊥ q ⇒ E.q = 0

• For LO mode E.q 6= 0 and E-field adds additional restoring force.

• Frequency of LO mode is upshifted.

• Lyndane-Sachs-Teller relation for cubic case:
ω2

LO

ω2

T O

= ǫ0
ǫ∞

• LO frequencies at q = 0 depend on dielectric permittivity
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LO modes can be seen in infrared, INS, IXS experiments, but not raman.
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Exper: G. Raunio et al

NaCl phonon dispersion
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To model spectra need to treat scattering dynamics of incident and emergent
radiation.
In case of INS interaction is between point neutron and nucleus - scalar quantity b
depends only on nucleus – specific properties.

d2σ

dEdΩ
=

kf

ki
b2S(Q, ω)

Q is scattering vector and ω is frequency - interact with phonons at same
wavevector and frequency.
Full measured spectrum includes overtones and combinations and instrumental
geometry and BZ sampling factors.
Need specific spectral modelling software to incorporate effects as postprocessing
step following CASTEP phonon DOS calculation.
A-Climax : A. J. Ramirez-Cuesta Comput. Phys. Comm. 157 226 (2004))
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• NH4F is one of a series of ammonium
halides studied in the TOSCA spectrome-
ter. Collab. Mark Adams (ISIS)

• Structurally isomorphic with ice ih

• INS spectrum modelled using A-CLIMAX
software (A. J. Ramirez Cuesta, ISIS)

• Predicted INS spectrum in mostly excellent
agreement with experiment

• NH4 libration modes in error by ≈ 5%.

• Complete mode assignment achieved.
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Prediction of reflectivity of optically flat single crystal surface given as function of q

- projected permittivity ǫq (ω)

R(ω) =

˛

˛

˛

˛

˛

ǫ
1/2
q (ω) − 1

ǫ
1/2
q (ω) + 1

˛

˛

˛

˛

˛

2

with ǫq defined in terms of ǫ∞ and mode oscillator strength Sm,αβ

ǫq (ω) = q.ǫ∞ .q +
4π

Ω0

X

m

q.S.q

ω2
m − ω2

= q.ǫ(ω).q

ǫ(ω) is tabulated in the seend-

name.efield file written from a CASTEP
efield response calculation.
Example BiFO3 (Hermet et al, Phys. Rev
B 75, 220102 (2007)
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• Straightforward to compute peak areas.

• Peak shape modelling depends on sample and experimental variables.

• Multiphonon and overtone terms less straightforward.
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See E. Balan, A. M. Saitta, F. Mauri, G. Calas. First-principles modeling of the

infrared spectrum of kaolinite. American Mineralogist, 2001, 86, 1321-1330.
Spectral shape determined by optical effects and shifted LO modes in specific
size/shape of crystallites.
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Raman scattering depends on raman activity tensor

Iraman
αβ =

d3E

dεαdεβdQm
=

dǫαβ

dQm

i.e. the activity of a mode is the derivative of the dielectric permittivity with respect
to the displacement along the mode eigenvector.
CASTEP evaluates the raman tensors using hybrid DFPT/finite displacement
approach.
Raman calculation is fairly expensive ⇒ and is not activated by default (though
group theory prediction of active modes is still performed)
Parameter calculate raman = true in a task=phonon calculation.
Spectral modelling of IR spectrum is relatively simple function of activity.

dσ

dΩ
=

(2πν)4

c4
|eS .I.eL|2 h(nm + 1)

4πωm

with the thermal population factor

nm =

»

exp

„

~ωm

kBT

«

− 1

–−1

which is implemented in dos.pl using the -raman flag.
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Applications
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Spectroscopic Methods

• In this talk:
– Infra-red Spectroscopy (phonons)

– Raman Spectroscopy (phonons)

• In Castep, but not discussed here
– NMR (Magnetic Resonance)

– Core Level Spectroscopy

• Castep v5.0



Convergence Criteria

• Require accurate electronic ground state
• Require an accurate geometry

Check you have a well 
CONVERGED 
calculation!

The COARSE setting in MS-Castep is for testing only: proceed with caution!



Convergence

• Vibrational frequencies and spectroscopic 
intensities are derivatives of total energy

• Derivatives converge more slowly with respect 
to
– Plane wave cut-off energy

– K-point sampling

• Ensure to test your results are reliable with 
respect to these convergence criteria



Example of IR and Raman (InSb)

• InSb has the zincblende structure (spacegroup F-43m)
• Model in Materials Studio 

(File/Import/Structures/Semiconductors)
• Use the primitive unit cell
• The atomic positions are fixed by symmetry, so (in this 

case) there’s no need to optimise geometry



Set up the calculation

• Under Castep/Calculation

• Set the task to Energy and click off the ‘Metal’ switch

• In the ‘Electronic’ tab, set Pseudopotentials to Norm-conserving

• Under the ‘Properties’ tab, select IR and Raman Spectra. Also click on the 
‘Calculate Raman intensities’ if you want them too

• Click on ‘Run’!



Examine the output

• After a short time the run will finish and the 
output can be examined

• As with all Castep calculations, a very 
important set is to examine the output 
(*.castep) file

• This will be the main source of checking for 
any problems

• In particular look for any WARNING markers



DFPT Header

• When doing density functional perturbation 
calculations you’ll see the header:



The SCF

• Since we require higher order wavefunctions 
(derivative of wavefunction with respect to 
perturbation) then we need a good SCF 
calculation 



Perturbation Calculations

• Next follows the perturbation calculations
– There will be 3N phonon perturbations

– There will be 3 electric field perturbations

– This number will be reduced by use of symmetry



Raman Calculations

• If Raman intensities are requested, Castep will 
now evaluate them (3rd order perturbation) 
for each Raman active phonon mode



Frequencies and Intensities

• Frequencies, IR and Raman intensities are 
reported and also symmetry information



Raman Tensors

• Raman intensities are tensor quantities: the 
full tensor is also reported for each mode



Other DFPT quantities

• Finally a range of other quantities that are calculated as 
part of the phonon/Raman/IR calculation are reported
– Dielectric permittivity:
– Polarisability:
– Born effective charges:



Plots of spectroscopic data

• IR intensities are given by the change in electric dipole 
moment (mu) of the system with respect to the atomic 
motion under excitation of a phonon mode (R): 

• Raman intensities are the change in polarisability 
(alpha)of the material under excitation of a phonon 
mode (R):

• Where G represents the external electric field 
perturbation (photon)



Materials Studio Analysis



Computational Speed

• In ground state electronic structure calculations, 
the number of k-points are reduced by symmetry
– e.g. For silicon (diamond) a 8x8x8 k-point set (512 k-

points) are symmetry reduced to 60

• However, perturbations break symmetries
– K-points are not reduced as much

– Each perturbation takes longer

• Raman intensity calculations require 2 E-field 
calculations (polarisability) per Raman active mode



Larger Systems

• We will now present Castep phonon IR and 
Raman calculations that have been performed 
for larger systems
– MgCO3 (Magnesite)

– THz (far IR) modes of molecular crystals

– Ab initio characterisation of [ReH9]2- ion

– Spectroscopy of ZrO2



MgCO3 (Magnesite) under pressure

• Predicting complete vibrational, IR and Raman 
spectra under pressure is important for 
understanding processes in Earth Minerals

• MgCO3 structure: space group R-3c

Hexagonal Rhombodedral



MgCO3 Dispersion and DoS



IR and Raman (0 GPa and 50 GPa)

Mode 
symmetry 
assignments

Mode 
frequencies, 
IR intensities 
and
Raman 
intensities 



MgCO3 Spectra (50 GPa)

Raman Spectrum IR Spectrum

S. J. Clark, P. Jouanna, J. Haines and D. Mainprice, Phys. Rev. B (Submitted), 2009.



THz Measurements

• Now we make comparison between THz time-
domain spectroscopy results and Castep’s DFPT 
calculations

• Low frequency phonon modes have the highest 
computational noise (most sensitive to 
convergence issues)
– Electronic SCF convergence to machine accuracy 10-

13eV
– Residual forces on atoms better than 10-4 eV/A
– High k-point sampling
– Computationally, a very demanding calculation



Spectrum and phonon eigenvectors

P. U. Jepsen and S. J. Clark, Chem. Phys. Lett. 442, 275 (2007)



Phonon Eigenvectors

Phonon eigenvectors represent atomic motion: they describe the direction in
which atoms move under excitation of a given phonon



Ab initio characterisation of [ReH9]2-

• Dynamics of the complex Ba[ReH9] 
investigated

• Contains the D3h face capped trigonal [ReH9]2-

ion

• Investigated using Castep’s DFPT, IR, Raman 
and inelastic neutron scattering

• Long range interactions important (must use 
periodic unit cell)

S. F. Parker, K. Refson, et al, Inorganic Chemistry 45, 10951 (2006)



IR Spectrum

Comparison of theoretical and experimental IR 
spectrum: excellent agreement

Crystal structure of BaReH9



DFPT Dispersion Curves and Charges



Vibrational Properties of ZrO2 under 
pressure: a DFPT study

• ZrO2 extremely important for modern technological 
applications
– Useful mechanical properties for medical devices
– Engineering applications
– Electronic device applications

• Ambient pressure has three polymorphs
• Cubic, tetragonal and monoclinic
• Full phase diagram shows a rich variety of 

transformations are possible
• Assignment of vibrational modes was a long standing 

open issue

V. Milman, A. Perlov, K. Refson, S. J. Clark, J. Gavartin and B. Winkler,
J. Phys. Condens. Matter 21, 485404 (2009)



Pressure dependence on properties

Pressure dependence on 
Born effective charges in 
tetragonal zirconia 

Pressure dependence on 
the (a) static and (b) 
optical dielectric 
permittivity (Exx and Ezz)



Pressure dependence on Raman 
frequencies



Raman Spectra

•Tetragonal distortions 
disappear at 37 GPa
•Structure is fluorite-like 
cubic modification at 
higher pressures
•Transition clear in 
vibrational frequencies, 
dielectric permittivity and 
Born charges
•Strongest Raman line 
(A1g) softens under 
pressure
•Structure remains cubic 
until at least 50 GPa



Summary

• Wide range of spectroscopic calculations
– Phonons (DoS and Dispersion)
– Both Perturbation and finite displacement methods
– IR intensities (spectrum)
– Raman intensities (spectrum)
– Polarisability
– Permittivity
– Born Charges

• Not mentioned today
– NMR
– core level spectroscopy
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What’s Next?

• Join us for future webinars in the Materials Studio 5.0 series:

– Jan 13:  Exploring New Fuel Cell Materials: High Throughput Calculations and Data 

Analysis with Materials Studio 5.0 and Pipeline Pilot

To learn more and register visit: http://accelrys.com/events/webinars/materials-studio-50/

• Visit us at upcoming events:
– May 4-6:   Accelrys User Group Meeting, Boston, MA

To see all events we’ll be attending visit: http:/accelrys.com/events

http://accelrys.com/events/webinars/materials-studio-50/�
http:/accelrys.com/events�
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