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Synopsis

The present thesis uses two optical probes, namely, Raman and Brillouin
spectroscopy to study the physical properties of material. In order to understand the
systems we have used the two thermodynamic quantities, pressure and temperature.
There is a lot of interest in the study of mid chain alkanes and perfluroalkanes in their
condensed phase. This information is readily usable when one makes hybrid molecules
out of these as well as when one tries to understand the interactions of these molecules in
various environment. Tungstate with scheelite structure has been the main focus of
recent spectroscopic studies at low temperature and high pressure, because of the
identification of several phase transitions in these compounds. It might help to determine
the factors involved in structure stability. Further the influence of cation on the crystal
structure can help in modeling the effect of impurities on the physical properties. The I-
I11-V1, Chalcopyrite Structure compounds have quite similar physical properties as the
binary I1-VI analogs with the cubic (zinc blende) structure. The temperature induced
changes in optical properties of these materials will be useful for designing optical
devices with these compounds.

Chapter 1 describes the relevant introduction for the present work. Chapter 2
describes the designing of low cost Raman spectrometers for high pressure studies and
experimental details about low temperature Brillouin spectroscopy. Chapter 3 describes
the pressure induced phase transition of mid chain alkanes in the condensed phase. These
alkanes undergo order-disorder transition accompanied with dampening of methyl end
group. Compared to n-heptane and n-hexane, the behavior of n-pentane with pressure is
different due to its small size and crystal structure. The solid-solid transition pressure is
inversely proportional to the chain-length. Chapter 4 describes the observation of liquid-
solid transition as well as solid-solid transitions in the condensed phase of mid-chain
perfluorocarbons. Both perfluorohexane and perfluoroheptane undergoes two types of
solid-solid transition 1.conformational disorder transition due to reversal of the helical
pitch and 2.disorder-order transition due to all-trans conformation. Chapter 5 describes
the temperature dependent structural transition of PbWO, and BaWO,. The sound

velocity and elastic behavior of these compounds will be useful in designing acousto-



optic devices. Chapter 6 describes the temperature induced elastic moduli behavior of
AgGaS,. The changes in elastic behavior have been coupled with change in refractive
index of the material. Beyond particular temperature, there is a transition from semi-

conductor to semi-insulator.



Publications

1. G. Kavitha and Chandrabhas Narayana Journal of Physcial Chemistry. B, Vol. 110,
8777, (2006).

2. G. Kavitha and Chandrabhas Narayana, Journal of Physical Chemistry B, 111, 7003-
7008 (2007).

3. G. Kavitha and Chandrabhas Narayana Journal of Physical Chemistru B, 111,
14130-14135, (2007).

4. G. Kavitha, S.R.C. Vivek, A. Govindaraj and Chandrabhas Narayana,
Proceedings Indian Academy of Sciences (Chemical Science) 115, 689-694, (2003).

5. G. Kavitha and Chandrabhas Narayana Journal of Physcial chemistry B.
(submitted)

6. G. Kavitha, Nandhini Garg, S.M. Sharma and Chandrabhas Narayana
Physical Review B (submitted)

7. G. Kavitha and Chandrabhas Narayana Physical Review B (submitted)

8. Mandal, G. Kavitha, Chandrabhas Narayana and S. Natarajan
Journal of Solid State Chemistry 177, 2198-2204 (2004).

9. Tokeer Ahmad, Gnanasundaram Kavitha, Chandrabhas Narayana and Ashok K.
Ganguli. Journal of Materials Research 20, 1415 - 1421 (2005).

10. Neena Susan John, G. U. Kulkarni, Ayan Datta, Swapan K. Pati, F. Komori, G.
Kavitha, Chandrabhas Narayana and M. K. Sanyal
Journal of Physical Chemistry C (Letter) 111, 1868-1870 (2007).



Dedicated to
Appa, Amma and Mohan



Content

CHAPTER I — INtroducCtion.........ccceecieeeieeeceeccieeeeeccee e 1
[.1. Raman SpectroSCOPY .. oouurteertteee et eeie e e e nee e 2
1.2. Brillouin SpectrOSCOPY. ... .vennniteneiteet e 3
1.2.1. Principles of Brillouin Scattering..................c.ocovviiininnn, 4
1.2.2. Elasto—optical scattering mechanism............................... 5
1.2.3. Mathematical Expression for Brillouin scattering...................... 5
1.2.4. Ripple mechanism..............ooiiiiiiiiiiiiii i, 6
1.2.5. Difference between Raman and Brillouin Spectroscopy......... 7
1.3. Effect of High Pressure. ... 7
1.3.1. Pressure UNitS .....oovieii e 9
1.3.2. Methods for generating High Pressure ............................ 9
1.4 Phase TransitionS. ........c.ouvirii e 10
1.4.1. Phase Transitions related to Structural Transitions............... 10
1.4.2. Phase Transitions related with no change in structure........... 11
1.4.3. Order of Phase Transitions...............ccooeviiiiiiiiiiieanenn.n. 11
1.4.4. Significance of Inelastic Raman scattering for probing
Phase Transitions. ..........ooviiiii e, 12
1.5. Materials under Investigation.................ccooiiiiiii i 12
1.5.1. Saturated Hydrocarbons — Alkanes...................coceevenn.e 12
1.5.2. Perfluorocarbons (PFCS)........coviiiiiiiiii i, 14
1.5.3. Tungstates and Molybdates................cooiiiiiiiiiiin, 16
1.5.4. Chalcopyrite crystal structure — AgGaS;...........cccevenenen 19
1.6. BIbHOQraphy ... ..o 21



CHAPTER Il — Experimental Technique ......cccceeeeeeennnn. 26

2.1. Experimental Design of the Raman Spectrometer....................... 27
2.2. Experimental details.............c.oooiiiiiiiii e 28
2.2.1. EXCitation SOUICe........cviiiniiiiii i, 28
2.2.2. Sample illumination...............cooooiiiiiii 29
2.2.3. Collection OPtICS. . ..vvueit ittt 29
2.2.4. MONOCNIOMALOF .. ...\t 29
2.2.5. Salient features of this Raman setup.............................. 30
2.2.6. Detection SYstem........cooiiiii 31
2.3. Experimental High Pressure Techniques..................cccoeevenn.n. 32
2.3.1. Kinds of High Pressure Cells..............coooeviiiiiiiiiin.n 33
2.3.2. Mao — Bell Diamond Anvil Cell......................oo L. 34
2.4. Experimental setup for Brillouin spectroscopy............c..c........ 41
2.4.1. Fabry-Perot Interferometer ...............cooiiiiiiiiiiinn... 42
2.4.2. Principles of Fabry — Perot interferometer....................... 42
2.4.3. Tandem interferrometry .............cooviiiiiiiiiiii i, 44
2.4.4. A practical design of scanning tandem FP...................... 46
2.4.6. Experimental details of low temperature Brillouin scattering 47
2.5. Source of the samples used.............ccoiiiiiii i, 48
2.6. Bibliography. ... 48
CHAPTER Il — High Pressure Raman Studies on Medium
Chain Hydrocarbons..........ccccoevvvieennn o1
3L MOUIVALION. ... 52
3.2. Experimental SECHION...........cooiiiiiiii i, 53
3.3, CoNfOrmMatioN. ..o 54
B4 RESUIES. ... 54



3. 2. NFHEXANE. .o s 65

343, N-PENtaNe. ... 74
3.5, DISCUSSIONS. ..t etettte et et et et e et et et e e e eeee e eenens 83
3.6. CONCIUSIONS.....ueeeee e, 86
3.7. BIblHOGraphy. .. .o e 86

CHAPTER IV- High Pressure Raman Studies on

Perfluorohexane and Perfluoroheptane... 90

4.1 MOtIVALION. ..ottt et e e 91
4.2, ReSUILS. ...t e 92
4.2.1. Longitudinal Acoustic Mode..............coviviiiiiinnnn. 96
4.2.2. CF, Wagging, Twisting and Rocking Region............... 97
4.2.3. CF,and CF; Bending and Rocking Region.................. 99
4.2.4. CF, and CFs stretching region.............cooooviiiin.e. 100
4.2.5. Skeletal C — C stretching region.....................oooeve.. 102
4.3, DISCUSSIONS. ...ttt ettt ettt et e it e e e e ee e eiee e aaeeaneens 103
A4, CoNCIUSIONS. ....viiit i e 104
4.5 Bibliography.......coooiiiii i 105
CHAPTER V - Low Temperature Brillouin Studies on
PbWO, and BaWO,....c.cecuvennnnnnnnene. 107
5.1 MOtIVAtION. ...t 108
5.2. Materials and Experimental Details...........................o.c.l. 109
5.3. Theory of Elastic Constants................ccoeoviiiiiiiiiiiiinnn, 109
54 ReSUIS. ..., 111
5.5, DISCUSSIONS. .ttt e ettt et e et e e aaeeenns 115

5.6, CONCIUSIONS. ..o e eee et e e, 117



5.7. Bibliography........cooiiiii i 117
CHAPTER VI - Temperature Dependent Brillouin

Scattering studies of AgGas,.................. 120
6.1. MOtIVatIoN. .....ooi e 121
6.2. Chalcopyrite Crystal Structure.............coovviiiiiiiiiiiiiinnnnannn 122
6.3. Experimental Details..............cooooiiiiiiiiiiii 122
6.4. Elastic Constants of chalcopyrite ..., 123
6.5, RESUILS. ...ntiiti i 124
0.6. DISCUSSIONS. .. tutttttet et e e eae e 129
6.7. CONCIUSIONS. . ...viiei e e, 130

6.8. Bibliography..........cooiiiiii 130



CHAPTER - |

Introduction



1.1.Raman Spectroscopy

When a monochromatic beam of light interact with solid, opaque or
transparent substance the scattered energy will consist almost entirely of radiation of
incident frequency (Rayleigh Scattering), but in addition certain discrete frequencies
above and below that of incident beam will be scattered, which is referred to as Raman
Scattering. The monochromatic radiation of frequency v consisting of a stream of
particles called photons having energy hv, where ‘h’ is planck’s constant. These photons
can undergo ‘collisions’ with molecules, however it may happen that energy is
exchanged between photon and molecule during such collision which are referred to as
inelastic scattering.

Energy i
AVirtual energy
level T iT
: AE, = : -AE, =
-&E, = h‘lr'rj ﬁ]:'-,. = hvué ﬂ.b] = hvj 'h(\rn-\.' J i &E — hvu —h.[}',:l'l"l" l}
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| st excited . .1 E
vibrational state AE =hv, - :
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Figure 1.1 Schematic representation of Raman scattering process.

The molecule can gain or lose amounts of energy only in accordance with
quantal laws. i.e, its energy change AE (joules) must be the difference in energy between
two of its allowed states which is equivalent to the change in the vibrational energy level
of the molecules. If the molecule gains energy AE the scattered radiation will have a

frequency vo-v which is called Stokes Raman scattering and the molecule loses energy



AE, the resultant scattered radiation will have a frequency votv which is anti-Stokes
Raman scattering. Figure 1.1. shows the schematic representation of Raman scattering
process. Since Stokes Raman scattering is due to creation of excited state, this process is
generally more intense than anti-Stokes Raman scattering. Thus in Raman spectroscopy
[1], the Raman spectra shows the vibrational frequency Av as a shift from incident
frequency (vg). The vibrations of the material occur depending only on the kinds of
chemical bonding connecting nuclei and the space group of the crystal lattice. Group
theoretical [2] calculations have made life simple. By using symmetry considerations
alone one may predict the number of fundamental vibrational mode, their observation in
the infrared and Raman spectra, and the way in which the various bonds and inter bond
angles contribute to the molecular vibrations possessing a particular molecular symmetry.
The independent vibrational motion of atoms in the unit cell is expressed as a normal
mode of vibration. The quantized vibrational energy corresponding to each normal modes
are called phonons. Since each atom can move in three directions (X,y,z), a N-atom
molecule has 3N degrees of freedom. Out of these 3N, six degrees of freedom
originating from translational and rotational degrees of freedom for a nonlinear molecule.
Thus the net vibrational degrees of freedom (normal modes) are 3N-6. In the case of
linear molecules, it is 3N-5, since two rotational degrees of freedom perpendicular to the
molecular axis are degenerate in energy.

In the classical picture, when a molecule is illuminated by an
electromagnetic (EM) wave, the electric field -E associated with EM wave induces a
dipole moment ZE’) in the molecule which is related to the polarizability (o) of the
molecule [3-4]. The Polarizability (o) is function of molecular vibration (vibrational
coordinate ). So for a molecular vibration to be Raman active, (da/dq) should be non
zero at §=0.

1.2. Brillouin spectroscopy

Brillouin light scattering is generally refered to as inelastic scattering of an
incident optical wave field by thermally excited elastic waves in a sample. The first
theoretical study of the light scattering by thermal phonons was done by Mandelstam in

1918 [5-7]. L. Brillouin predicted independently light scattering from thermally excited



acoustic waves [8]. Later Gross [9] gave the experimental confirmation of such a
prediction in liquids and crystals.
1.2.1. Principles of Brillouin Scattering

A sound wave of wave vector g and frequency o propagating through a
medium of dielectric constant () sets up a modulation in € from which light may be
scattered. Incident light of wave vector k; and frequency o; is scattered into a state ks
such that ks — ki = £ q where + sign refers to anti Stokes process and the — sign refers to

Stokes process.

Incident Scattered
Light Light
ki Ks
A
Sound

| Wave

|

I Nt N

\
\

Figure 1.2. Interaction of the sound waves with light.

Correspondingly, the frequencies are related by os - mj = + wg. Since the velocity of
sound vg is very much less than that the velocity of light ¢, one can write as |ks| = |ki| and
S0 |q|=2|ks|sin®/2 where @ is the angle between ks and k; (see figure 1.2) known as the
scattering angle [10-11]. Since |q|=0 in the Brillouin scattering, we look at the phonons
near the centre of the Brillouin zone. The expression for |q| does not apply to an optically
anisotropic medium where the refractive index for the scattered light is different from
that for the incident light.



1.2.2. Elasto—optical scattering mechanism

In the case of transparent solid, most of the scattered light emanates from the
refracted beam in a region well away from the surface, and the kinematics conditions
relating wave vector and frequency shift of the light pertain to bulk acoustic wave
scattering [12-13]. The scattering in this case is mediated by the elasto — optic scattering
mechanism, in which dynamic fluctuations in the strain field bring about fluctuations in
the dielectric constant and these in turn translate into fluctuations in the refractive index.
These fluctuating optical inhomogeneities result in inelastic scattering of the light as it
passes through the solid. The phonons present inside a solid move with very small
amplitudes creating fluctuation in the dielectric constant of the solid. This would act as a
diffraction grating for an incident light. The fluctuation in dielectric constant of the solid
IS not static. Hence the diffraction grating appears to be moving, creating a Doppler shift
in the diffracted light. Therefore Brillouin scattering can be explained as a combination of

Bragg’s reflection and Doppler shift.

1.2.3. Mathematical expression for Brillouin scattering
Brillouin scattering can be viewed as a Bragg’s reflection of the incident

wave by the diffraction grating created by thermal phonons. According to Bragg’s law,
the grating spacing ‘d’ can be expressed in terms of Bragg’s angle (¢/2) and wavelength
of the laser light inside solid A = Ao/n, where A is the laser wavelength in vacuum and ‘n’
is the index of refraction in the solid.

2d sin (¢/2) = Ay /n
The moving grating shifts the incident light with a Doppler shift, leading to scattered
photons with a shifted frequency (Av). Brillouin spectrum gives frequency (Av) of any
thermal phonons. The wave vector associated with the thermal phonons can be
determined from the experiment geometry. For the scattering angle @, the sound velocity
of phonon is given by the expression

V=2%Av/ (2 nsin ¢/2)
In the case of Back Scattering geometry, ¢ = m and the above equation becomes

V= AV/ (2 1)



1.2.4. Ripple mechanism

Unlike the elasto-optic effect, the ripple mechanism does not occur in the bulk but
at the surface of the specimen [14-16]. The phonons present at the surface of the sample
move in thermal equilibrium with very small amplitudes creating corrugation on the

surface, which can diffract incident light.

Figurel.3. Kinetics of a light scattering from a surface
The moving corrugating surface Doppler shifts the incident light, giving scattered
photons with shifted frequencies. For backscattering geometry as shown in figure 1.3, the
phase velocity (Vsaw) of surface acoustic wave can be written as
Vsaw = ho Av / (21 sin 0)

where 0 is the angle between the incident beam and the surface normal.



1.2.5. Difference between Raman and Brillouin Spectroscopy
Constant wave vector

Raman scattering
(frequency ~10* Hz)

I LG
| k } Optic
Phonon LA
Frequency | Acoustic
i TA
L
Brillouin scattering
(frequency ~10° Hz) Phonon Wave
LO - longitudinal optic phonon longitudinal acoustic phonon
TO - transverse optic phonon transverse acoustic phonon

Figurel.4. Schematic representation of phonon dispersion relation

As shown in figure 1.4, the Raman spectroscopy deals with optic
phonons which occur in the frequency range 10 to 4000 cm™ [17]. From Raman
spectroscopy, one can get the information about atomic and molecular vibrational energy
levels, molecular geometries, chemical bonds, interactions of molecules, identify the
constituent of the sample and amount of material in the sample. But on the other hand,
Brillouin spectroscopy deals with acoustic phonon which occur in the frequency range
from 0.1 cm™ to 5 cm™. Using Brillouin spectroscopy, one can determine acoustic
phonon velocities hence the elastic constants and the optical constants of the material of
interest [18]. In both the spectroscopy, the peak width gives the phonon lifetime

1.3. Effect of High Pressure
The most important factors affecting inter - and intra — atomic distances in

solids and molecular solids are temperature, pressure and geometrical configuration.



Temperature changes volume and excitations of the materials but in comparison pressure
changes only volume. Pressure is a stronger perturbant compared to temperature. For
example, the volume change in Si from 0 K to melting is only 1.8% but the volume
change is 5% for a pressure of 10 GPa. Pressure is an experimental parameter that can be
tuned over a wide range to probe the properties of condensed matter system. The
electronic, structural and vibrational properties of materials under pressure are areas of
great interest. By varying the pressure, we can obtain insight into the interaction between
atoms and molecules. These investigations have resulted in new findings in structure,
bonding and dynamics in solids, liquids and gases as well as allowing the creation and
recovery of new materials. In general, the response of materials under high pressure is
either occurrence of phase transformations or just compression with consequent changes
in the physical properties. Pressure induced phase transformation leads to phases of
higher density. Due to increasing repulsive inter atomic potentials, the diffusion —
controlled phase transition is highly reduced. So all the phase transformation due to high
pressure is displacive which can be characterized by change in symmetry. This will be
useful to find the intermediate phase of the materials under pressure where it is not stable
at ambient conditions. Especially for molecular solids, the inter—molecular bonds are
weaker than intra — molecular bonds. The application of hydrostatic pressure, primarily
reduces the distances between the end — group, non — bonded atoms which enhances the
repulsive forces in the system and on further application of the pressure, in order to
overcome the repulsive forces, the system has to rearrange itself by bond breaking, bond
making or coordination change as a result new phase of system emerges. In crystals, the
close packing is achieved mainly due to coordination change; this can be sterically
hindered due to the strong intra—molecular interaction in the molecular solids [19-21].
The close packing in molecular solids are achieved by change in conformational order
which will minimize the free energy of the molecular arrangements. The above close
packing geometry plays an important role in organic molecules which is explained in this
thesis.



1.3.1. Pressure Units

Pressure is defined as force per unit area. The most common unit used to describe
pressure is Pascal (Pa). 1 Pa = 1 N/m? [22], where N (Newton) is the name of the unit for
force. One Pascal (Pa), if expressed in terms of the S base units, is equal to (kg m™s?). It
is also common practice to use non-Sl units to measure pressure, namely, atmospheres,
bars. 1 bar = 10° Pa = 0.9 atm. It is important to know the extent of pressure experienced
by material in nature. The pressure at the center of earth is equal to 360 GPa (360 x 10°
Pa), and the pressure experienced in the deepest part of the ocean is 140 GPa. Many of
the planets like Jupiter have pressure greater than 9000 GPa (9 TPa) in the center of it.
90% of the materials transform to their densest form upon application of pressure around

30 GPa. Hence very few studies are seen above these pressures.

1.3.2. Methods for generating High Pressure

In order to apply pressure on the materials under investigation, one can
adopt two methods [23-24].

1. Static pressure — As the name suggests the material is held under constant
pressure. The system remains in equilibrium; hence there is no change in
temperature. Such pressures are applied by mechanical methods. Eg., Anvil cells.
Maximum pressure achieved are 300 to 500 GPa.

2. Dynamic pressure — In the case of dynamic pressure, the material is exposed to a
mechanical stress for a very short duration and source of pressure is removed. It
is equivalent to striking the material with hammer. Since it is non-equilibrium
situation, the temperature of the sample also changes. It is possible to achieve
pressure increase of 2.5 TPa in such cases. E.g, such experiments are shock
loading by gas gun.

In this present case, we have applied only static pressure using Diamond Anvil Cell on

materials at room temperature.



1.4. Phase Transitions

One can classify the phase transitions into two categories. i) Phase transitions for
which none of the phases is distinguished by intrinsically different properties: they are
characterized by a change of order, structure, or symmetry in the material, eg.,
evaporation and solidification of a liquid, melting and sublimation of solid, and
separation of mixture of liquids. ii) Transitions where one of the phases has a new
physical property; it can also be associated with a change in symmetry or structure. Eg.,
ferromagnetic/paramagnetic, ferroelectric/paraelectric, and superconducting phase
transitions
1.4.1. Phase transitions related to structural transitions

Many substances in the solid state undergo a phase transition associated with a

change in structure. During the transition, the arrangement of atoms is modified and
leading to a change in the symmetry of the crystal. These are structural transitions. This
change is induced by changes in atomic position in the system. Structural Phase

transition in solids may be classified into three categories [26-28]:

1. Displacive transitions proceed through a small distortion of the bonds (dilatational or

rotational). The atomic displacements are very low (0.01-0.1A) and the specific heat is

low (a few J/g). eg., transformation of quartz (at 843 K), tridymite (at 433 K) and

crystobalite (at 523 K).

2. Reconstructive transitions proceed through the breaking of the primary or secondary

bonds. They imply large atomic displacements with 10-20% of distortion in the lattice.

An example is the aragonite (P,ma) to calcite (R3c) transition in CaCOs (at 723 K).

3. Order- disorder transition in which the order of the system changes.

Three principal types of disordering transitions may be distinguished as:

i) Positional disordering in a solid arises either when atoms or ions occupy
inappropriate sublattice positions, or when more positions are available for the atoms
than are necessary. Eg., CuzZn [29].

i) Orientational disordering which may be static or dynamic where the ions or the

basic units occupying the lattice sites containing more than one atom. In such a



situation, more than one distinguishable orientation becomes possible for ions in the
lattice. Eg., orientaional disorder in molecular solids [30-32].

iii) Disordering associated with electronic and nuclear spin states. By virtue of the
presence of unpaired electrons or spins, atoms or ions behave as tiny magnets and
impart magnetic field to the lattice when present in a parallelly ordered state. As the
temperature increases, these elementary magnets on the lattice flip over to other

orientations where the materials become disordered.

1.4.2. Phase Transitions related with no change in structure

Phase transitions in which the appearance of a new property is not correlated
with any modification of the crystal structure of the material are classified under this
category; It is thus not associated with a change in symmetry. Most of such phase
transitions involve the properties of the electrons of a solid. For example, In the case of
ferromagnetic, superconducting and metal/insulator transitions. Magnetism encountered

in crystalline solids and metallic glasses.

1.4.3. Order of Phase Transitions

A solid undergoes a phase transition when a particular phase of the solid
becomes unstable under a given set of thermodynamic conditions[33]. The variation in
free energy at the transition is associated with structural or compositional changes.
During a phase transiton, thermodynamic quantities like entropy, volume, heat capacity
and so on undergo discontinuous changes. More generally, the physicist P. Ehrenfest
proposed a classification of phase transitions based on the thermodynamic potentials [34].
They are as follows.
(i) First order Transition: The transition is said to be first order when the first
derivative of the free energy G is discontinuous given by equation

S=-(0GloT)e V=(0G/oP)r H=0(G/T)/ o(1T)

Where S is entropy, V is volume and H is enthalpy.
(if) Second order Transitions in which the thermodynamic potentials and their first

order derivatives are continuous, while some second derivatives with respect to state



variables are reduced to zero or approach infinite at the transition. The thermodynamic
variables related to second derivative of Gibbs free energy are as follows.
Cp = (6°GIoT?)p = - T (85/0T), 1 = -(6°GIoP?)r = - (1IV) (8VI6P)t

where Cp is the specific heat at constant pressure, kt is the compressibility at constant
temperature. For these transitions, we continuously pass from one phase to another phase
without being able to realize the coexistence of the two phases. These different
thermodynamic behaviors can be demonstrated experimentally by directly or indirectly
studying the thermodynamic behavior of characteristic physical quantities in the vicinity
of the transition.
1.4.4. Significance of Raman scattering for probing Phase Transitions

The Raman spectra will give the information like the peak position (), full
width half maximum (I") and the intensity (A). The normal mode frequency () is one of
the main parameter to probe phase transitions. The appearance and disappearance of the
Raman mode or the change in slope (dw/dP) signifies a phase transition. Since o is
sensitive to symmetry and environment of the system, any changes would influence the
behavior of ®. First order transition is observed when there are discontinuity in (o) near
the transition pressure or temperature. During a second order transition, there is a gradual
slope change (dw/dP) near the phase transition. Broadening of the mode in the spectra is
due to the contribution of all wave vector phonons which signifies a disordered phase.
On the contrary sharp bands in the spectra are due to the contribution of only zone centre

phonons. This signifies an ordered phase.
1.5. Materials under Investigation

1.5.1. Saturated Hydrocarbons — Alkanes

Compounds that contain only carbon and hydrogen are known as
hydrocarbons. The hydrocarbons with out double or triple bonds are called saturated
hydrocarbons and they are known as alkanes. The medium chain alkanes studied in the

thesis are shown in figure 1.5
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Figure 1.5. Shows the molecular structure of (a) n-pentane, (b) n-hexane, (c) n-heptane

The n-alkanes are all straight-chain hydrocarbons, in which the carbon atoms form a
chain that runs from one end of the molecule to the other. The generic formula for these
compounds can be understood by assuming that they contain chains of CH, groups with
an additional hydrogen atom capping either end of the chain. Thus, for every n carbon
atoms there must be 2n + 2 hydrogen atoms: C,Han+o. Straight-chain structures are
"normal paraffins”, branch-chain structures are “isoparaffins”, and ring-type structures

are "cycloparaffins”.

Hydrocarbon chains are among the most important structural units in
chemistry. Knowledge of their detailed form and rotational isomerism is of practical
interest to chemists in many areas of research. Extensive studies have been made of the
structure of chains and the conformational enthalpy differences are well known in the
liquid phase. An electron diffraction investigation of the gaseous hydrocarbons n-butane
through n-heptane was initiated several years ago. Detailed accounts have already been
published of the complete diffraction analysis of n-butane [35] and of the average bond
lengths and bond angles in vapor molecules of higher alkanes [36]. The distribution
between trans and gauche conformations and about the steric interactions have been
reported earlier [37]. An accurate determination of the conformational energies of n-
pentane has become a mandatory step for, among others, a sound interpretation of its
ionization, [38] electron momentum [39] infrared or Raman spectra [40], due to the

impact of the conformation on orbital energies [38,39] electron density distributions [39]



and molecular vibrations [40]. A high-level theoretical study of the conformational
equilibrium of n-pentane has been done by Salam and coworkers [41]. The number of
rotational isomers and their energy difference for n-butane, n-pentane, n-hexane and n-
heptane in the liquid as well as solid phase has been extensively studied by Sheppard and
co-workders [42]. IR or Raman techniques are used in conventional analysis to provide
information on the chemical composition of bulk organic materials. They can also give
information on molecular conformation [43] or alignment [44], glass transition [45] and
the effects of pressure [46]. The effect of pressure is important in perturbing the
distribution of conformers. The Snyder etal is clearly explains the effect of pressure on
conformer equilibria on liquid n-hexane [47]. The pressure induced liquid-solid
transition of n-pentane [48], n-hexane [49] and n-heptane [50] has been reported earlier.
In the present work, we have studied the pressure induced solid-solid transition of n-
pentane, n-hexane and n-heptane as well as their conformer populations at different

physical states.

1.5.2. Perfluorocarbons (PFCs)

Perfluoro carbons are similar to alkanes with all the hydrogen replaced by
fluorine. Perfluorocarbon (PFC) is one of the constituent of global warming green house
gases. Natural geological emissions have been responsible for the PFCs that have
accumulated in the atmosphere over a very long time. However, the largest current
source is aluminum production, releasing CF,4 and C,Fg as by-products. With a phase —
out of ozone depleting substances, PFCs have been introduced into several specialized
applications. The low volume level of use is associated with the fact that PFCs are
relatively expensive products and are only selected if they are absolutely necessary for
performance, system efficiency or safety. The manufacturing cost of PFCs is related to
high material costs and processes that have limited scope for scale — up. The industrial
use is mainly linked to electronic industry [51], as PFCs offer a unique combination of
properties. They are inert, good dielectrics, non-flammable, non-toxic and compatible
with a broad range of materials. Semiconductor manufacturing processes utilizes PFC

gases as a fluorine source for chemical vapor deposition chamber cleaning and



specialized plasma etching [52]. PFC liquids CsFi, and CgF14 are traditionally used as
direct contact immersion cooling liquid for high power electronics, mainly as
replacement for CFC — 133, with required good dielectric characteristic at optimum
material compatibility and thermal stability. CsFg has been developed as an inert agent

for a number of specialty refrigerant formulations.

(i) Perfluorohexane (CgsF14) and perfluroheptane (C7Fig).

Perfluorohexane is used in one formulation of the electronic cooling liquid/insulator
fluorinert for low temperature applications due to its low boiling point of 56 °C and
melting point of -90 °C. It is odorless and colorless. It is used as a solvent and a coolant.
In medical imaging, it is used as a contrast agent. Perfluorohexane on the other hand is
considered chemically and biologically inert. It is unusual in that perfluorohexane
absorbs oxygen higher than found in normal air. This means that animals can be
submerged in a bath of perfluorohexane without drowning, as there is sufficient oxygen
available in the solvent to allow respiration to continue. This has led to the experimental
use of perfluorohexane in treating burn victims, as their lungs can be filled with either
perfluorohexane vapor or in extreme cases liquid perfluorohexane, allowing breathing to
continue without the problems normally seen with pulmonary edima that sometimes

occur when the inside of the lungs have been burnt e.g. by inhalation of hot smoke [53].

PFC

Figure 1.6. Segregated assemblies in bridged electron-rich and electron-poor p-
conjugated moieties [54]



In organic-based devices such as photovoltaic cells, electron-rich
conjugated molecules like PFC and electron-poor conjugated molecules like hydrocarbon
(HC) need to be assembled into segregated structures for efficient charge separation and
charge-carrier transport (see figure 1.6) [54]. Due to the large number of above
applications of perfluorocarbons, it is interesting to study their interaction of molecules as
well as their conformational properties when they densely packed. The existence of
conformational equilibria in the gaseous and in the liquid states of n-perfluorobutane, n-
perfluorohexane and n-perfluorooctane and in some solid phases of the latter, using IR
and Raman spectroscopy have been explained earlier [55]. The structure of the isomers
present in the different physical states of n-C4F19, n-CgF14 and n-CgFyg is discussed by
Rey-Lafon and coworkers [55-56]. The quantitative intensity measurement of
perfluropentane, perfluorohexane and perfluoroheptane were made on appropriately
chosen pairs of lines belonging to different isomers as a function of temperature in the
liquid phase [57, 58]. In the present work, we have studied the pressure induced solid-
solid transitions of perfluorohexane as well as perfluoroheptane and their stable
conformer populations at every solid-solid transitions.

1.5.3. Tungstates and Molybdates

The tungstates and molybdates are almost always categorized in one group.
The minerals they contain are chemically similar to each other. These minerals are heavy,
soft, and brittle. The tungstates and molybdates are compounds of one or more metallic
elements and the tungstate radical (BO4, B=W, Mo).

(i) Importance of ABO, compounds

The ABO, type compounds (A=Ca, Ba, Bi, Sr, Pb, Cd...), (B=W, Mo, V) have
been widely investigated because of their geological relevance. Figure 1.7 shows the
crystal structure of ABO,4 elements. Apart from this, these materials are important host
material for laser [59-61]. The tungstate and molybdates are easily doped with rare-earth
ions and are available in the form of large single crystals. CaMoO, and CaWO, are two

of series of isostructural divalent metal molybdates and tungstates, known generically as
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Figure 1.7. Schematic representation of ABO, crystal structure

scheelites [62]. These are important host materials for a variety of inorganic phosphor
and host crystal for studying electronic energy transfer between rare earth ions. These
doped crystals are the subject of much current optical maser study. The triple molybdates
like Gd,(Mo00Oy); and Thy(Mo00,); are key materials for improper ferroelectrics [63].

(i)  Barium Tungstate (BaWO,)

The development of high-power solid-state lasers [64-66] emitting in
different spectral regions is of current interest for laser physics. One of the ways to solve
this problem is by Stimulated Raman scattering (SRS) conversion of radiation from near
— IR lasers. The well — suited materials for SRS active media are the most efficient
Ba(NOs), and KGd(WO,), crystals. These crystals have very high SRS gain g = 6 cm
GW'™ for potassium gadolinium tungstate and 11 cm GW™ for Barium Nitrate having the
pumping wavelength at 1.06 um. The SRS conversion of trains of single — mode, single
frequency, self — phase — conjugated pulses from a Nd — YAG laser in a Barium nitrate

has the average power and pulse energy up to 5 W and ~ 30 mJ, respectively [67-68].



The SRS conversion efficiency is 15% - 30%. Being hygroscopic and poor mechanical
and thermal parameters, the Ba(NO3), crystals cannot be useful for SRS. Although
KGd(WO,), have no such disadvantages, their radiation resistance is low and they have
low SRS transition cross section. These limitations severely prevent the development of
high — power solid — state Raman lasers. So the search for new SRS — active media with
good mechanical and thermal properties and a high radiation resistance becomes urgent.
One of the highly efficient BawOj, crystal having g > 8.5 cm GW™ will satisfy the above
requirement for SRS transition. The Raman line width of BaWO, is larger than
Ba(NOs),, but the peak value of the Raman cross section for the BaWQ, is almost same
that of Barium nitrate. Crystal structure of CaMoO,, SrMo0O,, STWO, and BaWO, has
been refined by neutron diffraction data [69]. High pressure x-ray and lattice dynamic
studies on BaWQ, have been reported earlier [70-71]. We have carried out temperature
dependent Brillouin studies on BawWQ, to study the electronic properties of this system

across the low temperature transition.
(iii) Lead Tungstate (PbWO.,)

Lead Tungstate is one of the most prominent crystal for dense, fast and

radiation — hard materials for high quality y - ray detectors at high energies. It has a

maximum emission at 420 — 440 nm. PbWOQ, is very dense with a density of p - 8.2
glcm®. it has a refractive index of 2.2 — 2.3 and is non — hygroscopic. The radiation
hardness will be determined by crystal quality on various conditions of crystal growth.
The crystal structure of lead tungstate, PbWOu, is tetragonal, scheelite type, space group
I41/a. This compound, due to the difference in the vapor pressure of the two raw oxides,
WOQOs and PbO, used in the crystal growth, is frequently subjected to lead deficiency [72].
It has been reported by one group that lead vacancies can order in a crystal structure
derived from the scheelite type, but of lower symmetry and described by the space group
P4/nnc or P4. Futher the influence of cation on the crystal structure can help in modeling
the effect of impurities on the physical properties. The introduction of cationic impurities
in the host crystal can achieve the laser light emission at desired frequencies. The
scheelite materials like PbMoO, and PbWO, are promising materials for acousto — optic



applications and cyogenic phonon scintillation detectors [73]. Pressure induced x-ray as
well as lattice dynamic studies on PbWO, have been explained earlier [74-75].
Temperature dependent Brillouin studies on PbWO, were carried out to study the effect
of Pb vacancies and its contribution in the structural and physical properties of the

system.
1.5.4. Chalcopyrite crystal structure — AgGas,

A large number of recent studies in non-linear optics have been devoted to
compounds of the 11-VI or 111-V families with sphalerite structure, showing their large
non-linear susceptibility. Unfortunately they are optically isotropic and consequently not
phase matchable. The chalcopyrite structure compounds I-111-V1, belongs to the ternary
semiconductors and have quite similar physical properties as the binary analogs [76].
The presence of third atomic component as well as the non cubic structure widens the
possible range of application in the solar cells, solar energy conversion, light emitting
diode (LED) and various non-linear devices. In addition, the chalcopyrite, being
uniaxial, is birefringent and hence allows phase-matching possibilities which are not
available in the isotropic binary compounds. The silver thiogallate AgGaS,, which is one
of the typical chalcopyrite representatives, attracts much attention as a perspective
nonlinear optical material in the infrared region [77] because it has a direct band gap [78]
in the blue region at 2.75 eV and the large non-linear optical coefficient [79]. Its
structural parameter, lattice vibrational modes [80-83] and elastic properties [84-85],
electronic band structure [86] as well as linear and nonlinear optical properties [79] have
been the subject of many studies. The chalcopyrite structure is a super structure of zinc-
blende. It is described by the space group 142d. The primitive unit cell includes two
formula units. Figure 1.8. shows the crystal structure of AgGaS,. The crystallographic
tetragonal body-centered unit cell consists of four molecules and contains 16 atoms [87]
(see figure 1.8).
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Figure 1.8. a) Schematic representation of AgGas; crystal structure.

The chalcopyrites most often exhibit a tetragonal compression along ¢ axis, i.e., c<2a.
The presence of two different cations from different columns of the periodic table gives
rise to two anion-cation bonds, Ag-S and Ga-S. The respective bond lengths Ga-S and
Ag-S in AgGas; are 2.276 and 2.556 A°[88] respectively. It is interesting to look at the
mechanical stability of AgGaS, at lower temperature and we have carried out Brillouin

studies to look into this aspect.
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CHAPTER — I

Experimental Techniques

This chapter constitutes the work published in
G. Kavitha, S.R.C. Vivek, A. Govindaraj and Chandrabhas Narayana,
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(2003).



This chapter deals with the fabrication of a Raman spectrometer,
which has been used to carry out the Raman studies described in this thesis. The Raman
spectrometer described below has been compared with the commercial setup for standard
samples like Si, carbon nanotubes etc and was found to be equivalent in its functionality
to the commercial one. We demonstrate here a very cost-effective way of fabricating a
research grade Raman spectrometer which has tailor made collection optics taking into
consideration experimental environment.

2.1. Experimental Design of the Raman Spectrometer

Over the past few decades Raman spectroscopy has been extensively used
to study materials at ambient and extreme conditions [1-2]. Raman spectroscopy can be
performed as a function of temperature and pressure [3-4]. The advent of lasers in 1960’s
brought Raman spectroscopy to the forefront. Over the years, there has been lot of
modernization in the Raman spectrometer. The use of charge coupled device (CCD)
detectors has made Raman measurements extremely simple. Raman instrumentation has
under gone a lot of changes. Now a days, Raman spectrometers have single, double and
triple monochromators depending on the type of study. The cost of these spectrometers
has been a reason for worry. It is also been difficult to integrate Raman spectrometer
with experimental environment. In this work we have designed low cost and flexible

Raman spectrometers, which are based on a single monochromator and a CCD detector.



2.2. Experimental details
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Figure 2.1. Schematic representation of the Raman spectrometer used in the present
experiment. S — sample, L — laser, OL — objective lens, T — trinocular, NF — notch filter,
OFC - optical fibre cable, D — CCD detector, OC — optical fibre coupling, M —
monochromator and C — computer.

2.2.1 Excitation Source

The measurement of the absolute intensity of Raman lines enables one to
compute the value of the bond polarizability derivative (da/dq, where q = the normal
coordinate). Its value is related to the type of bond deforming. Therefore there is a linear
relationship between the polarizability derivative and the bond order [5-6]. It is widely
held that the detectable scattered Raman intensity is proportional to vo®, where vg is the
frequency of the excitation source. So incident light source plays an important role for
Raman line measurement. Depending on the application, various kinds of light sources
are available for spectroscopic measurement. For most purposes, He-Ne, Argon ion and
Nd-YAG lasers are accepted as being most satisfactory for Raman spectroscopy [7-8]. In
this work, a solid state diode pumped vertically polarized Nd-YAG with excitation

frequency of 532 nm is used. The average power on the sample was 10-30 mW. The



average life of Nd-YAG laser is 10,000 Hrs and it is very compact [9], which make it
very easy to integrate with optical system. Recently we are using (GDLM-5015L,
Suwtech Inc., China) with maximum power output of 18 mW.

2.2.2 Sample illumination

The classic method of illuminating a Raman sample is to irradiate it at a right
angle to the collection which is as shown in the figure [2.1]. It is important that the direct
laser light doesn’t enter the collection optics to reduce the Rayleigh component. In the
case of a transparent sample 90° geometry helps. In the case of opaque sample, the
sample is placed at an angle such that the reflected light does not fall on the collection
optics. The laser beam must be focused on to the sample and the scattered radiation
collected from this point. Excitation and collection from the sample can also be
accomplished by using several other geometry. Most commonly used geometries are 90°
and 180° (back scattering) geometry. Most of the Raman measurements were done at 90°

geometry [10], but for high pressure Raman experiments, we have used 180° geometry.

2.2.3. Collection optics

Simple collection optics comprises of a microscope objective, trinocular viewing
port, notch filter/edge filter, focusing optics and optical fibre. In the present setup we
have used 20x super long working distance (0.25 NA, 177mmWp) objective and trinocular
from Olympus, Japan. We have used (Keiser optics, USA) super notch filter for 532 nm
excitation. A 3.3x magnifying lens at the camera port of the trinocular viewing port
focuses the scattered light to the optical fiber. A 100 um diameter and 1.5 m long
multimode single optical fiber was used to collect the scattered light and illuminate the
monochromator. The fiber was f-number matched with the monochromator described in
the next section.

2.2.4. Monochromator
A monochromator is an optical device that transmits a mechanically
selectable narrow band of wavelength of light or other radiation chosen from a wider

range of wavelengths available at the input. The heart of our system is a Jobin Yvon



Triax 550 with triple grating. One can use other monochromators too. Single
monochromators have very high throughput and stability [11]. But the down side is that
one cannot use it for application very close to the laser line. The use of notch filters help
in observing Raman lines at 30 cm™ away from Rayleigh line. But the notch filters are
sensitive to humidity, temperature and detoriate. In the present experiments, we have
used notch filters, but subsequently replaced it with edge filter which go up to 80 cm™-

100 cm™ away from Rayleigh light.

2.2.5. Salient features of this Raman setup
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Figure 2.2. f-number matching of the optical fiber with monochromater

In this setup we have done two modifications from earlier versions. a) we have used
concave lens (see figure 2.2) to f-number match the optical fiber. To the monochromator.
The light gathering power is expressed in terms of f number, defined by f = f/d where f is
focal length of the mirror and d is the mirror diameter. Smaller the f number, the larger is
the light gathering power. It is important to match the f number of the optical fiber with
the monochromator for efficient collection and the total light throughput to be maximum.
b) we have used a tilt alignment for the notch filter. Super notch plus filters have been

most successful in eliminating light very close to the incident laser frequency. The



optical density of the notch filter is high, and its spectral band width can be extremely
narrow. Thus super notch plus filters are free from extraneous reflection bands and
provide significantly higher laser damage thresholds. In principal, 0° notch filters should
have a sharp cut off for the excitation frequency. But this is not the case always, hence it
is difficult to get Raman modes close to the excitation frequency. By tilting the notch
filter by few degrees, one can get Raman signals as close as 10 cm™ to the excitation
frequency with a slight loss in transmission. At present we have been routinely recording
Raman signals close to 50 cm™. With better control over the tilt alignment one can

record very low energy Raman signals.

2.2.6. Detection System

Detection of the Raman signal is carried out using 1024 x 256 back thinned
liquid N, cooled Charge Coupled Device (CCD). CCD being a position sensitive
detector provides a faster detection of a Raman spectra over a normal photo multiplier
tube (PMT). Eventhough PMT is very sensitive compared to CCD, its quantum
efficiency is much lower than CCD. Back thinning of CCD increases the quantum
efficiency by two times. This the reason most of the Raman experimental setup use a
CCD detector.

(i) Charged Coupled Device (CCD)

The CCD is a solid state photo detector array made up of semiconductor.
Each one of photo sensitive array generates photo electrons and store them as a small
charge in the pixel. Pixels are defined by a grid of three electrode gates in the X and Y
directions. The voltage applied to the gate electrodes are manipulated to move the charge
across the pixels to the output register at the edge of the array [12]. It is possible to
address each pixel or a bunch of pixels at a time. When a CCD is used as a 2D imaging
device, intensity (hence the charge) from each pixel is collected and displayed. In the
Raman application since we are interested in only the frequency Vs intensity, it is a 1D
spectrum; hence the pixels corresponding to same frequency are addressed together to the

same register called binning.



(i)  Backthinning

The depletion layer of CCD (where the photoelectric effect occurs) is normally
partially obscured under the electrode gates, which are formed in layers above the
depletion layer which are formed in a layer above the depletion layer. This reduces its
quantum efficiency. The substrate (or back) of the CCD chip can be etched down to be
very thin to allow light to pass through. This helps in increasing the quantum efficiency.
In this case the CCD is illuminated from the substrate side and these CCD detectors are
called back thinned CCD detectors.

(iii)  Binning

Major source of noise in CCD comes from readout noise generated by electronics
while reading a pixel. So it is wise to read only the useful pixels (or illuminated pixels).
In a CCD used for Raman spectroscopy, the spatial information is important only in the
frequency direction and not in the intensity direction. In such a situation, a linear array
CCD would provide the same information as a 2D CCD. So a process of binning is used
along the intensity direction. Here the charges of all the pixels related to same frequency
are accumulated to one register. This process is called binning. In Raman experiments,
to increase signal to noise (S/N) ratio, one bins only the illuminated pixels and ignore all
other pixels.

2.3. High Pressure Techniques
Pressure is force per unit area. The force could be time independent or
instantaneous. Hence there are tow ways to study materials under pressure [13].

1. Static pressure — A constant force is applied and the system is in equilibrium,
hence the temperature is constant. The pressure is changed by changing the
applied force. The maximum pressure depends on the container characteristics.
Eg., Anvil cells and piston-cylinder assembly.

2. Dynamic pressure — here the force is applied as a pulse, and the pressure builds



up in the material with time. So the system is not in equilibrium, hence the

temperature rises. Here the material itself acts as a pressure transmitting medium

and this experiment happens in nanoseconds. Eg., shock loading using gas gun.
Diamond Anvil Cell (DAC)

DAC uses gem quality diamonds to transmit pressure to the sample. Diamond,
being recognized as the hardest and least compressible material, has the important
property of being transparent to the most of the spectrum of electromagnetic radiation,

including y - ray, X —ray , portion of UV-visible and most of the IR region.

(a) (b)
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Figure 2.3. a) Schematic cross section view of Diamond Anvil, b) Photograph of
Diamond anvil

DAC is based upon the opposed — diamond configuration (see figure 2.3(a&b)), in which
a sample is placed between the polished culets of two diamonds and is contained on the
sides by a metal gasket (see figure 2.2 (a-b)). In this configuration, very little force is
required to create extremely large pressures in the sample chamber. The different kinds in
the design of the DAC arise mostly from the differences in the mechanisms for
generating force and Diamond anvil alignment. According to that the DAC are classified
as follows [14-21].

1. NBSCell

2. Basset Cell



3. Mao — Bell Cell
4. Syassen — Holzapfel Cell
5. Merrill —basset Cell
We have used a Mao-bell type DAC due to the ease to apply pressure, as the load is

produced by the set of levers used to force the anvils together.

2.3.2. Mao — Bell Diamond Anvil Cell
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Figure 2.4. Schematic representation of Mao-Bell Diamond Anvil Cell

Figure 2.4. shows the schematic of the Mao-Bell DAC used in this thesis. The main parts
are, a) Piston and matching cylinder assembly, b) Diamonds mounted on a tungsten
carbide rockers, c¢) Hardened stainless steel lever arm based as a nut cracker or scissor
mechanism, d) Hardened stainless steel gaskets to hold sample and e) a lead screw with

Belleville spring to clamp the levers.



(i) Diamond

The first step is selecting the appropriate diamond stone for DAC. The four
important things to be noted are cut, color, clarity and carat. Gem quality, brilliant cut
diamond stones are generally used as anvils. For experimental pressure below 30 GPa,
the culet of the diamond has a flat face ranges from 500 — 600 um and further high
pressure is achieved by reducing the culet size. The purest type Il diamond is transparent
to all electromagnetic radiation and through out the IR region. How ever it does not
sustain for ultra high pressure due to defects while it is formed. Hence the stone
containing evenly dispersed Nitrogen platelet impurity (type 1) is commonly used. but
this has tremendous absorption in the mid IR region and has fluorescence in the visible
region [14]. For Raman spectroscopic measurement, the fluorescence from the diamond

is very important and should be low.
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Figure2.5. Raman Spectrum of Diamond used in our experiments. The fluorescence (F)

to the second order Raman signal (S) ratio is found to be 2.1

The combination of CVD and high pressure/high temperature technique has yielded gem
quality synthetic diamond with low fluorescence in visible region up to 300 GPa and
above 370 GPa with red excitation. A quality factor used in testing of the diamonds is
the ratio of the fluorescence (F) to the second order Raman signal (S) of the diamonds for



any given excitation. Figure 2.5 shows the S/F ratio of the diamonds used and its Raman
spectrum. The shape of the diamond anvil is important for achieving high pressures.
With circular culet diamond, one can achieve the pressure range nearly 60 GPa. The
beveled help to achieve multi mega bar pressures as it avoids build up of stress.

(i1) Rockers to align the diamond anvils

Tungsten Carbide and Boron Carbide materials are usually used for mounting
the diamond for the high pressure experiments. These metallic plates are provided with
tapered holes. The culet of the diamond is centered on the tapered hole of the backing
plate. The top surface of the plate is polished to a mirror finish well before placing
diamond. The non- uniformity in the surface causes the glue to flow between the
diamond and backing plates leading to breakage of diamond well before the highest

pressure. The diamonds are generally glued using high strength epoxy like 409.

(iii) Diamond alignment

To achieve high pressures, the diamonds should be mirror images of each other.
For the perfect alignment of DAC, the following steps are strictly adopted. The
parallelism of diamond anvils are matched by translation of the rockers along the X and
Y axes. The piston is inserted in to the cylinder, and this assembly rested on the V —
block, the diamonds are viewed under optical microscope along the four directions
perpendicular to the cylinder axis through the hole in the wall of the cylinder. The gap
between the anvils is reduced without touching to estimate the off set of the culets along
the X and Y directions. XY alignment is done using the set screws through the ports in
the cylinder wall. The process is repeated until the XY alignment is achieved. The
angular orientation of the culet is adjusted by the screws on the top of the cylinder. The

final alignment obtained by one of the two following methods [14]



Figure 2.6. One fringe condition of DAC using white light illumination

a. silver iodide technique

b. light fringe technique

We have adapted light fringe technique to obtain perfect alignment of
DAC. Care is taken not to bump the diamonds against each other before touching the
culet. Using an optical microscope, white light is passed through the culet and the
interference light fringe pattern was observed through the centre of the cylinder. If one
observes stripes or colored fringes The alignment of the DAC is not good. Using tapping
screws on the top of the cylinder, one can obtain the one — fringe condition as shown in

figure 2.6; and the anvils are perfectly aligned.

(iv) Gasket
A gasket is a mechanical seal that serves to fill the space between two objects,

generally to prevent leakage between the two objects while under compression. The
gaskets are commonly produced by cutting from sheet materials, such as gasket paper,
rubber, silicone, metal feet, fiberglass or a plastic polymer. One of the most desirable
properties of an effective gasket is the ability to withstand high compressive loads. The
metals are highly malleable. They can be thinned to a few um without breaking or
tearing. Suitable gasket materials are stainless steel, martensitic tool — steel, inconel,

tungsten, rhenium. It is necessary to pre-indent the gasket before loading sample in to the



DAC. Pre-indentation of the gasket will prevent the premature failure of the diamonds
and reduces the hole deformation during experiment. Gaskets not only certain but also

play an important role for building high pressure in the cell.

Figure 2.7. Preindented stainless steel gasket used in our experiment

The pre-indenting pressure thickness depends on the maximum pressure
intended in an experiment and as the gasket deforms plastically, extrudes outwards
forming a supporting ring. The initial thickness of the gasket is generally 250 um which
will be pre-indented to a thickness 100 um for a pressure of 20 GPa to be achieved. After
pre— indentation, using micro drilling equipment with a aid of miniature drill bit, a hole
can be drilled at the centre of the pre—indentation area. Figure 2.7 shows a pre-indented
gasket with a 100 um hole drilled in it. There is an equal and opposite force acting
inwards between gasket material and the surface of the culet. This is the indication of the
stability of the gasket. If the thickness of the gasket is sufficiently small, the destabilizing
outward force is smaller than inward stabilizing force, as a result shrinkage of the gasket
hole. On the other hand, if the thickness of gasket is very large, consequently the outward
destabilizing force will be larger than the inward stabilizing force and hence elongation
of the gasket hole. The maximum pressure which can be attained by the experiment will
be determined by shear strength of material, the pre— indented thickness, culet size and

size of the drilled hole.

(v) Pressure transmitting medium

Pressure transmitting medium helps in achieving hydrostatic pressure.

Depending on the desired pressure range and the reactivity of the sample, different



pressure media are used. Eg., silicon oil, N, Ar, ethanol — methanol mixture etc.,). To
achieve hydrostatic pressure (zero shear stress) on the sample, it has to immersed in a
medium. The use of an encapsulating fluid as a pressure transmitting medium generally
fulfills this requirement. It has been shown that many pure liquids and liquid mixtures
slowly vitrify rather than crystallize with pressure. Some liquids remains hydrostatic to
pressures well over 3 GPa. Table 2.1 shows the various medium used to produce
hydrostatic pressure and their maximum range. It is common to use inert gases like Ne
and Ar but require special handling. Ethanol, methanol mixture gives hydrostatic
pressure up to 11 GPa and with a little amount of water can go up to 15 GPa. These

liquids are easy to handle and are most commonly used for experiments <20 GPa.

TABLE 2.1. Maintaining hydrostatic conditions in systems in high pressure involves the
selection of an appropriate fluids [22-30].

Pressure medium ratio Hydrostaticity at room
temperature (GPa)

Methanol : Ethanol : water 16:3:1 14.5

Methanol : Ethanol 4:1 104

Methanol 8.6
Pentane : isopentane 11 7

Silver chloride >7

Water (ice VII) >7

Sodium chloride >7

Hydrogen 177

Helium 60 -70

Neon 16

Argon 9

Xenon 55

Nitrogen 13




(vi) Pressure sensor
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Figure 2.8. Schematic representation of a) Ruby fluorescence, b) Ruby R; line shift with

different pressures.
In static high pressure work using diamond anvils, the ruby fluorescence
method is the most widely used pressure sensor [31]. Fluorescence from ruby crystals is
known to exhibit pressure dependence. Al,Os with 1-3% of Cr** is named as ruby due to

its bright red color. In ruby, Cr** occupies one of the AI** sites (Dsq) but is displaced
along the c-axis due to its slightly different size, there by assuming Cs, Site symmetry.
The cubic crystal fields splits the state of the Cr** ion into doubly degenerate state (2E)
and a non-degenerate ground state (4A;). Spin-orbit coupling lifts the degeneracy of the
2E states into Es, and Ey states separated by ~ 30 cm™ as shown in figure 2.8(a).
Electronic transitions can take place between these states and the ground state. Ruby
fluorescence has two strong lines called the R; and R lines at 694.3 and 692.9 nm. With
pressure, the fluorescence lines shift and have been well characterized to given in-situ
pressure. The two R-lines shift equally and no change in R; — R, splitting occurs under
hydrostatic pressure (see figure 2.8(b)). The pressure relationship is given by
P (GPa) = 1904/B[{1+(A1/694.24)}® — 1]

where AL is the shift in the ruby R; line wavelength in A, B — 7.665 and 5 for quasi
The extensive

hydrostatic and non-—hydrostatic conditions respectively [32-34].



broadening of the spectra from a single ruby chip in static measurements indicates a

substantial non — uniformity of stress over the dimension of the ruby chip. We have used

ruby fluorescence method for determining the pressure of the samples loaded in the

diamond anvil cell.

Experimental setup for Brillouin spectroscopy

In Brillouin experiments, the Fabry-Perrot interferometer has been

instrument of choice [35-36]. However, conventional Fabry Perot interferometers do not

achieve the contrast needed to resolve the weak Brillouin doublets.

showed that the contrast can be significantly improved by multipassing [37-38].
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The usefulness of coupling two synchronized Fabry-Perot, thus avoiding the overlapping
of higher orders with central orders was also recognized for increasing the free spectral
range. Figure 2.9 shows the modern Tandem Fabry-Perot interferometer which is used in

the experiments described in this thesis.

2.4.1. Fabry-Perot Interferometer

The Fabry-Perot interferometer is an optical instrument which uses multiple-
beam interference (see figure 2.9). This interferometer makes use of multiple reflections
between two closely spaced partially silvered surfaces. Part of the light is transmitted
each time the light reaches the second surface, resulting in multiple offset beams which
can interfere with each other [39-41]. The large number of interfering rays produces an
interferometer with extremely high resolution, somewhat like the multiple slits of a

diffraction grating increase its resolution.

2.4.2. Principles of Fabry — Perot interferometer
A Fabry — Perot interferometer (FP) is used for high resolution spectroscopy
where a resolution of MHz to GHz is required. The FP consists of two plane mirrors
mounted accurately parallel to one another, with an optical spacing L; between them. For
a given spacing L; the interferometer will transmit only certain wavelengths A as
determined by
T = 1ol [1+ (4F%/n?)sin®(2nLa/A)]--mmmm=- (2.1)

where 1, (<1) is the maximum possible transmission determined by losses in the system,
and F, the finesse, is a quality factor depending primarily on the mirror reflectivity and
flatness.
(i) Finesse

It is customary to define a numerical value which characterizes the width — or
better the sharpness — of the maxima. This number is called the Finesse of an
interferometer and defined as the ratio of peak distance to peak halfwidth (see figure
2.10).
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Figure 2.10. Spectral representation of Finesse

Equation 2.1 shows that only those wavelengths satisfying

IR 7Y m——— (2.2)
for integral values of p, will be transmitted. This is illustrated in figure 2.10. The Finesse
F is defined as the ratio of the spacing between successive transmitted wavelengths AA
(Free spectral Range — (FSR)) and the width 8 of a given transmission peak by

F = AMBA -------=------- (2.3)
By varying the spacing L; so as to scan the light intensity at different wavelengths, the
FP can be used as a spectrometer. However it is immediately apparent that the measured
intensity at a given spacing is the sum of the intensities at all wavelengths satisfying
condition in Eg. 2.2. An unambiguous interpretation of the spectrum is thus impossible
unless it is known a priori that the spectrum of the light lies entirely within a wavelength
spread < AA. It is true that since

VI ] I —— (2.4)
one may make AA arbitrarily large by decreasing L;. However dA increases proportional
to AL and so the resolution decreases. In fact equation 2.3 shows that the ratio between
FSR (AL) and the resolution 6A is just the finesse F. In practice F cannot be made much
greater than about 100 due to limitations on the quality of mirror substrates and coatings.
The relationship between FSR and resolution is thus fixed within limits determined by

the achievable values of F.



(ii) Contrast
To rate the suppression between maxima, the Contrast is defined as ratio of

peak height to the minimum intensity. The transmission minimum at 6=n and at
equivalent phases define a Contrast value C of
C=Qr +1--—--—-- (2.5)

where Qg -4R / [1-R?], the quality factor for reflectivity R.
(iii) Resolution

The resolution of an optical instrument is defined by the bandwidth of a
spectral line, i. e. the broadening imposed on the line by the instrument. We have to
calculate what spectral line width AX is equivalent to this instrumental line width. we
assume normal incidence. At the maxima, the phase difference & is defined by

§ = 2kdn = [4n/A]dn = 2N —--mmeeeme (2.6)

The line width can be expressed by finesse
YNl 2] — 2.7)
and equated with spectral line width
S\ = 2n/F = [4n/A]dn — [4r/A+AN]dN---------- (2.8)
Thus the resolving power of the instrument is defined by the product of the finesse
F and the interference order N
NN PA=T/N s T | P ——— (2.9)
Eq. 2.9 shows that, with a finesse of 100, the resolving power of a 100 mm wide grating
is exceeded for dn > 0:5 mm. Using air-spaced Fabry-Perot interferometers, values for L;
up to more than 10 mm can be easily achieved. The resolution then expressed as

frequency is around 10 MHz.

2.4.3. Tandem Interferometry
There exists a means of increasing the FSR at a fixed resolution by the use
of two FP’s in series [42]. The most useful arrangement is a vernier system in which the

spacing of the second interferometer L, is close to L;. To overcome FSR problem, a



similar approach as that already discussed uses two different interferometers with

different spectral ranges in conjunction, one for coarse, one for finer resolution.

FP2 /
FP1 /

Tandem /
N

Wavelength

Transmission

— |l— |——

Figure 2.11. Elimination of neighboring interference orders in a tandem arrangement of
two unequal interferometers.

The wavelengths transmitted by the combination must simultaneously satisfy:
Ly =% pAand Ly =% qA ------------------- (2.10)
for integral values of p and g.
If the spacing L; and L, are independently set so as to transmit a given wavelength A then
the combined transmission for light passing successively through both FP1 and FP2 will
be illustrated in figure 2.12. The neighboring transmission peaks do not coincide - only
after several times the FSR of FP1 do the transmission peaks coincide again. Small
"ghosts" of the intervening transmission peaks remain since the transmission of either
interferometer as shown in equation 2.1 never falls exactly to zero. The FSR of the
tandem system is thus increased by a considerable factor over that of the single
interferometer, while the resolution 6A remains similar. In order that the first ghost is not
too obtrusive one should chose L; and L, such that
F > Li/(Ls- Ly)
A good practical value for L,/ L, is about 0.95.



To use the tandem interferometer system as a spectrometer, it is necessary to scan the two
interferometers synchronously, by simultaneously changing the spacings L; and L,. It is
clear from equations 2.2 and 2.5 that to scan a given wavelength increment, the changes
oL, and 8L, must satisfy
OL1/8L, = Ly/Lp ---mmmmmmmmmmmmmean (2.11)
The magnitudes of 6L; and dL; are typically 1 to a few um. The only previously known
method of satisfying Equation 2.6 was by use of pressure scanning. Remembering that L
is the optical spacing of the mirrors (i.e. the spacing t multiplied by the refractive index n
of the gas between the mirrors) one may change L by changing the refractive index of the
gas through a pressure change. Since
L =nt; and Ly =nt;

we see that Eq 2.11 will be satisfied if the refractive index change is the same for both
interferometers. The limitation of the method lies in the scanning range which is limited
by the achievable refractive index change. Using air, a pressure change of 1 atmosphere
will change L by only 3 parts in 104, producing the same relative change in the
transmitted wavelengths. Where much larger scans are required, the associated large

pressure changes make the system impracticable.

2.4.4. A practical design of scanning tandem FP

Using the new design of interferometer, based on the concept of a
scanning stage [43-45], it is now possible to combine two interferometers on the single

scanning stage to obtain both statically and dynamically stable synchronization.
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Figure 2.12. A translation stage designed to automatically synchronize the scans of two
tandem interferometers.



The principle of the tandem scan is seen in Fig 2.12. The first
interferometer FP1 is arranged to lie in the direction of the translation stage movement.
One mirror sits on the translation stage, the other on a separate angular orientation device.
The second interferometer FP2 lies with its axis at an angle 0 to the scan direction. One
mirror is mounted on the translation stage in close proximity to the mirror of FP1, the
second mirror on an angular orientation device which can also allow a small translation
of the mirror for adjustment purposes. The relative spacing of the mirrors are set so that a
movement of the translation stage to the left would bring both sets of mirrors into
simultaneous contact. A movement of the translation stage to the right sets the spacing to
L; and L; Cos 0. A scan oL, of the translation stage produces a change of spacing dL; in
FP1 and 8L; Cos 0 in FP2. In other words equation 2.11 is satisfied and so the two
interferometers scan synchronously. An upper limit on the length of the scan is imposed
by the shear displacement of the mirrors of FP2 - after a scan of more than D/Sinf (mirror
diameter D) the mirrors would no longer overlap. A scan of several cms is easily possible
for normal mirror diameters (3-5 cms). Since the scan lengths in practice rarely exceeds 3
um this large range should rather be understood as the range over which L; may be
adjusted without requiring a lateral repositioning of one of the mirrors of FP2. The main
features of the system are:- complete dynamic synchronization over a large scanning
range and good static synchronization due to the compact design which enables both

interferometers to share the same environment [46].

2.4.5. Experimental details of low temperature Brillouin scattering

Brillouin scattering measurements were carried out using 180° back
scattering geometry with an incident angle of 45° with respect to surface normal. For
temperature dependent studies the sample was mounted in a closed — cycle Helium
Cryostat (CTI Cryogenic, USA). We used a temperature controller (Conductus: model
LTC-10, USA) with silicon diode sensor. To determine the actual temperature of the
sample the thermal sensor was kept in contact with the sample on the copper sample
holder. Temperature stability with in £+ 1 K was achieved during the measurement.

Spectra have been recorded with the temperature range from 20 K — 320 K. To perform
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Brillouin scattering, single mode vertically polarized Nd — YAG laser operated at A = 532
nm with 50 mW power is used as a light source. The scattered light was analyzed by
using JRS Scientific instruments (3+3) pass tandem Fabry—Perot interferometer equipped
with a photo — avalanche diode detector which has finesse more than 100. Spectra
reported in this work were recorded using a multi channel scaler with 512 channels and
the typical accumulations of 500 — 2000 passes were done with 0.768 sec per pass. For
polarization study, a polarization rotator and an analyzer were put on the laser path and
before the entrance slit of the spectrometer respectively. The line-shape parameters-peak
frequency, and area under the curve were extracted by a non-linear least square fitting of

the data with a Lorentzian function, along with an appropriate background.

2.5. Source of the samples used

The spectroscopic grade alkanes and perfluoroalkanes have been obtained
from Sigma Aldrich and used without further purifications. PbWQ, crystal was grown in
AT&T Bell laboratories, New Jersey. Large single crystals were grown by Czochralski
technique [47]. BaWO, was made using standard solid state route by BARC group.
Barium carbonate and tungsten oxide are mixed in their stochiometric ratios and are
finely ground together and then heated in a furnace. AgGaS; crystal was grown in AT&T

Bell laboratories, NewJersey.
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3.1. Motivation

Long- and short-chain alkanes have various applications in industry, such as use
as lubricants or as solvents. Since an alkyl group is present in several complex molecular
systems [1] and forms a crucial component in systems ranging from membranes to
micelles and self-assembled mono-layers, [2] a study of the phase diagram of linear and
branched alkanes helps in the understanding of the complex phenomena in these systems.
Liquid n-heptane mixed with isooctane has the anti-knocking properties of engine fuels
[3]. On the whole, n-pentane has a wide variety of applications [4]. It is one of the main
components in petroleum [5] and a solvent in reaction mixtures as well as an extracting
agent [6-8]. It has been used as hydrostatic pressure medium in high-pressure
experiments [9-11]. The electron mobilities of methane and ethane differ by a factor of
500 even though the difference in the number of atoms is only 3 (one carbon and two
hydrogen) [12]. The excess electron mobility in hydrocarbons depends on its structure
[13]. This mobility and chain—ordering of the hydrocarbons are useful in examining the
perturbation effects of cholesterol or proteins when present within the lipid layer [14]. n-
hexane and n-pentane account for most of the normal paraffins found in petroleum. High-
pressure studies of n-hexane and n-pentane would then give an insight into the
environment of crude oil deep inside the earth [14]. It would also help in understanding
the generation and retention of petroleum in geological structure. Other applications of n—
hexane are: as an extracting agent, solvent and reaction medium in food chemistry [15-
19]. Hence, it is important to understand its conformation, phase diagram, and molecular
arrangement under pressure.

In general, the n-alkanes exhibit different kinds of conformational isomers in
liquid state. The conformation of the n-alkanes in liquids has been actively investigated.
In the crystalline phase, linear alkanes exhibit interesting rotator phases, which have been
shown using neutron scattering [20] and computer simulations [21]. There has been
considerable interest in the structure and dynamics of crystalline n-alkanes, which have
been recently studied [22-26]. High-pressure infrared (IR) spectroscopic investigations
carried out up to a pressure of 7 GPa revealed that n-heptane undergoes a liquid to solid
transition at ~1.2-1.5 GPa and a possible solid-solid transition at ~3 GPa [25]. Recent

molecular dynamic (MD) simulations on n-heptane have confirmed the existence of the
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liquid to solid transition at ~1.2-1.5 GPa, but could not show any evidence of solid-solid
transition in their studies up to 7 GPa [26]. The MD simulations revealed a dynamic
arrest of the rotation of the methyl end groups and extensive changes in the environment
around the end groups of n-heptane as a function of pressure in the solid phase [26]. In
addition to this, n-pentane is also a model for all kinds of linear alkanes, as it possesses
the basic molecular conformational units like all-trans (TT), single gauche (TG), and
double gauche (GG) conformers [27]. Recent high-pressure Raman studies up to 4.77
GPa by Qiao and Zheng [4] and infrared studies up to 2.8 GPa by Kato and Taniguchi
[27] showed the existence of a liquid-solid transition around 2.5 GPa. n-hexane

undergoes a liquid to solid transition around 1.4 GPa and has been reported earlier [28].

However, there have been no studies carried out to look at transition in
the solid n-alkanes. The cumulative effect of the dynamic arrest of the rotation and
changes in the environment around the methyl end group could introduce a phase
transition in n-alkane at higher pressures. In view of this and to verify the theoretical
prediction, we have undertaken a comprehensive investigation of n-alkane under pressure

at ambient temperature with Raman spectroscopy as the probe.

3.2. Experimental section

We have used n-alkane bought from Sigma-Aldrich without further
purification. A Mao-Bell type piston cylinder diamond anvil cell (DAC) with a 1:6 lever
arm was used to generate the pressure [29]. The pressure was measured in situ using the
ruby fluorescence technique [30]. The experiments were carried out in a backscattering
geometry using a laser excitation wavelength of 532 nm from a solid-state diode pumped
Nd-YAG laser (Coherent Inc., USA) of ~120 mW power. The Raman spectra were
recorded using a Jobin-Yvon Triax 550 and a liquid N, cooled CCD detector (Instrument
SA, USA), the details of which can be found in ref [31, 32].
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3.3. Conformation

Configuration is the permanent structure of the molecule that cannot be changed

with out chemical reaction. Conformation is the structure of the single molecule defined

sequence of bonds and torsion angles.

(a)

X

60’

C<2 A Y
CHa
gauche

(b)

X ()

CH, TR
CH %
\GH2 \2
| CH,
Y
Trans Ortho

Figure 3.1. Schematic representation of a) Gauche, b) Trans, ¢) Ortho conformations in

carbon chains.

When the torsion angle is 60°, we refer to it as gauche conformation (see figure 3.1 (a))

Similarly when the torsion angle is 90°, it is ortho conformation and when it is 180°, we

call it Trans conformation.

In this work, we have done high pressure Raman studies on medium chain alkanes

namely, n —heptane, n — hexane and n — pentane and their conformational change with

high pressures and respective phase transitions.

3.4. Results
3.4.1. n-heptane

Molecular structure

crystal structure

EREE]
X, AR
b s a ShLL .ﬁxﬂxﬂ. ThY
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# Hydrogen
# camon

Figure 3.2. Molecular and crystal structure of n-heptane
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n-heptane (C;Hie) crystallizes in a triclinic cell with space group P 1,
with crystal density 0.890 gm/cm?® and having lattice parameters a=4.15 A, b=19.97 A,
c=4.69 A, 0=91.3°, f=74.3° and »=85.1° at a pressure of ~1.2.-1.5 GPa (see figure 3.2)
[26].

71° with the a-axis. In general liquid phase of n-heptane contains all kind of trans and

The chain axis of each molecule makes an angle of 2° with the ab-plane and

gauche conformational rotamers.
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Figure 3.3. Raman spectra of n-heptane at ambient conditions and at high pressures. For
larity the spectra have been divided into three parts: (a) 100-600, (b) 600-1200, and (c)
1400-1600 cm™. The region 1200-1400 cm™ is dominated by a diamond first-order peak
and has not been shown.

Figure 3.3. shows the Raman spectra of n-heptane at ambient and high pressures.
The highest pressure was 16, 17 GPa in all these experiments. Table 3.1 shows the mode
frequencies (w), pressure derivative (dw/dP), and Raman mode assignments of n-heptane
at three different phases deduced from the pressure behavior of the Raman modes up to a

pressure of 16 GPa. The mode assignments were based on ref [33].

55



TABLE 3.1: Frequency (w), its pressure derivative (dw/dP) for the various Raman
modes of n-heptane in three different phases and their mode assignments.

Phase I (0 GPa) Phase II (1.4 GPa) Phase I1I (7.5 GPa)

Frequency dw/dP Frequency dw/dP Frequency dw/dP

cm’ cm’ cm’ Assigned
mode

115 0.08 Lattice and
acoustic
mode

134 0.16 134 -0.08 131 0.04 LAM

152 0.16 152 0.04 153 0.02 Librational
mode

187 -0.07 185 0.01 LAM

198 -0.01 197 0.06 LAM

205 0.03 205 -0.01 206 -0.06 LAM

252 0.23 255 0.02 Methyl
rotation

278 0.05 Methyl
torsion

295 0.24 300 0.06 Methyl
torsion

313 -0.24 311 0.06 LAM

328 -0.24 330 0.72 366 0.48 Librational
mode

367 -0.19 364 0.15 GTTT
conformer

399 -0.22 395 0.13 Super
position of
GTTT &
TTGG

568 2.67 595 -0.15 Single
gauche

693 0.09 Inphase

CH;
rocking
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TABLE 3.1. (continued)

696 -0.23 694 0.09 Inphase
CH;,
rocking

743 0.18 CH,
rocking

818 0.94 842 0.64 842 0.14 Sym C-C
stretching

842 1.15 Sym C-C
stretching

908 0.40 926 0.26 937 0.21 CH, twist

985 -0.92 985 -0.04 Methyl
rocking

1000 0.57 1018 0.54 Skeletal

C-C
stretching

1056 -0.41 1053 0.47 1079 0.39 Skeletal

C-C
stretching

1090 0.28 1089 0.37 1106 0.47 Gauche
defect

1144 0.10 Trans

1148 0.06 1156 0.31 1171 0.11 Trans

1178 0.37 1181 0.75 CH,
twisting

1442 0.13 1461 0.09 Asym CH,
and CH;
bending

1453 -0.01 1473 0.20 1475 0.45 AsymCH,
and CH;3
bending

1461 0.13 1483 0.55 Symmetric
out of
plane CH;
bending

We observe the liquid to solid transition around 1.5 GPa. Since this has been reported
earlier, [25, 26] we will restrict our discussion to the pressure effects in the solid phase of

n-heptane in this work. Since n-heptane is a molecular solid, the Raman spectrum shows
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the librational modes along with the lattice and the acoustic modes in the range 100-400
cm™, also known as external modes. The internal modes or the intra-molecular vibrations
are found above 250 cm™. Internal modes have been grouped into (i) rotation, torsion,
and rocking modes of methyl end group, (ii) vibrational modes due to gauche and trans
conformations, (iii) skeletal C-C vibration modes, (iv) CH, stretching vibrations, and (v)
CH; and CHg; bending vibration modes. We discuss below the effect of the pressure on
these modes and the implication of the same on the structure of n-heptane in the solid
phase.

(1) External Modes

320 F

310 F
210 P

205 |

200

s 108 f

188 F
186 F
160

Raman Shift (cm

150 F

135 |

132 F

- : :
116.5F ] 1 - ]
116.0F Z | ; 3
1155F | ; 3

0O 2 4 6 8 10 12 14 16 18
Pressure (GPa)

Figure 3.4. Behavior of external modes as a function of pressure. Filled symbols
represent increasing pressure data, and open symbols represent reverse pressure data. The
solid lines through the data points are linear fits to the data.
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In a molecular solid, where the inter-molecular interactions are van der Waal interaction,
upon application of pressure we expect large changes in the lattice, acoustic, and
librational modes. These modes are very sensitive to subtle transition. Figure 3.4 shows
the pressure dependence of all the external modes observed in n-heptane. Phase I is the
liquid phase (0-1.5 GPa), Phase Il is the solid phase of n-heptane between 1.5 to 7.5 GPa.
Above 7.5 GPa we observe the phase I1I. Around 7.5 GPa, the 197 cm™ mode of phase I1
disappears along with large changes in pressure behavior of other mode signifying the
appearance of phase I11. It is interesting to note the pressure dependence of the 152 cm™
mode of phase I. This corresponds to vibration followed by rotation involving atomic
displacements in the direction perpendicular to the molecular long axis [26]. In the solid
phase this mode shows very little pressure dependence. This suggests that the n-heptane
is densely packed in the direction perpendicular to the molecular long axis. The decrease
in number of lattice and acoustic modes along with changes in the mode behavior above

7.5 GPa suggests a definitive phase transition.

(I Internal Modes
(i) Methyl rotation, Torsional, and Rocking Vibrational Modes.

Figure 3.5 shows the vibrational mode frequencies associated with methyl
rotation, torsion, and rocking as a function of pressure. We observe five modes associated
with the methyl end groups in this category at ambient conditions: In phase I, 252 cm™ is
the methyl rotation mode, 278 and 295 cm™ are methyl torsional modes, and 696 and 985
cm™ are methyl rocking modes [33]. Molecular dynamic simulation studies suggest that
the methyl end group vibrations show a considerable dampening with increase in pressure
up to 7 GPa [26]. As shown in Figure 3.5, we observe the disappearance of the methyl
torsional modes. This means that the torsional mode ceases to exist above 7.5 GPa. The
methyl rocking modes also disappear, but a new mode appears in phase Il at a much
lower frequency (692 cm™).
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Figure 3.5. Vibrational modes associated with CHj3 rotation, torsional, and rocking as a
function of pressure. Filled symbols represent increasing pressure data, and open symbols
represent reverse pressure data. The open and filled star symbols represent the new mode
above 7.5 GPa. The solid lines are linear fits to the data.

These observations support the MD simulation studies [26] namely; there is
considerable dampening of vibrational degree of freedom for the methyl end groups at
high pressures leading to a phase transition at 7.5 GPa. It is interesting to see that 252 cm’
! mode (phase 1) associated with methyl rotation about the long axis of the molecule does
not show any pressure dependence in the solid phase. This could be due to dense packing
of n-heptane along the c-axis as the pressure is increased. In IR studies of n-alkanes at
high temperatures, in an all-trans (planar) conformation, one observes hindered rotation

and twisting about the long axis, which supports our case [34].
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(ii) Vibrational modes of gauche and trans conformers

It is known that with increase in pressure, the gauche form is favored over
the trans form across the liquid to solid transition. This has been shown in the case of n-
hexane along the liquid to solid transition, but experiments have been limited to low
pressures [35]. In n-heptane also, in the liquid to solid transition, we observe an increase
in the gauche form compared to the trans form looking at the intensities of these modes.
Figure 3.6. shows the various modes associated with the gauche and trans conformers
and their pressure dependence. In the solid phase, with the increase in pressure, that is,
decrease in volume, linear alkanes should show a considerable change in their gauche and
trans conformers. In the case of n-heptane at ambient pressures we observe both single
and double gauche conformers along with all-trans conformers (see Table 3.1). Due to
the presence of a strong diamond Raman band around 1332 cm™ from the DAC, we could

not quantitatively measure the intensities of these modes.
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Figure 3.6. Vibrational modes associated with gauche and trans conformers as a function
of pressure. Filled symbols represent the increasing pressure data, and open symbols
represent reverse pressure data. Squares represent the gauche conformers, and triangles
represent trans conformers. The solid lines are linear fits through the data.
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It is customary to look at the intensities of 1090 and 1148 cm™ to
ascertain the amount of gauche and trans conformers [36-38]. In the case of n-hexane,
low-frequency modes around 250-550 cm™, which are related to these conformers, have
been looked at to determine the conformers [35]. In our case, too, the qualitative
measurements of intensities of 367 (GTTT), 399 (GTTT and TTGG), and 568 cm™
(single gauche) in phase | increases with increase in pressure, suggesting that increase in
pressure favors the gauche form as seen in n-alkanes [35,39]. At pressures above 5 GPa,
in the solid phase, we observe that with increase in pressure there is considerable
decrease in the gauche defects and increase in trans conformers. This is seen from the
disappearance of 367, 399, and 568 cm™ (phase 1) and the appearance of a new mode at
1144 cm™ (all trans of phase 111) above 7.5 GPa. We have made a qualitative intensity
measurement of the 1090 and 1148 cm™ modes of phase I. We observe an increase in
intensity of the 1148 cm™ mode with a decrease in intensity of the 2090 cm™ mode. This
again suggests that n-heptane at high pressure is tending toward an all-trans conformation
[36-38]. However, the 1090 cm™ mode persists up to 12 GPa and this mode is difficult to
measure above this pressure, suggesting that there are some gauche defects still present at
high pressures.

(if) C-C Stretching vibrational modes
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Figure 3.7. Vibrational mode Pressure (GPa) associated with skeletal C-C
stretching as a function of pressure. Filled symbols represent increasing pressure data,
and open symbols represent reverse pressure data. The solid lines are linear fits through
the data.
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Figure 3.7 shows various C-C backbone stretching modes associated with n-heptane and
its pressure dependence. As we increase the pressure, these modes harden in the solid
phase. With a decrease in the volume at high pressures, there is an increase in the inter-
atomic interactions, leading to a much stiffer mode. These modes are difficult to observe
at pressures greater than 10 GPa due to interference from other modes in this region. The
above observation also suggests that the n-heptane, being a linear chain, packs along the
c-axis, which is perpendicular to the chain direction. Hence the phase transition has no
effect on the behavior of these modes across the transition.

(i) CH, Vibrational Modes
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Figure 3.8. CH, vibration modes as a function of pressure. Filled symbols represent
increasing pressure data, and open symbols represent reverse pressure data. The solid
lines are linear fits through the data.
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Figure 3.8 shows the CH, vibrational modes and their pressure dependence. The CH,
rocking mode at 743 cm™ of phase | cease to exist in the solid phase above 7.5 GPa due
to restriction in the degree of freedom along the c-axis in the condensed phase. The CH,
twisting modes at 908 and 1178 cm™ of phase | show considerable hardening in both the
liquid phase and solid phase. The hardenings of these modes are expected due to increase
in inter-atomic interactions in the condensed phase at higher pressures leading to
stiffening of these modes. The mode behavior is not affected by increase in pressure. This
again suggests that the high-pressure phase Il (> 7.5 GPa) is not structurally very
different from the low-pressure phase Il (< 7.5 GPa) except for changes around methyl

end group and conformation.

(iv) CH;and CH3; Bending
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Figure 3.9. CH, and CH3 bending modes as a function of pressure. Filled
symbols represent increasing pressure data, and open symbols represent
reverse pressure data. The solid lines are linear fits through the data.
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Figure 3.9 shows the CH, and CH3 bending mode region and its pressure dependence.
Both the symmetric and anti-symmetric bending modes show large pressure dependence
as shown from the large dw/dP values in Table 3.1. These modes persist up to 16 GPa
and show changes in dw/dP at both 1.5 and 7.5 GPa. This indicates the liquid-solid
transition and solid-solid transition respectively.

3.4.2. N-hexane

N-hexane crystallizes in the triclinic structure with one paraffin molecule per
unit cell [40]. In this structure, all the molecular axes and all planes through the carbon
atoms are parallel to each other. The -CH3 end groups are arranged in planes, which

make an angle of about 73° with the molecular axes.
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Figure 3.10. Raman spectra of n-hexane recorded at ambient conditions and at high
pressures. For clarity the spectra has been divided into three regions (a) 300-1000 cm™,
(b) 1000-1600 cm™ and (c) 2700-3100 cm™. The 1200 — 1400 cm™ region is dominated
by diamond first-order peak and has not been shown. The pressure value indicated
against each spectrum in (a) is valid for both (b) and (c). The various colored star
symbols in each spectra show the peaks which are followed with different pressure range.
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The sub-cell, which characterizes the lateral packing of >CH; groups, are also triclinic.
N-hexane crystal structure is similar to that of n-heptane [40, 41]. Several dynamic
mixtures of distinct conformations including straight chain all-trans isomer and kinked
chain conformers with up to three gauche bonds will exist in the pure liquid n-hexane.
The conformers contribution to the n-hexane at ambient conditions are approximately
30% — TTT, 35% — TTG, 15% — TGT, 15% — GGT and 5% — GGG [42, 43]. Among
these conformers, TTT, TTG and TGT conformers have strong features in Raman
spectra. Therefore these conformers have been studied in detail in this chapter.

The Raman spectra of n-hexane at ambient condition and high
pressures are shown in the Fig. 3.10. The liquid phase Raman spectra of n-hexane agrees
very well with previous reports [28, 42-44]. Due to the high Rayleigh background, it was
not possible to observe the low frequency modes below 300 cm™. The observed Raman
modes of n-hexane at ambient conditions can be classified into: (a) longitudinal acoustic
mode (LAM or C-C-C angle bending mode), (b) methyl rocking mode, (c) C-C skeletal
stretching modes, (d) methylene and methyl bending modes and (e) poly methylene and
methyl stretching modes. In the presence of the predominant first order diamond peak,
we were not able to resolve the peaks around 1332 cm™ region. Changes in the Raman
mode behavior as well as intensity behavior with pressure are a good indicator of a
possible phase transition. The pressure dependency of various Raman modes and their
intensity of n-hexane have plotted in Figures (3.11-3.15). In Table 3.2, we have tabulated
the individual modes and its pressure derivative (dw/dP) at representative pressure for
each phase. The mode assignment was based on Refs. [42-49]. We observe a liquid—
solid transition around 1.4 GPa. Since the liquid to solid transition has already been
reported [28] we restrict our discussion to the condensed phase of n-hexane. To the best
of our knowledge, this is the first report on high pressure Raman studies on n-hexane
above 3 GPa.
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TABLE 3.2. Frequency (») of the Raman modes of n-hexane and its pressure derivative
(do/dP) observed in different phases are shown below. Their mode assignments are
given based on Refs. [42-49].

Phase I (1 GPa) Phase II (>1.4 GPa) Phase III (>9.1 GPa)
Mode assignment
o(cm™) | do/dP | o(m’) | do/dP | o (cmM) do/dP

328 33 335 5.5 LAM C-C-C angle
bending

908 75 915 1.8 Methyl rocking mode

' (GTT)

1075 4.8 1081 3.5 Skeletal C-C stretching
(TTG +TGT)

1146 3.6 1152 2.9 1173 28 CHz Rocking (TTT) + C-C

' stretching (TGT)

1445 3.8 1436 4.7 1472 2.8 Asymmetric CH, and CH3
bending

1446 0.2 1453 3.9 1482 2.3 CH, Rocking (TTT)
CHj; deformation

1465 | 44 1474 18 1485 1.9 (TTT+TTG) and CH,
Scissoring (TGT)
Symmetric (CHy),

2872 4.0 2880 10.4 2964 5.9 Stretching(TTT)
Symmetric (CH,),

2902 9.9 2913 8.5 2968 5.8 stretching(TTT)
Symmetric (CH,),

2923 2.6 2929 8.4 3008 6.0 stretching (TGT)
In—plane asymmetric

2946 3.1 2952 8.3 3020 5.2 methyl stretching (TTT)
Out of plane asymmetric

2917 11.3 methyl stretching (GTT)

Asymmetric C—H methyl

2992 20.0 2993 11.8 3069 4.3 stretching (TTT)

67



(i) LAM (C-C-C angle bending mode)
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Figure 3.11. The Raman modes of (a) LAM and (b) Methyl Rocking region as a function
of pressure. The solid lines through the data points are the linear fit to the data.

The low frequency Raman modes depends on the number of molecules per unit cell.
Since the even paraffin starting from CgHy4 to C24Hs4 has only one molecule per unit cell,
they have the smallest number of Raman bands in the low frequency region [40]. The low
frequency modes are very weak in the liquid phase in the case of both Raman and IR
spectra. This coupled with huge Rayleigh background made it difficult to observe any
modes below 300 cm™. The bending and torsional modes appear in the region 200-600
cm™ which overlaps with LAM at 328 cm™ and other external modes. We observe only
the LAM (328 cm™) in our experiment. This mode is called an accordion mode due to its
in—phase expansion and contraction of the C-C-C bend angle [50, 51]. The frequency of
this mode is inversely proportional to the length of the chain [52]. In the case of n-
hexane, this mode is related to GTT conformation (where G stands for gauche and T
stands for trans) [42-43, 45]. As shown in Fig. 3.11(a), there is an abrupt change in the
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frequency of this mode around 1.4 GPa. This is due to the liquid—solid transition
reported earlier [28]. This mode disappears beyond 9.1 GPa. This could signify the onset

of a phase transition and will be discussed later.

(i) Methyl Rocking mode

The well resolved mode at 908 cm™ is associated with a single gauche
conformation (GTT) [42-43, 45]. Figure 3.11(b) shows the pressure dependence of this
mode. This mode is related to —CH3 end group, hence has an importance in chain packing
and conformational randomness in the solid phase [53]. There is a considerable change
near the crystallization pressure at 1.4 GPa as shown in Fig, 3.11 and Table 3.2. Beyond
the crystallization, this mode has a positive dw/dP. At higher pressure the intensity
reduces and gradually disappears beyond 9.1 GPa. This could be an onset of a phase

transition and is discussed later.

(i) Skeletal C—C stretching region (1050 — 1200 cm™)
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Figure 3.12. Raman modes of skeletal C-C stretching modes (a) TTG + TGT, (b) TTT +
TGT conformers as a function of pressure. The solid lines are the linear fit to the data.
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In the condensed state the chain packing is reflected by the carbon back-bone
skeletal stretching mode behavior as a function of pressure. Figure 3.12 shows the
pressure dependence of these modes. These modes occupy the spectral region 1050 —
1200 cm™. In the case of n-hexane, the mode at 1075 cm™ has contribution from both
skeletal C-C stretching TTG and TGT isomers. The mode at 1146 cm™ originates from
—CHj; rocking (TTT) and C-C stretching (TGT) conformers [43, 45]. These modes
become sharp and distinguishable beyond 1.4 GPa as a result of periodic arrangement of
the molecules upon crystallization. Beyond this pressure both these modes (1075 and
1146 Cm'l) show a positive do/dP up to 9.1 GPa. As shown in Fig. 3.12 (a), the mode
which has only gauche conformers, namely, 1075 cm™ mode disappears beyond 9.1 GPa
in comparison with the mode associated with the trans conformers (1146 cm™ mode),
which persists up to 16 GPa as shown in Fig. 3.12 (b).

1(2872)/1(2923)

1(1147)/1(1074)

Pressure (GPa)

Figure 3.13. The intensity ratio (a) li146/l107s and (b) lag72/l2923 Of trans and gauche
conformational isomer of n-hexane are plotted as a function of pressure. The solid lines
are the linear fit to the data.
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It is relevant to know about the intensity variation of these modes with pressure since it
reflects the population of trans and gauche conformers in n-hexane in any phase. Figure
3.13 (a) shows the intensity ratio of 1146 cm™ and 1075 cm™ mode. The intensity ratio
(l11246/11075) suggests an increase in all-trans conformers with some gauche conformers
still persisting above crystallization [46-48]. At 9.1 GPa, the gauche conformers seize to
exist. This point with high frequency mode intensity shown in fig 3.13 (b) and its

implication on the possible phase transition will be discussed later.

(iv) Methylene and Methyl bending region (1400 — 1500 cm™)
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Figure 3.14. Raman modes of (a) asymmetric >CH, and —CHj3 bending, (b) >CH,
Rocking (TTT) and (¢) —CHj3 deformation (TTT + TTG) and >CH, scissoring (TGT) as a
function of pressure. The solid lines are the linear fit to the data.

The >CH; and —CH3 bending mode region in n-alkane is around 1400-

1500 cm™ and Fig. 3.14 shows its pressure dependence. In the case of n-hexane, the
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modes at 1445, 1446 and 1465 cm™ are associated with asymmetric >CH, and —~CHs
bending, >CH, Rocking (TTT) and the contribution from —CHj3 deformation (TTT+TTG)
and >CH, scissoring (TGT) respectively [43, 45]. These modes show a strong
dependence on pressure and have a large positive do/dP as shown in Table 3.2. These
modes persist up to the highest pressure but show a change in slope at 9.1 GPa suggesting
a possible phase transition. The behavior of the bending modes of n-hexane is similar to

that observed in the case of n-heptane.
(v) Poly methylene and methyl stretching region
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Figure 3.15. (a) (CH,), and (b) —CH3 stretching modes as a function of pressure. The
solid lines are the linear fit to the data.

The C-H stretching region is influenced by large intra-molecular interaction
and interaction between symmetric C-H stretching fundamental and the overtone of the

>CH, scissor mode. These bunch of modes around 2800-3100 cm™ play a key role in the
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conformational chain packing at higher pressure. These modes have been classified into
two categories [40,43,45] Symmetric methylene stretching region comprising of three
bands; a) sharp band at 2872 cm™ (TTT), b) broad band at 2902 cm™ (TTT) and c) a
shoulder near 2923 cm™(TGT). Methyl stretching region involves another three modes: a)
in-plane asymmetric methyl stretching (TTT) at 2946 cm™, b) out of plane asymmetric
methyl stretching (GTT) at 2977 cm-1 and c) asymmetric C-H stretching of CH3 (TTT) at
2992 cm™. Figure 3.15 shows the pressure dependence of these modes and their dw/dP
values are given in Table 3.2. Large changes around 1.4 GPa is a result of the liquid—

solid transition [28].

There is a considerable mode broadening as well as changes in their intensity
ratio around 9.1 GPa as shown in Fig. 3.13 (b) [54]. This observation suggests a possible
phase transition in n-hexane around 9.1 GPa. As is true in n-alkanes, upon crystallization
the n-alkanes retain some amount of gauche conformers. In the case of n-hexane, like n-
heptane in the solid phase we observe the presence of gauche conformers. This is
confirmed by appearance of 2977 cm™ (GTT) mode beyond solidification. This mode is
not well resolved in the liquid phase of n-hexane. (See Figure 3.10.c) Above 9.1 GPa we
observe an increase in trans conformer, since the lxg7o/la023 (TTT/TGT) ratio shows a

steep increase as shown in Fig. 3.13 (b)

73



3.4.3. n-pentane
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Figure 3.16. Raman spectra of n-pentane recorded at ambient conditions and at high
pressures. For clarity, the spectra have been divided into two regions: (a) 300-1500 cm™
and (b) 2700-3200 cm™. The 1200-1400 cm™ region is dominated by diamond first-order
peak and has not been shown.

Figure 3.16 (a-b) shows the Raman spectra of n-pentane at ambient and high pressures.
Due to high Rayleigh background, we are unable to clearly observe any low-frequency
mode below 300 cm™. The Raman mode frequency (w), its pressure derivative (dw/dP),

and the Raman mode assignments are listed in Table 3.3.
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TABLE 3.3. Frequency (w) of the Raman modes of n-pentane and its pressure
derivative (dw /dP) observed in the various phases

P h“é‘l:,i )(1‘9 Phase Il (>3.0 GPa) | Phase III (>12.3 GPa)
Mode assignment
() -1 -1
(em™) do/dP | o (cm™) do/dP o (cm™) do/dP
444 54 LAI\/! C-C-Cangle
bending
Methyl rocking mode
894 3.4 (GG)
All-trans Skeletal C-
1065 55 C stretching
Skeletal C-C
1092 1.7 1093 3.4 stretching with
gauche defect
All trans Skeletal C-
1157 2.9 1162 15 C stretching
1460 3.6 1495 0.4 CH,and CHjs bending
1450 | 5.1 1473 5.0 1526 1.1 Symmetric out of
plane CH3 bending
Symmetric (CH,),
2867 15.4 2890 9.6 2979 3.2 stretching(TT)
Symmetric (CH,),
2897 0.1 2932 6.2 3006 6.3 stretching(TG)
Symmetric (CH,),
2924 32.2 2961 7.5 3016 3.4 stretching (TG)
In—plane asymmetric
methyl stretching
2934 4.3 2971 7.4 3045 1.7 (TG)
Out of plane
2958 19.6 2996 9.0 asymmetric methyl
stretching (TT)
Asymmetric C-H
2993 154 3017 9.9 methyl stretching
am

At around 3.0 GPa, we observe appearance of new modes as well as a
sharp change in the Raman mode frequencies of n-pentane. This is the onset of the liquid-
to-solid transition. We will not discuss this transition any further since it has already been
reported earlier [55-57]. In the solid phase, n-pentane crystallizes in an orthorhombic

crystal structure with four molecules in the unit cell [40]. The structure of the n-pentane
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is completely different from other paraffin as the molecular long axes are not parallel to
each other. We have classified the Raman modes observed in n-pentane into (1)
longitudinal acoustic mode LAM, (2) methyl rocking mode, (3) C-C skeletal stretching
region (1050-1150 cm™), (4) CH, and CHs bending (1400-1500 cm™), and (5) (CH,), and
CHj stretching (2800-3100 cm™).

(i) LAM (C-C-C Angle Bending)
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Figure 3.17. The Raman modes associated with (a) LAM and (b) Methyl Rocking region
as a function of pressure. The solid lines through the data points are the linear fit to the
data.

The LAM of n-alkanes is rather weak in the liquid phase in both infrared and
Raman spectra [58]. In n-pentane, we could not observe the low frequency mode below
300 cm™ in the liquid as well as solid phase because of the presence of a large Rayleigh
background. The torsional and bending modes exist in the region of 200-600 cm™. In the
solid phase, we observe a high-frequency LAM around 440 cm™. These are related to the
extension of the alkyl chains [50]. The LAM mode is associated with the C-C-C bond
angle expansion or contraction in phase and is also known as the “accordion mode” [51-

52]. It is mainly dependent on chain length and its frequency is inversely proportional to
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the length of the ordered chain. This mode appears above the liquid-solid transition.
Pressure behavior of LAM frequency is shown in Figure 3.17 a. Its disappearance around

12.3 GPa could suggest a possible solid-solid transition, which will be discussed later.

(if) Methyl Rocking Region

The mode at 895 cm™ is related to methyl rocking with GG rotamers, [45] and
its pressure dependence is shown in Figure 3.17 b. It is particularly sensitive to
conformational randomness and motion of the local molecular state [53]. It is
significantly important in large alkanes, because it probes the order of the alkane chain
termini and is also sensitive to chain packing. In the present case, it appears in the solid
phase of n-pentane. From Figure 3.17 b, it is seen that the mode disappears above 12.3
GPa. A possible phase transition at 12.3 GPa could be the origin for the disappearance

(discussed later).

(iii) Skeletal C-C Stretching Region (1050-1200 cm™)
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Figure 3.18. Raman modes associated with skeletal C-C stretching modes (a) TT, (b)
TG, and (c) TT conformers as a function of pressure. The solid lines are the linear fit to
the data.
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The region 1050-1200 cm™ is related to the Raman modes associated with these
conformers, and Figure 3.18 shows their pressure dependence. The Raman modes
associated with the all-trans conformation are 1060 and 1130 cm™, where 1090 cm™ is
related to globular gauche conformation [46-47, 59]. Figure 3.19 shows these two

conformers in n-pentane.

(a) (0)

The Figure 3.19 shows schematic representation of (a) all-trams, (b)end gauche

conformation for n—pentane respectively [46-49, 59-60].

A strong 1090 cm™ Raman mode in the liquid state suggests that large numbers of gauche
rotamers are present in the liquid state. The appearance of 1060 cm™ mode and increase
in intensity of the 1130 cm™ mode suggest that n-pentane in the condensed phase prefers

to be in all-trans conformation.
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Figure 3.20. The intensity ratio (a) Ijj130/l1000 and (b) Dsso/lres of TT to TG
conformational isomer of n-pentane are plotted as a function of pressure. The solid lines
are the linear fit to the data.

Figure 3.20 a) shows the intensity ratio of l;130/l1090, Which is a representation of the
population of trans and gauche conformers [47-49, 60-62]. The l;130/l1090 intensity ratio
increases with increase in pressure suggesting an increase in TT (all-trans) population.
These modes cease to exist beyond 12.3 due to the phase transition around 12.3 GPa.
The discussions on gauche and trans conformer beyond this pressure will be now
discussed based on fig 3.20. b).

(iv) CH, and CHs Bending Region (1400-1500 cm™)

The mode 1455 cm™ is related to the CH, and CH3 bending while 1460 cm™
is related to the symmetric out-of-plane CH3; bending mode. Figure 3.21 shows the
Raman mode frequencies of these modes as a function of pressure. The pressure effects
on the bending region of the spectra in the solid state are mainly due to relative changes

in the conformational isomers [48]. These modes persist up to 16 GPa which is
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Figure 3.21. (a) CH, and CHj; bending and (b) symmetric out-of-plane CH3; bending
modes as a function of pressure. The solid lines are the linear fit to the data.

similar to n-heptane. There is a distinct change in the mode frequency of these modes
beyond 12.3 GPa, and they become stiff beyond 12.3 GPa.

(v) (CH.), and CHjs Stretching Region (2800-3100 cm™)
There are a bunch of modes appearing in the region 2800-3100 cm™, which are
related to polymethylene stretching. These modes have a strong dependence on chain

length of the hydrocarbon.
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Figure 3.22. (a) (CH), and (b) CH3 stretching modes as a function of pressure. The solid
lines are the linear fit to the data.

Figure 3.22 shows the pressure dependence of these modes. The symmetric
methylene stretching mode involves three bands: (a) a narrower band at 2850 cm™ (TT),
(b) a broadband at 2880 cm™ (TG), and (c) a shoulder near 2922 cm™ (TG) [45, 49]. The
mode at 2940 cm™ (TG) is related to in-plane asymmetric methyl stretching, the mode at
2950 cm™ (TT) is related to out-of-plane asymmetric CHs stretching, and the mode at
2980 cm™ (TT) is due to asymmetric C-H stretching of CH3 (skeletal plane mode) [45,
62].
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Figure 3.23. show schematic representation of (a) symmetric (d") and (b) anti-
symmetric (d') methylene stretching respectively [49].

These modes are sensitive to alkyl chain conformation and chain packing
arrangement [28, 63]. The changes in the Raman spectra in this region around 12.3 GPa
suggest a possible phase transition because of conformational changes. We have plotted
the relative intensity ratio of 2850 cm™ and 2922 cm™ mode (I2gs0/l2922) in Figure 3.20 b),
which gives the populations of the two conformational isomers [54, 62]. There is a
monotonous increase in this ratio in the solid phase between 3.0 and 12.3 GPa suggesting
an increase in all-trans conformation population in this region. Beyond 12.3 GPa, this
ratio starts to decrease. This is interesting and could mean an increase in gauche
population. To the best of our knowledge, we do not know of any other system which
shows an increase in the gauche population with an increase in pressure. We propose a
possible way this could happen in n-pentane, the affect of this on n-pentane and the
resulting phase transition. This will be discussed in comparison with n-heptane and n-

hexane.
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3.5. Discussion

In the case of molecular solid, the Raman spectrum is sensitive to the
changes in the inter- and intra-molecular vibrations because of conformations. The
application of pressure on liquid n-alkane increases the inter-molecular potential through
increase in van der Waal forces and increase in intra-molecular potential because of
decrease in bond distance as a result of the decrease in volume. Based on the results of
the high pressure Raman studies on n-heptane, n-hexane and n-pentane, we observe that
the liquid to solid transition is similar to earlier report [4, 11, 25-28]. The transition
pressure for both n-heptane and n-hexane occur at around the similar pressure range, but
in the case of pentane it occurs at a higher pressure. This is important because n-pentane
due to its small size is able to retain its mobility at higher compaction. This is also the
reason why n-pentane crystallizes differently from higher alkanes. All the n-alkanes
studied in this chapter exhibit a solid to solid transition with increasing pressure. The
transition pressure decreases with increasing chain length namely, 7.5 GPa for n-heptane,
9.1 GPa for n-hexane and 12.3 GPa for n-pentane. The decrease in transition pressure
with increase in chain length is an expected one. As the chain length increases, the steric
interferences increase at relatively low pressures or decreasing volume, leading to the
phase transition.

Based on the Raman mode behaviors discussed in the earlier section, we suggest
that at lower volume, the n-alkanes studied in this chapter, due to the molecules being
linear chains pack closely perpendicular to the chain length at first. Result of this is an
increase in trans configuration at the expense of gauche conformation. It is well known
that when n-alkane solidifies, the molecules prefer to retain gauche conformation. But in
reduced volume, gauche conformation increases steric hinderances, leading to more trans
conformation. This observation is supported by the changes in intensities of the Raman
modes related to gauche and trans conformers [see figures 3.13, 3.20]. As the pressure is
increased further the volume reduction is achieved by decrease in distances between
molecules along the chain length. In liquid and in the solid phase, the CH3 end group of
n-alkane is free to rotate and these lead to the rotational and torsional modes associated
with CH3; end groups in Raman spectra of n-alkanes. W.ith increase in pressure the

execution of these vibrations tend to be hindered. Hence one should expect a dampening
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of these modes at higher pressure. This was observed in the MD simulation work of
Krishnan et al [26] on n-heptane. Upon further increasing pressure, these modes freeze.
The freezing of the CHj5 torsional modes are observed in n-alkanes studied in this chapter,
deduced from the disappearance of these modes in their respective Raman spectra.

The freezing of CH3 end group, which is tetrahedral in coordination, could
introduce disorder at higher pressure. Since rotational degree of freedom of CH3; end
group gives the crystal a higher ordering at low pressure, phase Il could be called an
orientationally ordered state. Upon freezing, the phase Il could be called an
orientationally disordered state. So in each of n-heptane, n-hexane and n-pentane the
solid to solid state is an orientational order-disorder transition driven by freezing of CH3
end group. The structure of n-alkane would have no or very little change and hence the
transition is second order in nature. This is corroborated by the behavior of CH; and CH3
stretching modes, CH, and CHj3 bending modes etc. All these modes remain even at
higher pressure and show only a slope change (dw/dP) across the orientational order-
disorder transition. The slope changes are mainly due to the increase in the stiffness of
the bonds or execution of the vibration due to increased steric hindrances in the high
pressure phase (phase I11). This would lead to a lower value of dw/dP as shown by Table
(3.1-3.3).

In the case of both n-heptane and n-hexane, the high pressure phase (phase
I11) has the molecule in an all trans conformation. But in the case of n-pentane, we find
that phase Il has an increase in gauche conformation. This is an interesting observation,
as at higher pressures per every system a trans conformation is the lowest energy
conformation. We relate this analogy to the small size of the carbon chain and n-pentane
being the first mid chain alkane which is a liquid. It is also worth pointing out here that
n-pentane tends to solidify with the chain being non parallel (a percentage of them) [64].
It is important to note that as in the case of n-heptane and n-hexane an increase of
pressure leads to an increase in trans conformation at the transition, where the CH3 end
groups freeze. Since the n-pentane retains a non parallel chain packing due to its small
size [65] helps the n-pentane to have an end gauche conformation to reduce steric

hindrance.
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On the basis of the symmetry operations, one can predict the chain
packing, and it has been shown that in the case of crossed chain alkanes like n-pentane,
the density of van der Waal contacts between the chain rows is minimal which requires
end gauche conformation in its crystal structure [66]. A similar argument could be used
for n-pentane at high pressures where the gauche conformers help in better packing in
high density condition leading to a disordered phase above 12.3 GPa. High-pressure
Brillouin studies on 1:1 pentane/isopentane up to 12 GPa, which is used as a hydrostatic
medium in high-pressure experiments, shows a glass transition around 7 GPa [67]. This

suggests that n-pentane could develop disorder at higher pressure.

' Y¥

Figure 3.24. The schematic representation of possible n-pentane molecular arrangement
at pressures (a) below and (b) above the transition pressure of 12.3 GPa.

Figure 3.24. shows the schematic representation of the n-pentane at pressures a) below
and b) above the transition pressure of 12.3 GPa. In this schematic, we suggest that the
gauche defects are mostly end gauche and are associated with those molecules which are
not aligned parallel to the long axis in the low-pressure phase. This could lead to a very
small reduction in volume. It has been seen from our experiments that the sample does
not show any large change in volume across this transition, since we do not observe any
micro cracks in the sample. It has been seen in the NMR studies on n-pentane that in the
temperature region 70-143.4 K the second moments of the absorption lines were found to
be smaller than the computed rigid lattice values throughout the temperature range. It has

been suggested that the lower value is achieved by the reorientation of the methyl group
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at the end of each molecule about the adjacent C-C bond [65]. This could mean that
molecular rearrangements at the end of the molecule are possible in n-pentane in the solid
form. Thus we suggest that in n-pentane, we expect a fraction of the TG conformation in
the all-trans conformation by molecular rearrangement above 12.3 GPa [65].
Additionally, using valence force field calculations, Snyder has calculated the vibrational
frequencies of n-pentane at 143 K temperature and has found six bands associated with
the molecule in GG state [45]. This again suggests that n-pentane unlike other n-alkanes
tends to have end gauche configuration for effective packing.

3.6. Conclusions

In conclusion, we observe a solid-solid transition in all the mid chain n-
alkanes. We have studied their change in intra-molecular vibrational behavior as a
function of pressure. Upon application of pressure all the n-alkanes in the present case
showed a large change in their torsional mode associated with methyl end groups. The
close packing of these n-alkanes leads to freezing of the methyl end groups leading to a
solid-solid transition which is characterized an orientationally order-disorder transition.
The transition pressure decreases with increase in chain length which is an expected one.
The most interesting observation is that unlike normal n-alkanes, in n-pentane dense
packing introduces end gauche conformation in the disordered phase. This could be
related to the difference in their crystal structure in the solid phase as well as the chain
length. The solid-solid transition observed in n-alkanes is second order in nature and

would involve no or very little volume change.
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CHAPTER-IV

High Pressure Raman Study of
Perfluorohexane and
Perfluoroheptane

This chapter constitutes the work will be published in

G. Kavitha and Chandrabhas Narayana
Journal of Physical Chemistry B submitted (2007).
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4.1. Motivation

In recent years, the interesting topic which draws every one’s attention is the
molecular orientation of simple hydrocarbons and perfluorocarbons at different high
pressure phases. Perfluorocarbons have analogous molecular structure to simple
hydrocarbons where all the hydrogen atoms are replaced by fluorine atoms [1]. The
industrial use is mainly linked to the electronic and computer industry [2-6] where the
bonding nature is important for the poly perfluoroethane to act as lubricant between
magnetic hard disks and heads. Though perfluorocarbons have variety of potential
applications in computer industry as lubricant, binary and ternary mixtures of liquid thin
films and obtaining plastic crystals from molecular solids and so on [7-9]. The number of
investigations on perfluorocarbons is very less. Temperature dependent vibrational
behavior of perfluorocarbons has been studied by Rey-Lafon and co-workers [10, 11].
Subjecting various types of matter to external pressure and utilizing Raman spectroscopic
technique as the diagnostic tool, one can obtain the valuable information like
intermolecular interaction, phase transition and structural changes. The existence of
solid—solid transition in short chain and long chain perfluorocarbons under temperature
has been reported earlier [12-15]. In spite of the properties like boiling point,
vaporization energy, dipole moments and electron polarizability of alkanes and
perfluoroalkanes being same [16, 17], their conformational properties are more complex
at the ordered and the disordered states due to perfluorocarbons helical nature. So it is
necessary to investigate the conformational characteristics and phase behavior of
perfluorocarbons with pressure to compare it with their hydrocarbon analogy. Due to this
reason, we have carried out high pressure Raman studies on medium chain
perfluorohexane and per- fluoroheptane till 12 GPa. We observe a liquid—solid transition
at 1.6 GPa and solid to solid transition at 8.2 GPa for perfluorohexane. In comparison a
liquid — solid transition at 1.3 GPa, and a solid-solid transitions at 3.0 GPa and at 7.0 GPa
is observed in the case of perfluoroheptane. The conformational and phase behavior at
different high pressure phases of these perfluorocarbons are discussed.
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4.2. Results

Though some of the perfluorocarbon’s properties are similar to simple
hydrocarbons, the structure is little bit different from hydrocarbons [21]. Figure 4.1(a-
b) shows the difference in molecular structure of hexane and perfluorohexane as a

representative. The perfluorocarbon adopt a helical structure due to greater van der Waals
(a) (b)

~17°
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Figure 4.1. show the molecular structure of (a) Hexane, (b) Perfluorohexane

radius of fluorine atom compared to hydrogen atom in alkanes. Since the van der Waals
radius of hydrogen atom is small, there will be lot of room for these atoms and they wont
be able to touch each other (see figure 4.1-a). But in the case of perfluorocarbon, the
atoms which are attached to the carbon back bone appeared to be over crowded due to
greater van der Waals radius of fluorine atom [22]. To overcome this problem, the
molecules adjust themselves with the rotation of the chain bonds to create distance
between the neighboring flourine atoms (see figure 4.1-b). Hence the helical structure.
Due to this reason, the back bone dihedral angles for the trans conformation are shifted

by about 17° from the true trans angle [23]. The pressure studies on the perfluorohexane
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and perfluoroheptane has performed up to a pressure of 12 GPa to investigate the

structure of rotational isomers as a function of pressure.
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Figure 4.2. Raman spectra of perfluorohexane recorded at ambient conditions and at
high pressures. For clarity the spectra has been divided into three regions (a) 100-600 cm®
! (b) 600-1000 cm™ and (c) 1000-1500 cm™. The 1200-1400 cm™ region is dominated
by diamond first-order peak and has not been shown.
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Figure (4.2&4.3) shows the Raman spectra in the spectral region (100 —
1500 cm™) for perfluorohexane and perfluoroheptane at ambient and high pressures. The
Rayleigh cut off for 180° back scattering was limited by the use of edge filter and
dichroic mirror to 100 cm™ and hence the spectrum starts at 100 cm™. The region around

1330 cm™ is dominated by diamond peak and hence has been deleted for clarity.

TABLE 4.1. Frequency (o) of the Raman modes of Perfluorohexane, and its pressure
derivative (dw/dP) observed in the various phases are shown below respectively. Their

mode assignments are also given based on Ref. [10-11, 24-30].

Phase II (>1.6 Phase III (>8.2
Phase I (0.5 GPa) GPa) GPa)
° ° do/dP ° Mode assignment
dw/dP dw/dP
(cm") (cm’l) (cm’l)
180 5.2 LAM C-C-C angle bending
295 9.0 298 5.5 330 3.8 CF, Wagging (TTT)
313 77 312 3.7 339 4.4 CF, Twisting (TTT)
327 0.2 332 7.5 CF, Twisting (TTT)
385 1.3 395 3.4 425 4.5 CF, Bending (TTT)
552 3.0 CF3; Rocking (TTT)
627 2.7 Asymmetric CF; bending
615 5.8 647 0.1 (TTT)
680 0.6 682 1.2 Chain Stretching (TTG)
726 2.7 Symmetric CF, stretching
719 0.8 747 4.8 (TTT)
769 2.6 Symmetric CF3stretching
768 3.6 792 2.7 (TTT)
995 35 CF; stretching and bending
(TTG)
1230 15 Asymmetric CF, stretching
1224 9.7 (TTG)
1388 3.8 Symmetric C-C stretching
1383 0.6 1413 3.8 (TTG)
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TABLE 4.2. Frequency (») of the Raman modes of Perfluoroheptane, and its pressure

derivative (dw/dP) observed in the various phases are shown below respectively. Their

mode assignments are also given based on Ref. [10-11, 24-30].

Phase I (>0.2
GPa)

Phase II (>1.3
GPa)

Phase III (>3.0
GPa)

Phase IV (>7.0
GPa)

[0) do/

(ecm™) dp

® do/

(ecm™) dp

®
do/dP
(cm™)

®
do/dP
(cm™)

Mode
assignment

152 7.9

167 3.8

LAM C-C-C
angle bending

310 4.3

307 1.8

310 1.8

314 2.5

CF, Twisting
(TTTT)

349 -5.5

361 3.7

367 3.7

CF, Rocking
(TTTT)

388 3.5

396 3.5

401 3.5

415 4.7

CF, Bending
(TTTT)

550 1.4

552 1.4

CF3 Bending
(TTTT)

627 3.3

631 3.3

641 2.6

Out of plane
CF3 Bending
(TTTT)

647 -5.2

651 1.7

655 15

Chain
Stretching
(TTTG)-regular
helix

719 3.3

733 3.4

736 3.4

750 2.9

Symmetric CF,
stretching
(TTTT)

755 4.0

765 24

769 2.4

782 3.8

Symmetric CF3
stretching
(TTTT)

914 8.8

927 13.0

946 0.5

CF; stretching
and bending
(TTGT)

1006 1.7

CF; stretching
and bending
(TTTG)

1236 -5.3

1231 3.9

Asymmetric
CF; stretching
(TTGT)

1372

1388 4.0

Symmetric C-C
stretching
(TTTG)
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The Raman spectra of perfluorohexane and perfluoroheptane have been
compared with earlier reports [10-11, 24-30] and the mode assignments have been
tabulated in Table 4.1&4.2. The modes observed can be clarified broadly into 3
catogories. 1) Low frequency modes or Longitudinal Acoustic Mode (LAM) (150-190
cm™), 2) Twisting, bending and wagging modes of CF, & CF; (350-620 cm™) and 3)
stretching modes of CF, and CF3 (700-1500 cm™). The bending, (twisting and wagging
included) and stretching modes are having influence of gauche and trans conformation of
the carbon back bone. And have been identified in Table 4.1&4.2. It is important to note
that unlike hydrocarbons described in chapter 3, perfluorocarbons do not have a large
number of gauche conformers. This is due to the helical nature. It is important to note
that unlike their hydrocarbon analogs perfluorocarbons have only one gauche defect per
chain for mid-chain hydrocarbon and as the chain length increases the mid gauche defect

appears. Compare perfluorohexane and perfluoroheptane (Table 4.1&4.2)

4.2.1. Longitudinal Acoustic Mode (LAM — C-C-C- Angle Bending)

The LAMs are related to the in-phase C-C-C bond angle expansion and
contraction which is also known as accordian the mode. Like in n-alkanes, the property
of this mode depends on the length of the chain [31-32]. Due to the Rayleigh cutoff (100
cm™), it is difficult to get all the low frequency modes for perfluorocarbon and restrict
our discussion to these LAM modes. This mode seems to be very weak in liquid phase
which is consistent with our results on alkanes described in chapter 111 [33-34]. We have
been unable to follow LAM modes in liquid phase, but when the sample solidifies, the
mode becomes intense and sharp. The LAM shifts to lower frequency with increase in
chain length. Hence we observe LAM at 180 cm™ for CgFs and 152 cm™ for C;Fas.

This evolution is characteristic of C-C-C angle bending mode [10-11, 35].
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Figure 4.4. LAM mode as a function of pressure for (a) perfluorohexane and (b)
perfluoroheptane. The solid lines through the data points are the linear fit to the data.
The red color arrow indicate a possible phase transition for perfluoroheptane

The LAM mode behavior as function of pressure is shown in figure 4.4(a,b).
As the pressure is increasd the mode hardens (increases in frequency). With increase in
pressure bonds stiffen, hence the vibrational frequency increases. Since LAM involves
all the carbon skeletal bonds the dw/dP is large. It is interesting to note that in the case of
C;F1s we observe a slope change around 3.0 GPa. This is important and we expect a
phase transition in C;Fy; at this pressure and will be discussed later. In both cases at very
high pressures LAM modes disappear, 8.2 GPa in the case of C¢F14 and 7.0 GPa in the
case of C7Fs.

4.2.2. CF, Wagging and Twisting Region

The region 200-400 cm™ is populated with wagging and twisting modes of
CF; in perfluorocarbons. In the case of perfluorohexane, the CF, wagging mode is
associated with 295 cm™ mode where as the modes at 312 and 327 cm™ are due to CF,
twisting vibration. while in the case of perfluoroheptane, there are only two modes in the
region at 310 and 349 cm™ associated with CF, twisting and rocking modes. These bands
are attributed to the stable all-trans conformational isomer in the liquid phase [10-11].
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These modes are unresolved and featureless in the liquid phase. But beyond 1.6 GPa for
perfluorohexane and 1.3 GPa for perfluoroheptane, they became sharp and well resolved
indicating a liquid-solid transition. Figure 4.5 shows the pressure dependence and the
vertical dashed lines signify the phase transitions due to the observed changes in Raman
spectra. As expected these modes harden with pressure. We do not see a major change

in mode behavior at 3.0 GPa in these modes associated with perfluoroheptane.
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Figure 4.5. Pressure dependence of CF, wagging and Twisting modes (a-c) for
perfluorohexane and (d-e) for perfluroheptane. The solid lines through the data points are
the linear least square fit to the data.

At high pressures we observe that the CF, twisting modes disappear for both
perfluoroalkanes due to the solid-solid transition around 8.2 GPa (CgF14) and 7.0 GPa
(C7F16).
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4.2.3. CF, and CF3 Bending and Rocking Modes
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Figure 4.6. Pressure dependence of CF, & CF; bending and rocking modes of (a-c) for
perfluorohexane and (d-f) for prefluoroheptane. The solid lines are the linear least square
fit to the data.

The Raman modes between 380 — 620 cm™ at ambient conditions are related
to CF, and CF; bending and rocking modes for a perfluorocarbons. These modes are
attributed to chain packing and it reveals the order of chain termini at high pressure phase
[36]. The 385, 552 and 617 cm™ (388, 544 and 613 cm™) modes are related to CF,
bending, CF3; rocking and CF; asymmetric bending vibration for perfluorohexane
(perfluoroheptane) [37]. Pressure dependence of these modes is presented in fig 4.6. and
the vertical dashed line suggest the phase transition based on the changes in Raman

spectra at these pressures.
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It is important to note that these modes are associated with all trans
conformation. At 1.6 GPa (1.3 GPa) there is a change in frequency of these modes for
perfluorohexane (perfluroheptane) and reduction in their full width half maximum
(FWHM) suggesting a liquid to solid transition . Above 8.2 GPa for perfluorohexane and
7.0 GPa for perfluroheptane, the CF3; rocking mode disappear suggesting a solid-solid
transition which could be due to dense packing. Here too there is no major changes

around 3.0 GPa for perfluoroheptane.

4.2.4. CF, and CF;3 stretching modes
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Figure 4.7. CF; and CF; stretching Raman modes as function of pressure (a-d) for
perfluorohexane and (e-i) for perfluoroheptane. The solid lines are the linear least
square fit to the data. The red color arrow in the second panel shows a possible phase
transition.

The region between 700-1250 cm™ are populated with the modes related to

the chain conformation and the chain packing [33-34]. There are three Raman bands for
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perfluorohexane in this region which are a) 719 cm™ - symmetric CF, stretching (TTT),
b) 763 cm™ — symmetric CF3 stretching (TTT), ¢) 996 cm™ — CF; stretching and bending
(TTG) which splits into two at higher pressure. But for perfluoroheptane, there are four
modes observed in this region. They are (a) Symmetric CF; stretching (TTTT) at 719 cm’
! (b) Symmetric CF5 stretching (TTTT) at 755 cm™, (c) CFs stretching and bending
(TTGT) at 916 cm™, and (d) CFs stretching and bending (TTTG)-1006 cm™. A new
mode appears at 1236 cm™ related to Asymmetric CF, stretching (TTGT) in the solid
phase at the expense of of 1006 cm™ mode. These modes are not well resolved in the
liquid phase of perfluorocarbon. As per the figure 4.7 shows their pressure dependence
and the vertical dashed lines show the phase transiton based on change in Raman spectra.
The apperarnce of new modes at 1.6 GPa (1.3 GPa) for perfluorohexane
(perfluoroheptane) and change in slopes signify the liquid-solid transition in these
samples and their solid phase contains more than one conformer [10, 11]. The intensity
ratio l;63(TTT)/lge3(TTG) of the bands belonging to different conformers shows the
conformer population of different physical states of perfluorohexane [38].
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Figure 4.8. (a) The intensity ratio I763/logs and (b) I7s¢/lo;¢ of Trans to Gauche
conformational isomer of perfluorohexane and perfluoroheptane are plotted as a function
of pressure. The solid lines are the linear least square fit to the data.
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Figure 4.8 shows the intensity ratio of these modes for both perfluorocarbons.
Disappearance of gauche modes at high pressure makes it difficult to calculate the ratio
and signify the high pressure phase is all trans. It is important to point out here that the
mode 916 cm™ and 1236 cm™ are related to mid gauche defects in perfluoroheptane and
both these modes show a slope change around 3.0 GPa. Where as all the trans modes do
not show any change. This suggest that in perfluoroheptane, since there exist two types
of gauche defects, one mid chain and the other end gauche, there are two transition due to
these conformers becoming trans conformers and occur at different pressures. It is
intuitive to expect mid gauche to flip to all trans at lower pressure. In both
perfluorocarbon at higher pressures 8.2 GPa in C¢F14 and 7.0 GPa in C;Fy5 the end

gauche mode disappear suggesting highest pressure has all trans conformer.

4.2.5. Skeletal C - C stretching region
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Figure 4.9. Pressure dependence of skeletal C-C stretching mode (a-b) for

perfluorohexane and (c-d) for perfluoroheptane. The solid lines are the linear lease square
fit to the data. The red color arrow in the second panel shows the possible phase
transition.
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Figure 4.9. shows the pressure dependence of skeletal C-C stretching mode.
Like simple alkanes, these modes are conformational sensitive in perfluoroalkanes also
the modes at 678 (648 cm™) and 1383 (1372cm™) are attributed to the end gauche
conformers (TTG) in perfluorohexane (perfluoroheptane). These mode show a drastic
change around liquid to solid transiton like other modes. The disappearance of end
gauche modes at higher pressures again suggests that high pressure phase is an all trans
phase in both the perfluorocarbons. In condensed phase it has been seen that
perfluorohexane prefers to have a globular extended zig zag conformer [38]. In the case
of perfluoroheptane the 1372 cm™ mode shows a slight change in slope around 3.0 GPa.
We believe this could be due to presence of different gauche conformers associated with

this molecular vibration.

4.3. Discussions

Based on the pressure dependence of various Raman modes associated
with perfluorocarbons one can conclude that like their analogous hydrocarbons
perfluorocarbons transform from liquid to solid transiton at relatively low pressures
between 1-2 GPa. Also the solid phase formation depends on the chain length and the
transition pressure is inversely proportional to chain length like n-alkanes. But the liquid
to solid transition in both the analogs are similar [34]. At 1.6 GPa (1.3 GPa)
perfluorohexane (perfluoroheptane) transforms from liquid to solid. In the liquid phase
perfluorocarbons have all possible conformers which get frozen in the solid phase similar
to their analogous hydrocarbon [39-40]. Due to the helical native, the gauche conformers
are less in population, and multiple gauche defects in a single chain seldom occur.

The application of pressure causes two important phenomena in the
molecular system [36]. 1) Increase in inter-molecular potential through van der Waals
forces and 2) increase in intra-molecular potential through reduction in bond length. This
could lead to the reduction in the volume of molecular system in the high pressure phase.
Due to intermolecular interaction, it is expected that the large change will occur on
lattice, acoustic and librational modes with pressure. We observe only LAM C-C-C
angle bending and that too in the solid phase. This mode harden with pressure. The mode
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behavior is different in perfluoroheptane. There is a slope change near 3.0 GPa. Based
on the gauche conformer mode change discussed earlier, the C-C bond bending vibration
would be affected due to mid gauche conformational change. Thus we observe a change
in C-C LAM mode behavior at 3.0 GPa. Looking at the Raman mode behavior in the
solid phase, one can generalize that in the case of perfluorocarbon with increasing
pressure gauche conformer tend to transform to all trans form for better packing. In both
perfluorohexane and perfluoroheptane we observe that the highest pressure phase has
only all trans conformer vibrational modes. This leads to disappearance of the CF;
rocking modes (550 cm™). This is significant. This suggests that in the dense state there
is hindarance to CF; rotation similar to what was observed in n-alkanes.

Hence dense packing restricts end group rotation leading to an orientational
disordered phase. The two phase are structurally equivalent and hence would not show
any change until investigate carefully. Since perfluorocarbons are helical it is difficult to
expect multiple gauche conformers present on a single chain like n-hexane and n-
pentane. But on the chain length increases the probability of finding single gauche defects
in different position increase. Due to rigid back bone, perfluorocarbons would have
different conformational energies for presence of gauche conformer at different carbon
positions. Hence it is possible to expect the conversion to occur at different packing
fraction. This is the reason to observe the 3.0 GPa transition in perfluoroheptane. The
mid-gauche have a change in mode behavior at this pressure. It is interesting to spectulate
that as the chain length increases one would expect many more subtle transition before
the perfluorocarbons transform completely to an all trans conformation with frozen end
groups. This is quite different from the higher hydrocarbons. Similar observations have
been made in temperature dependent vibrational studies on perfluorocarbons [10, 11, 41].

4.4. Conclusions

In conclusion, high pressure Raman spectroscopic studies on perfluorohexane and
perfluoroheptane were performed up to 12 GPa. Perfluorocarbons undergo a liquid to
solid transition in the pressure range of 1-2 GPa. The solid phase has both the trans and
gauche conformers like hydrocarbon analogs. Due to the helicity, the number of gauche

conformers are less. Perfluorohexane solidifies at 1.6 GPa where as perfluoroheptane at
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1.3 GPa. Like their hydrocarbon analogs in the highest pressure phase the
perfluorocarbons prefers to stay in all-trans state. This supported by the disappearance of
all the gauche modes in the high pressure phase. In the densest phase, the
perfluorocarbons like n-alkanes have end group freezing which is shown by the
disappearance of CF3; rocking modes. The perfluorohexane transform to an all trans
phase at 8.2 GPa where as perfluoroheptane transforms at 7.0 GPa. Due to its rigid and
helical structure, perfluoroheptane shows two transitions when compared to
perfluorohexane. This is because the mid gauche conformation converts completely to
all trans well before the end gauche. Like n-alkanes, the transition pressure is inversely
proportional to the chain length in the case of perfluorocarbons too. We do not expect

any volume changes across the transition and expect it to be reconstructive transitions.
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CHAPTER-V

Low Temperature Brillouin Studies on
PbWO, and BaWO,

This chapter constitutes the work will be published in

G. Kavitha, Nandhini Garg, S.M. Sharma and Chandrabhas Narayana, Physical Review
B (submitted) 2008.
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5.1. Motivation

Recently, rare earth molybdates and tungstates materials have been actively
studied by scientist because of their pronounced acousto—optic applications and cryogenic
phonon scintillation detectors [1-3]. These materials can be doped with rare—earth ions.
Such doped crystals have great importance in current study of optical maser [4].
Isostructural divalent metal molybdates and tungstates are important host materials for a
variety of inorganic phosphors [5]. These materials are the host crystals for laser [6].
Structural phase transition, change in physical properties and spontaneous symmetry
breaking of perovskites and rare—earth molybdates have been actively investigated by
vibrational spectroscopy and neutron scattering spectroscopy [7-16]. Scheelite structured
tungstates and molybdates are the main focus of recent spectroscopic studies at high
temperature and high pressure, which exhibit several phase transitions [17]. However, it
is still little known on their acoustic properties and its temperature behavior. It is relevant
to study the similarities and differences among the structures belonging to the same type.
It might help to determine the factors involved in structure stability. Further the
influence of cation on the crystal structure can help in modeling the effect of impurities
on the physical properties [18]. The introduction of cationic impurities in the host crystal
can achieve the laser light emission at desired frequencies [19]. The impurity strongly
affects the emission properties of the crystal. Therefore the study of structural distortion
in cation coordination can provide useful information for crystal growth and better
understand of the fine structure of the emission lines [20].

To know about the nature of acoustic phonon behavior coupled with
electronic states, Brillouin spectroscopy could be used. Since defects in cationic sites
could have strong effect on the elastic properties signifies the phase transition [21, 22].
We have performed performed Brillouin studies on PbWO, and BawWO, as a function of
low temperature ranging from 20 K to 320 K. In PbWQ,, we observe a phase transition
around 180 K where as in the case of BaWQ,, we observe two phase transitions are at
240 K and the other at 130 K. The reason for the phase transitions are the basis for this
thesis.
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5.2. Materials and Experimental details

PbWOQ, crystal is grown in AT&T Bell laboratories, New Jersey as large
single crystals by Czochralski technique [23]. BaWO, was made by the standard solid
state route. Barium carbonate and tungsten oxide are mixed in their stochiometric ratios
and are finely ground together and then heated in a furnace. The PbWO, and BaWO,
crystals for Brillouin measurement has (001) plane. The EDAX and Powder XRD
measurement of PbWO, shows the excess Pb in the form of PbO, impurity. But in the
case of BaWO,, we found the WO3 impurity due to excess W in the system. Brillouin
scattering measurements were carried out using 180° back scattering geometry with an
incident angle of 45° with respect to surface normal. The sample was mounted in a
closed—cycle Helium Cryostat (CTI Cryogenic, USA). We used a temperature controller
with silicon diode sensor. Temperature stability with in £ 1 K was achieved during the
measurement. Spectra have been recorded in the temperature range 320 K to 20 K. To
perform Brillouin scattering, single mode vertically polarized Nd — YAG laser operated
at A = 532 nm with 50 mW power is used as a light source. The scattered light was
analyzed by using JRS Scientific instruments (3+3) pass tandem Fabry — Perot
interferometer [24] equipped with a photo — avalanche diode detector which has finesse
more than 100. Spectra reported in this work were recorded using a multi channel scaler
with 512 channels and the typical accumulations of 500 — 2000 passes were done with
0.768 sec per pass. The line-shape parameters-peak frequency and area under the curve
were extracted by a non-linear least square fitting of the data with a Lorentzian function,
along with an appropriate background.

5.3. Theory of Elastic Constants

PbWQO, and BaWO, crystallizes with the body centre tetragonal scheelite
structure having space group 14,/a. These compounds have four numbers of formula units
per crystallographic cell at ambient condition [25]. The elastic properties depend on the
orientation of the crystals. The elastic constant will give the internal properties of the
crystal [26]. The velocity propagation ‘v’ of elastic waves in crystalline solid is given by
the Cristoffel equation solution ( Tjk — djxpv®)ak = 0, Where Tk = % li Ii( Ciji + Cijic );

L,k I =1,23.; & = kronecker delta; and I; are the direction cosines of the direction of
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propagation. The non-trivial solution for the above equation can be obtained, if the | I'j;—
9 pv?| = 0 secular equation is satisfied [27]. The roots of above equation will give the
velocities of different waves propagated in a particular direction with in a solid. The
plane of the crystal and the elastic wave propagation direction are the two prerequisites to

calculate elastic constants. With the help of back — reflection Laue x — ray photograph,

Figure 5.1. Laue diffraction of pattern of BaWwQO,

the plane of PbWO, and BaWO, has been found as (001). Figure 5.1 shows the
representative Laue diffraction pattern of BawO,. The frequency measurement from
Brillouin shift allows the determination of the velocity propagation in the elastic waves.
The frequency shift of Brillouin line is given by Av/v =+ (Vs /c) (n? + né =2 n;
nsCos0)? where Av - acoustic phonon frequency, v -frequency of incident light, Vs —
sound velocity of scattered phonon, ¢ — light velocity, n; ns — incident and scattered light
refractive index, 6 - light scattering angle [28]. The sound velocity of the acoustic
phonon is related to the elastic moduli Cj; through Vs = \(X/p) where p is the density of
crystal and X is the appropriate combination of elastic constants C;; obtained by solving
the equation of motion for a specific propagation direction. The calculation of elastic
constants have been obtained for tetragonal crystal classes 4mm, 422, 42m, 4/mmm using
above relation [29-31] and listed in Table 5.1 for certain direction of propagation.
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TABLE 5.1 Relation between Elastic constants and sound velocity

Direction cosines of Polarization Elastic
propagation vector Mode direction Velocity constants
Pure
0,0,1 longitudinal [001] vy Cys=pvs
0,0,1 Pure shear [100] v, Cas = pv7°
5.4. Results

Figure 5.1 shows, the polarization dependent Brillouin spectra of PoWO, and
BaWOQ, at ambient conditions. The high frequency mode at 28 GHz is a longitudinal
acoustic (LA) mode, mode at 11 GHz is the transverse acoustic (TA) mode and the 14
GHz is a acoustic phonon mode due to PbO, impurity. Similarly, for BaWQy,, the high
frequency mode at 26 GHz is LA mode and the mode at 10 GHz is TA mode of BaWO,
and another sharp mode at 13 GHz is related to the WO3 impurity. The Brillouin
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Figure 5.2. shows Polarization dependent Brillouin Spectra of a) PbWO, and b) BawO,
at ambient conditions. The blue color star symbol indicates the modes due to impurity
for both the compounds.

spectra of PbWQO, and BaWOQ, at different temperature are shown fig. 5.3. It is clear
from the fig. 5.3. that the impurity modes ( namely 14 GHz and 13 GHz) for both PbWQO,
and BaWQy,, are not affected by the temperature.
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Figure 5.3. Shows low temperature Brillouin Spectra of a) PbWO, and b) BawO, The
blue color star symbol indicates the modes due to impurity for both the compounds.
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Figure 5.4. shows temperature dependence of the a) TA mode frequency, b) FWHM for
PbWQO,. and c) TA mode frequency, d) FWHM for BawO,, Solid symbol represent
cooling cycle and open symbol represent heating cycle. Solid line shows linear fit to the
data. Vertical dotted line shows the phase transitions.
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Figure 5.4 shows the temperature depence of the TA mode frequency and
corresponding full width half maximum (FWHM) for both the tungstates. The TA mode
frequency increases with decrease in FWHM upon lowering the temperature. It is
important to note that in the case of BawWO,, we observe a change in slopoe at 240 K, but

no change in FWHM. It is necessary to look at the LA data and would be discussed later.
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Figure 5.5. shows temperature dependence of the a) LA mode frequency, b) FWHM for
PbWQO,. and c) LA mode frequency, d) FWHM for BaWwO,, Solid symbol represent
cooling cycle and open symbol represent heating cycle. Solid line shows linear fit to the
data. Vertical dotted line shows the phase transitions.

Figure 5.5 shows the temperature dependence of LA mode frequency and
corresponding FWHM for both PbWO, and BawWO,. in both the case the Brillouin
frequency increases with decrease in temperature. But the FWHM shows anomaly. At
very low temperature FWHM of LA mode increases. This is anomalous and is observed
in both the cases 180 K for PbWQO, and 130 K for BawQ,. In the case of BawQ,, we
find a discontinuity around 240 K in the mode frequency. It is interesting to note that we

do not observe no hystersis around 180 K or 130 K transition for the tungstates,
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suggesting the transition to be second order in nature. The significance of this transition

will be discussed later.

TABLE 5.2. The measurement of sound velocities and elastic moduli from pure LA and

TA modes of PbWO,.
Elastic
. . constants .
Velocity Velocity X101 Nm?2 Elastic
Displacement | Propagation m/sec m/sec . constants
ultrasonic
direction direction ultrasonic (present X10" Nm
measuremet
measuremet work) Ref (26) (present
Ref (26) work)
(0,0,2) (0,0,1) 3355 3472 C33=9.3 Cy3=10.4
(0,0,2) (1,0,0) 1732 1770 Cu=25 Cu=27

TABLE 5.3. The sound velocity and elastic constants of BawWQO,

Displacement Propagation Velocity Elastic constants for
direction direction m/sec BawoO,
(BaWO,) X10° Nm?
(present (present work)
work)
(0,0,2) (0,0,2) 3758 Cy3=9.1
(0,0,2) (1,0,0) 1879 Cuy=22

The room temperature elastic constants for both the compounds have been calculated as
discussed earler. This has good agreement with previous reports [26, 32]. The respective
velocities were calculated using the expression (532*Av)/2n*Sin(6/2) where Av —
Brillouin shift, n — refractive index, © - scattering angle. The refractive index [33] of
PbWO, used was 2.19 and that of BaWQ, is 1.84 [34].
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5.5. Discussion
LIU Ting-Yu etal have made theoretical calculations on the absorption
spectra corresponding to the electronic transitions in PbWO, [35]. The calculated results
indicate that the absorption band of the perfect PbWO, crystal does not occur in the
visible region. However, the PbWO, crystal containing vacancy in the Pb site Vp,> has
two additional absorption bands in visible region. The two bands can be well decomposed
into four Gaussian-shape bands peaking at 350 nm, 405 nm, 550nm and 670 nm
respectively, which coincide well with the 350 nm, 420 nm, 550 nm and 680 nm
absorption bands measured in PbWO, crystals. Therefore, it can be concluded that the
350 nm, 420 nm, 550 nm and 680 nm absorption bands are related to the existence of
Vpy? in the PbWO, crystal. Many reports have confirmed that it is difficult to get perfect
crystal experimentally and the defect is more important for having absorption bands in
the visible region. This is true in our case too. We observed PbO, impurities in PbWQ,
and WOj3 impurity BawQ,. The temperature dependent Raman studies tungstates show
no changes in the internal modes (WO,) but they do see some softening of the external
mode [36]. Since acoustic phonons are long wavelength phonons unlike Raman
vibrations, they are influenced by the network of atoms. Hence presence of impurity as
well as the change of environment around the impurity would greatly modulate the
acoustic phonons, hence we expect Brillouin spectra to be effected by the impurity.
In order to understand the differences in the behavior of BawO, and
PbWQ, at relatively higher temperature, let us look at the polarize spectra of these
tungstate shown in figure 5.2. The polarization spectra of PbWO, in figure 5.2 (a) show
all the modes disappear with crossed polarization which is expected. But in the case of
BaWO,, the LA mode persist in crossed polarization in figure 5.2.(b) this suggests that
there is a contribution from the excess WOz imprity to the LA mode. As one lowers the
temperature one would find the difference in the temperature dependence of the LA
modes due to the bulk and impurity. This is the reason for the 240 K transition in
BaWO,. Correspondingly we observe an influence on TA mode as well. Beyond 240 K
the behavior of BawQ, and PbWQ, are similar, hence we expect the reason to be same
for the low temperature transition. As one lowers the temperature, the volume contracts

around the vacancy we would observe large rearrangement. The disappearance of TA
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mode signifies that there the crystal tends towards an isotropic solid. This is also
associated with a slight increase in the FWHM of LA mode in both the cases. It is
important to note that the increase in FWHM means a change in life time of the phonon.
Since the vacancies are getting modulated, the electronic contribution are also getting
modulated. Since LA mode is influence by the vacancies, there is an increase in electron-
phonon coupling of the LA mode, leading to increase in lifetime and hence FWHM.

Such a transition is not structural in nature which is corroborated by the
fact that the transition is reversible without hystersis. These results emphasis the need to
look at the vacancies in cation sites and their implication on the applications of the
materials. According to figure 5.2 (a-b) shows that the acoustic modes for PbWO, and
BaWO, changes with lowering temperature but the modes due to impurities for both the
compounds do not see any changes with temperature. This has been marked with blue
color star symbol in the spectra. The increase in TA mode as well as their decrease in
FWHM with lowering temperature in figure 5.3 (i (a-b) & ii (a-b)) shows stiffening of the
bonds as well as the reduction of average spread in spring constant for both the
compounds. These modes seize to exist below 180 K and 130 K for PbWO, and BaWwO,
respectively. This could be due to contraction of WO, bonds with low temperature for
both compounds. According to LA mode behavior of PbWO, with temperature in figure
5.4(i-a), the mode frequency hardens with low temperature but around 180 K there is a
change in slope. The behavior of FWHM with temperature in figure 5.4 (i-b) shows
increase in line width below 180 K which is an anomalous behavior, this could be related
to changes in environment around Lead vacancy (Vp,>) due to contraction of the system
with low temperature. This involves changes in electronic states. Since acoustic modes
involve whole lattice vibration, there is a strong coupling between electronic states and
phonon states. This reflects the change in phonon life time below 180 K. But in the case
of BawQy,, the hardening of frequency as well as increase in FWHM with lowering
temperature in figure 5.4(ii (a-b)) could be related to decrease in penetration depth as a
result conductivity increases. So the WO3 impurity becomes more metallic. The sudden
discontinuity at 240 K could be related to disappearance of WO3 impurity in the system.
This phase transition is insensitive for x-ray because Brilouin spectroscopy has high

resolution as compared to x-ray. The change in slope of increase in FWHM at 130 K
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could be related to changes in environment around tungsten vacancy. This is related to
changes in electronic states in the system. Due to strong electron-phonon coupling, these
changes reflect in acoustic phonon modes with low temperature. As a result, there is an
anomalous behavior in FWHM with low temperature. This electronic phase transition
could be same as that of PbWO,. The reversibility of these modes clearly shows that this
phase transition is second order transition. This shows that there is no structural

transition for both the compounds.

5.6. Conclusion

In conclusion, we observe temperature induced phase transition for PbWO,
and BaWO, using Brillouin scattering. The phase transition in these tungstates is due to
changes in the environment around the cation vacancy Pb in the case of PoWO, and W in
BaWO,. The vacancy cannot be avoided in these crystals and are responsible for the
presence of absorption in the visible range. The acoustic modes are linked with these
electronic levels and hence show a strong electron-phonon interaction upon modulation
of these impurities with temperature. There is an increase of life time of the phonon due
to this. The transition is second order in nature and is observed at 130 K for BawO, and
180 K for PbWO,. The 240 K transition in BaWO, is due to WO; precipitation and since
their contribution is minimal to the Brillouin spectra, One can study these systems in the
presence of these impurities. It would be interesting to carry out temperature dependent
absorption studies of these materials to see the effect of strong electron-phonon

interaction.
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CHAPTER - VI

Temperature dependent Brillouin

scattering studies of AgGasS,

This chapter constitutes the work will be published in

G. Kavitha and Chandrabhas Narayana Physical Review B (submitted)
2008.
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6.1. Motivation

The silver thiogallate, AgGaS,, crystallizes in the chalcopyrite structure, and
belongs to I-111-VI, group of compounds. These have a very large nonlinear optical
coefficient making them interesting non linear optical materials. These are also direct
band gap materials with a band gap of 2.75 eV (blue) and have similar properties as the
binary I1-VI compounds with cubic sphalerite (zinc blende) structure [1]. Such materials
are technologically important as they posses large linear coefficients and have properties
such as wide transparency range, fast response and high damage threshold. Non-linear
optic materials typically have a distinct crystal structure, which anisotropic with respect
to electromagnetic radiation. However, being a ternary compounds having a non-cubic
structure widens the possible range of application in the solar cell, light emitting diode
(LED) [2]. In addition, the chalcopyrites, being uniaxial have birefringence and hence
allow phase matching possibilities which are not available in isotropic GaAs. This
compound has been used to generate tunable radiation from 4.6 to 12 um [3]. AgGaS;
has been phase-matched for second harmonic generation at 10.6 um using a CO; laser.
The non-linear devices for which silver thiogallate may be useful include optical
parametric oscillators; sum and difference mixing of a fixed wave length laser. The
difference mixing using a CO, laser and the spin-flip Raman laser should have a range
which essentially covers the whole spectral region from zero wave number to a wave
number determined by excessive lattice vibrational absorption. In practice a useful range
could be from 100pum - 1000um [4]. Due to the interesting applications and other
inherent properties of these materials, it is essential to understand the temperature
stability of the physical properties of AgGaS,. Earlier temperature dependent Xx-ray
studies did not reveal any changes in the lattice parameter [5], eventhough the reflectance
studies showed changes in the bandgap at low temperature [6]. The advantage of
Brillouin studies is that along with acoustic phonon studies, it can be used to study optical
constants of the material. We have carried out Brillouin scattering studies on AgGaS; in
the temperature range 20K to 300K. We observe a strong electron-phonon coupling

between the acoustic modes which modulates the acoustic mode frequency 10 to 15%.

121



6.2. Chalcopyrite crystal structure

The semiconducting I-11I-VI, compounds are isoelectronic with zinc
blende 11-VI compounds. They can be considered as mixed crystals where each divalent
cation of the zinc blende structure is replaced alternatively by monovalent and trivalent
cations. It has nearly the same arrangements of anions but differs in the ordered
distribution of the cations which makes the unit cell tetragonal. The body-centered
tetragonal structure of AgGaS,, primitive cell contains two formula units with space
group 142d. By doubling zinc blende unit cube along the z-axis, we derive the
chalcopyrite structure where elongated z-axis becomes the c-axis [7]. In a chalcopyrite
structure the c/a ratio should be equal to two [8]. But in most real chalcopyrite structure
like AgGas,, the c/a ratio is less than two, since the structural correlation is not perfect
and usually has slight tetragonal distortion. Most often, there is a compression along the
c-axis, i.e., 2-c/a> 0. For AgGaS; it is 0.2104 [9].

AgGas; is a pale yellow color transparent crystals, and stable at ambient
conditions. It transmits radiation in the wavelength region 0.5um to 13um. The refractive
indices have been measured by sellmeir’s equations, [1]

no? = 5.728 + 0.2410/(A* — 0.0870) — 0.00210A?

N> = 5.497 + 0.2026/(A%— 0.1307) — 0.00233A
where the wavelength is expressed in um. we have calculated this for the excitation
source, namely, Nd-YAG laser of wavelength 0.532 um. The calculated values of ny =

2.6375, ne = 2.6127 have good agreement with earler report [7].

6.3. Experimental details

Brillouin spectra were recorded in 180° - back scattering geometry with an
incident angle of 45° with respect to the surface normal. The scattered light was analyzed
with polarization using a selective JRS scientific instruments (3+3) pass tandem Fabry —
Perot interferometer equipped with a photo-avalanche diode detector which has finesse
greater than 100. The tandem Fabry-Perot [10] interferometer was used to record the
spectra. Spectra presented in this work were recorded using a multi channel scalar with

512 channels and the typical accumulations times of 1000-10,000 passes with 0.768 sec
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per pass. Temperature dependant measurements were carried out inside a closed cycle
Helium cryostat (CTI Cryogenic, USA). The sample temperatures were measured with in
an accuracy of + 1K. The incident laser power was kept at 50 mW focused to a diameter
of ~ 30 um. The laser heating of the sample was found to be 20K, by measuring the
intensity ratio of the Stokes and anti Stokes Raman lines which has been corrected in
plotting the data. All the spectra are normalized with room temperature spectra for ease
of comparison. The line shape parameters, namely, peak frequency, full-width at half
maximum (FWHM) and area under the curve were extracted by non-linear least square

fitting of the data with a lorentzian function with an appropriate baseline.

6.4. Elastic constants of chalcopyrite

In a Brillouin experiment one measures the frequency associated with an
acoustic phonons. Using this ands with the knowledge of refractive index and the wave
vector, one can determine the velocity of elastic waves which helps in determination of
the elastic constants of the crystal. We would restrict ourselves to only the important
relations here. The frequency shift of a Brillouin line is given by [7]

Av/v = £ (Vs /) (ni? +n2 =2 n; nscosB) 2

where Av is the frequency shift of the Brillouin line, v is the frequency of the incident
light. Vs is the sound velocity of phonon responsible for the scattering, c is the velocity
of light; n; and ns the refractive indices for the incident and scattered light respectively
and O is the angle through which the light is scattered. The velocity of the acoustic
phonon is related to elastic moduli Cj; through Vs = \(X/p) where p is the density of the
sample and X is an appropriate combination of elastic constants obtained by solving
equation of motion for a specific propagation direction [7, 11]. In the case of AgGaS, we
are having the crystal cleaved along (111) plane, containing crystallographic direction

[001] and [110]. We can elucidate three elastic constants using the following relations:

V2=Culp (6.1)
V2= Cul pA (6.2)
V2 = (3C11+4Cu (A-1)/A)) I 3p (6.3)
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where A = 2C44/ (Cy11-Cyp) is the anisotropy factor. The Cristoffel equations for isotropic
and anisotropic tetragonal solids of symmetry 4mm, 422, -42m, 4/mmm are same as

hexagonal crystals but with an arbitary Ces [12].

6.5. Results

Intensity(arb.unit)

E RSW1

4.2 GHz T

5.2 GHz

11 GHz -

Intensity (arb.unit)

Brillouin shift (GHz)

Figure 6.1. shows the a) unpolarized and b) polarized Brillouin spectrum of AgGaS; at
ambient conditions. The H and V in (b) means horizontal and vertical polarization with
respect to the scattering plane.
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Figure 6.2. shows the one of the polarized Brillouin Spectrum at different temperatures

Figure 6.1(a&b) shows the unpolarized and polarized Brillouin spectra of
AgGaS; at ambient conditions. The two spectra shown in fig 1(b) has different modes
depending on the polarization. For crossed polarization (VH) the two modes are around
5.4, 18 GHz, labeled as RSW1, LA (longitudinal) modes and for parallel polarization
(HH), we see the modes are around 4.5, 11 GHz labelled as RSW2, TA (transverse
acoustic). Figure 6.2 shows representative temperature dependent Brillouin spectra for
VH polarization. The line width of all the modes increases with lowering of temperature.
This is an anomalous behavior and would be discussed later.
We now try to estimate the sound velocities for the surface modes. The
component of the wave vector parallel to the surface is given by q; = (4n/A) Sin 6 [13].
The dispersion of RSW is shown in fig 6.3 using the relationship 2nvg = Vg q;. We
deduce Vg =2120 m sec™ for RSW1 mode and Vg = 3603 m sec™ for RSW2 mode. In the
case of LA and TA mode we have calculated the velocities for a particular q for 6 = 45°

V LA = 3689 msec™, Vra = 2451 msec™. Using the sound velocities one can calculate the
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Figure 6.3. shows the dependence of RSW mode frequency (vr) as a function of q;. The

solid line is a linear fit to 2wvg = Vg g which gives a) Vg =2120 m sec™ for RSW1 mode
and b) Vg = 3603 m sec™ for RSW2 mode.

elastic constants for the different modes using the relation described in the section 6.4.
Table 6.1 show the calculated elastic constants for AgGaS, and have been compared with
earlier report [8]. Itis in good agreement.
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TABLE 6.1. Comparison of Elastic moduli of silver thiogallate (units are in10™ N/m?):

Elastic moduli AgGaS; (Ref.8) AgGaS; (our data)
Cn 8.79 8.696
Co 5.84 3.073
Cu 241 2.112
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Figure 6.4. shows the temperature dependent behavior of (a) LA mode frequency, (b) its
FWHM and (c) TA mode frequency and (d) its FWHM. Vertical dotted line shows the
phase transition temperature. Solid symbol and open symbol represent the cooling and
heating cycle respectively.
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Figure 6.5. shows the temperature dependent behavior of (a) RSW1 mode frequency,
(b) its FWHM, (c) RSW2 mode frequency, (d) its FWHM. Vertical dotted line shows
the phase transition temperature. Solid symbol and open symbol represent the cooling
and heating cycle respectively.

Figure 6.4 shows the temperature dependence of LA&TA mode frequency and FWHM.
Both the mode frequencies show changes in mode behavior below 80 K, this an onset of
a phase transition. This is accompanied with changes in FWHM or life time of the
phonon. Similar observation is made in the case of RSW modes at the same temperature
of 80 K which is shown in fig 6.5. This confirms that there is a phase transition at 80 K
for AgGaS, . Since there is no hysteresis across this transition as seen from cooling and

heating cycles, we expect this transition to be second order in nature.
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6.6. Discussion
From the Fig. 1(b), we observe that LA and RSW1 are of similar symmetry and

TA and RSW2 are of similar symmetry. This is due to the fact that they appear in similar

polarizations. Now let us look at other experimental observation at 80 K. In the x-ray

studies it is observed that the lattice constants a and ¢ show a different behavior as a

function of temperature [5, 14, 15]. Reflectivity studies show that the band gap of

AgGas; changes from direct to indirect bandgap below 80 K [16]. There are two reasons

for this:

1. The thermal expansion effect, or what is often called as dilation contribution,
accounts for the effect of the change of lattice constant on the energy gaps. This is
expected since the electronic energy bands are formed because of the “over lappings”
of electronic wave function, the extent of which is dependent upon the distances
between neighboring atoms (ion) [16].

2. The major contribution however comes from electron-phonon interactions. The one-
electron theory of electronic energy bands of a crystalline solid is based on the
assumption that the crystal is perfect which is true only at absolute-zero degree
temperatures. At finite temperatures, the energy of the electron is subject to change
because of the interaction between electrons and phonons. This is reflected in the
change of energy gap with temperature [16].

When we have an indirect band gap material there is a need of phonon for strong

electron-phonon interaction. It is not necessary for all the phonons to couple with

electronic states in an indirect band gap material, or couple in the same way. It is seen
that LA, TA and RSW1 soften below 80 K with a corresponding increase in FWHM or

life time of the phonon. When a strong electron-phonon coupling happens there is a

strong interaction between electronic states and the phonon states, opening up a lot of

channels for energy transfer. This increases the life time of the phonon and leads to an
increase in FWHM, along side the phonon energy shifts to lower energy resulting in
softening of the phonon. Hence we suggest that both the acoustic modes (LA&TA)
including RSW1 are strongly coupled to the electronic states.

The difference in behavior of RSW?2 is partly due to the fact that RSW2 is
in different symmetry and does not couple with these electronic states, but would couple
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with other states. The luminescence and absorption experiments [17-19] also support the

electronic nature of 80 K transition.

6.7. Conclusion

In conclusion, the temperature dependent Brillouin studies on AgGas; have been
carried out. The direct — indirect band gap transition occurs below 80 K. There is a
strong electron-phonon coupling between acoustic modes (LA&TA) and is seen from the
anomalous behavior below 80 K. The electronic transition namely direct to indirect band
gap is involving the lattice modes. The second order nature is due to lack of hysteresis

which supports this picture.
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