RESEARCH COMMUNICATIONS

bution and properties of the nanocrystals obtained by this
method. Two potential applications of nanocrystals have
been demonstrated, one dealing with perpendicular mag-
netization of y-Fe,O; films and the other with nanolitho-
graphy using Au nanocrystals.
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Computer simulations of pressure-induced phase tran-
sitions in LiYF, and LiYbF, have been carried out
using complementary techniques of molecular dyna-
mics (MD) and lattice dynamics. The MD simulations
at a constant temperature of 300 K with increasing
pressure reveal structural changes at around 5 and
15 GPa and the crystallographic space groups of the
new structures. The lattice dynamics calculations are
then conveniently used to derive the vibrational spec-
tra and the free energies and its consequences on the
thermodynamic stability of the new phases.

IN recent years, lithium rare earth fluoroscheelites such
as LiYF, and LiYDbF, have been studied extensivelyl’16
with a view to better-understand their thermal and optical
properties that are exhibited upon doping with trivalent
rare-earth ions (e.g. Nd*, Ho™", Eu™, etc.) in a wide
range (UV-IR) of highly efficient lasing actions. Both
LiYF, and LiYbF, crystallize under ambient conditions
in the tetragonal scheelite structure (space group: 144/a,
Z=4), with two molecules in the unit cell’. Although
isostructural with oxoscheelites (viz. CaWQ,), these com-
pounds have different pressure responses compared to
that of the former, making them worthy for further study,
especially in areas of high-pressure phase transitions.

As we know, pressure reduces the volume of a sub-
stance, thereby causing significant changes in its electro-
nic and vibronic states, chemical bonding and atomic
packing. Hence, investigations of pressure-dependent optic
and thermodynamic properties often yield invaluable
information on many properties of materials at high
pressures. Pressure-dependent Raman study by Saranto-
poulou er al.'” has already pointed out an abrupt change
of slope in the frequency versus pressure diagrams of
phonon modes at 7 GPa, signifying the onset of structural
instabilities in LiYF, with increase in pressure. This
observation was supported by our previous lattice-dyna-
mical work'!, where we have shown the splitting of
By/E, Raman lines in the vicinity of 350 and 400 em .
We further attribute the initiation of discontinuities in the
Raman spectra of LiYF, to the softening of transverse
acoustic phonon modes in the direction of dynamical insta-

*Dedicated to Prof. S. Ramaseshan on his 80th birthday.
For correspondence. (e-mail: chaplot@magnum.barc.ernet.in)
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bility''. This fact that leads to a pressure-induced struc-
tural phase transition was experimentally observed by
Grzechnik et al.", while carrying out the angle-dispersive
high-pressure X-ray powder diffraction study. Recent
room-temperature luminescence measurements on Eu’'-
doped LiYF, by Manjon et al."” have also indicated a
subtle anomaly in the structural parameters of the
scheelite phase of LiYF, near 10.3 GPa, associated with
the lowering of crystal symmetry.

Numerous contemporary studies, including that of
Grzechnik et al.'> demonstrate that while oxoscheelites
generally transform under compression within 11 GPa
from the tetragonal scheelite structure to the monoclinic
wolframite one (space group: P2/c, Z=12), fluoro-
scheelites on the other hand, make it somewhat different
by transforming themselves from the identical structure
to the monoclinic fergusonite-like polymorph (space group:
C2/c, Z =4 above 300 K and space group: P2,/c, Z=4 at
0-300 K) under similar pressure conditions. However,
reversibility to the initial structure after a small hysteresis
has been observed to take place in both kinds of sche-
elites, suggesting that this kind of phase transition is
nearly of second-order. In order to understand the trans-
formation mechanisms of such pressure-driven transi-
tions, one has to study the pressure effects on the
local atomic structure. Hence, we have carried out mole-
cular dynamics (MD) simulations'* on LiYF, as well as
LiYbF, over a wide range of pressure (0-100 GPa) and
compared our results with several experimental findings
as mentioned above. In this process, we are also able to
analyse the hitherto unidentified second-phase transition,
which comes out to be of the first-order kind.

In this communication, we restrict ourselves mainly to
analysing various high-pressure phases derived from either
experiments or MD simulations. The aim is essentially to
have an overall idea of what may be the structural as well
as the dynamical consequences on various high-pressure
phase transitions in LiYF, and LiYbF,. To accomplish this
we pursue extensive lattice-dynamical calculations sepa-
rately for the two high-pressure phases and analyse the
results in view of our earlier observations'"".

The well-established technique of lattice-dynamics, which
was described in detail by Born and Huang'® way back in
1954, essentially involves setting up a dynamical matrix
of force constants followed by its subsequent diagonali-
zation for obtaining phonon frequencies (pertaining to
different types of acoustic and optic modes) along with
polarization vectors. We carry out extensive lattice-
dynamical calculations for the present fluoroscheelite
system under ambient conditions by developing a trans-
ferable rigid ion model” in the quasi-harmonic approxi-
mations. This model® validated by several experimental
data''°, provides a sensitive test for the interatomic
potential relevant to the system under study. Broadly
speaking, our model potential function consists of a
string of three energy terms, viz. Coulombic, Born—
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Mayer-type (repulsive) and van der Waals-type (weak
attractive) interactions. The adjustable parameters used in
the model, which are only five in number, are chosen to
satisfy both static and dynamic equilibrium. Computations
of phonon frequencies are performed using DISPR'’,
developed at Trombay. The advantage with such quasi-
harmonic lattice-dynamics (QLD) lies in its ability to
calculate free energies and derived properties (e.g. en-
tropy and heat capacity) with high precision. However,
QLD can be best exploited up to a temperature beyond
which the anharmonicity of lattice vibrations becomes
too large. It is simply because at very high temperatures,
the dynamics may not be described to the full in terms of
phonons alone. Rather, other related phenomena such as
diffusion and molecular reorientation turn out to be sig-
nificant. In such situations, the MD techniquel&19 in simu-
lating the time evolution of structure under the effect of
pressure as well as temperature is useful.

Given initial positions and velocities, the evolution of
a system is, in principle, correctly determined®’?' through
MD simulations to enhance our knowledge on various
macroscopic properties of interest. One of the main strengths
of the MD method is that it can deal with fast, non-
equilibrium processes also. Classical MD simulations'®,
which make use of a suitable interatomic potential,
involve integrations of the equations of motion to obtain
atomic trajectories. In the present case, the equations of
motion are integrated with a time step of 1 fs for periodic
macro cells of 768 atoms. Since the important correla-
tions involved are essentially of short range (<1 nm),
this cell width is considered to be quite satisfactory. The
long-range two-body Coulomb interactions are integrated
by the Ewald technique, while the other potential terms,
owing to their short-range order, are directly summed up
over all the pairs (up to 7 A separation). Periodic bound-
ary conditions are applied across the macro cell in order
to get rid of unwanted surface effects. We monitored the
volume, temperature and also atomic trajectories during
the course of our MD simulation.

Under the effect of pressure, the ambient scheelite phase
of both the compounds LiYF, and LiYbF, exhibits appre-
ciable changes in structure'>'*. We took into account the
dynamical contributions to the equation of state (EOS) in
MD simulations'®. As we look at the EOS (Figure 1), we
realize that the bifurcations in the lattice parameters
around 5 GPa, symbolizing the onset of new phases, are
mainly the outcome of the lattice distortions under com-
pression. From our MD simulations, the monoclinic angle
of distortion (given by P) for the second phase gradually
increases to 98° for LiYF, as against the experimentally
determined'* value of 95.3°. Going by usual conventions,
this phase change from tetragonal to monoclinic calls
for a relabelling of unit cell axes from a, b, ¢ to ¢, a, b,
respectively. As evident from Figure 1, a discontinuity in
the lattice parameters is found to occur at a pressure
above 15 GPa, implying a first-order kind of phase

CURRENT SCIENCE, VOL. 85, NO. 7, 10 OCTOBER 2003



RESEARCH COMMUNICATIONS

transition. Further, analysis suggests a volume drop of
nearly 6% in LiYF, and 7% in LiYbF, during this pres-
sure-induced phase transformation.

Our simulation results based on a semi-empirical poten-
tial show that the lithium rare-earth fluoroscheelites
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Figure 1. Pressure variation in lattice parameters (a, b, c: left scale,
B: right scale) of the ambient scheelite structure of LiYF,4 (&) and Li-
YbF, () upon compression. Open symbols depict the high-pressure X-
ray diffraction data of Grzechnik et al.'* while closed ones represent
our simulated results.

undergo two high-pressure transitions, one within (or near)
10 GPa and the other within 20 GPa, in agreement with
the high-pressure X-ray diffraction study'”. Further, with
the aid of complementary lattice-dynamical calculations,
we establish that the dynamically stable, first high-
pressure phase of LiYF, as well as LiYbF, has an energy-
minimized structure pertaining to the space group P2,/c
(Z=40) in the low-temperature region (0-300 K), and
C2/c (Z=4) above 300 K. Our previous work'* has dis-
cussed this in detail. In fact, the atomic shifts on going
from P2,/c to C2/c have been found to be small (below
0.2 A), which may not be well-differentiated during
X-ray diffraction studies at such high pressures. However,
from the atomic arrangements, we come to know that the
second stable phase of the fluoroscheelites mimics a fer-
gusonite-like structure. With further increase in pressure,
another new high-pressure phase appears that has a high B
value (~ 108°). This new configuration, which is also mono-
clinic in nature (P2,/c, Z=4), remains stable even at
100 GPa. Figure 2 shows how atomic positions of fluoro-
scheelites shift on going from one phase to the other.

We have shown'' that dynamical instability arises in
fluoroscheelites because of the softening of some trans-
verse acoustic phonon modes (Figure 3 ¢). The soft pho-
non provides one of the mechanisms by which crystal
structures transform upon compression, to a lower sym-
metry phase.

From the group theoretical analysis for the ambient
scheelite phase, we find that 36 zone-centre phonon
modes are distributed among various irreducible repre-
sentations'"">. The doubly degenerate modes of E, and
E, symmetry are plotted as a function of pressure in Figure 3.
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Pressure variation of (¢) Raman active E, modes; (b) infrared active £, modes and {c) transverse acoustic

phonon branch {along the direction of dynamical instability) in LiYF, and LiYbF,. Circles depict the experimental
data'®?. Lines represent the lattice-dynamical calculations for LiYF4 and LiYbF,.

A fair degree of parity is observed between experi-
ments'®** and our lattice-dynamical calculations. How-
ever, we have not been able to compare the degenerate
infrared modes due to lack of measured data. As seen
from Figure 3, the low-lying Raman frequencies of LiYF,
and LiYbF, exhibit shifts in the E, modes, which sup-
ports the observations of Sarantopoulou et al.'® that the
low frequency modes of E, symmetry are sensitive to
rare-earth substitution. For the £, modes, we come across
a different situation. Both the longitudinal optic (LO) and
transverse optic (TO) vibrations in the similar low-
frequency range display almost similar behaviour for
LiYF, and LiYbF,4 upon compression. Higher vibrational
modes show larger variations with pressure in the fluoro-
scheelite system, before any phase change occurs.

The relative stability of various high-pressure phases at
a finite temperature can be obtained if the phonon spectra
in all the different phases are also evaluated. To have an
overview of the range and extent of various phonon
modes in the three phases (at 4, 13 and 18 GPa, respec-
tively), we integrate over all the phonons with an energy
resolution of 1meV at each wavevector on a 4 x
4 x 4 mesh, within the irreducible Brillouin zone. Figure
4 shows that the energy distribution extends by nearly
10% on application of pressure. We further notice that
considerable shift in the phonon spectra occurs mainly
after 60 meV, contribution of the lightest atom Li is quite
significant to make this shift happen. From our earlier
work'!, we know that the effect of pressure on rare-earth
substitution is quite negligible.

The stability of a crystalline phase is largely deter-
mined by the minimization of the Gibbs free-energy
(= U+ PV —1T5), which includes the vibrational energy
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Figure 4. Comparison of phonon density of states as a function of pres-

sure in the three phases of LiYF, at 4, 13 and 18 GPa respectively.

and vibrational entropy>. Hence, it would be quite inter-
esting if we can compare the phase-wise free-energy dia-
grams at one shot. We calculated free energies at
different pressures in the three phases. The result is plot-
ted in Figure 5. The free-energy plot of the phase I joins
smoothly at 5 GPa to that of phase II, which is consistent
with the nature of (second-order) phase transition. Beyond
8 GPa, phase III has a lower free-energy that indicates
greater stability of this phase and a first-order phase tran-
sition from phase II to phase IIl. The transition pressure
in MD simulation, while increasing pressures, is higher
than 8 GPa due to hysteresis. We note that the greater
stability of phase III at high pressures arises primarily
due to its lower volume, while the vibrational energy is
also lower and the entropy is higher in phase III provid-
ing an additional stability.
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Figure 5. Comparison of Gibbs free-energy per formula unit of

LiYF, as a function of pressure in the three phases respectively, as
obtained from the lattice-dynamical calculations. (Inset) Variation in
Gibbs energy difference (8 ) with pressure which gives a qualitative
impression of the first-order phase transition that takes place on going
from phase II to a more stable phase III.

The effect of pressure on the volume coefficient of
thermal expansion (o), usually defined as the fractional
change in cell volume with temperature, can be studied
through mode Griineisen parameters,

_ dhno,
o 9my

in the entire Brillouin zone, for each of the three phases.
Figure 6 demonstrates the variation of o. In the quasi-
harmonic approximation, each phonon mode of energy E;
contributes to the thermal expansion by way of,

1
— Irc,,
[BV]’ g

where B is the bulk modulus associated with a particular
phase, V the corresponding unit cell volume, and Cj; the
specific heat (at constant volume) contribution of the ith
mode. This procedure suits well the present fluoro-
scheelite system because explicit anharmonicity, which
arises mainly out of thermal amplitudes is not significant
compared to the implicit effect that involves phonon fre-
quency change with volume to be obtained from I';. As
Figure 6 depicts, the ambient as well as the initial high-
pressure phase of LiYF, have negative thermal expansion
in low-temperature limit (below 100K). This is so
because the Griineisen gamma has large negative values
for phonons below 8 meV at these two phases. However,
the third phase has no such anomaly, again because it has
all positive gammas for phonons of all energies.

Results of this work show that even a simple model
potential can be successfully exploited through classical
simulations in understanding many important physical
properties of relevant solid materials at high pressures.
Complementary lattice dynamics calculations may reveal
the presence of soft vibrational modes that may be related
to phase transformations. Further, the relative stability of
various crystalline phases is shown through a comparison
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Figure 6. An overview of volume thermal expansion with varying tem-
perature in the three phases of LiYF, at 4, 13 and 18 GPa respectively.

of their respective Gibbs free energies with contributions
from both the structure and the vibrations.
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