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Abstract. At Trombay, lattice dynamics studies employing coherent inelastic neutron
scattering (INS) experiments have been carried out at the two research reactors, CIRUS
and Dhruva. While the early work at CIRUS involved many elemental solids and ionic
molecular solids, recent experiments at Dhruva have focussed on certain superconductors (cuprates and intermetallics), geophysically important minerals (Al2 SiO5 , ZrSiO4 ,
MnCO3 ) and layered halides (BaFCl, ZnCl2 ). In most of the studies, theoretical modelling of lattice dynamics has played a significant role in the interpretation and analysis
of the results from experiments. This talk summarises the developments and current
activities in the field of inelastic neutron scattering and lattice dynamics at Trombay.
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1. Introduction
Inelastic neutron scattering (INS) [1] is one of the experimental methods to study
the dynamics of materials [2,3], the complementary methods being Brillouin spectroscopy, Raman scattering, infrared spectroscopy and inelastic x-ray scattering.
Determination of the crystal structure through diffraction methods gives information of the atomic positional coordinates i.e. the positions where the inter-atomic
potential has minima. On the other hand, vibrations are related to the shape of
the potential near these minima. A knowledge of the vibrations gives access to the
microscopic quantities (like inter-atomic interaction potential) involved in thermodynamic properties, phase transitions, electronic properties and many others.
Collective vibrations (phonons) are the elementary excitations of any ordered
system in condensed matter. Thermal neutrons, with energies of the order of a few
meV and de Broglie wavelengths of the order of Angstrom units, are unique probes
of these excitations. In principle, a complete determination of the phonon spectrum
is possible through inelastic scattering of neutrons. In addition to determination of
the phonon spectra through experimental methods, an understanding of these spectra through theoretical formalisms is essential, for interpretation of the results from
experiments. Collective vibrations are investigated by means of coherent inelastic
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neutron scattering. On the other hand, incoherent inelastic neutron scattering is
predominantly employed to study single-particle motions, usually, as has been used
at Trombay, for investigation of materials containing hydrogen – for example, rotational behaviour of ammonium ions in salts, water in hydrates and dynamics of
various subgroups in amino acids. This talk will focus only on experiments and
results from coherent inelastic neutron scattering.
In Trombay, apart from certain measurements (for example, to determine the
phonon dispersion relation in beryllium [4]) which employed the filter detector
spectrometer (FDS), the triple-axis spectrometer (TAS) has been the instrument
of choice for these experiments, for determination of the phonon density of states
(PDOS) or phonon dispersion relation (PDR). The TAS (invented by Professor
Bertram Brockhouse (in 1961) who was honoured with the award of the Nobel Prize
in Physics in 1994) is a very important instrument for neutron spectroscopy since
it allows for a controlled measurement of the scattering function S(Q, E) at any
point in momentum (Q) and energy (E) space. In TAS, the monochromator single
crystal (Cu (1 1 1) at Dhruva) determines the energy of the neutron incident on
the sample while the analyzer single crystal (pyrolytic graphite (0 0 0 2) at Dhruva)
is used to analyze the spectrum of the neutrons scattered from the sample. The
laws of momentum and energy conservation governing all scattering experiments
are well-known:
~Q = ~ki − ~kf (momentum conservation),
hν = Ei − Ef (energy conservation),
Further,
Q = G + q.
In these equations, the wave vector magnitude k = 2π/λ, where λ is the wavelength
of the neutron, and the momentum transferred to the crystal is ~Q. The subscript
i refers to the beam incident on the sample and f to the (final) beam scattered from
the sample; G is a reciprocal-lattice vector. The energy transferred to the sample
is hν.
At CIRUS reactor, numerous studies of incoherent scattering of neutrons from
hydrogenous materials were carried out; some of them being studies of ammonium
ion dynamics in salts, the librational modes of water molecules in single crystal
hydrates, amino acids. Most of these studies were carried out using the FDS. On
the TAS, phonon dispersion relations of materials like magnesium, beryllium, zinc,
potassium nitrate, and Sb2 S3 were measured. In fact, the determination of the
phonon dispersion curves of beryllium [4] were, for the first time, largely carried
out on a FDS and gave accurate results, comparable to those obtained on a TAS
and could extend measurements beyond what were accessible on a TAS. The PDR
measurements on potassium nitrate (KNO3 ) [5] were interpreted through lattice
dynamical computations on the basis of a rigid molecular ion model using the
external mode formalism [6] – the first time that this was done for an ionic-molecular
system.
The inelastic neutron scattering and lattice dynamics studies carried out at
Dhruva reactor may be broadly classified into two categories: studies of geophysically important minerals (silicates and carbonates) and those of technologically
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Figure 1. Phonon dispersion curves [10] for andalusite along the three
high-symmetry directions Σ, ∆, and Λ. Symbols denote experimental data
(circles [10], squares [11]).

relevant materials (high-temperature superconductors, intermetallic superconductors, and ceramics). In the sections that follow, studies carried out on some of these
would be described in brief, highlighting the significance of the results.
2. Geophysically important minerals
With the aim to provide a microscopic understanding of the vibrational and thermodynamic properties of geophysically important minerals, studies were carried out [7]
on a large number of silicate minerals including the olivine end members forsterite
[8] and fayalite, the pyroxene end member enstatite, the garnet mineral almandine,
the mineral zircon and the aluminium silicate polymorphs sillimanite, andalusite
and kyanite. Detailed inelastic neutron scattering measurements of the PDR and
PDOS supported by group theoretical selection rules [6,9] and model calculations
have been instrumental in the prediction of the thermodynamic properties of minerals corresponding to the pressure and temperature at which they are believed
to occur in the Earth. All of these minerals have fairly complex structures but a
comparatively simple interatomic potential model has been employed to provide
theoretical estimates of several microscopic and macroscopic properties including
the elastic constants, phonon frequencies, dispersion relations, density of states and
thermodynamic quantities like specific heat, thermal expansion, equation of state
and melting.
Forsterite and enstatite: In forsterite (Mg2 SiO4 ), group theoretical selection rules
were used as guides for coherent INS experiments on single crystals (carried out
at the Brookhaven National Laboratory) to determine the phonon dispersion relations. The model calculations, in fact, reproduced both the phonon frequencies as
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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Figure 2. Experimental and calculated phonon spectra [13] for cubic
ZrW2 O8 as a function of pressure at a temperature of 160 K.

well as the neutron intensities (and hence, the polarization vectors) fairly well. The
structure of forsterite consists of isolated silicate tetrahedra while that of orthoenstatite (Mg2 Si2 O6 ) contains chains of these tetrahedra. Measurement of density of
states were carried out using powder samples at Argonne National Laboratory. INS
measurements on polycrystalline samples of these minerals show features which are
a consequence of these structural differences – the band gaps found in the phonon
density of states in forsterite are filled by the vibrations (80–100 meV) of the bridging oxygens in the silicate chains in orthoenstatite. The calculated phonon spectra
[7] reproduce these differences.
Al2 SiO5 polymorphs: Phase transitions amongst the three aluminium silicate
polymorphs – sillimanite, andalusite and kyanite – have been studied both theoretically and experimentally. In the structure of these polymorphs, one aluminium ion
is in octahedral coordination and forms edge-sharing chains, the other aluminum
ion is in tetrahedral coordination in sillimanite, five-coordinated in andalusite and
in octahedral coordination in kyanite. The phonon dispersion curves (along [1 0 0])
of the low energy modes of andalusite (figure 1) have been measured on the TAS
at Dhruva [10] and are complementary to previously reported data (phonon dispersion curves along [0 0 1]) [11] from measurements at the Paul Scherrer Institute,
Switzerland. Measurements on polycrystalline samples of sillimanite and kyanite
76
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Figure 3. Neutron-weighted phonon density of states (solid line (experimental) and dashed line (calculated)) in BaFCl [14]. (The multiphonon contribution is shown by the dotted line.)

at ISIS, UK helped to determine the PDOS in these minerals [7] and a transferable
shell model has been successful in reproducing features of the phonon spectra as
well as that of specific heat in all the three polymorphs.
Zircon ZrSiO4 : In this mineral, the PDR was measured on the TAS at Dhruva
[7], at Laboratoire Léon Brillouin, Saclay [12] as well as at the ISIS pulsed neutron
source [7]. These data are a very rare example of complete measurements extending
up to very high energies on minerals of geophysical interest. The calculated PDR
(based on a shell model) agrees well with the experimental data.
Garnet minerals: The PDOS of the garnet mineral (M3 Al2 Si3 O12 ) almandine
(M = Fe) was measured by INS experiments [7] at the Argonne National Laboratory.
Calculations using the PDOSs based on a transferable shell model that account for
the measured neutron data has reproduced the thermodynamic properties (specific
heat, thermal expansion, equation of state) of this and other garnet minerals [7],
pyrope (M = Mg), grossular (M = Ca) and spessartine (M = Mn).
Carbonates: Measurements of the phonon dispersion curves along the three-fold
axis and of the PDOS in the calcite-structure mineral rhodochrosite (MnCO 3 ) were
carried out [7] on the TAS at Dhruva. A transferable inter atomic potential model
was employed to interpret results from MnCO3 as well as calcite, CaCO3 . It is
observed that in contrast to most of the silicate minerals, the study of the lattice
vibrations in carbonates is amenable to the external mode approach.
3. Technologically important materials
Another area of interest has been the study of dynamics-related properties of technologically important materials – examples are zirconium tungstate ZrW 2 O8 , and
the alkaline earth fluorohalides M FX (M = Ba, Sr, Pb; X = Cl, Br, I) having X-ray
image storage properties.
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Figure 4. Comparison [14] between calculated (lines) and experimental
(wherever available). (a) Low temperature specific heat, (b) unit cell volumes for BaFCl, BaFBr and BaFI, and (c) equations of state for BaFCl. The
experimental data (symbols) are from references given in [14].

ZrW 2 O 8 : In this material, the aim was to provide an understanding of the large
isotropic negative thermal expansion (NTE). A combination of high-pressure inelastic neutron scattering measurements [13] and associated lattice dynamics computations led to some insight into the nature and variation of phonon modes in
the cubic and orthorhombic phases of this ceramic. NTE was shown to arise due
to large negative Gruneisen parameters of the phonon modes (of energies below
8 meV). Specifically, the contribution of the transverse acoustic phonons and the
low-energy translational and librational optic phonons to this phenomenon was explicitly seen. The INS experiments carried out (at Institut Laue Langevin, France)
on cubic ZrW2 O8 at pressures 0.3, 1, 1.7 kbar showed that the PDOS (figure 2)
shifts to lower energy with increase of pressure. The Gruneisen parameters obtained
from these measurements had been accurately predicted through shell model calculations. Further, the temperature dependent volume thermal expansion derived
from the INS data was in good agreement with that directly observed by diffraction.
Alkaline earth fluorohalides: In these dihalides, INS measurements of the
PDOS of BaFCl (figure 3) helped validate a potential based on a shell model,
which could be transferably used for the lattice dynamical calculations [14] of the
matlockite structured compounds M FX. The high-temperature and high-pressure
78
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thermodynamic properties (i.e. thermal expansion, equation of state, specific heat,
Debye temperature and anisotropic thermal parameters) of all the compounds studied were found to be in good agreement (figure 4) with the various experimental
data.
Superconductors: For superconductivity, the importance of understanding the
interactions of the phonons with the electrons is well-known. Through INS, the
phonon spectra [15] of Tl2 CaBa2 Cu2 O8 (Tl-2122, Tc = 107 K) and YBa2 Cu3 O7
(Y-123, Tc = 92 K) could be compared and it was seen that the PDOS in Tl-2122
is enhanced at low energies of 6–17 meV and reduced at 40–70 meV as compared
to that in Y-123. For Zr2 Ni (Tc =1.58 K) and Zr2 Fe (Tc = 0.17 K) the PDOS
was obtained and the lattice dynamical calculations [16,17] were carried out based
on an n-body potential consisting of twelve parameters. In these intermetallic
compounds, calculations of lattice-dynamics and self-consistent electronic structure were employed to derive the electron–phonon coupling constant and hence the
superconducting transition temperature. The results were in good agreement with
experimental data.
4. Conclusion
This talk has reviewed the extensive work done on various materials (geophysically
important minerals (Al2 SiO5 polymorphs, zircon, MnCO3 ) and technologically important materials (ZrW2 O8 , fluorohalides, high temperature superconductors)) and
thus highlighted the complementary nature of coherent inelastic neutron scattering experiments and lattice dynamical model computations leading to a complete
understanding of the nature of dynamics of atoms in these materials, and in turn,
explaining several data pertaining to macroscopic thermodynamic properties.
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