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a b s t r a c t
Density functional theory can be used to interpret and predict spectroscopic properties of solid-state
materials. The relevant computational solutions are usually available in disparate DFT codes, so that it
is difﬁcult to use a consistent approach for analyzing various spectroscopic features of a given material.
We review the latest developments that are aimed to provide a collection of analytical tools within one
DFT package, CASTEP. The applications covered include core-level EELS, solid-state NMR, optical properties, IR and Raman spectroscopy. We present also results of the EELS analysis of NbO and Nb2O5 that show
the ﬁrst published example of CASTEP spectra from d-states. Raman activities calculated for a test set of
small molecules and the convergence requirements for such calculations are discussed.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
Developments in electronic structure methods, in particular in
density functional theory (DFT), combine with the continuous increase of available computing capacities to deliver unprecedented
power to computational experiments on an atomistic level. The
accuracy and robustness of DFT makes this technique the method
of choice in assisting the design and development of the next generation of devices for nanoscale applications [1]. The underlying
principle of DFT is that the total energy of the system is a unique
functional of the electron density, hence it is natural that there exist a large number of computer programs that are designed for calculations of the total energy and its derivatives such as atomic
forces and the stress tensor. These tools became invaluable in the
ﬁeld of Computational Crystallography since they allow the application of quantum mechanics for structure prediction, study of
chemical bonding, mechanical properties, and lattice dynamics
[2]. An important advantage of theoretical methods is the ability
to carry out investigations of condensed phases under extreme
conditions of high pressures and temperatures [3]. Such applica* Corresponding author. Tel.: +44 1223 228619; fax: +44 1223 228501.
E-mail address: vmilman@accelrys.com (V. Milman).

tions open the possibility of studying materials under multi-TPa
compression that might exist in the core of massive exoplanets [4].
Energy and related properties, including the force constants
that deﬁne the lattice dynamics of a crystal, are the ground-state
properties and hence the natural products of a DFT calculation.
The situation is less straightforward when DFT is applied to the
studies of electronic properties of materials. The accuracy of DFT
results for properties that involve excitations is more questionable,
and often more sophisticated approaches are required to evaluate
the response of a solid to an external time-dependent perturbation
such as electric or magnetic ﬁeld. Excited state calculations, however, are vitally important for evaluation of e.g. optical properties
(dielectric function, reﬂectivity, absorption, and refractive index)
and polarizabilities. These properties enable researchers to calculate various spectra that can provide a ﬁngerprint of a particular
structure as required for example for phase identiﬁcation; alternatively this route potentially leads to a discovery of new materials
with desired properties, such as a high second harmonic generation coefﬁcient. This direction of ‘‘Computational Spectroscopy”
has a long history, but traditionally it has been developed mostly
in connection with properties of isolated molecules. Recent advances in theoretical spectroscopy [5] are largely based on the
techniques that go beyond the ground-state DFT methodology,

0166-1280/$ - see front matter Ó 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.theochem.2009.12.040

Please cite this article in press as: V. Milman et al., J. Mol. Struct. (THEOCHEM) (2010), doi:10.1016/j.theochem.2009.12.040

ARTICLE IN PRESS
2

V. Milman et al. / Journal of Molecular Structure: THEOCHEM xxx (2010) xxx–xxx

by using for example time-dependent DFT or many-body perturbation theory.
The situation that requires different methods for computational
studies of structures and of spectroscopic properties is not completely satisfactory; it is highly desirable to use a consistent approach to predict both the structure and properties of a material.
Such calculations should be accessible in terms of computational
cost to a wide community of researchers, a requirement satisﬁed
by DFT methods. The accuracy of spectra calculated using DFT is often sufﬁcient to carry out qualitative or even quantitative studies,
thus it is tempting to accept the DFT level of description until it is
proven to be insufﬁciently accurate for a certain system or
property.
The present article presents a review of recent DFT applications
to spectroscopic problems based on a speciﬁc computer code, CASTEP [6,7]. CASTEP uses the plane-wave pseudopotential method
to solve one-electron Kohn–Sham equations. The wavefunctions
are expanded in a plane-wave basis set deﬁned by the use of periodic boundary conditions and Bloch’s theorem. The electron–ion
potential is described by means of ab initio pseudopotentials within either norm-conserving [8] or ultrasoft [9] formulations. Direct
energy minimization schemes are used to obtain, self-consistently,
the Kohn–Sham wavefunctions and corresponding charge density.
In particular the conjugate gradient [10] and density mixing
[11,12] schemes are implemented. The robust electron ensemble
DFT approach can be used for systems with partial occupancies
(in particular, metals) [6,13]. The convergence of the calculations
is controlled essentially by just two parameters, namely the size
of the basis set which is deﬁned by the energy cut-off for plane
waves, and the accuracy of the Brillouin zone integration as determined by the number of special k-points used for sampling.
CASTEP has been used successfully to study structures, mechanical properties, and phase stability of inorganic materials. Applications of this total energy based approach to the prediction and
interpretation of spectroscopic properties are less well publicized.
This article reviews calculations of core-level electron energy loss
(EELS) spectra, vibrational IR and Raman spectra, NMR chemical
shifts, linear and nonlinear optical spectra. The goal is to illustrate
the level of accuracy attainable in a consistent fashion by using the
same atomistic modelling tools for all parts of a scientiﬁc investigation.

2. Electron energy loss spectroscopy
Spectroscopic techniques that explore transitions from or to
core-level orbitals, such as electron energy loss spectroscopy, offer
a popular experimental probe to investigate properties of materials, nanostructures, and biological molecules. There are several
versions of EELS, and among them EELS associated with electron
microscopy is especially popular for material characterization.
Theoretical calculations offer a complementary tool to the experimental core-level spectroscopy.
Core-level spectroscopy within plane-wave pseudopotential approach is not straightforward since the all-electron wave function
inside the core region is required for the matrix element calculations. Furthermore, an important consideration in EELS modelling
is the inclusion of the core–hole effect in calculations. Core orbitals
are not considered explicitly in pseudopotential methods such as
that used in CASTEP; hence a special approach is required. The formalism of EELS within the CASTEP framework has been developed
by Pickard et al. [14–16], and the initial papers calculated K-edge
spectra of diamond and cubic boron nitride in good agreement
with experimental measurements [17]. There are two key elements to the CASTEP implementation. Firstly, a projector augmented wave (PAW) reconstruction of the wavefunction inside

the core region is required to obtain an accurate matrix element.
Secondly, the on-the-ﬂy generation of ultrasoft pseudopotentials
is used to generate an excited pseudopotential ‘‘on demand” as required to study the core–hole effect [18].
Early applications of EELS modelling using plane-wave pseudopotential method by Gao et al. included calculations of K-edges in a
number of materials including group-III nitrides [19], carbon and
boron nitride polymorphs [20], and CaB6 [21]. Good agreement
with experiment has been achieved and theoretical core-level
spectra were used successfully in interpreting experimental spectra, predicating theoretical reference spectra when reliable experimental spectra were not available, identifying correlations
between EELS spectra and crystal structure, and estimating the
reliability of experimental spectra. The most recent CASTEP implementation of the PAW reconstruction technique has been described in [18], showing good agreement for K-edge results in
such materials as LiF, BeO, cubic BN, CaB6, MgB2, SiC, diamond,
and C3N4.
Extensive tests of CASTEP EELS functionality were undertaken
by way of comparing calculated results to reported all-electron
data from WIEN2k [22] calculations as well as to the experimental
results. Gao et al. [23] calculated spectra for such disparate materials as MgO (Mg K-edge), Si (K-edge and L2 edge), NiSi and Ni2Si
(Ni and Si L2 edge), TiN (N K-edge), cubic and hexagonal BN (B
and N K-edge), hexagonal GaN (N K-edge). These calculations
showed that the inclusion of core–hole effects even on the DFT level of theory usually improves agreement with experiment, sometimes dramatically as in cubic BN. Calculations with a core hole can
be more expensive computationally since it is desirable to introduce a core hole in a supercell so that the distance between
unphysical periodic images is at least 8–10 Å. This additional cost
should be balanced against more accurate spectra interpretation,
especially in the region of the threshold. Calculated spectra faithfully reproduce the observed dependence of EELS signal on the
electric ﬁeld polarization direction in hexagonal structures of BN
and GaN [19,23].
There are numerous examples where experimental EELS spectra
are used as a ﬁngerprint for subsequent phase identiﬁcation in
complex multi-phase materials. One such example refers to the
promising family of biomaterials, so-called biphasic calcium phosphates. The two materials in question are b-tricalcium phosphate
(b-TCP) and hydroxyapatite. CASTEP calculations [23] were able
to explain the difference between the ﬁne structure of O K-edge
in these two materials as being due to the lower symmetry of
the b-TCP structure compared to hydroxyapatite. The calculated
signal from ten inequivalent atoms in the b-TCP structure had to
be added together with a chemical shift determined by the differences in the total energies; this convolution produces a smooth
featureless spectrum. PO4 groups in hydroxyapatite have only
three inequivalent oxygen atoms, and the convolution preserves
some structural features in the low energy part of the spectrum.
The interpretation put forward in the experimental study involved
the signal from the disordered OH group in hydroxyapatite [24],
while CASTEP results showed that the OH signal lies in a different
part of the spectrum and does not contribute to the observed
ﬁngerprint.
CASTEP EELS analysis has been applied recently to the O K-edge
of metal oxides with the ﬂuorite structure, namely zirconia, ceria
and urania [25]. Good agreement with experimental results was
achieved, especially when core holes were included and a GGA + U
treatment [26] applied to the strongly correlated UO2 system. Another transition metal–metalloid system studied recently with CASTEP is ZrC [27] where the C K-edge was calculated and found to
agree well with the experimental spectrum.
Care should be taken when applying DFT tools to calculate the
ﬁne structure of EELS edges. A detailed methodological study based
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on CASTEP and WIEN2k codes provides step by step illustrations
that allow one to obtain results well converged with respect to
the basis set size, k-point sampling and the supercell size, as illustrated by the example calculations of the Al K-edge in metallic aluminium and in hexagonal AlN [28].
CASTEP simulations can be used to establish reliable peak positions that can be combined with the energy-ﬁltered transmission
electron microscopy to achieve a sub-nanometre particle mapping.
An example application used CASTEP to establish if the measured
peak corresponded to a collective or single electron excitation.
The results allowed to separate the yttrium N2,3 signal from cubic
or monoclinic phases from the plasmon peaks [29]. This signal was
subsequently used for the ﬁrst chemical mapping of sub-nanometre particles of oxide dispersion strengthened FeCr alloys.
A recent example of the experimental search for EELS ﬁngerprint is the study of two members of the complex niobium–oxygen
system, namely niobium monoxide (NbO) and niobium pentoxide
(Nb2O5). Niobium oxide is a promising material for high-capacity
solid electrolyte capacitors. Unfortunately, niobium-based capacitors contain a mixture of phases, and display high leakage current
due to the presence of the conducting NbO phase. EELS spectra of
NbO and Nb2O5 were shown to have clearly different near-edge
ﬁne structure, and hence EELS spectroscopy was suggested as an
analytical technique of choice to analyse and control phase content
of Nb–O based materials [30,31]. We used this system to validate
CASTEP results for a transition metal EELS edge by calculating Nb
M45 and Nb M23 edges in addition to the O K-edge.
The calculations were performed for the experimentally observed structures of NbO and Nb2O5. NbO crystallizes in the defective rock-salt structure with 25% ordered vacancies both in the
niobium and in the oxygen sublattice. Its structure can be de (no. 221), with the lattice paramscribed by the space group Pm3m
eter of 4.2103 Å [32]. Nb2O5 appears as an amorphous phase or in
several complex crystalline modiﬁcations. Experimental EELS
study was carried out on a monoclinic cell belonging to the space
group P2 [32]. We chose a slightly less complex modiﬁcation,
namely the tetragonal phase in the space group 14/mmm (no.
139) with lattice parameters a = 20.44 Å and c = 3.832 Å [33]. We
used PBE exchange–correlation functional [34], ultrasoft pseudopotentials generated on the ﬂy, and the energy cut-off of 610 eV.
A core hole was created on every symmetry inequivalent atom
in the unit cell, one at a time (there is one Nb and one O inequivalent atom in NbO, three Nb and seven O inequivalent atoms in
Nb2O5). This process generates one structure of NbO for each edge
to be studied, and either three (for Nb edges) or seven (for O edge)
structures of Nb2O5, each containing exactly one core hole. Core
holes were introduced on Nb 3d, Nb 3p, and O 1s levels for simulations of Nb M45, Nb M23, and O K edges, respectively. A supercell
is created for each structure; the size of the cell was 2  2  2 for
cubic NbO, and 1  1  2 for tetragonal Nb2O5. The next step is
to ﬁnd the symmetry of a structure with a core hole; the use of
symmetry speeds up calculations by reducing the number of kpoints to consider. NbO supercells have the tetragonal P4/mmm
symmetry and contain 48 atoms; Nb2O5 supercells are either
monoclinic, space group Cm, or triclinic, space group P1, in either
case containing 112 atoms. We used a 3  3  3 Monkhorst–Pack
grid for Brillouin zone sampling in NbO supercells, and 1  1  3
grid in Nb2O5. These grids correspond approximately to the distance of 0.04 Å1 between the sampling points.
EELS edges from each atom with a core hole were calculated
using the formalism described in [23]. The simulation of Nb2O5
spectra is more involved since there are a number of inequivalent
atoms in the crystal structure. We applied the chemical shift determined by the difference in total energies to each spectrum, and
summed them up taking into account degeneracies of inequivalent
Wyckoff sites. The edges that contain spin–orbit splitting (Nb M23
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and M45 edges) contain both components in the experimental data;
we simulated this effect by using experimental values of differences between electron binding energies: 15.5 eV for Nb M23 and
2.7 eV for Nb M45 edge [35]. Finally, we applied Gaussian instrumental broadening of 2.1 eV, the value reported in the experimental study [30]. We also applied Lorentzian broadening due to the
core-level lifetime and to the excited state lifetime; the width
due to the latter effect was modelled with an empirical linear function C(E) = 0.1E, where E is the energy above the threshold [22].
The results are presented in Fig. 1. Calculated spectra are
aligned with experimental ones using the position of the ﬁrst peak
as a guide. There is a good quantitative agreement between the results of CASTEP calculations and the experimental spectra, both for
peak positions and relative intensities. Nb M45 edge in NbO has a
shoulder and a bump (Fig. 1a), while there is very wide plateau
in Nb2O5 (Fig. 1b). Nb M23 edge in NbO is featureless; the two
peaks in Fig. 1c are due to spin–orbit splitting (Fig. 1c). The same
edge in Nb2O5 possesses a well deﬁned shoulder (Fig. 1d). The
shoulder in the calculated O K-edge for NbO corresponds to the
experimentally observed double peak [30]; the two characteristic
features at higher energies are also reproduced well. In summary,
these results support the suggestion that Nb M45 edge as well as
Nb M23 edge and O K-edge can be used for quantitative phase analysis of the mixture of niobium monoxide and pentoxide.
3. NMR calculations
Solid-state NMR is a rapidly evolving technique which is used
increasingly to obtain information about complex crystalline structures including inorganic materials with strong covalent and ionic
bonding, and more weakly bound molecular crystals [36]. As the
technique becomes more widely used and applied to more challenging systems, modelling plays an increasingly important role
in interpreting experimental data.
It has recently been shown how to calculate NMR chemical
shifts in both molecules and solids within DFT and using pseudopotentials to describe the core–valence interactions [37,38]. The
approach is based on gauge including projector augmented waves
(GIPAW), derived from the PAW electronic structure method and
implemented in CASTEP. The calculated chemical shifts are typically accurate to a few percent of the measured shift range. The GIPAW approach is a general method for the prediction of magnetic
response properties, and it has also been applied to the prediction
of electron paramagnetic resonance (EPR) g-tensors of defects in
silica [39]. The early applications of the GIPAW approach reviewed
in [6] included, for example, the study of the atomic structure of
icosahedral boron carbide, where both X-ray and neutron techniques had failed to locate the carbon atoms in the B4C structure
[40]. In another application both the chemical shifts and the quadrupolar coupling constants for 17O were calculated for a variety of
SiO2 polymorphs [41]. The calculated NMR parameters of cristobalite, quartz, coesite, and faujasite were found to be in excellent
agreement with experimental data, and formed the basis of the
ﬁrst assignment of the spectrum of ferrierite [41].
3.1. Organic molecular crystals
A good review of CASTEP calculations of NMR properties of
molecular organic compounds has been given in [42]. A target for
the NMR computations is to bring the error in calculated 13C chemical shifts to within 2 ppm. This is a challenging task, and one of the
relevant questions is when one can expect accurate DFT answers. It
appears that, for example, a comparison of different polymorphs is
a promising area, where calculations can be used to understand the
role of crystal packing. There is a number of open issues related to
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Fig. 1. EELS spectra showing the Nb M45 (a and b) and M23 (c and d) edges and the O K-edge (e and f) for NbO (a, c, e) and Nb2O5 (b, d, f) crystals. Solid line – theory, crosses
[30] and circles [31].

the design of a good theoretical protocol, e.g. which exchange–correlation functional to use, whether to optimize atomic positions or to
use experimental geometry (possibly with optimization of protons),
whether to ﬁx to unity the slope of experiment vs theory plots when
calculating the reference shift. The results analysed in [42] show the
promise of CASTEP calculations for such materials as ﬂurbiprofen,
ﬁnasteride, terbutaline sulfate, testosterone, ampicillin, maltose,
etc. We provide below a brief summary of more recent results that
provide better understanding of the role and accuracy of GIPAW
calculations in structure analysis and prediction.
CASTEP NMR calculations have been carried out for 14 organic
crystals by Johnston [43], and the results were shown to reproduce
experimental data better than the calculations on isolated molecules that do not take into account crystal packing or hydrogen

bonding effects. The difference is especially pronounced for carbohydrates, where the CASTEP RMS error relative to experiment was
only 1.88 ppm, while the results for aromatic compounds show the
RMS deviation of 3.05 ppm.
A comparative study of molecular crystal NMR using a solidstate approach (CASTEP) and a molecular approach (either CASTEP
using a vacuum supercell approach, or a localised orbitals code
such as Gaussian03) is a popular application since it allows one
to judge the importance of crystal packing effects and the role of
intermolecular shielding. For example, the study of 17O chemical
shifts and quadrupolar constants for two representative a-keto
acids, sodium and lithium pyruvates, showed that solid-state
CASTEP calculations gave much better agreement with the experimental data than those using a molecular cluster approach [44].
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A comparison between molecular and solid-state calculations
has been used to quantify the ring current effects caused by neighbouring molecules, as well as the role of hydrogen bonding. An earlier study of this type showed that in maltose anomers the change
in the 1H chemical shift can be used as a quantitative measure of
intermolecular CH. . .O hydrogen bonding; the results accurately
reproduce the two-dimensional 1H–13C MAS-J-HMQC solid-state
NMR spectra [45]. This work was subsequently extended for uracil
and 4-cyano-40 -ethynylbiphenyl, where a methodology was suggested for separating the hydrogen bonding and ring current effects on chemical shifts [46].
Another example of the importance of taking account of periodic boundary conditions is given in the extensive study of the
13
C chemical shift in a large group of amino acids and peptides,
such as asparagines, glutamine, and glutamic acid [47]. The incorporation of lattice effects via periodic calculations that use optimized crystal geometries gives chemical shifts with a typical
deviation from experiment in the 1–2 ppm range. The same conclusion has been made in the study of the 13C chemical shift in vascular-selective drugs felodipine and amlodipine, where the use of
GIPAW compared to the GIAO molecular method reduced the
RMS error by a factor of two [48].
CASTEP results can be used as a basis for modelling of the
results of sophisticated techniques such as two-dimensional double-quantum MAS NMR. This approach was applied to the study
of the dipeptide b-AspAla [49]. CASTEP 1H isotropic chemical shifts
were shown to agree with experiment to better than 1 ppm, and
hence the anisotropic component was subsequently used as a basis
for multi-spin density-matrix simulation of double-quantum
coherence experiment.
NMR measurements and calculations can provide more information than chemical shifts; for example, integer spin NMR has
been used recently to investigate quadrupolar coupling parameters
and EFG tensor asymmetry parameters for the 14N nucleus in
a-glycine, L-leucine and L-proline [50]. CASTEP results were used
to assign parameters to correct sites and to orient the EFG tensors
in the molecular frames; once the proton positions have been optimized, the calculations reproduce the EFG parameters much more
accurately than non-periodic Gaussian calculations.
It is possible to use NMR chemical shifts, in addition with other
characteristic signals, as part of the design of materials with requested properties. Filhol et al. [51] studied model polydiacetylenes with the aim of relating changes of optical properties to the
twist of lateral groups. Chemical shifts as a function of such twists
were shown to follow the known trend for blue/red isomerism of
these compounds, which opens the way to building a statistical
correlation between the two properties.
NMR calculations can be used in combination with experimental data as a way of structure determination of powdered solids. A
methodology that uses proton spin-diffusion data, DFT geometry
optimizations as well as calculations of 1H and 13C chemical shifts
has been applied to the case of the small drug molecule thymol
[52]. The method shows that CASTEP chemical shifts can match
experimental ones to within 0.5 ppm for 1H and within 2 ppm
for 13C, and the resultant crystal structure differs from the singlecrystal X-ray diffraction result by only 0.07 Å.
The structure solution of cyameluric acid has become possible
150 years since it was ﬁrst synthesized, and this success was due
to the combination of solid-state NMR spectroscopy, DFT modelling and direct-space X-ray powder reﬁnement techniques [53].
The process involved identiﬁcation of the correct tautomer based
on the comparison of experimental and calculated NMR spectra,
followed by the crystal structure Pawley and Rietveld reﬁnement
based on the molecule optimized with CASTEP. Finally, hydrogen
positions were reﬁned by analysing NMR chemical shifts; the
anisotropy of the chemical shift and the asymmetry parameter of
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the carbonyl 13C were found to be good indicators of the hydrogen
bonding environment.
A different application in solving crystal structure of an organic
compound used 13C and 15N NMR spectroscopy as part of the
investigation of polythiocyanogen, SCN [54]. A number of random
periodic structures were generated and optimized, and the NMR
spectra of the lowest energy candidates were analyzed. The combined analysis of crystal energies and NMR chemical shifts allowed
the authors to suggest the most likely structure of the polymer.
Calculations of solid-state NMR parameters within the GIPAW
formalism have made important contributions to solving crystal
structures of such compounds as polymorphs of terbutaline sulfate
using 13C and 1H NMR [55], or to investigation of the monomer–dimer equilibrium of zinc dialkyldithiophosphates from 31P NMR [56].
An important methodological point refers to the role of thermal
effects. Standard CASTEP calculations are carried out in the athermal limit, and hence there is always an uncertainty regarding the
role of temperature. An investigation of the role of motional effects
has been carried out for two organic solids, the amino acid L-alanine and a dipeptide, b-L-aspartyl-L-alanine [57]. Two methods
were applied, one based on the zero-point correction from vibrational calculations and another based on averaging of the results
over snapshots of an ab initio molecular dynamics simulation.
The correction can be signiﬁcant, of the order of few ppm, and
the zero-point method was shown to be sufﬁciently reliable to
be applied routinely when accurate estimates of chemical shifts
are required.
The ‘‘thermal ellipsoids” associated with the structural uncertainties caused by the thermal motion of atoms might in fact be
masking a small scale structural disorder. A recent study of bisphosphinoamine introduced a complex computational protocol
aimed at evaluating effects of thermal motion on the 31P NMR shift
[58]. 2D correlation landscapes together with the calculated NMR
shifts for structures with frozen-in vibrational modes were used
to identify the presence of small amplitude structural disorder in
addition to the thermal broadening of the peaks.
3.2. Carbon single-walled nanotubes (SWNTs)
An interesting group of molecular objects that have been studied using CASTEP NMR are carbon nanotubes [59–64]. These studies have a potential for underpinning the use of solid-state 13C
NMR for characterizing single-walled nanotubes. Calculations on
a family of semiconducting zigzag (n, 0) SWNTs with n from 7 to
17 showed chemical shifts of up to 20 nm, with the chemical shift
that decreases roughly inversely proportional to the tube’s diameter [63]. This trend can be further subdivided by considering separately two main groups of SWNTS, namely semiconducting (n = 3k)
and semimetallic (n = 3k + 1, where l = 1 or l = 2) [63,64]. The semimetallic nanotubes have a stronger isotropic diamagnetic shielding
and hence have a smaller chemical shift for small-diameter
SWNTs, less than about 15 Å. Interestingly, the chirality of a nanotube seems to have little impact on this conclusion [64].
Additional information can be obtained from 13C and 1H NMR
chemical shifts for functionalized nanotubes. Attachment of typical
groups such as NH, NCH3, NCH2OH, and CH2–NHCH2 to (7, 0), (8, 0),
(9, 0), and (10, 0) single-walled carbon nanotubes has a clear signature in NMR spectra. The shifts were shown to be sensitive to the
nature of the bond which is being functionalized and might be
used therefore to characterize the structural details of the functionalized complexes [59].
NH-functionalized (n, 0) SWNTs with n = 11, 13–17 [60] showed
a strong dependence of the chemical shift on the C–C distance and
hence on the SWNT diameter, showing potential promise in determining diameter distribution of functionalized SWNTs. Another
important aspect of SWNTs is the potential presence of defects,
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either vacancies or packing imperfections. Stone–Wales or the 5/7/
7/5 defect is considered to be the lowest energy defect in a SWNT;
its NMR signature in (7, 0), (8, 0), (9, 0), and (10, 0) zigzag nanotubes has been studied in detail [61]. For the atoms that are part
of the defect site, large chemical shifts are predicted (up to 150–
160 ppm). For systems with high concentrations of SW defects it
may be possible to identify the defects by these characteristically
high shifts, provided that they are not obscured by shifts arising
from metallic species.
CASTEP GIPAW calculations have been used to show that in
some functionalized SWNTs there is little effect on NMR shifts of
functionalized atoms. Fluorinated SWNTs offer the most clear
example where no signiﬁcant change of the chemical shift of carbon atoms involved in C–F bonding was found for systems with
different functionalization patterns and degrees of ﬂuorination;
SWNT diameter also has little effect on this shift [62]. It appears
that the local environment of ﬂuorinated carbon atoms is largely
independent of SWNT structural parameters which explains the
lack of sensitivity in the chemical shift.
3.3. Inorganic solids
Solid-state NMR calculations are being applied to increasingly
more complex and challenging studies in the area of inorganic
materials as witnessed by some of the recently published results.
One of the signiﬁcant differences to the ﬁeld of organic materials
is a much wider variety of the nuclei used for solid-state characterization, many of them possessing a large electric quadrupole moment which makes accurate measurements challenging. A
combination of modelling with experiment is aimed at improving
resolution and sensitivity leading eventually to resolving the structures and solving important problems in materials science, chemistry, geochemistry, etc.
DFT calculations were used to interpret solid-state 89Y MAS
NMR spectra of Y2Ti2  xSnxO7 pyrochlores, materials with applications for the encapsulation of actinide-bearing radioactive waste
[65]. The combination of calculations and experiment established
the site occupied by Y ion, the main factors inﬂuencing the chemical shift, and the random nature of Sn/Ti distribution on the
substituted sites.
Site occupancy disorder for hydroxyl protons is a typical occurrence in hydrous minerals. A combined experimental and GIPAW
study of two hydrous magnesium silicates of the humite group
showed how to use calculated 17O NMR parameters to support the
dynamic disorder model that involves rapid proton exchange [66].
Another case of the effect of disorder on observable properties refers to the study of 77Se and 67Zn chemical shifts in ZnSe nanoparticles [67]. NMR calculations on a system containing up to 17 ZnSe
layers show a broad distribution of chemical shifts as a result of electronic disorder, even for the positionally ordered nanoparticle.
In some sense an extreme case of positional disorder is presented by a glass system. Double rotation NMR technique (DOR)
has been applied to study 17O signal in vitreous B2O3 [68]. The
two distinct oxygen sites were resolved and identiﬁed as belonging
to the boroxol ring [B3O6] and to non-boroxol [BO3] groups. This
assignment of experimental results became possible from comparison of the full chemical shift tensor, as well as the EFG tensor, to
the calculated properties of caesium enneaborate, Cs2O9B2O3, that
has similar structural elements. A complementary study has been
performed using 11B NMR parameters for several crystal borate
structures with a further extension to glassy phase [69].
It is sometimes instructive to cross the boundary between organic and inorganic systems, as was shown in an extensive study
of 25Mg NMR of Mg oxyanion systems [70]. Mg NMR has been used
primarily for inorganic systems, although it is now shown to be a
sensitive probe for studies of metal centres in biologically relevant

organic molecules. CASTEP results showed good correlation with
experimental values of both chemical shifts and quadrupole coupling parameters. One of the important methodological conclusions is that the use of accurate experimental structures seems to
be preferred to structures optimized using CASTEP, whether optimization involves only protons or all atoms.
‘‘NMR crystallography” methods were applied using 79/81Br and
25
Mg NMR shifts and quadrupolar coupling to reﬁne the structure
of MgBr2; it has been shown that CQ (79/81Br) is extremely sensitive
to the details of the structure, and the measured and calculated results for the optimized crystal structure agree within experimental
error [71].
A detailed analysis of the 27Al NMR parameters for 20 distinct
aluminium sites in 12 crystalline oxides was presented [72]. The
description of the isotropic chemical shift is very accurate, with
the RMS deviation of about 2 ppm, and CQ parameters are found
typically within 1 MHz. The quality of the results allowed authors
to suggest a quantitative connection between chemical shifts and
Al–O bond order, and to support the conjecture by analysing the effect of pressure on calculated properties.
The issue of hydrogen bonding and its effect on NMR parameters
is of fundamental interest in inorganic materials, even though perhaps its importance is not as high as in organic studies. An example
investigation is that of a layered c-titanium phosphate where calculations were used to conﬁrm the assignment of the 1H NMR spectra.
An unambiguous assignment was possible, and also a proof of the
hydrogen bonding between layers was provided [73].
The use of transition metal nuclei in solid-state NMR studies is
relatively new, and more work is required to establish the limits of
validity of GIPAW calculations for such systems. An important
methodological paper showed that isotropic chemical shifts for
49
Ti and 51V nuclei in a variety of organometallic and inorganic
compounds can be successfully reproduced, while there are potential problems with reproducing the shielding tensor eigenvalues
with the DFT approach [74].
GIPAW results were used to assign and interpret NMR spectra
for a variety of materials: 13C and 29Si in two polymorphs of SiC
[75]; 19F in two complex ﬂuorides, b-BaAlF5 and Ba3Al2F12, supported by analysis of 15 other metal ﬂuorides [76]; 35/37Cl in Al,
Ga, and In chlorides [77]; 27Al in kaolinite [78]; 31P and 27Al in
the aluminophosphate framework material AlPO-15 [79]; 33S in
layered transition metal disulﬁdes [80]; 43Ca in a family of Ca-containing compounds [81]; 29Si in crystalline and molten forsterite
[82]; 1H, 17O, and 31P for surface and bulk structures of hydroxyapatite [83], to name but a few.
This review of the recent GIPAW calculations of NMR properties
shows that results for a widely varying range of materials are reliable and can be used for quantitative analysis, such as assignment
of signals to speciﬁc atomic positions or structure solution of powder samples, as well as for qualitative analysis of the effects of crystal packing, guest molecules, or hydrogen bonding. More recently it
has become possible to compute NMR J-coupling between spins
[84] in the GIPAW framework, and initial applications to organic
and inorganic materials have been presented. Two bond couplings
2
JSi–P have been accurately calculated for a silicophosphate polymorph [84]. J-couplings across both covalent and hydrogen bonds
have been illustrated for the case of two 6-aminofulvene-1-aldimine derivatives and for the ribbon structure formed by a deoxyguanosine derivative [85], and also for glycine and uracil [86].
J-couplings were calculated in these studies between carbon, oxygen, and nitrogen nuclei in very good agreement with experiment,
typically within 1 Hz.
There are of course some systems where both experimental and
theoretical investigation of NMR properties is still in its infancy,
and more work is required to establish reliable standards and
interpret observed spectra. A typical example of such open area
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is the 209Bi study of bismuth oxyhalides where calculated CQ
parameters are underestimated and the span of chemical shift tensor components is greatly overestimated [87]. Work still remains
to be done in quantifying the role of relativistic effects, and the
limitations of present density functionals in such materials.
It appears that in many aspects the methodology for GIPAW
studies of organic and inorganic materials is the same, although
one can ﬁnd notable exceptions. For example, as discussed above,
various examples exist where organic materials are described
more accurately when experimental structure is used rather than
the DFT-optimized one. On the other hand, there is a clear example
of a microporous aluminophosphate AlPO-14 where the results of
27
Al–31Si experiments cannot be explained even qualitatively unless the structure is optimized ﬁrst [88]. Certainly the input crystal
structure plays a signiﬁcant role in the accuracy of the computed
NMR parameters, and future work must clarify the relationship between the calculation of NMR parameters, diffraction studies and
the role of dynamics.

4. Vibrational spectroscopies
Modern experimental techniques include a number of probes
based on the vibrational and dielectric properties of materials.
Laboratory-based techniques including Raman and infrared (IR)
spectroscopies are in widespread use for analysis and characterization – with a growing interest in the applications of ‘‘terahertz
spectroscopy” that focuses on the spectrum in the region of 0.3–
5 THz. On the other hand, the techniques of inelastic neutron scattering (INS) or inelastic X-ray scattering (IXS) are aimed mostly at
the fundamental studies of vibrational properties. The primary role
of theoretical methods in any of these application areas is to predict phonon frequencies and displacement patterns for phonons
with wave vectors spanning the Brillouin zone, and to calculate
intensities of experimentally measurable spectra such as Raman
and IR.
CASTEP provides two different methods for evaluating the
dynamical matrix and hence the harmonic phonon frequencies
and eigenvectors. For insulators, and particularly for polar insulators, the density functional perturbation theory method, DFPT, is
preferred [89]. This is the most efﬁcient technique, and it allows
the calculation of crystal response to external electric ﬁeld as well
as to the atomic displacements. As a result it is possible to calculate
Born effective charges, dielectric constant, LO–TO splitting, IR and
Raman intensities. This technique is currently implemented in CASTEP for non spin-polarized insulators and requires the use of
norm-conserving pseudopotentials. In the cases where these
requirements are not met the ‘‘ﬁnite displacement” technique
may be used, and a supercell approach with Fourier interpolation
can be introduced to calculate frequencies at general points in
the Brillouin zone. However, this method does not provide information on electric ﬁeld response and cannot be used to evaluate
LO–TO mode splitting or to predict IR or Raman intensities.
The above-mentioned lattice dynamics methods are framed
within the harmonic approximation and are therefore most applicable to the low-temperature dynamics of ordered systems. One
technique for generating vibrational properties which includes a
good description of anharmonicity at ﬁnite temperatures is via
the Fourier transform of the velocity autocorrelation function obtained from a molecular dynamics simulation. A recent example
of such approach is the study of phase-I ammonia where a combination of MD analysis and harmonic lattice dynamics was applied
to the task of quantifying and assigning vibrational modes [90]. It
was shown that MD frequencies of lattice modes are in better
agreement with experiment; an important drawback of this technique is inability to access LO–TO mode splitting.

7

4.1. Raman spectroscopy
Non-resonant Raman activities are computed in CASTEP using a
hybrid method combining density functional perturbation theory
with the ﬁnite displacement method. The Raman activity tensor
of a mode is given by the derivative of the dielectric polarizability
tensor with respect to the mode amplitude. This is evaluated using
a numerical central difference approximation between polarizability tensors computed using DFPT at geometries displaced from
equilibrium by small positive and negative amplitudes according
to the mode eigenvector. This method is similar to that of Porezag
and Pedersen [91] except for the use of DFPT to compute the
dielectric polarizability.
Raman intensity evaluation has been implemented in CASTEP
very recently, and application examples using this functionality
are still limited. One test case involves the study of the pressure-induced phase transition in a nanocrystalline tetragonal ZrO2 [92].
Raman spectroscopy was used in the experiment to interpret the
structural changes observed in X-ray diffraction as a soft-mode
transformation. A CASTEP study provided a wealth of additional
information including a correct symmetry assignment of Raman
active vibrational modes and a quantitative measure of the Raman
intensity change around the transition. Calculated Raman frequencies agree with experiment to within 10 cm1, and the Gruneisen
coefﬁcients that describe the pressure response of the modes are
within 10% of the experimental estimates. Theoretical Raman
intensities and their change upon compression are also in good
quantitative agreement with experiment.
Calculated Raman spectra were used to interpret the results of
experimental studies of hydrogen transport in LiBH4 crystals
[93]. Deuterium substitution was employed as a diffusion marker,
and theoretical Raman spectra for partially D-exchanged molecular
units were used to interpret the measured results. This comparison
revealed complete scrambling of the hydrogen isotopes and thus
conﬁrmed signiﬁcant hydrogen transport at temperatures below
melting.
4.2. Raman spectroscopy: Small molecules
Raman activities are often calculated for molecular crystals, and
the results are compared to vibrational spectra of isolated molecules in order to distil the effects of crystalline environment. It is
important to be able to calculate molecular and crystalline properties in the same theoretical framework to eliminate systematic errors related to, e.g. the use of pseudopotentials. CASTEP can be
used for molecular calculations by utilising the ‘‘molecule in a box”
approach whereby a molecule surrounded by vacuum is placed in a
large supercell. It is possible then to investigate numerically the
convergence of physical properties with respect to the distance between periodic images of the molecule.
We compared CASTEP results for a number of small molecules
to accurate all-electron data in order to investigate the role of
pseudopotentials, of the supercell size, of the amplitude of the ﬁnite displacement which is used in the Raman activity calculation,
and other computational approximations. The PBE exchange–correlation functional and norm-conserving pseudopotentials were
used throughout. Table 1 shows an overall good agreement with
the all-electron results from [94,95]. We found that the use of different pseudopotentials may change the equilibrium bond length
by up to 0.05 Å, vibrational frequencies by about 10–20 cm1,
while the Raman activities do not change by more than 10%. It appears that simulation cell volumes and vacuum gaps adequate for
converged ground-state properties and vibrational frequencies are
sometimes insufﬁcient for converged Raman activities. An increase
of the supercell size from 8–10 Å to 16–20 Å had a pronounced effect on Raman activities especially in the molecules with signiﬁ-

Please cite this article in press as: V. Milman et al., J. Mol. Struct. (THEOCHEM) (2010), doi:10.1016/j.theochem.2009.12.040

ARTICLE IN PRESS
8

V. Milman et al. / Journal of Molecular Structure: THEOCHEM xxx (2010) xxx–xxx

Table 1
Bond length, vibrational frequency and Raman activity for small molecules. All-electron PBE results [94,95] are given in brackets.
Molecule

Bond length (Å)

Frequency (cm1)

IR intensity (Debye/Å2/amu)

Raman activity (Å4/amu)

H2
N2
Cl2
P2
Cu2
HF
LiF
LiH
Li2
Na2
CO2

0.7519 (0.7498)
1.0811 (1.1022)
1.978 (2.020)
1.875 (1.908)
2.253 (2.253)
0.9376 (0.9292)
1.622 (1.566)
1.563 (1.604)
2.725 (2.731)
3.030 (3.087)
1.1699 (1.1711)

CH4

1.097 (1.096)

4318 (4323)
2347 (2358)
548 (522)
797 (703)
238 (261)
4081 (4001)
934 (915)
1408 (1380)
331 (333)
159 (157)
650 (637)
1307 (1323)
2335 (2341)
1284 (1286)
1505 (1510)
2958 (2968)
3079 (3081)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.53 (1.01)
N/A
13.9 (12.9)
0.348 (0.300)
N/A
N/A
0.460 (0.442)

169 (161)
25.6 (21.4)
10.6 (12.6)
65.6 (61.5)
37.4 (39.4)
40.1 (30.8)
10.2 (14.9)
790 (835)
2043 (1994)
1096 (1352)
N/A
28.1 (22.4)
N/A
0.1 (0.5)
2.4 (2.6)
237.8 (226.9)
48.2 (46.0)

cant charge transfer such as HF or LiF. We attribute this sensitivity
to cell size to a high degree of spatial delocalization of the DFPT
electric ﬁeld response orbitals, and caution that for this kind of calculation rigorous convergence testing is required.
We also investigated the accuracy of pseudopotential results for
some polyatomic molecules. Table 2 compares calculated vibrational properties of benzene to the experimental and ab initio results from [96]. The overall qualitative agreement is satisfactory,
although Raman activities of the two strong modes are overestimated in CASTEP.
The tests were further extended to more complex molecules of
lower symmetry. The ﬁrst example is 2-chloro-5-methylaniline
(2Cl5MA, C7H8NCl). Experimental IR and Raman spectra have been
reported recently and compared to Hartree–Fock (HF) and DFTB3LYP results [97]. The goal of the present test is to establish the
accuracy of CASTEP results relative to experiment and to such popular quantum chemistry approaches as HF and DFT-B3LYP. The results for frequencies and Raman activities are presented in Table 3.
Quantum chemistry results were obtained using 6-311++G(d,p)
basis set, and complex scaling rules for vibrational frequencies
were applied by the authors [97].
These results show a good overall agreement between CASTEP
frequencies and Raman intensities and available experimental
and quantum chemical data. Furthermore, we suggest that CASTEP
results can be used to improve the interpretation of experimentally
observed Raman modes. For example, the lowest observed Raman
active mode at 76 cm1 is previously interpreted as the mode numbered 44 in Table 3 [97], while CASTEP predicts it to be the lowest
mode, numbered 45. This assignment is based on the actual frequency and also on the high calculated Raman activity of this
mode. We could also suggest that the Raman mode at 1595 cm1
should be assigned to mode 10 and not 11, again based on the comparison of CASTEP frequencies and Raman activities with the
experimental data. This assignment removes a discrepancy
Table 2
Vibrational properties of benzene; experimental and MP2 results are from [96].
Mode

A1g
A1g
E2g
E2g
E2g
E2g
E1g

Raman activity (Å4/amu)

Frequency (cm1)
Exp

MP2

CASTEP

Exp

MP2

CASTEP

993
3074
608
3057
1601
1178
847

1015
3240
610
3215
1645
1199
842

988
3119
602
3093
1585
1161
836

71
370
4.8
220
28
9.8
2.0

66
350
14
210
28
9.6
<0.01

91
468
4.9
287
26.6
12.8
1.2

between the experimental IR and Raman data. We note also that
the modes 30 and 31 come out in different order in HF and
B3LYP calculations: it is mode 30 that has a high Raman activity,
so HF results for modes 30 and 31 have the wrong order.
The ﬁnal example of calculated Raman intensities of a small
molecule is the comparison of CASTEP results to experimental data
and to MP2/6-311G** calculated properties of near-cis carbamoyl
ketene, OCCH–CONH2 [98]. We compare the two sets of calculations in Table 4. It should
pﬃﬃﬃﬃﬃﬃﬃ be noted that the MP2 results were
scaled
by
a
factor
of
0:9 for three highest energy modes, and by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:88 for other modes. Experimental data refer to the values for
ketene moiety and for the amide group as measured in different
compounds, and so provide at most a guide to the actual experimental frequencies [98].
The calculations for 2-chloro-5-methylaniline and for carbamoyl ketene were carried out in the 20 Å supercells at which size
the Raman activities were converged to within 1–2%. An overall
typical accuracy of Raman activities calculated using CASTEP for
a molecular system appears to be, on the basis of comparison to
accurate quantum chemistry calculations, of the order of 10–20%
which should be sufﬁcient for application studies.
4.3. Infrared spectroscopy: Molecules and molecular crystals
Infrared spectroscopy in CASTEP is based on the DFPT implementation of the response to applied electric ﬁeld [89]. IR intensities are evaluated based on the Born effective charges and on the
calculated C-point phonon frequencies. One of the ﬁrst example
systems for this approach was chosen to be a-quartz where a number of experimental and DFT results for lattice dynamics and
dielectric properties exist. The spectrum calculated using LDA
exchange–correlation is in good quantitative agreement with
experiment. It appears that the accuracy is somewhat limited by
the choice of exchange–correlation functional. LDA was shown to
be more accurate than PBE for phonon modes of this particular
system, while the reverse is true for polarizabilities [89].
Theoretical IR spectra have been used extensively in the studies
of molecular and crystalline amino acids and related compounds.
Complete mode assignment together with the IR spectra calculation was reported for molecules of alanine, valine, leucine and
isoleucine [99]. The spectra show clear characteristic features for
zwitterionic and nonzwitterionic molecules. The same amino acids
were subsequently studied in the solid-state form [100], so that the
IR spectra could be compared to the molecular results. The changes
in high-frequency vibronic modes are a consequence of intermolecular interactions and hydrogen bonding in solid-state. This ap-
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Table 3
Vibrational properties of 2-chloro-5-methylaniline. HF, B3LYP and experimental data are from [97]. Raman activities SR are in Å4/amu. Both unscaled (m) and scaled (ms)
frequencies are shown for quantum chemistry calculations. Experimental mode assignment is based either on infrared spectrum (IR) or on Raman spectrum (R).
#

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

HF

B3LYP

Exp

m

ms

SR

m

ms

SR

IR

3907
3804
3357
3328
3315
3245
3221
3169
1810
1785
1756
1656
1615
1604
1558
1538
1429
1405
1294
1278
1258
1176
1158
1117
1097
1077
1023
959
897
814
794
680
663
618
591
512
498
401
352
351
307
262
236
124
20

3536
3442
3038
3012
3000
2937
2915
2868
1638
1615
1590
1499
1461
1451
1410
1392
1293
1272
1171
1156
1138
1064
1048
1011
993
974
926
868
812
737
719
615
600
560
535
463
451
363
318
318
278
237
213
112
18

35.0
120.9
112.8
67.2
83.4
55.2
80.0
197.2
21.8
21.4
11.4
2.8
3.2
8.8
4.6
5.6
8.2
11.7
4.2
1.2
2.6
10.1
0.1
7.6
4.1
0.5
3.7
0.1
0.7
0.9
26.0
0.8
2.9
11.0
0.7
4.5
0.5
8.9
0.4
0.6
0.7
0.7
0.9
0.2
0.2

3680
3576
3196
3170
3152
3102
3074
3025
1658
1635
1613
1525
1501
1487
1449
1416
1347
1322
1290
1198
1170
1105
1060
1046
1023
961
946
858
800
746
731
629
598
573
512
478
451
373
351
299
294
246
216
114
33

3526
3426
3062
3037
3019
2972
2945
2898
1630
1607
1586
1499
1475
1462
1424
1392
1324
1399
1268
1178
1150
1086
1042
1028
1006
944
930
844
786
734
719
619
588
564
503
470
443
367
345
294
289
242
212
112
32

41.8
171.8
130.4
81.0
93.9
58.0
96.1
270.0
26.4
19.4
8.1
5.2
3.7
9.9
3.7
16.5
13.7
6.8
6.9
3.1
2.7
4.8
0.1
16.6
2.4
1.4
0.2
0.1
0.3
23.4
0.9
1.0
1.2
10.8
1.7
4.3
0.4
8.0
0.3
0.7
0.9
0.7
0.9
0.2
0.5

3471
3381

proach was further applied to a more challenging system, dipeptide glycyl-L-alanine crystal [101]. There are 237 vibrational modes
in this system; therefore analysis of the IR spectrum is rather involved. A detailed analysis of various vibrational modes and their
contribution to IR absorption represents perhaps the most challenging example of a DFPT study on a molecular crystal. A similar
study was undertaken on glycine and L-alanine where the vibrational spectra computed at the optimized geometries provided a
good ﬁt to the observed IR and Raman spectra in the solid-state
[102].
CASTEP IR spectroscopy was successfully applied to two examples of conjugate polymers, polyaniline, and poly(p-pyridil vinyline) [103]. The structural differences between the two polymers
were shown to be responsible for characteristic differences in the
IR absorption spectra.
Terahertz spectroscopy measures low energy excitations with
frequencies below 100–150 cm1, and presents a challenging
application area for computational spectroscopy. A combination
of low-temperature THz spectroscopy with DFPT calculations was
used to predict and explain the terahertz spectra of three different
hydrogen-bonded molecular crystals: the pharmaceutical product

PBE (CASTEP)
R
3355
3060

3019

3021

2921
2860
1616

2919
2861
1615

1584
1492
1476
1450
1428
1380
1314
1297
1266
1178
1145
1096
1044

1595
1490

1379
1314
1297
1265
1177
1145
1043

944

942

856
794
735

738

630
585
557

626

475
442

475

564

373
296

219
76

m

SR

3614
3494
3131
3109
3083
3055
3026
2968
1618
1590
1575
1500
1466
1448
1425
1376
1354
1310
1275
1183
1149
1073
1040
1035
1000
949
942
854
791
744
726
633
595
569
478
450
412
375
362
303
292
249
219
122
60

46.3
195.1
144.9
84.3
101.6
61.1
102.1
351.5
33.7
21.2
0.9
6.7
3.5
7.2
5.2
24.1
10.8
13.1
6.0
6.3
3.5
10.0
12.4
7.6
0.5
0.9
0.2
0.2
0.5
26.8
0.1
0.6
0.4
9.7
3.4
0.2
0.7
5.1
3.0
1.4
1.4
0.5
0.6
0.4
4.7

benzoic acid, the DNA base thymine, and the saccharide sucrose
[104]. The calculations showed that distinct vibrational modes
found in solid-state materials are best described as phonon modes
with strong coupling to the intramolecular degrees of freedom.
Hence a computational method taking the periodicity of the crystal
lattice as well as intramolecular motion into account is a prerequisite for the correct prediction of vibrational modes in such
materials.
A complex low symmetry system 8-(n-butylaminophenylmethyliden)-1,2,3,4,5,6,7-heptathiocan, the product of the Asinger reaction between elemental sulfur, n-butylamine and acetophenone,
has been studied using a variety of experimental and computational techniques [105]. CASTEP calculations on isolated molecules
and on the complete unit cell were used to assign the observed
vibrational bands and to analyse the effect of intermolecular interactions on the IR spectrum. It is clear from the calculations that the
IR spectrum of an isolated molecule gives a very poor description
of the experimental results while the solid-state calculation is sufﬁciently accurate for the purpose of mode assignment and analysis.
CASTEP IR spectroscopy offers useful tools in chemistry of metal
hydride complexes as witnessed by, for example, a combined
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Table 4
Vibrational properties of near-cis carbamoyl ketene. MP2 results and estimates of
experimental frequencies are from [98]. PBE are present CASTEP results.
Raman activity (Å4/amu)

Frequency (cm1)
MP2

PBE

Exp

MP2

PBE

3522
3398
3065
2123
1693
1551
1379
1223
1068
1045
879
713
650
545
524
473
468
382
373
132
86

3637
3500
3147
2258
1743
1561
1397
1238
1106
1034
870
773
688
603
549
505
432
403
193
138
103

3400
3244

53.6
121.2
69.2
9.4
14.1
6.1
24.2
4.9
7.9
19.3
4.5
0.8
6.9
0.9
4.9
0.5
2.1
1.3
1.5
1.9
0.4

60.4
184.3
71.9
21.6
15.6
3.7
19.6
3.4
9.7
15.6
3.2
0.1
13.8
2.3
0.3
6.2
0.2
0.9
0.1
1.7
0.2

2160
1690
1600
1376
1140
1051

587
558
510

experimental and theoretical characterization of the [ReH9]2 ion
[106]. This study showed that a fully periodic simulation of the
barium salt Ba[ReH9] reproduces experimental IR spectrum very
well, especially the internal modes of the hydride molecular ion.
A calculation on an isolated ion, on the other hand, presents a spectrum with a large upshift of all frequencies relative to the barium
salt case. This paper contains an instructive analysis of the pitfalls
of a periodic calculation on a charged system and explains in detail
the technique for obtaining properties of an isolated charged molecule by extrapolation of the results of supercell calculations.
An investigation of Raman and IR modes under compression can
be a useful guide in determining stability and properties of energetic compounds used in high-performance explosives and propellant materials. Needless to say, theoretical studies of energetic
materials often constitute the only source of information on the
behaviour and properties under extreme conditions. One of the
best studied energetic materials is a molecular crystal octahydro1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). The most stable form,
b-HMX, has been studied up to 40 GPa [107] and later up to
100 GPa [108] in order to quantify the pressure effect on intraand intermolecular modes. Another material of this class is silver
azide (AgN3), a sensitive primary explosive. Vibrational mode
assignment and pressure dependence of the frequencies up to
500 GPa were reported and the results related to the changes in
the crystal structure and electronic properties of the material
[109]. Vibrational and thermodynamic properties of three members of the nitro phenols family of compounds, crystalline 2,4-dinitrophenol, 2,4-dinitroresorcinol, and 4,6-dinitroresorcinol, were
studied [110]. The calculated thermodynamic properties show that
the decomposition reactions of the three solids are thermodynamically favourable at high temperature; moreover, 2,4-dinitrophenol
has higher possibility to decompose than 2,4- and 4,6-dinitroresorcinol.
While Raman and IR spectroscopies dominate as the experimental methods of choice for the studies of isolated molecules
and molecular crystals, INS has been making signiﬁcant inroads
as a useful alternative for investigations of bio-molecular systems.
An example of a combined INS experimental study and a theoretical investigation is the study of indole and its derivatives where
the full set of vibrational frequencies has been measured and then
assigned using CASTEP results [111].

4.4. Infrared spectroscopy: Inorganic crystals
IR spectroscopy of inorganic crystals provides key information
on polymorph types, local environment, and even degree of the
long-range order. A good example is a study of the effect of crystalline order on the IR spectrum of calcite [112]. The agreement between calculated LDA phonon frequencies for ideal calcite and
experiment is never worse than 30 cm1 and is usually substantially better. IR spectra were calculated for strained conﬁgurations
of crystalline calcite to model the local strains in amorphous calcite. An analysis of the correlation between calculated spectra for
distorted structures and the experimental results for a mixture of
amorphous and crystalline calcite yields semi quantitative agreement, even for simpliﬁed representation of disorder.
CASTEP IR reﬂectance spectra have been reported for three BN
modiﬁcations (cubic, wurtzite and hexagonal) and found to be in
excellent agreement with experiment [113]. Phonon frequencies,
including LO–TO splitting, and dielectric constants match experimental data well, so the good agreement for the spectra themselves was to be expected.
Dielectric properties as well as IR and Raman frequencies have
been used to analyse the differences between two complex perovskites, ordered Ba(Mg1/3Ta2/3)O3 (BMT) and Ba(Mg1/3Nb2/3)O3
(BMN) [114]. These are representative materials for the class of
new microwave dielectric ceramics, and CASTEP calculations provided the ﬁrst assignment of their far-IR absorption peaks. A comparison of the two materials showed that the larger polarizability
of Ta ion explains the difference in oxygen oscillation amplitude,
and hence the smaller permittivity of BMT. A similar study was
also performed for a different member of this group of materials,
Ba(Zn1/3Nb2/3)O3 (BZN), where the dipole interaction was found
to be responsible for the variation in dielectric properties [115].
Vibrational properties of the ordered BMT material were independently calculated and subsequently used to interpret the experimental spectra of the disordered phase [116].
First principles studies were applied to investigate properties of
promising high-temperature thermoelectric materials, types I and
II silicon clathrates [117]. Calculated IR spectra were analysed to
explain the differences in vibrational spectra of type I (simple cubic
lattice, 46 atoms per unit cell) and type II (face centred cubic lattice, 136 atoms per cubic cell) clathrates.
IR and Raman intensities as calculated by CASTEP are of course
vital for the actual spectra calculation. However, as a ﬁrst step in
the analysis of vibrational properties, it might be sufﬁcient to calculate and assign frequencies of IR and Raman active vibrational
modes. Examples include a systematic study of the C-point modes
in a nonlinear optical material CsB3O5 [118], a microwave dielectric material MgTiO3 [119,120], negative thermal expansion materials Cd(CN)2 and Zn(CN)2 [121]. Similarly one can employ CASTEP
calculations to investigate a vibrational signature of defects by, e.g.
predicting local vibrational modes for a number of possible defects
in different charge states as was done for BH and BH2 centres in
diamond [122].
4.5. Phonon dispersion
Optical electromagnetic radiation couples only long wavelength
vibrational modes, which means that IR and Raman spectroscopy
can measure only phonon frequencies at zero wavevector, the Cpoint. But the selection rules of inelastic neutron spectroscopy
(INS) and more recently inelastic X-ray spectroscopy (IXS) are
not so restricted, allowing coupling to phonons at a range of
wavevectors spanning the Brillouin Zone. Consequently these techniques are used to measure phonon dispersion curves and vibrational densities of states (VDOS) of solids over a full range of
wavevectors. This allows the study of lattice dynamical contribu-
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tion to a broader range of structural and thermodynamic phenomena than is feasible with IR and Raman spectroscopy. For example,
the ability to measure dispersion curves permits the study of soft
modes at the BZ boundary associated with phase transitions
involving a doubling of the unit cell. And a vibrational density of
states integrated across the Brillouin Zone may be used to compute
thermodynamic properties including vibrational free energy and
entropy, speciﬁc heat capacity, Debye temperature and the like.
Ab initio lattice dynamics calculations using DFPT or ﬁnite-displacement/supercell methods are very well adapted to complement such
experiments. The quality of the match between DFT calculation and
INS experiment is well illustrated in a range of materials such as
a-quartz and the ionic molecular crystal NaHF2 [89].
An example of a soft-mode behaviour study is the investigation
of the softening of the TA mode at the Brillouin zone boundary
point X in rock-salt alkali hydrides (LiH, NaH, KH, RbH, and CsH)
[123]. The structural instability which is manifested by the decrease of the TA(X) frequency under compression and by the related softening of the C44 elastic coefﬁcient was used as an
explanation of the pressure-induced transition from the NaCl to
CsCl structure. The same mechanism was identiﬁed in the highpressure behaviour of CaO [124].
Phonon dispersion and density of states for two types of Si
clathrate materials and for Si crystals were calculated and used
to evaluate thermodynamic properties of these thermoelectric
materials [117]. The lattice heat capacity, lattice thermal conductivity and the Seebeck coefﬁcient were found to be in good agreement with the scarce experimental data available. Another
example of the phonon dispersion, DOS and thermodynamical
properties calculation is presented in the study of Mg2Si and
Mg2Ge, also potential thermoelectric materials [125]. The C-point
frequencies agree with experiment to within 5 cm1, and the deviations from experiment for calculated entropy, heat capacity and
Debye temperature are extremely small: 1.4%, 0.4%, and 3.6%,
respectively.
The B–C–N system currently attracts much interest as a source
of new ceramic materials with good mechanical and thermal properties. Lattice dynamical studies using CASTEP were performed for
b-BC2N in comparison to the related materials, cubic BN and diamond [126]. An analysis of phonon dispersion, DOS, heat capacity
and Debye temperature provided an explanation for higher heat
capacity of BN and BC2N compounds relative to diamond.
First principles calculations of phonon frequencies can be used
to guide and interpret lattice dynamics experiments as was shown
recently in an IXS study [127,128]. Predictive lattice dynamics was
used to guide the experimental procedure by computing in advance the locations of modes in (q, x) space. This allowed scattering geometries to be chosen to optimize the experiment and avoid
waste of beam time searching for the modes of interest. Ab initio
calculations simplify IXS measurements, as the computed dynamical matrix can be used to calculate the dynamical structure factor
for a variety of wave vector transfers so that optimal scattering
geometries can be chosen in advance. This approach was used to
discover a large, unexpected dispersion of the OH-stretching frequencies in diaspore [127] – the ﬁrst ever measurement of dispersion of OH stretch modes in a solid. A subsequent development of
the technique allowed to combine CASTEP calculations with powder IXS to reconstruct the full lattice dynamics of stishovite [128].
This is an important methodological achievement since typical
inelastic scattering experiments, neutron or X-ray, are performed
on large single crystals which signiﬁcantly reduces the range of
applicability of these techniques. The results of the combined
experimental and theoretical study were used to calculate thermodynamic properties, including heat capacity, entropy, Debye
temperature, in excellent agreement with experiment. The calculations involved in this study are demanding as phonon frequencies
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are required on a rather ﬁne mesh in the Brillouin zone
(30  30  50 grid was used in [128]) but the associated beneﬁts
of an accurate calculation of material properties are obvious.
A novel way of combining theoretical lattice dynamics with yet
another experimental technique, thermal diffuse scattering of Xrays (TDS), was presented [129]. Phonon frequencies and eigenvectors of Zn were obtained using the ﬁnite displacement method
with a 4  4  3 supercell. This information was used to interpret
non-monotonic intensity variations in the thermal diffuse scattering which correspond to the occurrence of a Kohn anomaly in the
phonon dispersion. It was then possible to associate the 3D objects
in TDS results with pieces of the Fermi surface providing a unique
tool for Fermi surface visualization.
5. Optical spectroscopy
One important aspect of the optical spectroscopy, namely infrared and far infrared spectra, has been discussed already in the context of lattice contributions to the dielectric function, e(x). Another
important area for spectroscopy is visible and UV range of photon
energies (up to 10–20 eV) where the dielectric loss is determined
by electronic transitions rather than by the phonon contributions.
CASTEP calculates optical properties by applying the Fermi’s golden rule expression. This calculation requires an evaluation of the
matrix element in the dipole approximation, of the eigenvalues
of the valence and conduction bands, and then a Kramers–Kronig
transformation of the obtained imaginary part of the dielectric
function. The method has obvious limitations, neglect of local ﬁeld
effects and many-body effects and underestimation of the DFT
band gap being the most important ones. The examples below
nevertheless demonstrate that CASTEP results provide useful qualitative and quantitative information on optical properties of
materials.
5.1. Linear optical properties
We review here a few investigations where such properties as
dielectric function, refractive index, absorption, and reﬂection
coefﬁcient were calculated as part of a material characterization.
The typical goals of such calculations are either to predict optical
spectra of new materials or of known materials but under extreme
conditions, or to achieve better understanding of properties of
existing materials in connection to their electronic structure. These
calculations are sufﬁciently routine now, so we will look below
only at the most recent examples with signiﬁcant application
promise.
The ﬁrst set of examples includes new or highly relevant materials where one can get an estimate of the DFT accuracy. For example, the dielectric function, absorption spectrum, refractive index,
extinction coefﬁcient, reﬂectivity, and energy loss coefﬁcient of cubic and tetragonal BaTiO3 were calculated and found to be in good
agreement with experimental data in a wide energy range [130].
The dielectric function of a newly synthesized gadolinium molybdate Na5Gd(MoO4)4 was calculated [131]. The static refractive index of 2.06 is very close to the generally accepted value of 2.0 for
other molybdate crystals.
Linear optical properties of lithium thiogallate, LiGaS2, were
measured and calculated in the IR to visible part of the spectrum
[132]. A comparison of the calculated electronic structure with
the experimental XPS data suggested that the use of DFT + U method [26] was essential for a correct description of Ga 3d-states.
Absorption coefﬁcient and refractive index calculated in this approach show very good agreement with experiment and lay a foundation for the study of nonlinear optical properties of this material.
Glycine–sodium nitrate is a typical member of the group of semi-
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organic materials that are being suggested for nonlinear optical
applications. The dielectric function of this material was predicted
and analysed in detail [133], followed by the experimental study
which conﬁrmed good quantitative agreement for the adsorption
spectrum [134].
Adsorption spectra of a-glycine crystals were measured and
calculated in an attempt to ﬁll the gap in the information on optical
properties of crystalline amino acids. The calculated optical
absorption is highly dependent on the polarization of the incident
radiation due to the spatial arrangement of the dipolar glycine
molecules; in the case of a polycrystalline sample, the ﬁrst-principles calculated optical absorption is in good agreement with the
measurement when a rigid energy shift is applied [135].
The level of accuracy presented by such studies, given the
known sources of errors listed above, inspires numerous predictive
studies. A representative selection of recent results is given below.
The effect of In doping of SnO2 on optical properties of this typical transparent conducting oxide has been studied in [136]. It was
shown that the main changes due to increased In concentration are
in the IR region rather than in the visible or UV part of the spectrum. A systematic study of optical properties of ZnxCd1  xTe
mixed crystals has been reported [137]. A nontrivial dependence
on Zn concentration in this important optoelectronic material
was found and related to the changes in the calculated band structure. Another set of potentially useful optoelectronic materials includes AlN polymorphs. 2H-AlN polymorph is already ﬁnding
commercial applications, and the DFT study showed that other
polymorphs such as 4H- and 6H-AlN have similar optical properties and hence have the same application potential [138].
Calculated optical properties of a new promising dielectric
material, V4AlC3, suggest that this material, due to the combination
of mechanical and optical properties, has a potential for spacecraft
coating to avoid solar heating [139]. The spectra of triclinic CdSiO3,
a typical host material for long lasting phosphorescence applications, were calculated and analyzed in detail, especially in relation
to the predicted anisotropy and its connection to the polyhedra
alignment in the structure [140].
A calculation of optical absorption of Al2O3 and MgSiO3 under
compression up to 220 GPa was used in order to explain experimentally observed loss of the optical transparency of alumina,
and to suggest an explanation for an increase in electrical conductivity in MgSiO3 in the Earth’s lower mantle. The main conclusion is
that, despite the band gap decrease and the structural phase transition, the suggested explanation for the change in optical properties is the increased role of defects, in particular +2 charge oxygen
vacancies [141].
5.2. Nonlinear optical properties
The development of highly efﬁcient nonlinear optical (NLO)
crystals is of great importance to extend the frequency range provided by conventional laser sources into the ultraviolet and infrared regions. Therefore, the search for new NLO crystals is still
very active. There is a number of sometimes conﬂicting requirements to good NLO materials: large second harmonic generation
(SHG) coefﬁcients, a wide transparent and phase matchable region,
good optical quality, and a high damage threshold. A computational screening of possible NLO materials has a potential for generating good candidate crystals, and a study of known NLO systems
is useful in understanding the fundamental reasons for their good
performance.
The prerequisites for a search for an NLO material is the ability
to calculate both linear (refractive index, n) and nonlinear (SHG)
optical properties that are related to second order susceptibility
v(2). The formalism for calculating the static limit of v(2) using CASTEP methodology has been described and applied as early as 1999

[142]. This paper also introduced a ‘‘real-space atom-cutting”
methodology that allows to identify the parts of the structure that
are mostly responsible for the nonlinear optical properties; this
technique was further extended by adding a band-resolved analysis [143]. The studies of NLO materials by necessity include calculation of linear optical properties as well, thus can be considered as
an additional example of the work described in the previous
section.
The ﬁrst NLO material studied using CASTEP was b-BaB2O4
[142]. Refractive index in the relevant energy range was shown
to agree with experiment to within 0.1, while the birefringence,
Dn = |no  ns|, was accurate to about 0.001. SHG coefﬁcients dij
reproduced correct orientational dependence, and were in good
quantitative agreement with experiment. The method has been applied subsequently to a variety of NLO materials. Some studies
aimed at validation of the method by comparing the results with
experimental data, and at elucidation of the role played by speciﬁc
anion group. Borates, a very popular group of inorganic NLO crystals, have been studied in great detail with the results reported for
LiB3O5, CsB3O5, and CsLiB6O10 (n within 0.05 of experiment, Dn
within 0.005, dij within 0.1–0.5) [144], BiB3O6 (dij within about
0.5) [145], Sr2Be2B2O7, Ba2Al2B2O7 and K2Al2B2O7 (n and Dn within
0.01 of experiment, dij within 0.1) [146], KBe2BO3F2 (n and Dn
within 0.01 of experiment, dij within 0.1–0.2) [147]. Another promising family of materials under investigation is tetragonal ternary
chalcopyrites, e.g. AgGaX2 (X = S, Se, Te) (n within 0.1 of experiment, Dn within 0.01, dij within 20%) [148] or LiGaX2 (X = S, Se,
Te) [149,150], and solid solutions of the composition AgGa
(SxSe1  x)2 where CASTEP calculations correctly predict the effect
of concentration on the SHG coefﬁcient values [151].
Molecular NLO crystals such as KDP (KH2PO4) and urea are
among the ﬁrst materials experimentally suggested for SHG applications; CASTEP results explain experimental properties very accurately for these materials (n within 0.05 of experiment, Dn within
0.01, dij within 0.1) [152].
The same technique has been applied to study molecules in the
supercell geometry. The property of interest in this case is the ﬁrstorder hyperpolarizability, b. The study of para-, meta- and orthopush–pull benzene (nitroaniline) and of push–pull polyenes
showed that the order of magnitude of b is reproduced well;
importantly, all the qualitative trends such as the effect of conﬁguration and of the length of a polyene chain are reproduced in CASTEP calculations [143].
Predictive studies have been presented aimed at discovery of
new NLO materials such as orthorhombic ternary nitrides [153]
or CsGeBr3 [154]. The computational approach allowed also
excluding certain candidate materials such as crystals with only
a Be–O anionic group. They may have promising SHG values as
in the case of SrBe3O4 [155], but the birefringence of this family
of compounds was predicted to be too low [156]. A similarly negative conclusion was reached for ﬂuorides Na2SbF5, BaMgF4, and
BaZnF4 that appear to possess too low SHG values [157].
An approximate way of accessing NLO properties is via an anharmonic oscillator (AHO) model [158,159]. This model expresses the
second order susceptibilities as a product of three ﬁrst-order susceptibilities that are straightforwardly obtained from the dielectric
function. This approach was applied to diamond and four polymorphs of C3N4 [158] and to the new promising material BaNbIO(IO3)5 [159]. The results are in qualitative agreement with
experiment; an advantage of the AHO model over the direct calculation of the second order susceptibilities is the ease of obtaining
the dispersion of SHG coefﬁcients. While the atom-cutting and
band-resolved techniques of the direct calculation scheme do offer
better understanding of the role of various structural units, the
results are mostly reported in a static limit, while it’s important
for applications to evaluate SHG at a given laser wavelength.
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6. Conclusions
We presented a review of the main areas of CASTEP applications
in the general ﬁeld of spectroscopy, including in particular solidstate NMR spectroscopy, electron energy loss spectroscopy, IR
and Raman vibrational spectroscopy, linear and nonlinear optical
spectroscopy. In addition to the analysis of the published data
we present the results of novel EELS calculations for two niobium
oxides that conﬁrm the likely role of EELS as an analytical tool for
phase analysis of a mixture of niobium oxides. We also report
vibrational properties including Raman and IR intensities for a
group of small and medium sized molecules in comparison with
all-electron calculations to illustrate the level of achievable accuracy in pseudopotential calculations.
Analysis of the results surveyed here allows us to conclude that
CASTEP provides a reliable set of analytical tools that can be used
in conjunction with experimental spectroscopic studies to verify,
explain and predict spectral properties of a wide range of
materials.
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