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ABSTRACT 

Raman spectroscopy has recently become a common laboratory analytical 

technique due to the introduction of technology such as lasers, charge-coupled devices, 

and holographic filters. The information given by Raman spectroscopy is complimentary 

to infrared absorption spectroscopy, but sample preparation is often much easier, if any is 

needed at all. Because of this, the field of Raman spectroscopy has expanded in many 

areas, including mineralogy. The ongoing development of a database of Raman spectra 

of minerals enables facile identification of many minerals. 

Pyroxenes are a class of minerals that make up approximately 25% of the Earth's 

upper mantle, to a depth of 400 km. A recently discovered phase change in pyroxenes, 

accompanied by a volume change, is now accepted as the origin of some deep-focus 

earthquakes, which are clustered at a depth of approximately 225 km. However, the 

bonding change that accompanies this phase change is not completely understood. 

Raman spectroscopy was utilized to follow the phase change of spodumene. Polarized 

spectra of an oriented single crystal of spodumene were utilized to assign Raman modes 

that were previously ambiguously assigned in the pyroxenes. The pressure-induced 

phase transition was also followed in LiFeSi206 utilizing both Raman spectroscopy and 

single crystal x-ray diffraction. Similarities were noted between the Raman spectra of 

spodumene and LiFeSiaOe, enabling the assignment of Raman bands in the second 

material studied. Finally, a third pyroxene. LiCrSiiOc,. was studied with Raman 

spectroscopy while the sample was subjected to pressure. This material changed color 

with application of pressure and the color change was quantified with visible absorption 



spectroscopy. Though no phase change occurred in this material, changes in the spectra 

did occur at high pressures. These high-pressure changes in the Raman spectra were 

observed in all three crystals studied and could provide a better understanding of the 

pyroxenes at high pressures. Additionally, none of the three pyroxenes in P2;/c phase 

displayed a doublet of peaks in the spectroscopic region that had been previously utilized 

as a benchmark for the identification of the P2i/c phase of the pyroxenes until higher 

pressures. Spodumene did not display a doublet at any pressure studied. 
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1 INTRODUCTION 
Raman spectroscopy 

Spectroscopy is the study of the interaction of light with a sample to perform an 

analysis. Light can interact with matter in a number of ways, including reflection, 

absorption, absorption with reemission, and scattering. Light can be scattered from a 

sample in two ways, elastically and inelastically. Ray lei gh scattering is the scattering of 

light w ith no change in energy. The Raman effect is the inelastic scattering of photons 

and is much weaker than Rayleigh scattering. Approximately one photon in one million 

photons scattered by a sample will be scattered with a change in energy. The change in 

wavelength is related to the energy of transition between the vibrational energy levels of 

the sample. Gathering vibrational information allows details about the chemical nature 

and bonding structure of the sample to be elucidated. For a more detailed theoretical 

treatment of Raman, please sec reference 1.' 

First observed e.xperimentally in 1928 in liquids by C.V. Raman' and in crystals 

by Landsberg and Mandelstam"', technology has dramatically altered the observation of 

the Raman phenomenon. The introduction of lasers in the 1960s and 1970s brought to 

the field a convenient, intense monochromatic excitation source, an improvement over 

the use of filters with polychromatic light."* The more recent invention of high optical 

density holographic filters allowed observation of the relatively weak signal from the 

inelastically scattered photons without using double and triple spectrographs formerly 

used to separate the Rayleigh scattering from the Raman scattering. The spectrographs. 
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white effective, were inefficient and required long observation times to make up for the 

low photon throughput. Finally, introduction of multichannel charge-coupled devices as 

detcctors allowed the observation of multiple wavelengths of light at one time, 

eliminating the requirement of scanning wavelengths across a single-channel detector and 

dramatically decreasing the amount of time necessary for observation of the signal. 

Presently, quality Raman spectra can be acquired in seconds. 

In the Raman spectroscopy of crystals, a photon with energy h v and 

momentum k is inelastically scattered from the sample. The scattering process excites a 

mechanical lattice vibration, known as a phonon, and the emission of a photon. The 

energy and momentum of the Stokes-shifted photon are h Vs and kg, respectively. 

Conservation of energy and momentum applies, such that the sum of the energy and 

momentum of the emitted photon and the lattice vibration (phonon) is equal to the energy 

and momentum of the incident photon. In crystals, the incident electromagnetic field 

must couple with the optical lattice vibrations. The Hamiltonian for this interaction is: 

Equation 1-1 

TT _ TT I U , IT 
Total radiation vibration int eraction 

Equation 1-2 

o r  = N i a - E , ) - E ,  

where N is the density of scattering centers, P is polarization, £/ is the incident field of 

radiation. Eg is radiation field of the scattered light, and a is the poiarizability tensor. The 

alpha tensor is a linear function of the normal vibrational coordinates, x, y, and z, in the 
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Placzek model. The polarizability tensor can conveniently be found in many character 

tables, such as the one in Table 1-1. 

The a tensor dictates the probability amplitude of a Raman transition. The 

symmetry of the crystal gives the normal vibrational coordinates. A normal mode is 

Raman active if it belongs to the same symmetry species as the direct products of the 

vectors listed in the character table because they transform identically. There are certain 

orientations of a crystal that will set some alpha tensors equal to zero, effectively 

eliminating coupling of the radiation field with vibrations associated with those alpha 

tensors and decreasing the intensity of the associated Raman peaks to zero. Identification 

of the vibrations associated with selected alpha tensors is then possible. However, due to 

the difficulty of aligning the laboratory and crystal axes, oriented single crystal data is 

scarce, especially for silicates. 



Table 1-1 Character table for quartz, the D3 point group 

Da E 2C3 3C2 

A, 1 1 1 2 , 2  2  X +y , z 

A2 1 1 -1 z, Rz 

E 2 -1 0 (x, y), (Rx, Ry) (x^-y% xy), (xz, yz) 
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Utility of Raman spectroscopy to study minerals 

The most reliable method of identifying minerals is X-ray diffraction, which 

provides detailed information about crystalline structures. However, the process is slow 

and can require hours or days to perform a complete structural analysis. Additionally. X-

ray dilTraction equipment is bulky and normally requires a powder form of the sample. 

However, it is the defining property of a crystalline material. 

If one wishes to identify a mineral without crushing it, the options are limited. 

Raman spectroscopy of minerals is generally nondestructive and samples can be analyzed 

with little sample preparation. The technique also provides bonding information. 

Raman spectroscopy has many characteristics that recommend it toward use in the 

analysis of minerals. First, a Raman experiment can be conducted relatively quickly 

compared to an X-ray diffraction experiment. Where one X-ray experiment would take 

hours or days, one Raman experiment can be accomplished in minutes or seconds. 

Second, Raman is normally a non-destructive technique. The interaction of a laser with 

the sample is normally benign, however, occasionally a sample will absorb the 

wavelength of light the laser is emitting. In the cases where the energy cannot be 

dissipated quickly, the sample can absorb too much heat, causing burning. However, in 

the vast majority of cases Raman is a nondestructive technique and the sample may be 

reused in other experiments. 

Third, like infrared spectroscopy, Raman spectroscopy provides information on 

the bonding and symmetry of a mineral through vibrational information. The information 

gleaned from the two spectroscopic techniques is complimentary. Different selection 
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rules apply to infrared and Raman. Whereas infrared absorption depends on the change 

in dipole moment of a bond, a Raman active vibration changes the polarizability of a 

bond. In some cases, a vibration may change both the dipole moment and the 

polarizability of a bond. In the case where a vibration affects both the dipole moment 

and polarizability, both Raman and infrared spectroscopies will be able to detect the 

vibration. In the case of materials with a center of inversion however, group theory 

precludes the activity of one mode in both Raman and infrared, so the information 

gathered by the two spectroscopies is not the same, but is complimentary. The fact that 

each mineral has characteristic vibrations also makes Raman a useful tool for the 

qualitative identification of minerals. 

Finally, sampling for Raman spectroscopy is relatively simple. Normally, little or 

no sample preparation is necessary to acquire high-quality spectra. This aspect of Raman 

spectroscopy lends its use to many applications. For instance, the combination of a 

Raman mineral database and the ease of sampling has led to the planning of a Raman 

instrument on NASA's 2009 Mars Rover mission. 

Instrumental advances 

There were two novel instrumental advances necessary for the completion of the 

work presented in tliis dissertation.. One was the development of a sampling device that 

allowed the goniometer head utilized for single crystal X-ray crystallography to be 

mounted so that the absolute orientation of the crystal could be aligned with the 

laboratory axes. This sample holder allowed the direct translation of axes found by X-ray 

crystallography to the Raman spectrometer without removing the sample from the 
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goniometer head by positioning the sample on the optical goniometer and focusing the 

laser onto the crystal. 

The second instrumental advance was one that allowed the sample to remain 

immobile as the pressure was increased. This sample holder was specially designed so 

that the increase of pressure did not significantly change the focal distance nor the 

translation of the cell, dramatically decreasing the time necessary to acquire Raman data 

by drastically reducing the time needed for focusing between acquisition of spectra at 

successive pressures. 

Raman study of minerals at pressure 

Raman spectroscopy has been utilized in many instances in the study of minerals 

under pressure.Minerals arc studied under pressure for a variety of reasons, 

including determining phase boundaries in the Earth's interior, determining electrical and 

magnetic properties and equations of state, and studying the bonding, energetics, and 

physical properties such as the crystal structure, volume, and strength of a mineral. 

However, assignments of peaks to specific vibrations appearing at lower wavenumbers in 

complex silicate minerals has proven to be difficult, even for studies involving lattice 

27 28 dynamics. ' Many of the general Raman studies of pyroxenes limit their analysis of 

bands to the silicate region and assign the Raman bands appearing at low wavenumbers 

with general tenns.This study aims to assign the peaks to specific bond vibrations 

utilizing polarized Raman spectroscopy and to apply this information to changes 

observed in the mineral under pressure to better understand the bonding of the mineral 

and how that bonding is affected by pressure. 
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Polarized Raman spectra of solid silicate single crystals: the 

example of quartz 

Prior to attempting to explain the Raman spectra of the relatively complex crystals 

of pyroxenes, a simpler silicate is here examined as an illustration to better elucidate the 

theory upon which much of this dissertation is based. Much of this section is taken 

directly from a 1967 paper by J.F. Scott and S.P.S. Porto. 

It is necessary at this point to introduce the reader to some terminology that will 

be used within in reference to the direction of crystal axes. The conventional notation 

referring to polarized light traveling in a crystal is known as the Porto notation. It 

indicates in which direction the excitation light is traveling with the first letter of the 

notation. The second letter, the first in brackets, indicates the polarization of the incident 

light. The third letter, the second in the brackets, indicates the polarization of the 

observed light, and the final letter indicates the direction of observation. So light 

traveling down the X-axis, polarized parallel to the Y-axis, observed in the Z-direction 

polarized parallel to the X-axis would have the notation. X(YX)Z . Normally, the letters 

refer to the principal axes of the crystal system. 



Crystallographic 

.a 

f X 

Optical 
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Principal 

•X 

•^z 

h = 

How they relate 

Figure 1-1 Different types of axes in a monoclinic crystal. 

This figure demonstrates the differences between crystallographic axes, principal 
axes, and optic axes in a monoclinic crystal. They are not the same and should not 
he confused. 
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The orientation o f the principal axes of a crystal tensor property (denoted as X, Y. 

and Z) is not always identical to the crystallographic axes (denoted as a, b, and c), and 

should not be contused (Figure 1-1). Instead, the orientation is dictated by the optical 

indicatrix of the crystal. Please see the references for a complete discussion of the optical 

indicatrix.^'*'' Briefly, the optical indicatrix is an ellipsoid whose dimensions are 

dictated by three axes, X, Y, and Z, whose length is proportional to the indices of 

refraction of the crystal. In completely isotropic media, such as sodium chloride, all of 

the indices of refraction are equal, and the indicatrix is a sphere (Figure 1-2). 

In uniaxial crystals, such as quartz and calcite, one axis is a different length than 

the other two. This axis (Z) is called the optical axis, and is coincident with the c-

crystallographic axis. The shortening of one axis creates an ellipsoid with a circular 

cross-section where the optical axis is the one that is different from the other two. The 

other two axes are arbitrarily placed in the plane perpendicular to the optical axis. 

Unpolarized light traveling down the optical axis will not experience birefringence. Light 

traveling parallel to the circular plane will experience maximum birefringence, with the 

extraordinary ray polarized parallel to the optical axis and the ordinary ray polarized 

perpendicular to the optical axis. 

In biaxial minerals, such as spodumene, none of the three axes are equal in length. 

The term "biaxial" refers to the fact that there are two optical axes, or two unique 

directions perpendicular to which the cross-section of the indicatrix will be circular (light 

will experience no birefringence or rotation). These axes lay in the plane perpendicular 

to the b-crystallographic axis. Symmetry requires that one of the axes of the ellipsoid lie 
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on the b-crystallographic axis, as this is the C2 axis of the monoclinic crystal. 

Orthorhombic crystals have indicatrix axes that lie on the other crystallographic axes, a 

and c. Monoclinic crystals do not have three mutually perpendicular axes, so two of the 

axes are not necessarily coincident to the crystallographic axes. In this case, the other 

two principal axes can lie anywhere on the plane perpendicular to the b-axis. In all 

biaxial minerals, the X-axis has the smallest index of refraction, the Z-axis has the 

largest, and the Y-axis has an intermediate value for the index of refraction. Figure 1-1 

shows the different sets of axes and how they relate for a biaxial (+) mineral. 
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a) 

b) 

c) 

Any cross 
section circular 

Z-axis Circular cross section 
(optical) perpendicular to 

optical axis 

Elliptical cross 
section perpendicular 

to long axis 

Figure 1-2 Optical indicatrices 

a) isotropic media with all axes equal b) uniaxial media with one axis elongated and 
c) biaxial media with three unequal axes. 
This figure demonstrates principal axes and their relationship to the optical 
indicatrix and how different lengths of axes will change the indicatrix shape. 
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The theoretical basis for polarized Raman spectra in monoclinic crystals was first 

established by Canterford and Ninio in 1975."^^ Claus (1980) published a review article 

detailing interaction of polar lattice waves with electromagnetic radiation in all types of 

crystals.^' Unpolarized light traveling nonparallel to the optical axes {OA 1 and 0A2) will 

be split into two rays, each with different velocities, vibrating in orthogonal directions. 

For example, if unpolarized light is traveling down the Y axis, the beam of light would be 

broken into two, one vibrating parallel to the Z-axis and one parallel to the X-axis. 

Polarized light traveling down a principal axis polarized parallel to one of the other 

principal axes will only vibrate in that plane, coupling with only those bonds which have 

a component projected in the plane defined by those two principal axes. Therefore, when 

the crystal axes are aligned with linearly polarized light, light will vibrate in only the 

plane defined by the velocity of the incident beam and the direction of polarization. 

For example, if a laser is incident parallel to the Y-axis and the polarization of the 

light is aligned with the X-axis, incident light will only vibrate in the YX plane. 

Therefore, only bonds with a component in the X-direction will couple to the light and be 

excited. A similar analogy works for observed light. Coupling this analogy to Porto 

notation'"', light observed in the Y(XZ)Y configuration will be both excited and observed 

along the Y-axis (observation in the backscattering geometry), with the incident light 

polarized parallel to the X-axis and the observed light polarized parallel to the Z-axis. 

For Raman scattering in this configuration, only bonds that are designated by the alpha 

tensor should be observed. 



25 

T o determine the number of vibrations that are Raman or infrared active, factor 

group analysis must be performed. The method herein used is from a seminal paper 

published in 1971 and its addenda.'^'"'*^ The symmetry of the sample can be determined 

through X-ray crystallography if it isn't already known. The symmetries of each of the 

atoms (site symmetries) can also be determined from the X-ray tables. The symmetry 

species for each atom's displacement due to vibration can be related through correlation 

tables to a species of the factor group. The correlation identifies the species of the 

vibration and allows prediction of IR and Raman activity. 

Table 1-2 displays the method for determining the number of modes of each 

species. The row labeled N, is determined by the number of atoms unshifted by the 

symmetry operation. Since quartz has 9 atoms per unit cell, the totally symmetric, or E, 

operation leaves all 9 atoms unshifted. The row labeled Xj is the contribution per 

unshifted atom. T3,, is the reducible representation for the 3n degrees of freedom, which 

is calculated by multiplying N, by X,. The numbers in each of the rows A|, A2, and E are 

determined by multiplying the characters of that element by the number found in that row 

of the reducible representation and the number of operations in that column. For 

example, the character for the C2 operation of A1 is 1. That is multiplied by 3, for the 3 

C2 operations in the group, and then is multiplied by -1, the character found under the C2 

operation in the irreducible representation. The sum of each row is found to the right of 

the row. The column labeled "n" is the number of frequencies that will be active in that 

mode, determined by finding a common factor and dividing through the sums of the 

rows. 



Table 1-2 Factor group analysis for quartz 

D3 E 2C3 3C2 

N, 9 0 1 

Xi 3 1 -1 

Tan 27 0 -1 S n 

Ai 27 0 -3 24 4 

A2 27 0 3 30 5 

E 54 0 0 54 9 

r.in = 4Ai+5A2+9E, IA2 and IE are acoustic vibrations. 

Optical modes are 4Ai+4A2+8E 
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According to the above analysis, the Ai species of quartz has 4 Raman active 

modes corresponding to alpha tensors of symmetry axx+yy and aj,. There are no infrared 

active modes of this symmetry. The Ai species has no Raman active modes, but four 

active modes in the infrared. The E symmetry has activity in both the Raman and 

infrared. The a-tensors active in this symmetry are axx-yy, ocxy, axz, and cxy^.Figure 1-3 

displays the Raman spectra of a-quart/ in various symmetries as calculated by the 

Vibrat/.."^While Figure 1-3 displays calculated spectra, the same information can be 

gained by Raman spectra acquired of oriented single crystals. 
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Figure 1-3 Calculated spectra for quartz. 

Output from Vibratz, program by Eric Dowty using X-ray data from Etchepare (1978) 
(a) average inlrared and Raman spectra (b) Raman spectrum in the A1 (xx+yy) 
symmetry (c) Raman spectrum in the A1 (zz) symmetry (d) Raman spectrum in the E 
(xy) symmetry (e) Raman spectrum in the E (yz) symmetry 

This figure demonstrates that the Raman spectra are different for the symmetries 
observed. 
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Pyroxenes 

While there are thousands of different mineral species, only eight species of 

minerals make up 98% of the Earth's crust. Pyroxenes are one of these important groups 

of minerals, comprising approximately 25% of the Earth's volume to a depth of 400 

lon.^^ They are found in many types of rocks and have many varieties. The Greek origin 

of the name pyroxene is pyro, fire, and xenos, stranger, apparently to describe greenish 

crystals that looked as if they did not belong in lava flows.''® Pyroxenes are classified as 

chain aluminosilicates. Linked Si04 or AIO4 tetrahedra form chains by sharing two of 

the four corners of the tetrahedron. The pyroxenes studied here all contain silicon in the 

tetrahedral position. Cations. Ml and M2, connect the chains of rigid Si04 tetrahedra. 

Ml cations are bonded to six oxygen atoms in a nearly regular octahedron (See Figure 

1-4). In C2/c pyroxenes, there are three symmetrically non-equivalent oxygens, 

designated as 01. 02. or 03. 01 oxygens are at the apices of the Si04 tetrahedra. 02 are 

on the base of the tetrahedra, and 03 are on the base of the tetrahedra bridging the silicon 

atoms (Figure 1-5). All of the oxygen atoms bonded to M1 are non-bridging, either the 

apical (01) or the non-bridging base of the tetrahedron (02). In addition to being bonded 

to four non-bridging oxygens (two 01 and two 02). the M2 atom may be bonded to zero, 

one. two. or four bridging (03) oxygens depending on chemistry, pressure, and 

temperature for a total coordination number of 4. 5, 6, or 8. For example, when a 

relatively large anion like Ca occupics the M2 site, the coordination number is 8. Smaller 

anions allow for smaller coordination numbers.^" 



Figure 1-4 The structure of a pyroxene. 

Ml atoms are shown as white octahedra. Si04 tetrahedra arc dark gray. M2 atoms 
shown as gray spheres bonded in six positions. Oxygen atoms are at the apices of 
each of the polyhedra. 
This figure shows the connectivity of the atoms in a pyroxene. 
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Figure 1-5: Showing only silica chains and oxygens. 

Si04 tetrahedra are linked by 03 atoms (medium gray spheres). Apical 01 atoms 
are shown as white spheres. 02 atoms are shown as dark gray spheres. 

This figure displays the positions of the symmetrically nonequivalent oxygen 
atoms in relation to the silica chains. 
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Some pyroxenes exhibit several phases with the same chemical composition, 

distinguished by unique crystal structures depending on pressure and temperature. 

Enstatite (MgiSiaOe) is a good example, found with space groups including P2j/c (low-

clinoenstatite)'^'"^. Pbcn (protoenstatite)''"''^\ Phca (orthoenstatite)^^'^^'^^ and C2/c (high-

clinoenstatite) . 

There are a variety of symmetries exhibited by pyroxenes, most notably C2/c, 

P2j/c, Phca, Pbcn, and P2/cn (Schoenflies notation all 

pyroxenes appear to undergo phase transitions between these various symmetries. The 

C O  

atomic scale mechanisms for these changes have been the subject of much study. One 

of these phase transitions in enstatite, accompanied by a volume change, is now accepted 

as an origin of deep-focus earthquakes at a depth of approximately 225 km.^''"^' As the 

pyroxenes are studied at higher pressures and temperatures, it is becoming apparent that 

the transformations between the various symmetries are much more common than 

previously thought. 

The study of the phase transitions displayed by pyroxenes is important for several 

reasons. First, the Raman spectroscopy currently being performed on minerals, 

especially pyroxenes, is often incomplete. Analysis and assignment of Raman 

spectroscopic information is often cursory or missing entirely with the spectra being 

presented solely as evidence that there was a change in the spectra when phase changes 

occur. When interpretation is present, the peaks in the low frequency region of the 

spectra are often ignored or given general assignments, however these bands give much 

of the information regarding the bonding changes occurring during the phase transition. 
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Many of the M-0 Raman modes are active in this region of the spectrum. Second, as 

demonstrated by the earthquakes, the bonding change accompanying the phase change is 

a method of storing a tremendous amount of energy. The energy released and volume 

change associated with the phase transition of a large amount of the Earth's crust is 

attributed as one of the causes of deep-focus earthquakes. Third, there can be possible 

commercial applications utilizing the pyroxene phase change. For example, by 

understanding the bonding and the effect of the chemistry on the transition, one could 

design a mineral to act as a switch that would change at a specific pressure, would never 

wear out, and would always change at exactly the same pressure every time. Its 

properties are a function of its symmetry. 

It is the hypothesis of this document that the combination of polarized Raman 

spectra of an oriented single crystal with changes in Raman spcctra due to pressure-

induced bonding changes allows complete interpretation of the Raman spectra of 

pyroxenes. An ability to understand the Raman spectra will lead to a greater 

understanding of this very important component of the Earth's crust by allowing those 

studying these materials to better understand the processes occurring by studying the 

Raman spectra. The dissertation is in four parts. First is a Raman spectroscopic study of 

spodumcne through its pressure-induced phase transition from C2/c to P2i/c, followed by 

a study of the crystal using polarized spectroscopy on an oriented crystal to more fully 

relate the observed changes in the Raman spectrum of this mineral to its bonding 

topology. This section, presented in Chapter 3, demonstrates the first Raman study of 

spodumenc in the P2 j/c phase and is the first instance of direct assignments of the 
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vibrations of the material to Raman bands under 600 cm"'. The knowledge gained by 

studying spodumene can then be extended to other pyroxenes, allowing assignment of 

their vibrations to Raman peaks. The second section, presented in Chapter 4, is a study 

of Li-acmite (LiFeSiaOe) through its prcssure-induced phase transition from C2/c to P2i/c 

and other pressure-induced transitions. 'This is the first presentation of Raman spectra of 

Li-acmitc in the pressure-induced P2i/c phase. The Raman data is accompanied by an X-

ray diffraction study, which is the first study of the material as it undergoes a pressure-

induced phase change. The combination of the X-ray and Raman data lead to a detailed 

understanding of the pressure-induced phase change of this mineral. The assignments 

generated by the study of spodumene are utilized to analyze the spectra of Li-acmite. In 

Chapter 5, a Raman study and a visible absorption study of Li-kosmochlor (LiCrSiaOe) 

through its pressure-induced transitions are presented. This is the first presentation of 

Raman data on this mineral and is the first presentation of prcssure-induced changes in 

the visible absorption spectra of the material. The visible absorption spectra open 

discussion on the electronic structure of the material due to pressure. A discussion 

comparing Raman spectra of the three minerals and relating the differences in the spectra 

to their chemical differences is in Chapter 6, which is the conclusion. The combination 

of information from these three pyroxenes leads to a much greater understanding of the 

phase changes that occur in all pyroxenes. Future directions for study are included in the 

conclusion. 
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2 INSTRUMENTAL 
Two Raman instruments were utilized in the experiments in this dissertation. The 

orientation experiments were performed utilizing an instrument operating with 785 nm 

excitation and the pressure experiments were pertbrmed utilizing 514 nm excitation. An 

excitation of 785 nm was utilized in the orientation experiments to minimize the effect of 

the natural fluorescence of the sample. The instrument utilizing 514 nm excitation was 

preferred for the high-pressure work for two reasons. First, the excitation wavelength 

allowed observation of strong fluorescence from the ruby. Second, the collection optics 

utilized had a long enough working distance to allow the light to be effectively coupled 

into and out of the Diamond anvil cell. Experimental details that are specific to the 

experiment are presented within the appropriate chapters. Experimental details common 

to all experiments are presented herein. 

The Diamond Anvil Cell 

Invented in 1958 by Alvin Van Valkenburg,®^ the diamond anvil cell is the 

standard method for performing spectroscopic experiments at high pressures. Using this 

cell. X-ray diffraction, infrared, Raman, and UV-Visible experiments can all be 

performed while the sample is under pressure. A wide variety of research has been 

conducted in the diamond anvil cell (DAC ), including tlie study of properties of materials 

under high pressure used in weapons research, the ability to measure volume and density 

changes'*^. NMR at high pressures,and the study of changes in the phase of a sample. 



The DAC has many benefits including small sample size (the sample must be 

smaller than 200 ability to sample under both high pressure and high temperature 

conditions that simulate the interior of the earth, capability to perform prolonged 

experiments under said conditions, and cost effecti veness compared to Shockwave 

experiments, which were previously the only way to perform experiments at high 

pressures. 

The DAC compresses materials between two brilliant cut diamonds. The tips of 

the brilliant cuts are flattened into culets approximately 300 to 600 microns across. 

Diamonds are used because of their hardness and their resistance to deformation under 

stress, as well as their transparency to X-rays and visible light. Type II diamonds are also 

transparent to infrared light from 1 to 50 microns, with a small absorption band at 5 

microns.Diamonds to be utilized in a DAC are selected based on their lack of flaws, 

lack of fluorescence, and lack of structure in the low wavenumber region of the spectrum. 

All three of these features are necessary to avoid contribution from the diamond window 

to the spectrum of interest. The sample chamber of the DAC is created by drilling a hole 

through a .stainless steel gasket. The sample is placed in the chamber along with a small 

(50 ).r) crystal for pressure calibration (usually a ruby) and filled with a pressure medium. 

Ruby is usually used for calibration because of its high intensity per unit volume and 

66 because the shift of the fluorescent Ri and R2 lines is well characterized with pressure. 

Pressure is applied to the medium by tightening the screws to squeeze the culets of the 

diamonds together (see Figure 2-1) The use of a medium ensures hydrostatic pressure to 
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the sample, though DACs can also be used to apply deviatoric stress to a sample. A 

cutaway view of the pressure chamber created by the DAC is shown in Figure 2-2. 

One novel aspect of this work included a sample holder for the Diamond Anvil 

Cell (DAC) that allowed the increase of pressure while holding the cell in place. 

Previously, increasing the pressure required application of torque to the screws in Figure 

2-1 so that the cell was moved every time that pressure was increased. Moving the cell 

misaligned the sample within the cell so that after each subsequent pressure increase the 

cell must be replaced, translated, and refocused. This realignment of the sample took 

between several minutes and several hours. A holder for the diamond anvil cell 

eliminated the need for refocusing and dramatically decreased total analysis time (Figure 

2-3). 
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Figure 2-1 Drawing of the diamond anvil cell 

Pressure is applied to the sample by tightening the 4 screws. The screws bring the 
diamonds together, which apply pressure to the steel gasket and pressure medium. Light 
focuses in through the diamond, which also acts as a window. 
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Figure 2-2 Cutaway view of diamond anvil cell pressure gasket and sample chamber 

The upper portion of the diagram is an enlarged view of the gasket region in the white 
box shown on the bottom. The dotted lines show how the diamonds fit into the gasket. 
The culets of the diamonds are 600 |am in diameter. The diamonds apply pressure to the 
pressure medium in the sample chamber, which ensures hydrostatic and equal pressure is 
applied to both the sample and the ruby in the chamber with the sample for calibration. 
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Figure 2-3 Scale drawing of the Diamond Anvil Cell holder and outline of DAC 
The invention and use of the Diamond Anvil Cell holder was essential to the dissertation 
because it enabled the cell to remain stationary while the pressure was increased. 
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785 nm excitation 

Ramaa study of the natural sample of spodumene was performed at 785 nm to 

reduce the amount of fluorescence that was inherent in the material. When examined 

with 514.5 nm excitation, the sample exhibited such fluorescence as to obscure some of 

the Raman peaks. This was unacceptable as the entire purpose of the study was to assign 

as many of the Raman bands to their associated molecular v ibrations. 

Orientation study 
Excitation of Raman scattering was achieved with a 785 nm external cavity 

stabilized diode laser custom built in the Denton lab. Additional cleanup of the laser line 

was accomplished utilizing a holographic bandpass filter. A half wave plate optimized 

for 785 nm was placed after the bandpass filter, before the laser was focused onto the 

sample. Raman scattering was collectcd in the 180° backscattered geometry through an 

Ealing NIR optimized, AR coated microscope objective (NA = 0.4, f/# = 1.25). A 

polarizing filter was placed between the collection optic and before the notch filters. 

Rayleigh scattering was filtered out using two Kaiser Optics Super Notch holographic 

filters. Utilization of holographic notch and super notch filters allowed collection of 

scattered light with a Raman shift as low as 100 cm"' in some experiments. There is much 

information near the Rayleigh line that is pertinent to the structure of minerals. 

Acquiring data in the low wavenumber region by infi^ared spectroscopy is difficult and 

not routine. The spectrometer slit width was 24 j.im. The detector was a Techtronix 

TK1024 backside-i 11 uminated. backside-thinned thick epi 1024x 1024 pixel CCD. This 

deep-depletion device was designed to have high quantum efficiency in the far red and 



near infrared. The detector was cooled to approximately -100°C to decrease dark current. 

Using a 600 groove/mm grating blazed at lOOOnm, wavelengths of 800-958nm (-240 cm" 

' to 2290 cm"') were collected across the chip, affording approximately 2 cm"' per pixel 

resolution. A diagram of the spectrometer setup is in I 'igurc 2-4. The spectra were 

collected for 120 seconds utilizing custom-designed National Instruments Lab VIEW 

software reading only 250 rows, but all 1024 columns of the device. Only 250 rows of the 

device were utilized because the majority of the light collected fell only on these rows 

and the reading and summing of additional rows into tlie spectrum would only decrease 

the signal to noise ratio. The throughput of the spectrometer was dependent on 

polarization. Intensity data was corrected for the throughput of the spectrometer using 

the manufacturer's published grating diffraction efficiency curve at 785 nm.'"' 

The crystal was aligned such that it was extinct between crossed polarizers while 

the spindle is rotated through 180°. This method ensured that a principle axis was 

parallel to the spindle stage axis. For a complete discussion on the theory and use of the 

spindle stage, please refer to reference'^. See Figure 2-5 for an example of data collected 

in this method. 

Rotation of the half wave plate allowed the polarization of the light incident on 

the sample to be rotated without moving the sample. Spectra were collected with 

incident light aligned parallel to principle axes, and then the polarization of incident light 

was rotated by ten degree increments over 360°. The crystal was mounted on a 

goniometer head, then attached to an optical goniometer so that direct translation of the 

X-ray data to laboratory axes was feasible (Figure 2-6). 
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Creation of a sampling device to mount the optical goniometer and goniometer 

head was a second instrumental innovation. The sampling device was attached to the 

optical goniometer such that it could be suspended from the optical bench to allow 

sampling of the crystal while it was still on the goniometer head, allowing direct transfer 

of the X-ray crystallography data to the laboratory axes of the Raman spectrometer 

(Figure 2-7, Figure 2-8). 

Two sets of experiments were performed; one with emitted light polarized parallel 

to incident light and one with emitted light polarized perpendicular to incident light. 

These two experiments were repeated with the crystal aligned such that incident light was 

parallel to each of the three principle axes. 
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Figure 2-4 Diagram of instrument used in orientational experiments 

The half wave plate was utilized to rotate the polarization of incident light so that the 
sample did not have to be rotated. The polarizing filter placed in the path of the emitted 
light was rotated twice as far as the half wave plate to keep the polarization analysis 
consistent. The half wave plate rotates light to twice the angle that the plate is rotated. 
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Fi gure 2-5 Three-dimensional spherical representation of the relative positions of the 
axes in a crystal. 

Lower case letters (-a, b, c) represent the crystallographic axes. Upper case letters (X, Y. 
Z) represent the principle axes. OAl and 0A2 are the optical axes. AB is the Acute 
Bisectrix. OB is the obtuse bisectrix. ON is the optical normal. Major division lines 
represent 10° rotation on a spindle stage. Data produced from the Excalibr program, 
Bartelmehs, Bloss, Downs, and Birch; Z Krist. (1992) 199 185-196. This figure shows 
how the data acquired on the spindle stage is used to determine the orientation of the 
different principal axes of a crystal. 
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Figure 2-6 Optical goniometer used in orientational experiments. 

Combined with the Figure 2-7, this shows how the sample was oriented. The setup 
pictured here was suspended above the bench using the apparatus shown in Figure 2-7. 
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Figure 2-7 Drawing of optical goniometer mount 

The arc is scribed by the rotation of the base of the setup displayed in Figure 2-6, which 
rotates the sample. 



Figure 2-8 Picture of goniometer head attached to holder 

Shows how Figure 2-6 and Figure 2-7 attach. 
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514 nm excitation 

For all pressure experiments. Raman scattering was collected in the backscattered 

geometry through a Mitutoyo MPlan 10 x objective with a 1.32" working distance and 

0.28 NA. A spatial filter was utilized to minimize signal contribution from diamonds or 

other material surrounding the sample. Rayleigh scattering was filtered out using two 

Kaiser Optics holographic filters. Spectra were acquired using a Jobin Yvon Spex HR 

460 spectrometer and a liquid nitrogen cooled 1152 x 256 pixel Princeton Instruments 

CCD held at approximately -100°C. The instrument is diagrammed in Figure 2-9. 

Pressures were determined from fitted positions of the Ri and Ri ruby 

fluorescence spectra using the calibration of Mao et al.®^ As pressure is increased, the 

fluorescence from the Cr^^ ion in the ruby redshifts from 694 nm. Standard fluorescence 

spectra from ruby at atmospheric pressure were collected by placing a ruby in the optical 

path, but not at the focal point of the laser (Figure 2-9). Using this method, the sample did 

not have to be removed to collect reference ruby spectra for pressure calibrations. The 

error in pressure is estimated to be 0.05 GPa. Pressure was measured before and after 

each spectrum acquisition and the reported value is the average of these two 

measurements. Both ruby fluorescence and Raman spectra were excited with the 514.5 

nm line of an Ar~ laser. 
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Figure 2-9 Instrumental configuration for the pressure experiments performed at 514 nm 
The laser is directed to the sample through the beam splitter and into the DAC by an 
infinity-corrected microscope objective shown above as a single lens. The same lens 
collects the scattered light. The light is refocused and passed through a spatial filter to 
reduce the signal from the diamonds. The holographic filters reduce the Rayleigh light. 
The ruby standard is placed in the path of the scattered light, not at the focus of the laser. 
There is sufficient signal from the ruby to perform calibration without acquiring maximal 
signal intensity. The placement of the ruby allows the ruby standard spectrum to be 
acquired without having to remove the DAC. 
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3 Raman study of spodumene under pressure and polarized 
spectra of an oriented single crystal 

Two Raman studies are presented in this chapter: a study on the pressure-induced 

changes in the spectra and one on an oriented single crystal. The pressure study 

demonstrates some of the changes in the spectra caused by phase changes. Some of these 

changes occur in a spectroscopic region that has heretofore been left unexplained by 

previous Raman and lattice dynamical studies on pyroxenes. Conclusions as to band 

assignments arc drawn. The oriented crystal study seeks to assign the Raman bands to 

specific vibrations, expanding and confirming the assignments made in the pressure 

experiment and presenting the most complete interpretation of the spectra of pyroxenes to 

date. This chapter proves that the combination of polari/ed Raman spectra of oriented 

crystals of spodumene combined with Raman spectra of spodumene as it undergoes a 

pressure-induced phase transition allows spectroscopic interpretation of the material in a 

manner that is more complete than any previous interpretation and introduces a technique 

that may be used to assign Raman modes to other materials. 

Pressure study 

Spodumene (LiAlSiiOe) is a naturally occurring, monoclinic, optically biaxial 

member of the pyroxene group of minerals. Spodumene is the principal source of lithium 

and has uses in the glass and ceramics industries. In spodumene, chains of AiOe (M1) 

octahedra separate chains of Si04 tetrahedra (Figure 3-1). Li occupies the M2 site. In 

general, the M2 site in pyroxenes is observed to be 4, 5, 6, or 8 coordinated, depending 

on pressure, temperature, and chemical composition. There are three symmetrically non-



equivalent oxygens, designated as 01, 02, or 03. 01 oxygens are at the apiccs of the 

Si04 tetrahedra. 02 are on the base of the tetrahedra, and 03 are on the base of the 

tetrahedra bridging the silicon atoms. In pyroxenes, the M2 cation is always found 

bonded to 01 and 02 atoms. The bonding to the bridging 03 atoms depends on pressure, 

temperature, and composition. 

For example, an M2 cation with a large ionic radius, such as Ca, would have a 

coordination of 8, two bonds to 01 atoms, two bonds to 02 atoms, and four bonds to 03 

atoms. The large size of the ion ensures that there is a saddle point in the electron density 

58 • distribution, which can indicate the formation of a bond between two atoms. A cation 

with a smaller ionic radius would not necessarily be bound to more than 4 oxygens, two 

01 atoms and two 02 atoms. However, the M2 atom's bonding characteristics may 

change under increased pressure or decreased temperature to include bonds to the 03 

atoms as the M2 and 03 atoms are brought closer together. Phase changes can also be 

brought about by decreasing pressure or increasing temperature. 

The experiments in this dissertation were performed at high pressures rather than 

low temperatures mainly because high pressure more adequately models the conditions in 

the Earth's interior than low temperature. A belter model would be to study both high 

temperature and high pressure, but current technology can not achieve both high 

temperature and pressure simultaneously. Because it is only possible with current 

technology to study one variable at a time, it is necessary to gather both temperature and 

pressure data in order to gain a complete picture of the processes. 
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Sharma and Simons have already reported the Raman spectra of three high-

temperature polymorphs of spodumene as well as glasses of spodumene composition/'" 

A new high-pressure phase of spodumene was recently discovered,'" but was not one of 

the polymorphs studied by Sharma and Simons. 

Depending on temperature and pressure, spodumene has been observ ed in either 

C2/c or P2]/c symmetry7° At room temperature and at pressures below 3.2 gigapascals 

(GPa). the mineral displays space group symmetry C^i, {C2/c, Figure 3-2). In this phase, 

both Li and A1 occupy positions of C2 site symmetries. Li is shown in Figure 3-2 bound 

to two 03s, one in the 2 position and one in the 3 position. Not shown are the four bonds 

between the M2 and the oxygens at the apices of the AlOe octahedra. There is a C2 

rotational axis running through the M2 atom parallel to the b crystallographic axis. The 

Si and all three types of oxygens display Ci site symmetry. According to factor group 

analysis, there are 14 Ag and 16 Bg Raman active modes associated with the C2/c phase. 

Near 3.2 GPa the mineral undergoes a reversible phase transition to the C space 

group {P2i/c, Figure 3-4).^° At the transition, the coordination of the Li atom changes 

from 6 to 5 when the bond to the 03 oxygen atom in the 3 position breaks (sec Figure 

3-4).^^ Losing this bond destroys the C2 symmetry of the mineral along the b axis. In the 

P2]/c phase, all atoms in spodumene display Ci site symmetries. Because the C2 

rotational axis is lost, atomic displacements that were formerly equivalent are no longer 

equivalent. This leads to an increase in the number of modes observed. 

The phase transition is accompanied by a 1.4% decrease in volume. This phase 

transition has been documented by X-ray diflraction studies.''^ At higher pressures, a 



second bond forms between the Li and the 03 in the 4 position, which changes the 

coordination number of the Li back to 6, but retains the P2i/c symmetry of the mineral. 

There are theoretically30 Raman active Ag modes and 30 Bg modes associated with 

spodumene's P2i/c phases. 
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Figure 3-2 Spodumene in the C2/c phase at 3.1 GPa 

The M2 (Li) atom (sphere) is bound at the 03 atoms in the 2 and 3 positions (bases 
of tetrahedra) shown here in spodumene's C2/c phase. At the phase transition, the 
bond to the 03 atom in the 3 position breaks, leaving the M2 atom bound only to the 
03 atom in the 2 position 



Figure 3-3 Spodumene in the P2j/c phase at 3.3 GPa 

The M2 atom is 5-coordinated, bound only to the 03 oxygen in the 2 position and to 
01 and two 02 atoms (bonds not shown). 
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Figure 3-4 Spodumene in the P2i/c phase at 8.8 GPa 

The M2 (Li) atom (sphere) is bound at the 03 atoms in the 2 and 4 positions (bases of 
tetrahedra). It is 6-coordinated again but is still in the P2/c phase. 
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Experimental 
The sample used in this series of experiments was a fragment of a large, pale pink 

gem crystal from Pala. San Diego County, California. A 200 x 200 x 25 |im fragment 

was loaded into a 4-pin Merrill Basset type diamond cell (Figure 2.5) with (110) parallel 

to the cell axis.'' Diamond anvil culet size was 600 jim. A stainless steel gasket. 250 |im 

thick, was pre-indented to 50 fim, with a hole diameter of 300 um. The cell was loaded 

with the spodumene crystal Iragment and a small ruby fragment, and filled with 15:4:1 

methanol:etha!iol:water pressure medium. The diamond anvils apply pressure to this 

medium, which in turn applies hydrostatic pressure to the sample, ensuring that no 

deviatoric stress is applied to the sample. Utilizing an 1800 groove/mm grating centered 

at 530 nm, the region from 104 cm"' to 1010 cm"' was acquired using WinSpec software. 

However, due to interference from the filters only the region above 200 cm"' was 

analyzed. 

Pressures were determined from fitted positions of the Ri and R2 ruby 

fluorescence spectra using the calibration of Mao et al.''^ The chromium ion that gives the 

red color to rubies fluoresces at 694 nm at standard pressure, but under high pressures, 

the fluorescence of the chromium shifts to the red. See Chapter 6 for more information 

regarding fluorescence calibration. The error in pressure is estimated to be 0.05 

gigapascals (GPa). Pressure was measured before and after each spectrum acquisition 

and the reported value is the average of these two measurements. Both ruby fluorescence 

and Raman spectra were excited with the 514.5 nm line of an Ar^ laser. 
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There was no specific polarization alignment along crystal axes. Raman 

scattering was collected in the backscattered geometry. Data was imported into GRAMS 

32 software and peak positions were found using the peak fitting utility. Errors averaged 

less than 1 cm"' for all peak positions with the errors for most peaks falling well below 

1cm"'. Peak positions were corrected for a systematic error caused by the import into the 

GRAMS softwcire. 

The grams software induced a data bias by using only the first and last data points 

on the X-axis (Raman shift) and extrapolating the remainder of the points as linear. 

Because Raman is not a linear system, this induced a data bias with a curved shape. (See 

Figure 3-5). The error in reported shift of peak ranged from 0 cm"' to 16 cm"' within the 

same spectrum, depending on the position of the peak. To correct for the data bias, the 

original data was examined and the value of the Raman shifts at the first and last pixels 

were detemiined. A model of the bias in the X-axis (Raman shi ft) based on pixel number 

and shift was calculated using the following equation: 

Equation 3-1 P, + ^ ^ x { N - l )  

where Pi is the value of the shift at the first pixel number. Pi 152 is the value of the shift at 

the last pixel, and N is the pixel number for which the correction is being applied. 

Because there was not a correlation between pixel number and peak centers found with 

the GRAMS software, a hyperbolic function based on Raman shift was fit to the model 

and the data were corrected using the fit function. Agreement with peak centers plotted 

with no bias and corrected data was excellent. The resulting error in peak position is 

based only on error in spectrometer calibration and the peak-fitting algorithm. 



Data for the region from 200 cm"' to 1000 cm"' was acquired as pressure was 

increased to 16.18 GPa, where conditions were no longer hydrostatic. The conditions was 

determined to be non-hydrostatic when crystals of pressure medium were observed in the 

cell, at approximately 12 GPa. The pressure was then decreased to 9.63 GPa. Data for 

the region from 1000 cm"' to 1210 cm"' was acquired as the pressure was decreased to 

1.39 GPa. Appearing in many of the spectra is a peak at 1115 cm"' that is attributable to 

an emission line of flat-scrcen monitors utilized in the laboratory, not a genuine Raman 

peak. This peak did not shift with pressure and was not apparent in the spectrum when 

the monitors were turned off. No data was acquired above 1210 cm"' since earlier studies 

have shown that there arc no additional peaks apparent at frequencies up to 2300 cm"', 

and because of interference due to Raman scattering from the diamond line at 

approximately 1330 cm"'. 
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Figure 3-5 Plot of correction function applied to correct bias introduced by GRAMS 
software. 

Function shown was applied to all pressures above 3.64 GPa. The spectra acquired at 
0 to 3.49 GPa, excluding 3.14, 3.23, 3.24, 3.25, and 3.29 GPa, used the function: 

y - 7.69x10"' X" - 8.64x10~" x + 8.44 where y is the calculated difference between the 

actual ad the GRAMS value and x is the Raman shift. The excluded spectra used the 

following function: y = 7.69x10'' x' - 8.63x10 "^ x + 8.37 . The spectra acquired as 

pressure was decreased used the following correction function: 

)• = 7.85x10-'x' -1.21xl0-'x + 31.6. 
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Results and Discussion 
70 

Near 3.2 GPa, spodumene undergoes a phase transition from C2/c to P2]/c. 

This is evidenced by the dramatic change in the Raman spectrum. Although it is difficult 

to say definitively, it appears that some peaks split into two. some disappear altogether, 

and several peaks appear at the transition (Figure 3-6). The assignment of these peaks is 

presented later in this chapter. Figure 3-8 displays the Raman spectra from 550 cm"' to 

1200 cm-'. 

Peaks vg, V21, V22, V24, and V28 appear through all pressures, though their positions 

shift with increasing pressure. Peaks ve, V9, and V15 are not present above the transition. 

Peak V4 appears to split into V3 and V4, vn into vn and V14, vn into vig and Vn, V19 into 

Vi9 and V2o,and V26 appears to split into V25 and V27. The following peaks appear at the 

phase transition: Vi, V2, V5, vj, vio, and vig. Peak vn only appears after 7.7 GPa. Peaks 

V3, V7, V8, Vn, Vi4, and V20 do not appear through the highest pressures. The 

disappearance of these peaks might be evidence of a change in spodumene that may be 

associated with a second transition that retains the P2i/c symmetry. Peak V23 is a very 

weak and broad peak. ( Figure 3-8) The frequency at which the peak appears shifts 

linearly with pressure, indicating that it may be a Raman peak. The peak is most likely 

due to the methanol/ethanol pressure medium, as there is a peak appearing in the ethanol 

spectrum at 883 cm"' and none appearing in the spectrum of spodumene at atmospheric 

pressure. 
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600 
Jlaiiian Shift tent 

Figure 3-6 Low wavenumber region of the Raman spectra of spodumene as the pressure 
is varied. 

Note spectrum at 3.30 GPa where both phases are evident and note the change in 
spectra between 7.75 and 10.51 GPa. The change at higher pressures may be 
evidence of the second bonding change of spodumene. 
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Prior to the phase transition near 3.2 GPa, there were only fifteen peaks apparent 

in the spectrum. According to factor group analysis, there should be 30 Raman peaks, 14 

of Ag symmetry and 16 of Bg symmetry. The infrared should contain 13 Au modes and 14 

Bu modes, but the in frared spectroscopy of pyroxenes is outside of the scope of this 

document. The A and B designations are given to singly degenerate species. A is used 

for totally symmetric species, while B is designated for those species that are 

antisymmetric with respect to the rotation axis ol' highest order. The g or u subscript is 

indicative of a center of symmetry; g stands for gerade (the German word for even) and u 

for ungerade (the German word for odd), which means that the g species is symmetric 

with respect to the inversion center and the u species is not symmetric about the inversion 

center. The factor group analysis was performed using the Vibratz program,which 

relies on the correlation method published in 1971."""^"^ An example of how to determine 

the number of modes associated with each symmetry species is given in the Introduction 

using the example of quartz. The detailed analysis of spodumene is not included herein 

because it is well established, well referenced, and is distracting to the purpose of this 

document. 

While no attempt was made in this experiment to discern the symmetries of the 

observed Raman peaks, it is evident that too few appear. There are many reasons 

previous authors have suggested to explain why the expected peaks may not be apparent, 

including accidental degeneracy (two peaks having the same energy, thereby appearing at 

the same wavenumber). two peaks having very close to the same energy and the 

resolution of the instrument inadequate to distinguish between them, or the peaks could 



have too low an intensity to be above the noise of the measurement. Huang, ei al?" 

proposed that in a natural sample, disorder created by cation substitution might broaden 

the peaks, making them indistinct. Because the sample studied was natural, peak 

broadening due to natural disorder may be a partial explanation for missing or indistinct 

peaks, but cannot be the only reason. This natural sample also exhibited fluorescence, 

which increased the noise of the measurement such that several peaks, known from 

previous studies to be present (especially in the 900-1200 cm"' region), are not apparent. 

The sample was investigated with excitation at 785 nm, and was found to fluoresce at this 

wavelength, also. One reason to acquire polarized spectra on an oriented crystal was to 

determine if accidental degeneracy of modes was present. One reason that not every 

mode is accounted for is that this study did not examine frequencies below 200 cm"'. The 

Si-O-Si bends and twists occur in this region. 

With the destruction of the C2 site symmetry at the Ml and M2 position and the 

two nonequivalent Si. 01, 02, and 03 associated with the silica chains, modes appear 

that were degenerate before the phase transition, especially in the low-frequency region 

of the spectrum. Some modes that were previously degenerate will split into two due to 

becoming nonequivalent with the loss of the C2 rotational axis. The atoms that had C2 

site symmetry in the C2/c phase transform to Ci site symmetry in the P2]/c phase. It is 

logical to assume that the modes appearing at the phase transition are directly related to 

vibrations involving the M2 or Ml atoms, as it is through these atoms where the C2 

rotational axis is lost due to the loss of the M2-03 bond at the 3 position. In this 

experiment, V3, vo, vn, vjg, and V26 all appear to .split, though vje may actually be an 



appearance of a peak, not a splitting. In addition, the following modes appear, indicating 

that they also are related to M2 vibrations: vj, vj, V5, V7, vio, and vig. This is not 

inconsistent with previous studies, which have assigned pyroxene bands appearing below 

550 cm"' to cation translation, bending and stretching of bonds related to Ml and M2, and 

longer-wavelength lattice modes?®'^^ Note that in the P2i/c symmetry, there are two 

symmetrically distinct silicate chains, which should contribute to an increa.se in number 

of modes observed as well. 

Lattice dynamical studies of quartz have predicted the Raman spectra of the 

material and the data confirms what is noted here. The stretching wavenumbers for the 

Si-0 interactions occur in the region from 700 to 800 cm'^ and from 1050 to 1100 cm"'; 

the O-Si-0 bending vibrations occur in the 350-500 cm"' region, and the bending and 

twisting vibrations of the Si-0-Si angles occur below 300 cm"', which was a region not 

d. f \  
examined closely in this study. 

The spectrum of spodumene in the low-pressure phase can be compared to the 

Raman spectra of diopsidc, CaMgSiaOe, which is another pyroxene with C2/c 

32 72 symmetry. ' At atmospheric pressure diopside has eight bonds associated with the M2 

site, whereas spodumene has six. Chopclas reports that at high pressure, however, 

» 32 diopside may also have six bonds to the M2 site, though this is unconfirmed. Also, 

diopside's Ml is bonded to 031, 032, 033, and 034, while spodumene's M2 is bonded to 

032 and 033.Figure 3-2 

Figure 3-7 compares the spectra of diopside (bottom) and spodumene (top) in the 

C2/c phase at 1 atmosphere. Both spectra have a singlet between 600 cm"' and 800 cm"' 
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OQ "2 1 '7Q 
that is indicative of the C2/c phase in pyroxenes. ' ' Both spectra have strong peaks 

near 140 cm"' and also have similar peaks in the 500-600 cm"' range, the Si-O chain 

bending region. Between 200 cm"' and 500 cm"' there is little similarity between the two 

spectra. The region above 1000 cm"', where Si-O stretching is found, is quite different in 

the two spectra, even though both spectra were acquired with laser light incident on the 

(110) face of the minerals. Peak intensities in this region have shown strong dependence 

on crystal orientation. However, since the two minerals are oriented identically, this is 

not the explanation for the different number of peaks. The differences must be because 

of the different bonding structure surrounding the M2 atom. However, the similarity in 

the spectra between the two pyroxenes indicates that assignments made for one pyroxene 

may be valid for the other pyroxene. 
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Figure 3-7 (top) C2/c spodumene on (110) face and (bottom) C2/c diopside on (110) face. 
Reference 19 assigns the vibrational regions in pyroxenes as follows: §00-1200 cm" Si-
Onb stretch, 650-800 cm"' Si-Ob stretch, 425-650 cm"' Si-0 bend, and 50-425 cm"' 
complex. There are differences in these Raman spectra that are not accounted for by 
orientational effects, as both materials were observed in the same orientation. 
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Above 3.2 GPa. twenty-three peaks were observed. The following peaks appear 

to be indicative of a P2//c phase in spodumene: Vi, V2, V3, V4, Vs, V7, Vio, V12, V14, Vi6, and 

vjg. Though there are again too few peaks, there is a definite increase in the number of 

peaks, which indicates a decrease in symmetry of the crystal. Because the only change in 

bonding in this mineral is related to the Li-03 bonds, any change in the spectrum should 

be attributable to those vibrations involving the M2 atom (Li) or the 03 atoms. 

Additionally, the peaks above 1000 cm"' were often difficult to discern after the transition 

because a broad peak appeared from 1050-1100 cm"', which obscured any lower-

intensity peaks present (see Figure 3-8). 

Figure 3-9 shows a comparison between two pyroxenes of P2i/c symmetry, 

spodumene (top) and low clinoenstatite (MgSiOs) (bottom).'"' In the 600- 800 cm"' 

region for clinoenstatite a doublet appears, indicating two symmetrically distinct Si-0 

OA -IT nc  

chains. ' " For spodumene. a singlet appears in this region throughout all pressures, as 

shown in Figure 3-10. In all other spectra of P2j/c pyroxenes, there is a doublet in this 

region. It is difficult to compare the Si-0 stretching region (above 800 cm"') because of 

the broad, indistinct peak that appeared in this region during this experiment. 

Table 3-1 and Table 3-2 show the observed change in Raman shift with pressure 

(referred to as slope). Compression of the pyroxenes occurs primarily by the geometry 

change of M1 and M2 octahedra because the silica tetrahedra are relatively 

nc 

incompressible. ' The M2 octahedra are more affected by this distortion than arc the 

Ml octahedra'^ thus, a larger change in Raman shift with pressure indicates that the peak 

is likely to be associated with M2-0 bonds. The peak that showed the largest change 
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with pressure after the transition, peak vn, was also one that disappeared near 8 GPa. The 

fact that its position changed so dramatically with pressure and that vu disappeared 

indicates that this peak is closely associated with a M2-03 bond. The changes in shift 

with pressure are demonstrated in Figure 3-11 and Figure 3-12. 

Between 8 and 10 GPa there is another change to the Raman spectrum of 

spodumene (Figure 3-6, Figure 3-8). Peaks V3, v?, vio, and Vis are no longer apparent 

above 10 GPa and a peak at 416 cm"' appears. It is possible that these changes in the 

spectrum can be attributed to the formation of a new Li-03 bond to 034, while retaining 

the Plj/c symmetry. X-ray evidence supports the assertion that Li is again 6-coordinate 

at pressures above 8 GPa, but is still P2]/cJ^ Downs has predicted a phase transition of 

CO 

spodumene back to the C2/c phase at high pressures. The changes demonstrated by 

spodumene at pressures greater than 8 GPa may be an intermediate stage in this process, 

though the high-pressure C2/c phase has yet to be observed. Chopelas^^ recently reported 

similar changes in the Raman spectrum of diopside (CaMgSiiOf,), which she attributes to 

a phase change from C2/c to a differently bonded C2/c phase. It is possible that 

spodumene is demonstrating a stepwise transition that may be characteristic of other 

pyroxenes undergoing similar high-pressure changes. These changes, while apparent in 

the Raman spectrum, do not necessarily change symmetry of the mineral. Raman 

spectroscopy offers a method to monitor for these changes without necessitating single 

crystal X-ray crystallography, which can be time consuming. However, the changes in 

the Raman spectra can be a good indication of when to acquire X-ray data to observe 

phase changes and intermediate steps between symmetry changes. 
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Raman Shift (mf^) 

Figure 3-8 High wavenumber region of Raman spectra of spodumene. acquired as 
pressure is decreased. 
The peak at 1120 cm"' is emission from LCD monitors in room, not Raman 
scattering. These spectra show spectroscopic changes in the same pressure regions 
as the spectra acquired in the low wavenumber region. 



73 

SfJOctmmeTie (LiAlSisOfi) 

Low Clinoenstatie (Mg SizOs) 

Figure 3-9 Plj/c spodumene at 4.70 GPa (top) and P2i/c low clinoenstatite (Mg2Si206) at 
0 GPa (bottom, from Mao, et al.) 
The comparison of these two spectra shows the differences in two pyroxenes that 
are in the same symmetry. Note the doublet near 650 cm-1 in clinoenstatite that is 
not apparent in spodumene. 
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Figure 3-10 Silicate chain stretching peak through all pressures. 
There is no splitting or significant broadening, which would indicate a P2j/c phase is 
apparent above the transition. 
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Table 3-1 Peak position listed with pressure. Error in peak position is less than 2 cm"'. 

Peak 0.14 1.24 2.07 3.30 3.47 3.64 4.20 4.75 5.70 6.64 7.75 8.93 9.63 
label GPa GPa GPa GPa GPa GPa GPa GPa GPa GPa GPa GPa GPa 

Vl  209 209 211 212 213 216 218 220 219 222 
V2 229 230 227 232 232 234 235 240 241 239 
V3 245 246 247 249 251 254 255 260 264 
V4 247 249 251 252 259 260 261 263 266 267 271 273 
V5 282 284 284 287 290 293 295 299 302 301 
V6 295 299 302 304 
Vy 315 317 318 320 322 325 326 328 
V8 326 334 339 340 340 341 343 347 352 357 360 
V9 354 355 358 359 

VlO 357 371 375 378 382 384 388 390 390 
Vll  385 386 388 392 396 
Vi2  416 421 421 
Vi3  392 395 397 398 
Vl4  406 410 411 414 416 421 426 433 439 444 
Vl5 

Vl6 

Vi7 
Vl8 

Vi9 
V20 
V21 
V22 

416 420 423 
439 441 441 443 444 447 450 454 457 456 

441 446 452 455 455 455 458 461 464 467 472 477 476 
493 494 496 497 499 504 507 510 514 514 

522 524 527 530 526 527 529 530 534 535 537 538 536 
539 540 542 543 540 

584 587 590 592 595 596 597 600 601 603 607 611 
708 712 715 719 721 722 723 725 729 731 734 738 738 



Table 3-1 cont. Slope is change in Raman shift with pressure in cm' 
VOPa. First number is pre transition (0-3.47 GPa), second is post-
transition (3.47-13.03 Gpa). 

Peak label 10.67 GPa 11.65 GPa 13.03 GPa , 

Vi  225 227 227 1.86 
V2 245 247 247 2.01 
V3 2.90 
V4 277 278 279 1.63/2.20 
V5 308 309 311 2.90 
V6 2.89 
V7 2.56 
V8 4.50/ 4.92 
V9 1.92 

VlO 395 398 400 3.50 
Vll  7.59 
Vl2  428 433 437 4.16 

Vl3 1.92 
Vl4  5.44 

Vi5  3.63 
Vl6  458 465 468 2.77 

Vi7  483 485 488 4.61/3.58 
Vis 521 523 530 3.55 
Vi9  541 544 567 2.61/2.90 
V20 0.54 

V21 614 616 619 2.60/ 2.52 
V22 742 745 749 3.49/ 2.88 
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Table 3-2 Long wavenumber peak position data. Error in peak position is less than 2^"'. 

Peak 1.39 2.25 2.78 3.47 4.10 6.39 8.11 9.63 Slope 
label GPa GPa GPa GPa GPa GPa GPa GPa (pre/post) 

V23 885 908 911 918 3.11 
V24 987 989 991 995 992 1003 1007 1014 3.44/3.41 

V25 1008 1022 1029 1038 2.95 
V26 1027 1033 1031 1033 2.85 
V27 1043 1046 1058 4.62 
V28 1064 1068 1066 7.16 

V29 1079 1083 1085 1089 1094 1103 1112 
5.00/ 
4.68 
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Figure 3-11 Plots of peak position as a function of pressure. 
Note that there are several changes in the spectra at the phase transformation 
from C2/c to P2i/c, at 3.28 GPa. There are also secondary changes in the spectra 
near 8 GPa that may be related to the formation of the second bond from the Li 
to the 02 atom. 
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Figure 3-12 Plot of high wavenumbcr peak positions as a function of pressure. 
Data acquired as pressure was decreased. Disappearances and appearances of 
peaks observed in the high wavenumber region at the same pressures as observed 
in the low wavenumber region. 
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Orientation study 

77 78 Much work has been done on the determination of orientation of polymers ' and 

molecules'*^ by Raman spectroscopy.^'^ The same concepts that allow Raman 

spectroscopy to determine the orientation of biaxial polymers are also applicable to 

minerals and other single crystals. Specifically, the electric vector of the incident and 

scattered radiation may be analyzed to select Raman modes of a specific symmetry when 

the orientation of the principal axes of the material is aligned coincidcnt with the electric 

vectors of the radiation. This study was undertaken to confirm Raman mode assignments 

proposed by the study of Spodumene at pressure and also as a preliminary examination of 

the bonding structure of spodumene in preparation for theoretical confirmation by lattice 

dynamical calculations. 

The number of Raman spectroscopic bands for any structure is dictated by factor 

group analysis. Spodumene at room pressure and temperature is in the C2/c phase, which 

is in Schoenflies notation. Both Li and A1 occupy positions of C2 site symmetries. 

The Si and all three types of oxygens display C| site symmetries. Factor group analysis 

shows that there should be 30 Raman-active bands, 14 Ag and 16 Bg. There are no 

vibrational bands that are both Raman- and infrared-active, because the molecule has a 

center of inversion, and as such, common modes are forbidden. This fact is reflected in 

the character table for Cjh, shown in Table 3-3. The totally symmetric bands that are 

Raman active are noted by the symbols for the second-order polarizability tensors, 
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ax^, ay^, az", and axy. The tensors, axz and ayz, denote the Raman bands with Bg 

symmetry, that is, antisymmetric with respect to the rotation axis, but symmetric with 

respect to the center of inversion. 

In the Raman spectra of most pyroxenes, often there are significantly fewer peaks 

28 29 52 observed than expected and significant leakage is apparent in polarized spectra. ' ' 

Leakage is the occurrence of bands forbidden by selection rules in the polarized spectra 

of an oriented crystal. The forbidden modes are said to be "leaking" into the spectra of 

the selected modes. A notable exception is found for enstatite (MgSiOa), which is 

orthorhombic.'® The phenomena of leakage and fewer peaks is not limited to pyroxenes, 

but also affects other monociinic, biaxial crystals, especially when analyzed in the 

back scattered geometry. Often, the leakage is attributed to misalignment of the 

crystal or disorder in the crystal. The missing peaks are attributed to weak intensities or 

accidental degeneracy. If the peaks are accidentally degenerate, but of different 

symmetries, polarized studies should reveal them. 

In order to elucidate the symmetry of observed vibrational bands and to determine 

if there is accidental degeneracy present, an orientational study was performed on 

spodumene. One of the first papers to utilize polarized Raman spectra of oriented crystals 

to determine the symmetries of vibrations was published in 1966.''^ Notations utilized in 

this paper are consistent with the Porto notation that was explained in the Introduction of 

this document. 
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Table 3-3 Character table of the C2h group 

Cih E C2 i CTh 

Ag 1 1 1 1 T j  2  2  2  Rz X y z yz 

Bg 1 -1 1 -1 Rx Ry xz yx 

Au 1 1 -1 z 

B o  1 - 1 - 1  1  X, y 
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In Raman spectroscopy, light will only interact with bonds that have some portion 

of their polarizability direction in common with the radiation field of the radiation. For 

example, if a bond's polarizability exists along the Y-axis and light is coupled into the 

crystal polarized along the X-axis, that polarizability would not couple to the incident 

light. If the polarizability were partially projected along the X-axis, the projected portion 

of the polarizability would couple to the light. The larger the portion of the polarizability 

that is projected in the direction of the polarized light, the more the light will couple with 

the polarizability. Thus, in different orientations, some bonds' polarizability will be more 

strongly coupled with polarized incident light than others will. 

Why then are peaks observed in apparent violation of the selection rules? 

Consider that the polyhedral units of the mineral are not separate entities but are instead 

interlinked units of a whole. Also, not every bond lies on a principal axis in monoclinic 

crystals. Light can couple to these bonds and activate neighboring bonds in a second-

order fashion. 

The spectroscopic region from 900 cm"' to 1200 cm"' has been well characterized 

27 2S 31 52 74 75 in pyroxenes. ' ' ' ' ' Peaks appearing in that region are assigned to vibrations of the 

bond between the silicon atom and the non-bridging oxygens (01 and 02). For example, 

the peak observed in our study at 1017 cm"' corresponds to the peak at 1033 cm"' 

assigned by Choudhury, et al. as an Si-02 totally symmetric Ag stretch in orthoenstatite 

52 1 (MgiSiiOn). Dowty also assigned the spodumene peak appearing at 1060 cm" to the 

Si-02 stretch, based on lattice dynamical calculations.^" These specific assignments will 

be used to validate the assignments presented in later sections. 



Vibrations involving the Ml and M2 cation are complex. It is for this reason that 

few have attempted to assign the bands to specific vibrations, instead giving the entire 

region from 100 cm'^ to 600 cm"^ a general label of "cation motion." It was the goal of 

this study to observe this region to clearly identify which bond vibrations contribute to 

which Raman peaks, in order to more fully understand the pressure-induced phase change 

and the bonding change around the M2 cation. Assigning this region will complete the 

Raman analysis of spodumene and offer insights into the Raman spectra of many other 

clinopyroxcnes. Also, this unique approach to Raman mode assignment to minerals may 

be extended and utilized in other difficult-to-analyze single crystals. Once the Raman 

modes are assigned in this manner, the force constants may be back calculated to 

complete the lattice-dynamical picture, which has thus far been unable to predict the 

Raman spectra of more complex materials in some complex materials. 

Experimental 
The sample was a natural single crystal of spodumene. approximately 1 cm on a 

side, translucent and colorless from Cuiete Minas, Gerais, Brazil, (University of Arizona 

Mineral Museum collection #6714). 

The directions of the a , b*. and c* cr>'stallographic axes of the sample were 

determined using an automated Picker diffractometer utilizing unfiltered MoKa radiation. 

The orientation of a was found to be at chi = 19.5° and phi = -164.4°, b" was found to be 

chi = 20.3° and phi = 98.1°, c* was found at chi = -69.7° and phi = 100.1°. For 

confirmation that the correct angles were found, the orientation of the [ 110 ] direction was 

found at 15.1° and 143.4°. The diffractometer was driven to these angles and the [ 11OJ 



cleavage plane was verified to be in its correct orientation. Complete X-ray structural 

data on spodumene is presented in Angel and Arlt7° The phi axis of the optical 

goniometer utilized in this study is defined in the opposite sense as on the diffractometer, 

so the phi axis reading on the optical system is the negative of that used in the X-ray 

study. 

Following the location of the crystallographic axes, the principal axes of the 

crystal (X, Y, and Z) and the optical axes (OA 1 and OA2) were located using spindle stage 

techniques described elsewhere. '** Briefly, the crystal was placed on the optical 

goniometer between two crossed polarizing filters. At a single reading of S (spindle=pM), 

Ms (chi) was rotated until the light through the crystal was quenched (unrotated). This 

procedure was repeated for values of S from 0° to 150° (Table 3-4). Data were plotted 

using the EXCALIBR program, which located the obtuse bisectrix, optical normal, and 

the acute bisectrix, also known as X, Y, and Z principal axes for biaxial (+) minerals 

(Figure 3-13, Table 3-5 and Table 3-6).^"* The optical and acute bisectrices lie in the 

same plane as OA I and OA2, but halfway between them. For spodumene, the Y axis is 

equivalent to the h and b* cry.stallographic axis. The Xaxis is -2° to -7° from the a 

crystallographic axis. The Z axis is -22° to -27° from the c crystallographic axis*' (see 

Figure 3-14). 

Orienting the crystal with only the chi and phi angles of the goniometer would 

allow orientation of one of the axes in relation to the incident radiation, but not the others. 

To orient the others such that one principal axis was parallel and the other perpendicular 

to the optical bench while the third was parallel to the incident radation, two additional 



degrees of rotational freedom were necessary. These additional degrees of freedom were 

afforded by the goniometer head itself. The goniometer head allowed additional rotation 

of the sample of almost ±25" in the plane of chi and perpendicular to chi. The crystal was 

found to be oriented such that a reading of -25° on the top arc and +9° on the bottom arc 

was necessary to align the crystal in the manner desired. For a picture of the head in this 

orientation, please see Figure 3-15. 

Spectroscopic data was imported into GRAMS32 and peak height and center data 

was acquired using the peak fitting utility and fitting mixed Gaussian-Lorentzian peaks. 

Peak height data was normalized and plotted versus angle of incident light. 

Normalization was utilized because some peaks varied over a larger intensity than other 

peaks, but their relative variation was the same. (See Figure 3-16 for graphs showing 

individual peak variations over the entire angle range studied.) The angles of maximum 

intensities were found by utilizing a peak-fitting algorithm in Origin to find the centers of 

the peaks from the intensity versus angle plots. 
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• observed data 
o observed data +/- 90 

Figure 3-13 Graphical output of the Excalibr program showing the location of key 
directions in this biaxial crystal using data found in Table 3-4, Table 3-5, andTable 3-6. 
The obtuse bisectrix (OB) is the X principal axis. The optical normal is the Y 
principal axis. The acute bisectrix is the Z principal axis. 
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Table 3-4 Data input into Excalibr program and calculated output 

S (deg) Ms (deg) Es Es (calc) Es - Es (calc) 

0 52.0 136.68 137.15 -0.47 

10 52.5 137.18 137.84 -0.66 

20 54.6 139.28 138.02 1.27 

30 53.1 137.78 137.61 0.17 

40 50.0 134.68 136.53 -1.84 

50 50.1 134.78 134.54 0.25 

60 48.2 132.88 131.19 1.69 

70 40.0 124.68 125.45 -0.77 

80 35.0 119.68 114.88 4.80 

90 10.5 95.18 96.51 -1.33 

100 349.5 74.18 77.54 -3.36 

110 340.6 65.28 65.94 -0.66 

120 335.0 59.68 59.03 0.65 

130 330.9 55.58 54.30 1.28 

140 326.1 50.78 50.74 0.04 

150 321.9 46.58 47.94 -1.36 

Output of the Excalibr program: 
Refined Reference Azimuth, Mr = 95.32 
Biaxial Results, Counterclockwise Stage 
Number of iterations - 19, R-squared = 0.98090 
Optic Axial Angle. 2V (ese) = 57.606 (3.036) 

Table 3-5 Computed Cartesian Coordinates 
X (ese) Y (ese) Z (ese) 

OA! 0.9293 (0.0112) 0.3139(0.0308) 0.1945 (0.0307) 

0A2 0.2482 (0.0207) 0.9687 (0.0053) 0.0052 (0.0280) 

AB 0.6719 (0.0058) 0.7318 (0.0056) 0.1139 (0.0122) 

OB 0.7069 (0.0131) -0.6795 (0.0071) 0.1964 (0.0553) 

ON -0.2212 (0.0422) 0.0514 (0.0380) 0.9739(0.0114) 

Table 3-6 Spindle Stage Coordinates to measure refractive indices. 

S (ese) Es(ese) Ms (e-w polr) Ms (n-s polr) 

OAl 31.78 ( 5.13) 21.67 ( 1.74) 
0A2 0.31 ( 1.65) 75.63 ( 1.23) 
AB 8.85 ( 0.95) 47.79 ( 0.45) 143.11 233.11 
OB 163.88 (4.39) 45.02 ( 1.06) 140.34 230.34 

ON 86.98 (2.26) 102.78 ( 2.48) 198.10 108.10 



89 

=Y 

Figure 3-14 Relation of the principal axes to the crystallographic axes in the (010) section 
of spodumenc 

The principal axes (solid, bold lines) are perpendicular to each other and are not parallel 
to the crystallographic axes (dashed lines), with the exception of the b crystallographic 
(Y principal) axis, which is perpendicular to the image as displayed. The optical axes 
(solid, thin lines) are also in a plane with the X and 7 axes. (After Phillips, W. R.; 
Griffen, D, T. Optical Mineralogy: The Non-Opaque Minerals; W.H. Freeman and 
Company: San Fransisco, CA, 1981.) 



I'igure 3-15 Picture of goniometer head in configuration aligning all three principal 
with laser 

This figure displays the degrees of freedom available to align the crystal with the 
laboratory axes. 
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Figure 3-16 a-f: Peak intensity variation over all angles of incident light. 

The axis upon which the light was incident and the polarization of collected light is 
indicated with each figure. The raw peak heights were not suitable for analysis because 
the less intense peaks had less variation in comparison to the more intense peaks. 
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Results and Discussion 
While many Raman modes never completely disappeared in this study, they did 

minimize. Figure 3-16a-f shows the variation of peak intensity over the entire 

experiment. Note how the mode intensities seem similar for those spectra collected down 

the same axis, but the spectra collected down other axes appear to be very different. By 

utilizing relative peak height data and coupling it to the known orientation of the crystal, 

the orientation of the bonds was determined in the previous sections of this chapter. The 

bonds that were more closely aligned with incident light more strongly coupled with 

incident light and thus give a relatively stronger Raman signal. Therefore, at orientations 

where the Raman signal was stronger, the vibrations of the bonds were coupling more 

strongly to the exciting light. In this manner, the Raman modes could be assigned even 

to the peaks in the low wavenuniber region, where complex cation motion is thought to 

contribute peaks to the spectrum. Previously assigned and well-established modes were 

utilized to check the validity of this technique by comparing symmetry. 

As the polarization of incident light and scattered light was rotated, the peak 

height intensity varied. To track the variation of intensity with angle of excitation and 

emission, the data were fit using GRAMS32 software. Peak height was recorded, 

normalized to 1, and plotted in Origin according to angle of excitation. Normalization 

was necessary to examine the intensity variation because Raman modes with higher 

intensities appeared to have a greater variation than those modes with smaller intensities, 

though when normalized the relative variations were similar. A number of these plots 

were then fit to sine waves or to a sin' function using the Origin fit program. The angle 
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was arbitrarily designated as negative when the half wave plate was rotated counter

clockwise from 0°. Angle of observed light is determined to be the same polarization for 

incident light in those spectra collected with parallel polarization. The angle of observed 

light is 90° to the incident light for those spectra collected with crossed polarization. For 

example, light incident on the X-axis, with the Y-axis of the crystal oriented 

perpendicular to the optical bench (aligned with the laser polarization) with 0° rotation of 

incident light and parallel polarization is designated as X(YY)X . Light incident under 

the same conditions with crossed polarization ( light collected and filtered through a 

polarizing filter oriented parallel to the optical bench) would be designated as X(YZ)X . 

Figure 3-17 a-c shows Raman spectra of spodumene as acquired with light incident on 

the X, Y, and Z-principal axes with parallel and crossed polarization. 

The variation of intensity versus angle of excitation was a cos' iunction deriving 

from the direct coupling of the incident light with bonds related to that peak. Therefore, 

light polarized parallel to the bond should couple with the bond, light oriented 90° to the 

bond should not couplc with the bond, and the intensity of the Raman mode should fall to 

77 78 86 
zero. This theory has been utilized to predict molecular orientation in polymers ' ' and 

07 
angle of molecular orientation on surfaces, however, the application of this theory to 

uniquely associated bonds in minerals to their spectroscopic bands is unique to this 

dissertation. 

Figure 3-18 a-d show the variation of peak intensity with angle of incident light 

rotation as viewed down the X-axis and with parallel polarization. Figure 3-18a and 

Figure 3-18b show peaks that have a maximum at 0°, though 3.18b also has a secondary 
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maxima at -75". Figure 3-18d also has a maximum at -75" and a secondary maximum at 

0° but the largest intensity is at -75° rather than 0°. Figure 3-18c shows peaks with 

minima at 0°. but maxima at 45° and again in 90" repeating periods. Figure 3-19 shows 

the atoms and bonds as viewed down the X-axis. 

The majority of peaks under crossed polarization display maxima that are shifted 

from the peak maxima appearing under parallel polarization. Figure 3-20a-d show peak 

intensity variation with angle of incident light as light is incident on the Y-axis and 

scattered light is crossed-polarized. Figure 3-20a shows peaks that maximize their 

intensity at 100° and have a secondary maximum at 45°. Figure 3-20b shows peaks that 

have maxima at 60° and two with a larger intensity maximum at 130° and three peaks 

with a secondary maximum at 150°. Figure 3-20c shows peaks that maximize at 0°. 

Figure 3-20d shows the majority of the low wavcnumber peaks, two of which maximize 

at 60° and two at 90". 



Inlenxity (Arbitrary intensity (arbitrary 
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Figure 3-17 Raman spectra of spodumene as acquired with light incident on the (a) X-
axis (b) Y-axis and (c) Z-axis. 
Both parallel polarization and crossed polarization is shown. The Raman modes in the 
spectra do not disappear, but they do minimize. There are dramatic differences with 
orientation and polarization observable between orientations. 
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Figure 3-18 Peak heights observed with incident light parallel to the X-axis and 
scattered light polarized parallel to the incident light. 
The X( YY)X orientation is at 0° and ±180°, X(ZZ)X is at ±90°. The figure displays how 
the intensities of the modes vary depending on orientation. Some modes had a maximum 
in intensity at the same angle of observation, while others had minima at the same 
orientation. 
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Figure 3-19 View of bonds and atoms down the a-crystallographic axis, which is a few 
degrees off of the A'-principal axis. 
The figure demonstrates how the bonds align when observed with the crystal's a-
crystallographic axis aligned with the incident laser direction. 
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Figure 3-20 Peak heights observed with incident light parallel to the X-axis and 
scattered light polarized perpendicular to the incident light. 

The X(YZ)X orientation is at 0" and ±180", X(ZY)X is at ±90°. The figure displays how 
the intensities of the modes vary depending on orientation. Some modes had a maximum 
in intensity at the same angle of observation, while others had minima at the same 
orientation. Figures a and b look similar, but note that the angles at which maximum 
intensities are achieved are shifted by approximately 25°. 
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The majority of the peaks appearing in the configuration where light was incident 

along the Y-axis (crystallographic b) and collected with parallel polarization had 

intensities that maximized at approximately 30 degrees clockwise of the zero point. 

Figure 3-21a shows peaks that had a second maximum at approximately 40° clockwise. 

Figure 3-21b shows peaks with no second maximum. Figure 3-21c shows two peaks that 

reached maximum intensity at approximately 20° clockwise. Figure 3-2Id shows a sum 

of two peaks, 285 cm"' and 295 cm"', which appeared to be two unresolved peaks, so the 

peak height analysis is unreliable for these two peaks. Figure 3-22 shows a view of the 

bonds and atoms down the Y-axis. 

The intensity patterns for crossed polarized light show much different intensity 

patterns because different Raman modes are selected by this polarization orientation 

(Figure 3-23a-f). Crossed polarized light should give insight as to which peaks are Bg in 

symmetry. Some of these peaks show maxima that appear at the same angle displayed by 

the peaks with parallel polarization (Figure 3-23e). Figure 3-23a shows peaks that do 

have a maxima near where the parallel polarized peaks show maxima (-40°) but also have 

a secondary peak at +60°, which is -90° from the crystallographic c-axis. indicating that 

the peaks displayed in this orientation are active in the Bg symmetry. Peaks displayed in 

Figure 3-23b show a similar pattern, but shifted approximately 45° from the peaks in 

Figure 3-23a. Figure 3-23c and Figure 3-23d appear at first glance to have the same 

intensity pattern. However, close inspection shows that that the peak at 418 cm"' is 

shifted by approximately +10°. 
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Figure 3-21 Peak heights observed with incident light parallel to the Y-axis and scattered 
light polarized parallel to the incident light. 
The Y(XX)Y orientation is at 0° and ±180°, Y(ZZ)Y is at ±90°. The figure displays how 
the intensities of the modes vary depending on orientation. Many of the modes observed 
in this orientation had maxima at approximately the same orientation, but the modes in 
Figure a display a secondary increase in intensity where the modes in Figure b do not. 
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Figure 3-22 View of atoms and bonds down ft-crystallographic axis, 
which is identical to the F-axis. 
The figure demonstrates how the bonds align when observed with the 
crystal's 6-crystallographic axis aligned with the incident laser direction. 
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Figure 3-23 Peak heights observed with incident light parallel to the Y-axis and scattered 
light polarized perpendicular to the incident light. 

The Y(XZ)Y orientation is at 0° and ±180°, Y(ZX)Y is at ±90°. The figure displays 
how the intensities of the modes vary depending on orientation. 
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I Figure 3-23 f shows a peak from Figure 3-23e plus the peak appearing at 395 cm" to 

illustrate that the 395 peak intensity is indirectly proportional to the peaks displayed in 

Figure 3-23e, in other words, shifted by 45°. [Figure 3-23e is almost all Si-OJ 

Data collected down the Z-axis with parallel polarization was the first data set 

collected, and only ranged from -45° to +180°. Figure 3.24a shows peaks that maximize 

at 120°. Figure 3-24b shows peaks with maximum intensitites at 0°. Figure 3-24c shows 

peaks with maxima at 30° and have a maximum approximately every 60°. Figure 3-24d 

displays a peak that maximizes at both 0° and 120°. Figure 3-25 shows a view of the 

bonds and atoms of spodumene as viewed down the Z-axis. For comparison. Figure 3-26 

shows a view down the c-axis. 

Figure 3-27a-e display data collected down the Z-axis with crossed polarization. 

Figure 3-27a displays peaks with maxima at 60° and secondary maxima at 150°. Figure 

3-27b shows two peaks with maxima at 100° and secondary maxima at 20°. Figure 3-27c 

shows multiple peaks with two sets of maxima, one at 65° and one at 130". The peak at 

1017 cm"' has an anomalous intensity reading because a cosmic ray event artificially 

increased that maximum intensity reading. Figure 3-27d shows peaks with maxima near 

20°. Figure 3-27e shows peaks that display no definable intensity relation with angle of 

incident light because the peaks were of such low intensity that the noise of the 

measurement was larger than the variation of the peak height caused by rotation of 

incident light. This is unfortunate, as two of the peaks, 616 cm"' and 886 cm'', appear 

only when the crystal is examined down the Z-axis. 
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In a recent paper, the Raman bands were classified as following; 800-1200 cm"' 

Si-Onb stretch. 650-800 cm"' Si-Ob stretch, 425-650 cm"' Si-0 bend, and 50-425 cm"' 

oo 
complex lattice vibrations due to Si-0 bend and M-0 interactions. The Si-0 

interactions appear in every region of the spectra, and the M-0 interactions are restricted 

to below 425 cm"'. Using these guidelines and the observations above coupled to study 

of the crystal's atom and bond placement, band assignments are made. 
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Angle of incident light (clockwise negative) Angle of incident light (clockwise negative) 

Figure 3-24: Peak heights observed with incident light parallel to the Z-axis and 
scattered light polarized parallel to the incident light. 
The Z(YY)Z orientation is at 0° and Z(XX)Z is at +90°. The data collected down the Z-
axis was collected only from -50" to 180". Note several Raman modes have minima 
where others have maxima. 
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Figure 3-25 View of the bonds and atoms down the Z-axis. 
AI atoms are obscured by the 01 atoms. The Si-01 bonds align very well in the vertical 
direction. Vibrations involving the Al-01 bond will be coupled the least to light oriented 
in this direction. 
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Figure 3-26 View of the bonds and atoms down the c- crystal lographic axis. 
This image is provided to show a contrast with the alignment of the atoms along the Z-
axis. 
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Figure 3-27 Peak heights observed with incident light parallel to the Z-axis and scattered 
light polarized perpendicular to the incident light. 
The Z(YX)Z orientation is at 0" and ± 180". Z(XY)Z is at ±90°. Several Raman modes 
appear when the sample is observed in this orientation that are not readily observable 
when viewed in other orientations. 
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Peak assignments 

1.1.1.1.1 * 1105 cm-' 

The peak at 1105 cm"' is a low-intensity peak and was not observed in the 

previous pressure experiment, nor was it calculated in Dowty's work."^ It is assigned to 

an Ol-Si-02 vibration due to its intensity variation with angle of incident light as 

observed down the Y-axis. In the parallel polarization, the maximum intensity for the 

peak appearing at 1105 cm"' occurs at -25°. By observation of the placement of the bond 

as shown in Figure 3-22 It can be observed that the Si-02 and Si-01 bonds are 

approximately 25" tilted from the X-axis. Under crossed polarization, the peak center is 

at approximately the same place. 

1.1.1.1.2 V29 1 071 cm"' 

The peak appearing at 1071 cm"' is a peak that varied dramatically in intensity, 

depending on the axis upon which light is incident. It is one of the largest peaks in the 

spectrum when light is incident parallel to the X- or Z-axis, but when light is incident on 

the Y-axis, the peak is relatively small (Figure 3-17). This fact makes assignment of the 

peak to the Si-02 stretch relatively straightforward. Coupled to this, is the observation 

that the angle of maximum intensity for this band is identical to the 1105 cm"' band while 

light is incident along the Z-axis. Down the Y-axis, the angle of maximum intensity is -

20° while parallel polarized and the main maximum for crossed polarization is -10° and a 

local maximum is at -85°. Inspection of Figure 3-22 shows that the Si-02 bond is 
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aligned approximately 20" off of the X-axis. The local maximum at -85° can likely be 

explained through light coupling into the bond via the Si-03 bonds, which are oriented 

approximately 85° from the X-axis. 

Down the X-axis, the angle of maximum intensity for parallel polarization is 

approximately 10° and for crossed polarization is approximately 20°. Inspection of 

Figure 3-19 shows that the Si-02 bonds are aligned about 10° to cither side of the Y-axis, 

for a net effect that the projection of the bond should be exactly on the Y-axis. The 

maximization of the peak at 20" could indicate that the crystal was rotated by the same 

amount. 

The assignment of this Raman band to the Si-02 stretch is verified by Dowty, 

whose lattice dynamical calculations for spodumcne predicted a peak for Si-0 at 1060 

I 1 
cm" and Choudhury, et al. assigned the symmetric Si-02 stretch to a peak at 1033 cm' m 

orthoenstatite (MgSiOs), though their calculated frequency for this peak (1017 cm'') 

corresponds more accurately with 

1.1.1.1.3 V26 1017 cm"' 

The peak at 1017 cm"' does not vary greatly in intensity when light is incident on 

differing axes (Figure 3-17). When the X- and Z-axes are parallel to the incident 

radiation, the peak intensity varies just as with V29. The similarities of behaviors leads to 

the assignment of this band to an Si-02 stretch. The behavior of the peak down the Y-

axis is also identical to the behavior of V29 when the polarization is parallel, however, 

under crossed polarization the peak intensity *hugvaries like the peak at 1105 cm"', with 
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angle oF maximum intensity at -20", indicating that there is some coupling of this band to 

the Si-03 bond. This coupling would explain the splitting that is observed in the pressure 

experiments. 

Dowty assigns an Si symmetric stretch with the 02 and 01 atoms (with 02 a 

larger participant in the stretch) at 951 cm"' and oscillation of 03 in the c-axis direction at 

1003 cm"'.^' These results coupled with the assignment for V24 would seem to reverse 

those band assignments, though they agree well with Choudhury's lattice dynamical 

52 calculations. 

1.1.1.1.4 V2.( 978 cm"' 

Examination of the crystal down the Z-axis ( Figure 3-25) indicates Si-03 bonds 

have very little component along the X-axis and a small projection along the Y-axis. 

This corresponds to the observation in Figure 3.17 that along the X-axis, this peak 

minimizes intensity. Figure 3-24(b) shows that this peak is at a maximum intensity when 

the incident and emitted light is polarized parallel to Y and it is at a minimum when the 

orientation of incident and scattered light is parallel to X. Figure 3-27(d) similarly shows 

a maximum intensity when incident light is polarized parallel to Y. With light incident 

parallel to the Y-axis, the peak behaves like the one at 1105 cm"', with a maximum 

intensity approximately 20° off the X-axis, so there may be some coupling of this 

vibration to the Si-01 bond. 

The above peak assignments serve to validate the orientation method of peak 

assignment. The data acquired via orientational inspection of the material match with the 
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lattice dynamical calculations upon which most peak assignments of pyroxenes are 

currently based. 

1.1.1.1.5 V23 8 86 cm"' 

Neither Choudhury nor Dowty assigned this peak to specific vibrations. The peak 

is weak and as such is not obvious with the incident light parallel to X or Y. However, 

the peak is plainly visible both with light incident on the Z-axis and in the pressure 

studies. Unfortunately, the peak is of such low intensity that the variation of intensity 

with angle of incident light is very noisy. It is the classic problem of measuring a small 

change in a small signal. However, there was some variation seen with parallel 

polarization, so some analysis is possible (Figure 3-24(c)). There is a local maximum of 

the intensity of this peak at 46°. This is the angle where the Si-03 bond (the 03 bound to 

a Li atom) will align with the incident radiation. 

1.1.1.1.6 * 785 cnT' 

This peak was not visible during the pressure experiments or down the Y- or Z-

axes, but was apparent through observation with Hght incident down the X-axis. It is 

very low-intensity—-just above the noise—and did not show enough variation to draw 

any conclusions. 

1.1.1.1.7 V22 705 cm"' 

This peak is assigned to the Si-03 chain stretch in nearly every pyroxene paper.''" 

Examination of the variation of peak intensity with incident light angle with light 
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incident parallel to the Z-axis shows a maximum at 0" when analyzed with parallel 

polarization. Down the Z-axis, it is easily seen that the Si-O-Si linkages have a 

component in exactly the Y-direction. Under crossed polarization, the maximum is 

distinguished at 40". At this angle, the off-axis Si-03 bond aligns with the incident 

polarization. 

With incident light parallel to the Y-axis and the collected light polarized parallel, 

there is a maximum at -20° and a second local maximum at 35". The 02-Si-01 20° off 

the X-axis and the 35° local maximum might be due to the off-axis Si-03 bond. 

When viewed down the Y-direction, with crossed polarization the maxima occur 

at -155" and -80°, a difference of 75°. Assuming a repeating pattern of 180°, the other 

maximum will appear at 105°. This angle corresponds to the approximate 03-Si-03 

angle, which is 107°. 

Down the X-axis under parallel polarization, there are two local maxima, one at 5° 

and one at -60". The Si-02 bonds align along the Y-axis and the Si-03 bonds align such 

that they will couple with incident light when it is rotated by 60°. Under crossed 

polarization, the local maxima of peak height intensities are at 65" and 130°. These are 

the angles of the Si-03 bonds. 

By the above evidence, it seems that the Ag portion of the 705 cm"' peak is 

coupled to Si-02 bond, while the Bg portion is related to the Si-03 chain stretch. 

1.1.1.1.8 * 616 cm-' 

This peak is only observed with the incident light aligned with the Z-principal 

axis. The peak is low-intensity and for this reason, under crossed polarization no 
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systematic variation is apparent. Under parallel polarization, maxima appear at 0" and 

90°. At 0" the Si-01 bonds align with the incident light and at 90° the Si-03 bonds align. 

Peaks below^ 600 cm"^ often go unassigned because they are due to complex 

cation motion and Si-0 bends. However, as some of the peaks display the same intensity 

variation with angle of incident light as peaks previously analyzed, those peaks can be 

analyzed in a similar manner. Additionally, examination of the change in the peaks with 

pressure may also aid in peak assignments. 

1.1.1.1.9 V21 586 cm"' 

When analyzed with light parallel to the X-axis and under parallel polarization, 

this peak had an intensity variation that was not similar to any of the other peaks. A 

maximum is seen at -65" with a small local maximum at 5°. The only bond that comes 

close to matching that angle is the Si-03 bond. Under all other circumstances, the peak 

behaves in the same manner as the peak at 705 cm"'. This seems to indicate that this peak 

also is due to Si-03 chain interactions. This peak had its largest relative intensity while 

light was incident parallel to the Y-axis, which makes sense as the Si-03 bonds have a 

very large projection in the X-Z plane. 

1.1.1.1.10 Vi9 522 cm"' 

With light incident along the X-axis, this peak behaved similarly to the peak 

appearing at 705 cm"', but one local maximum was shifted by +5" and 10" under parallel 

and crossed polarizations, respectively. With light incident along the Y-axis, the peaks 

again behave similarly. However, along the Z-axis, the peak behaves similarly to the 



1017 cm"' and 1071 cm"' peaks, which are assigned to the Si-02 stretches. The Al-02 

bonds have similar angles as the Si-02 bonds. The similarity of behavior of the peak to 

the 705 cm"' peak, along with the evidence of Si-02 and Al-02 interactions indicate that 

this peak may be a combination of Si-03, Si-02 and Al-02 vibrations. Dowty assigns a 

mode calculated at 512 cm"' to motion of all the atoms. 

1.1.1.1.11 Vi7 442 cm"' 

When examined down the X- and Y-axes in both polarization situations, and the 

Z-axis in parallel polarization, this peak behaves like the one appearing at 705 cm"'. 

Under crossed polarization with incident light aligned with the Z-axis, this peak has two 

maxima, but is so noisy that it is better defined by its minimum at 0°. Peaks that are at 

approximately 45° should have a minimum at 0", as this is the angle at which their 

projections onto the axes of polarization of light will be the smallest. Under pressure, 

this peak is one that appears to split into two peaks at the phase transition. This evidence 

seems to point to this peak also being associated with the Si-03 or Li-03 vibrations. 

1.1.1.1.12 V15 418 cm"' 

The peak at 418 cm"' is a very low-intensity peak and is only readily apparent 

with light incident in the Z-direction. With parallel polarization a maximum peak 

intensity appears at 35°. The Al-02 bond appears to align with incident light at this 

angle. Under crossed polarization, the peak maximum appears at -30" and a local 

maximum at +35°. The -30° peak aligns with the Li-02 bonds. 
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When light is incident on the Y-axis, the peak behaves as the 705cm'' peak does 

under parallel polarization, indicating involvement of the Si-03 bond. The evidence 

seems to point to this peak being a complex combination of Ml and M2 vibrations 

mainly involving the 02 atom and some Si-03 interactions. This conclusion agrees with 

1  97  
Dowty. who assigns a mode calculated at 408 cm" to motion of all the atoms. 

1.1.1.1.13 vi3 395 cm"' 

This peak has a minimum intensity when examined down the Y-axis and a 

maximum when light is incident parallel to the X-axis. This evidence points to an Si-02 

vibration, which might be a bend based on the low frequency value. With light incident 

parallel to the X-axis with parallel polarization there is a maximum at -5° and with 

crossed polarization tliere is a maximum at 40". This seems to indicate a coupling of the 

Si-02 vibration to the Si-03 bond. This peak splits when the mineral is in the P2i/c 

phase, which is further evidence of the coupling of this peak to Si-03 bonds. 

With light incident along the Z-axis, this peak shows the same pattern of 

maximum intensities as so the peaks at 1071 cm"' and 1017 cm"', which is further 

evidence that the peak is related to the Si-02 bond. 

1.1.1.1.14 V9 356 cm"' 

This peak is intense in all directions. With light incident along the X-axis, the 

mode behaves as the mode at 705 cm"' behaves. With light incident parallel to the Y-axis 

with parallel polarizations and in both polarizations along the Z-axis, the peak behaves in 

the same manner as the peaks at 1017 cm"' and 1071 cm"'. Along the Y-axis with crossed 
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polarization the maximum peak intensity occurs at -40°. The Li-03 bonds are 40° off 

axis when the light is aligned parallel to the Y-axis. They are also very close to the same 

angle as the Si-02 bonds when in the Z-orientaiion. which would explain the similar 

maximum intensity pattern to the 1017 cm"' and 1071 cm"' peaks. At the pressure-

induced phase transition, this peak disappears, which is further evidence for assigning 

this peak to the Li-03 stretch. 

1.1.1.1.15 vx 327 cm"' 

When examined with light incident along the Z-axis in both polarizations and 

along the X-axis with parallel polarization, This peak has the same maximum intensities 

as the peaks at 1017 cm"' and 1071 cm"', which are assigned to the Si-02 stretches. 

Under crossed polarization with light incident along the X-axis, the maximum intensity 

occurs at 45°. This angle is the one at which one of the Si-03 bonds aligns with the 

incident light. 

With light incident parallel to the Y-axis, where this peak shows very low-

intensity, the maximum intensity occurs at -10° under parallel polarization and at -45° 

under crossed polarization, where the Si-03 bond lays. The small intensity coupled to 

the alignment of the maximum intensities occurring where the Si-03 bonds align leads to 

the conclusion that this peak is a vibration involving a 02-Si-03 bend. 

1.1.1.1.16 vg 298 cm"' 

This peak behaves exactly as the peak at 330 cm"' in all circumstances except 

when the incident light is incident along the Z-axis with parallel polarization, where it 
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maximizes both at -5° and 105°, which may indicate an Ol-Si-03 coupling. The peak 

disappears at the phase transition, so this vibration is very likely to be associated with the 

Si-03 bond. 

1.1.1.1.17 V4 250cm"^ 

With light aligned parallel to the X-axis, this peak behaves in the same fashion as 

the peak occurring at 327 cm"'. With light aligned with the Y-axis, this peak behaves in 

the same manner as the peak at 356 cm"'. With light aligned with the Z-axis, this peak 

has the same pattern of maximum intensities as the peak at 442 cm"'. The evidence 

seems to indicate a complicated interaction of the Si-03-Li bonds is responsible for this 

peak. This assignment is further verified by the fact that this peak appears to split into 

two at the phase transition. 

Further Discussion 
In the above assignments, no peaks were assigned to the Al-O vibrations and only 

one specifically to the Li-0 vibration. Instead, the majority of the peaks below 600 cm-l 

are attributed to Si-0 bends or combination stretches, as they can occur in this region.*^ 

There are peaks that occur below 250 cm"' that were not included in this study. This is 

where many of the peaks that are due to the M-0 bond vibrations must occur, as there is 

very little evidence for their occurrence in the above orientation study. The Raman 

modes for the Si-O stretches in the region above 600 cm"' were also assigned. General 

agreemeni with prior knowledge about the Raman mode assignments was observed, with 
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one exception, validating the method used to assign modes in the lower wavenumber 

region. 

This is the first attempt to assign specific vibrational bands occurring below 500 

cm"' to the vibrations of specific atoms in pyroxenes. The method of observing the 

behavior of Raman peaks of a crystal under specific orientations and comparing the 

behavior of the peaks to the positions of the atoms, then using this information to assign 

the bands is unique to this study, so far as the author knows. 

As noted above, according to theory the Raman modes that are Bg in symmetry 

should not be apparent in the Ag spectra. The same is true for the converse; modes that 

are Ag in symmetry should not appear in the Bg spectra. In this experiment, peaks did 

minimize in their intensity, however, none actually disappeared completely. There are 

several explanations for this phenomenon. One is thai the Ag and Bg modes overlap in 

energy so that while one decreases in intensity, the other increases. This could explain 

why some of the spectra showed intensity patterns that did not vary according to a cos 

function (Figure 3-18b, Figure 3-18c, Figure 3-20a, Figure 3-20b. Figure 3-23a. Figure 

3-23b, Figure 3-27d) and also may explain why many pyroxenes have Raman spcctra 

with too few bands. 

However, some of these peaks displayed anomalous variation while under parallel 

polarization, where no Bg symmetry should be active. Another explanation is that the 

theory does not hold for monoclinic biaxial crystals because of their unique properties 

and the Ag and Bg modes mix. Other biaxial crystals have been shown to give good 

separation of Ag and Bg symmetries,"'^ however, the sample in the paper that shows the 
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separation of the symmetries was orthorhombic, on which much theoretical work has 

been done. For many biaxial monoclinic crystals, this is not the case. The theory for 

biaxial and monoclinic crystals is very poorly developed due to the complexity of the 

materials. In most instances in biaxial moniclinic materials the bonds will not align with 

the principal axes, there will be a component of the bond that is projected onto the axis 

not being analyzed, which will cause mixing of modes assuming the polarizability is in 

the same direction as the bond. 

Another explanation for the peak intensities not going to zero is the possibility 

that the crystal was misaligned. One facet of the optical properties of the crystal was not 

taken into consideration when performing the alignment. The position of the principal 

axes was measured with visible light but the Raman spectra were measured with 785 nm 

light. According to Snell's law, the refractive index of a material changes with 

frequency, and as such, the position of the principal axes is dependent on the frequency at 

which the experiment is being performed. The crystal could have been misaligned due to 

the mismatch of the principal axes at visible versus near-infrared light. This is another 

possible reason that the peaks only minimized, but did not disappear altogether. 

However, this explanation seems unlikely because the axes would not have moved to an 

extent that is greater than the experimental error, estimated to be <1°, in aligning the 

crystal axes with the laboratory axes and, as such, the peaks would have been close to 

having zero intensity. 

A much more likely explanation for why the mode intensity minimized but did 

not go to zero is that the incident light was partially depolarized. When light travels 
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through biaxial crystals in a direction that is not parallel to one of the optical axes (not to 

be confused with principal axes), it becomes depolarized. The extent of the 

depolarization (p) of the incident light is dependent on the excitation and collection angle 

of the optics, the distance in the crystal through which the light travels, and the refractive 

index of the material according to the following equations 

Equation 3-2 

1 - sin ^ 

¥ p = 1 
3 + sm Y 

¥ 

where 

Equation 3-3 

^ Ve 

and \\i is the solid angle of the collection optics. I is the distance light travels through the 

sample, X is the wavelength of light, tjo and r|e are the indices of refraction of the 

ordinary and extraordinary rays, respectively, and 0 is half angle of the cone of 

collection. 

Due to the solid angle excited and collected in the sample, the depolarization ratio for all 

experiments reported herein were greater than 0.3. For the orientational experiments 

performed at 785, excitation and collection of scattering was performed with an objective 

with an f/# of 1.25, which leads to a collection angle of approximately 24°. According to 

qq 

Chaves and Porto , the range of depolarization ratios runs from essentially 0 at very low 
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angles to 0.44, where 44% of the light is depolarized. At angles greater than 

approximately 7°, the depolarization ratio hovers around 0.33 (Figure 3-28). This 

depolarization would explain the apparent violation of the selection rules seen as leakage. 
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Figure 3-28 Variation of depolarization ratio with solid angle of collection optics. 
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Conclusion 

The above chapter has served to show how polarized Raman spectra of an 

oriented single crystal combined with Raman spectra of spodumene as it undergoes a 

phase transition can be utilized to assign Raman modes of relatively complex crystals to 

specific atomic vibrations. While the acquisition of polarized Raman spectra of oriented 

molecules is a well-established technique, it had not been utilized to assign modes in 

silicates of this nature. Lattice dynamical calculations had also been unable to assign the 

Raman modes below 600 cm"', however, the method presented herein was validated by 

comparison of modes calculated to occur above 600 cm"'. The assignment of modes 

below 600 cm"' was further validated by comparison to the behavior of the material as it 

undergoes a phase transition and the accompanying Li-0 coordination change. The 

assignment of these Raman modes can be extended for use in interpreting the spectra of 

other pyroxenes, such as occurs later in this document. The technique applied herein may 

also be able to be extended to other crystalline materials that have incompletely 

interpreted Raman spectra. 
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4 RAMAN AND X-RAY INVESTIGATIONS OF LiFeSiiOg 
UNDER PRESSURE 

Pyroxenes can experience phase changes—and their associated bonding 

changes—at low temperature as well as at high pressure. Low temperatures often induce 

the same or very similar phase transitions as high pressures because both are associated 

with a decrease in cell volume. 

Recently, a vibrational spectroscopic study utilizing infrared spectroscopy was 

performed on Li-aegirine (LiFeSi206) through the temperature-induced phase transition 

from C2/c to P2j/c.^^ While no Raman spectra were reported for the P2//c phase, an 

increase in the number of infrared bands was observed at 220K. X-ray data providing 

structural information of the C2/c phase was first reported by Clark et al.^" The detailed 

crystallographic structure of the LT-P2j/c pha.se is given in Redhammer, et al.*^' The X-

ray data indicate an increase in coordination for the Li atom from four to five at the phase 

transition as a bond to one of the Si-0 bridging oxygens (03) is formed. (Figure 4-1) 

The purpose of this section is to further investigate the pressure-induced bonding 

changes of pyroxenes and the accompanying changes in the Raman spectra. The 

knowledge gained about Raman modes assigned in the previous chapter is extended to 

analyze the Raman spectra of LiFeSiaOe. This extension shows that the method utilized 

in the previous chapter can be extended to help understand the Raman spectra of 

materials. To date, this is the first Raman study of P2i/c Li-acgirine. The combination of 

X-ray data and Raman spectroscopic data lead to a greater understanding of the phase 

changes in pyroxenes. This phase change is important to understand primarily because 
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over 25% of the Earth's crust is comprised of pyroxenes and the phase change of the 

pyroxenes is now accepted as a cause of deep-focus earthquakes. 
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Figure 4-1 Depiction of LiFcSiaOe at 0.70 GPa in C2/c phase (top) and at 1.08 GPa in 
P2j/c phase (bottom). 

Si (It tetrahedra are shown in dark gray, FeOg octahedra are shown in white, and the Li 
atoms are shown as medium gray spheres. Fe is M1, Li is M2, the oxygens on the apices 
of the tetrahedra are designated as 01, 03 oxygens bridge between the Si atoms, and 02 
the atoms are the other bases of the tetrahedra. The bonding around the M2 atom 
changes from being bound to four oxygens, no 03 atoms, 2 01 atoms and 2 02 atoms, to 
being bound at five positions when a bond forms between the M2 atom and an 03 atom. 
A circle is included in both diagrams to aid the reader to see the bond change. 



130 

Experimental 

Synthesis 
The sample was a 60 ).im x 70 |im x 100 }im green crystal of LiFeSi^Oft 

synthesized by Gunther Redhammer as foilows.^^ Single crystals of LiFeSiaOe 

(#LiHP4a) were synthesized at 1523 K and a pressure of 3 GPa over a period of 78 hours 

in a Piston-cylinder apparatus at the Institute of Crystallography, RWTH Aachen. About 

25 mg of a carefully ground stoichiometric mixture of LiCOs, FeaOa and SiOi was filled 

into a small platinum tube, welded shut, and—in turn—placed into an in-house-designed 

graphite-pyrophyllite furnace. This synthesis resulted in greenish, short prismatic crystals 

up to 0.1 mm in length, associated with minor amounts of greenish-black glass. 

High-Pressure Raman Spectroscopy 
The crystal was loaded into a 4-pin Merrill Basset type diamond cell with (110) 

parallel to the cell axis. Diamond anvil culet size was 600 |im. A stainless steel gasket 

was used. The gasket was 250 pm thick, pre-indented to 50 pm, and had a hole for the 

cell with a diameter of 250 pm. The cell was loaded with the LiFeSiiOg crystal and a 

small ruby fragment, and filled with 4:1 methanol:ethanol pressure medium. Pressures 

were determined in the same manner as reported in the previous chapter. Pressure was 

measured before and after each spectrum acquisition and the reported value is an average 

of these two. Both ruby fluorescence and Raman spectra were excited with a 514.5 nm 

Ar'' laser. Utilizing an 1800 groove/mm grating centered at 529.5 nm, the region from 82 
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cm'^ to 992 cm"' was acquired using WinSpec software. The region from 401 cm'^ to 

1276 cm"' was acquired with the spectrometer centered at 538 nm. 

There was no specific polarization alignment along crystal axes. Raman 

scattering was collected in the backscattered geometry, with instrumental details given in 

the instrumental section. Data were imported into GRAMS 32 software and peak 

positions were found using the peak fitting utility. Errors averaged less than 1 cm"' for 

all peak positions and most peaks averaged much less error. Spectra shown are 

background corrected and normalized for peak height comparison. 

X-ray data 
The sample was a 60 |.im x 130 (im x 100 jim clear green crystal of LiFeSi20(, 

synthesized by Gunther Redhammer. The crystal was loaded into a 4-pin Merrill Basset 

type diamond cell with (110) parallel to the cell axis. Diamond anvil culet size was 600 

|am. A stainless steel gasket, 250 jim thick, pre-indented to 90 |.im, with a hole diameter 

of 350 ).im. The cell was loaded with the LiFeSiaOe crystal and a small ruby fragment, 

then filled with 4:1 methanollethanol pressure medium. Pressures were determined from 

fitted positions of the Ri and R2 ruby fluorescence spectra using the calibration of Mao et 

al.®^ The error in pressure is estimated at 0.05 GPa. Both ruby fluorescence and Raman 

spectra were excited with a 514.5 nm Ar^ laser. 

The crystal was examined with an automated Picker diffractometer operated at 45 

kV and 40 mA, using un filtered MoKa radiation. Positions of 17 high-intensity peaks (9° 

< 20 < 30°) were determined using a modification of the eight peak centering technique 

of King and Finger. In particular, the positions were determined by fitting both Krxi 
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and Kaj profiles with Gaussian fiinctions using Figuri's original software, resulting in an 

order of magnitude improvement in final cell parameters over Finger's original software. 

A half sphere of intensity data was collected under room conditions to 20 < 60°, using 

CO scans of 1° width, step size .025° and 3 s per step counting times. The structure was 

refined on F with anisotropic displacement parameters using a modification ofRFlNE 

to an Rw = 0.031. These data have smaller errors than Clarke®® (Rw = 0.047), but 

otherwise compare favorably. 

Results and Discussion 

Two sets of Raman data were acquired for the LiFeSi206 sample. The first is 

shown in Figure 4-2 and Figure 4-3. The second was acquired to gather more data on the 

sample between 6 GPa and 7 GPa, with smaller increments of pressure between 

acquisitions. Both sets of data are plotted together in Figure 4-4 through Figure 4-9. 

There are several changes apparent in the spectra. One occurs at 0.74 GPa, one 

occurs between 2 and 3 GPa, several occur between 6 and 7 GPa, and another change 

occurs at 8.71 GPa. The changes that occur at 0.74 GPa include the appearance of vs, 

vio, vi8, V21, V31, V36, V39, and the appearance of a broad peak at V37. The broad peak is a 

phenomenon similar to features noted in other pyroxenes under pressure, including 

spodumene (LiAlSiiOe) and is probably due to the pressure medium.'^"' Also occurring at 

this pressure are the disappearances of the shoulders at vg and vn, and V15 becomes 

stronger and better resolved. Between 0.70 GPa and 1.00 GPa, a phase transition from 
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C2/c to P2]/c has been confirmed by X-ray diffraction. Marilena Stimpfl collected all X-

ray data referenced in the following paragraphs. 

When the sample changed phases, the Li atom went from 4- to 5-coordinated with 

the formation of a bond between Li and the 03a atom as the distance between these two 

atoms decreased to 2.411A and the distance from the Li to the 03b atom increased to 

2.786A (Figure 4-10). The formation of a bond when the p-angle drops below 110° is 

consistent with predictions in the Procrystal electron density model.The bonding 

change made the two Si04 chains symmetrically nonequivalent. Additionally, many other 

bond distances changed dramatically with the phase change. (Figure 4-11 and Figure 

4-12) Notably, the Fe-0 bonds split, meaning that the bond lengths became 

nonequivalent, with the Fe-OlAb bond length changing more than the other Fe-0 bond 

lengths. The Li-O bonds also split, with the Li-03 bonds showing the most dramatic 

differences. The Si-0 bonds also split. Again, the Si-03 bonds show the most dramatic 

changes at the phase change, though the Si-02 bonds also change length dramatically. It 

is logical that the bonds to the 03 oxygens be affected more than bonds to the other 

oxygens, as there is now a bond from the Li to an 03 atom. The 03 atoms are the atoms 

at the base of the Si04 tetrahedron that bridge between the Si atoms. 
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Figure 4-2 Low wavenumber region of the spectra o f Li-Aegirine as pressure is 
increased. 

X-ray data indicates that the phase transition from C2/c to P2j/c occurs between 0.7 and 
1.22 GPa. There are changes in the Raman spectra in this pressure region, but changes 
that are more readily apparent occur in the pressure region near 6 GPa. Other changes 
occur between 8 and 10 GPa. No X-ray data has been collected at these pressures. 
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Figure 4-3 High wavenumber region of the Raman spectra as pressure is increased. 

This region of the Raman spectra display changes in the same pressure regions as 
described for Figure 4-2. Take note of the soft mode, vsg. 
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Figure 4-4 Raman spectra of LiFeSisO^ac^tiired as pressure increased in the pressure 
region from 0 to 1.99 GPa. 

In air: crystal not in the pressure cell, points taken at 0.13 and 1.99 GPa acquired 
in different data set, but also as pressure increased. The arrow indicates emission from 
LCD monitors. There are several changes in the spectra that occur from 0.13 GPa to 0.74 
GPa. 
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Figure 4-5 Raman spectra of LiFeSiaOe acquired as pressure increased in the pressure 
region from 2.30 to 4.02GPa. 

Spectra acquired at 2.30. 2.50. 3.01, and 3.54 GPa were acquired in the second 
experiment. No significant changes were observed by either X-ray diffraction or Raman 
spectroscopy in this pressure region. The peak near 700 cm"' begins to show signs of 
splitting. 
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Figure 4-6 Raman spectra of LiFeSi206 acquired as pressure increased in the pressure 
region from 4.12 to 6.04 GPa. 

Data acquired at 5.65 GPa from the first data set and the rest from the second data set. 
Changes in the spectra are observed near 6 GPa. 
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Figure 4-7 Raman spectra of LiFeSiaOe acquired as pressure increased in the pressure 
region from 6.04 to 7.30 GPa. 

Data acquired at 7.30 GPa trom first data set. Note the disappearance of the soft 
mode and the changes in the spectra near 400 cm"'. 
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Figure 4-8 Raman spectra of LiFeSijOc acquired as pressure increased in the pressure 
region from 7.73 to 8.71 GPa. 

Data acquired at 8.71 GPa and 8.14 GPa from first data set. At 8.71 GPa, several 
changes are observable, including the disappearance of a peak near 1125 cm"' and several 
other changcs in the low wavenumber region of the spectra. 



141 

11.87 GPa 

11.34 GPa 

10.87 GPa 

10.15 GPa 

9.71 GPa 

9.57 GPa 

9.34 GPa 

.550 750 

Ramaa shift(cm'') 

Figure 4-9 Raman spectra of LiFeSi206 acquired as pressure increased in the pressure 
region from 9.34 to 11.87 GPa. 

Data acquired at 9.34 GPa from second data set. More changes are observed at 

the highest pressures, but it is uncertain whether the sample was experiencing deviatoric 

stresses, so the changes cannot necessarily be attributed to hydrostatic stress. 
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Additionally, the Si-03-Si and 03-03-03 angles changed (Figure 4-13) and several cell 

parameters also displayed discontinuities after the phase change (Figure 4-14). The 

volume and beta angles also displayed discontinuities. (Figure 4-15) The change in the 

03-03-03 angles from near 180" to above 190° for the A-chain and below 165° for the 

B-chain illustrates the asymmetry of the kinking of the Si-0 chains. 

There are several changes in the Raman spectra near 2 GPa. First, there is a 

change in slope (ARaman shift/Apressure). The slope from 1 GPa to 3 GPa is greater than 

the slope in the region from 3 GPa to 6 GPa. More significant is the apparent splitting of 

peaks near 600 cm"' and 675 cm"'. The peaks in this region are the one that have been 

previously assigned as Si-0 chain stretches, and used as benchmarks for the phase 

transition from C2/c to P2j/c. According to crystallographic evidence, the phase 

transition occurs at least 1 GPa below the appearance of the splitting of the peak at 675 

cm"'. This is further evidence that suggests the use of the splitting of this peak is not a 

good indicator of the phase transition in Li-pyroxcnes. There is, however, little 

crystallographic evidence that indicates any sort of phase transition near 2 GPa. No X-ray 

bond length data was collected between 1 GPa and 3 GPa, however, the data for Si-0 and 

Fe-0 bond lengths and the 03-03-03 bond angles at 3 GPa does seem to show a 

discontinuity with the rest of the high pressure data between 1 GPa and 6 GPa. The 

pressure-volume plots and pressure-beta angle plots show no such discontinuity. Just one 

data point in the X-ray evidence seems to be off. it is tempting to dismiss the anomalies, 

but since there is additional data acquired in a separate experiment that also shows 

anomalies in the region—i.e., the Raman data-—neither should be taken lightly. Instead, 



it may perhaps be prudent to use one set of data to explain the other. The X-ray data 

indicates that the Fe-0 bonds and Si-0 bonds are most significantly different because 

their relative changcs are larger, so it stands to reason that the most anomalous Raman 

peaks would also be related to either the Si-0 bonds or the Fe-0 bonds. 
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Figure 4-10 Li-0 bond distances as a function of pressure through the first phase 
tnmsformation. 

The graph shows the formation of the Li-03 bond (length approximately 2.4A). The Li-
01 and Li-02 bonds also become nonsymmetric. 
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Figure 4-11 Fe-0 bond distances as a function of pressure. 
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Figure 4-12 Si-O bond distances as a function of pressure 
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Figure 4-13 Bond angles as a function of pressure 

These data display how the angles of the silica chain become nonequivalent at the phase 

transformation. 
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Figure 4-14 Changes in cell parameters display the discontinuity associated with 
phase transformations. 
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Figure 4-15 Cell volume and beta angle changes also display discontinuities at the phase 
transformation. 

The beta angle is the angle between the a- and c-crystallographic axes. 
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Figure 4-16 shows the Raman spectra of LiAlSiaOe and LiFeSiiOe in the C2/c 

phase and in the P2//c phase. The difference in peak intensities between the two minerals 

is probably due to different orientations of the crystals when the spectra were acquired 

and different polarizabilites of the bonds due to the change in chemical composition of 

the material. Interestingly, even though the two materials do not have the same number 

of Li-03—zero bonds to 03 for LiFeSiiOe and 2 bonds to 03 for LiAiSiaOe—the Raman 

spectra are very similar. Arrows indicate peaks or groups of peaks that appear to be the 

same. At 0 GPa, the peaks for LiFeSi206 are shifter to lower wavenumbers than the same 

peaks in spodumene. indicating less energetic bonds. The substitution of the iron for the 

aluminum atom weakens the M-0 bonds and probably the Si-0 bonds, as well. Table 4.1 

shows the Li-03 bond lengths for spodumene in both phases and LiFeSiiOe in the P2/c 

CO 

phase." Although the P2i/c data for the LiFeSiaOe was acquired through a T-induccd 

phase transition rather than a P-induced phase transition, the data acquired at 200 K is 

comparable to the data acquired at 3.34 GPa, as both sets of data arc very close to the 

phase transition in both materials. The Li-03 bond radius (distance from the center of the 

atom to the bond critical point) is smaller and the electron density is larger in the 

LiAlSiaOf, than in LiFeSiaOe. The smaller electron density reflects a less energetic bond, 

which is in turn reflected by the shift of the Raman peaks to smaller wavenumbers. As 

expected, with the increase in pressure or the decrease in temperature, the electron 

density of the Li-03 bonds increases along with the Raman shift. 



151 

Spodumene and Li-aegirine in C2/c and P2,/c symmetries 
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Figure 4-16 Plot of Spodumene (LiAlSiaOe) and Li-aegirine (LiFeSiiOo) in low pressure 
C2/c phase and high pressure P2]/c phase. 

These plots display the similarities between the spectra of the two pyroxenes, 
which allows a possible assignment of Raman bands of LiFeSiaOe by analogy to the 
spectra of spodumene. 
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Table 4-1 Bond length and electron density data at the bond critical (saddle) point 
between Li and 03 for LiAlSiaOe and LiFeSiaOe- Data from Downs (2003)' 

mineral Space group condition Li-03 bond 
length (A) 

Electron 
density (e/A'') 

LiAlSiiO, C2/c 0 GPa 2.249 0.08843 
LiAlSisOft P2i/c 3.34 GPa 2.150 0.10733 
LiAlSiaOt, P2]/c 8.84 GPa 2.085 0.12429 
LiFeSijOt, C2/c 298 K None None 

LiFeSioOf, P2]/c 200 K 2.381 0.05262 
LiFeSiaOft P2j/c 100 K 2.358 0.05510 

This table demonstrates the increase in electron density in the Li-03 bonds as pressure 
is increased for spodumene. Similarly, the electron density increases in LiFeSi20f, as 
the temperature decreases. There is no Li-03 bond in the C2/c symmetry, so no 
electron density is recorded. 
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The Plt/c spectra of the two different compounds at 3.47 GPa and 3.54 GPa are 

not as comparable as the data acquired for the compounds at 0 GPa, as the phase 

transition occurs in LiAlSi20(, near 3.3 GPa and between 0.7 and 1.0 GPa in LiFeSiaOe, 

so the LiFeSiiOo spectrum is much further from its transition than the LiAlSi20h 

spectrum. This difference accounts for the shift to larger wavenumbers of some peaks in 

the LiFeSiiOe spectmm than the same peaks in the LiAlSiaOft spectrum. 

The occurrence of the same peaks in both materials validates the assignments of 

these peaks to vibrations of the Si-0 bonds as in chapter 3. The absence of the peaks 

near 442 cm"' and 418 cm"' in the LiFeSiiOe spectra is a very strong argument for 

assigning these bands in spodumenc to vibrations of the Li-03 bonds, as LiFeSiaOe has 

no bonds from Li to 03 in the C2/c phase. Even stronger evidence is the appearance of a 

peak at 432 cm"' (vig) in the P2j/c spectrum of LiFeSiaOe- The smaller peak at lower 

wavenumbers, which would correspond to the peak at 418 cm"' in C2/c spodumene, is not 

readily evident due to the pro.ximity of the higher intensity bands in the approximate 

location that band would appear. The Raman data indicate that modes at V3, ve, vg, V12, 

Vi5, and V18 display the most dramatic changes in slope between 1 GPa and 3 GPa. 

Comparison of the C2/c Li-aegirine Raman modes to the peaks assigned to the 

C2/c phase of spodumene leads to the following peak assignments based only on the 

visual similarity of Raman spectra: V7, Si-03-Li; V9, 01-Si coupled to 03; vh, Li-03; 

V16, Si-03. 
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Qualily data has not been collected in the X-ray diffraction experiment above 6 

GPa. The changes in the Raman spectrum near 6 GPa are characterized by the splitting 

of V27 into V26 and vji, in addition to the appearance of vn, vn, and vje. The following 

peaks bccome much stronger at 5.65 GPa; vig, vae, and V39, Peaks disappearing at 5.65 

GPa include V4, vg, V24, V29, V30, and the broad peak due to the pressure medium. The 

• • 29 31 73 splitting of peak at V27 is normally the benchmark for the C2/c to P2j/c transition. " ' 

However, X-ray diffraction confirms that the crystal is already in a P2//c symmetry. The 

changes in the Raman spectra are likely a result of other P2j/c to P2j/c transitions and 

may be related to pressure-induced electron spin crossovers. Redhammer has determined 

that there is a change in the magnetic structure of the material that occurs near 15 K. 

This change in the magnetic structure may be a spin-spin crossover and could be what is 

affecting the Raman spectra near 6 GPa. 

Before explaining electron spin crossovers, a brief explanation of Ligand Field 

Theory is necessary. Transition metal ions, such as the iron ion in LiFeSiiOe, have d 

subshells that are incompletely filled. When a transition metal is coordinated, the 

degeneracy of the d orbital energies is removed. Figure 4-17 demonstrates the energy 

level diagrams for the d orbitals of an octahedrally coordinated complex. According to 

the Aufbau principle, electrons first fill the orbitals with the lowest energy. If there are 

several orbitals with the same energy, the electrons will fill them one at a time until each 

equivalent orbital has one electron. The electrons fill in accordance to Hund's Rules and 

the Pauling Exclusion Principle. After there is one electron in each of the equivalent 

orbitals, either an electron can be paired by adding one with the opposite spin into a half-
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occupied orbital or an electron can fill an orbital in the next-highest energy level. An 

electron will fill an orbital with higher energy if the energy required to pair the electrons 

is greater than the energy required to promote an electron to the higher energy level. In 

Figure 4-17, the "up" arrows represent electron spins of one state, while the "down" 

arrows represent the opposite electronic spin state, so that the paired states count as zero 

toward the spin state of the system. When the energy separating the electronic energy 

levels is large, i.e. when the ligand field strength is high, the electrons pair and therefore 

the system has a low spin state. When the energy required to promote an electron is 

small, the electrons tend to not pair and the spin state is high. 

High-spin to low-spin crossovers occur when the ligand field strength (lODq) is 

close to the energy required to pair electrons in octahedrally coordinated transition metals 

with electronic configurations of (/, ct\ cf, and d. A more complete review is given by 

Konig. et al.^^ When the cation-ligand bond length changes, as occurs when a sample is 

put under pressure or temperature changes, the ligand field strength also changes. If the 

field strength changes enough, it could make a low-spin system into a high-spin system 

or a high-spin system into a low-spin system. This is called a spin crossover. Though 

most studies of spin-crossovers utilize temperature to achieve the transition, pressure has 

also been utilized to induce the transition.The aluminum cation in spodumene 

(LiAlSiaOe) and the chromium cation in LiCrSi^Of, are both in the triply charged state, 

but are not cf, d'. cf\ or cf, so discussion of high-spin-low-spin splitting in those 

compounds in inappropriate. 



The vast majority of the studies involving electron high-spin-low-spin crossovers 

investigate octahedral Fe(ll ) compounds'''^, but there have been some studies that 

demonstrate spin crossover in iron(III) compoundsIn the current study, the 

cation is Fe( IIl), which is cf, and the ligands are the oxygens in octahedral coordination 

with the iron. For octahedral cf compounds, the ^Ai state is the low energy state for high 

volume and the ^72 state is fav ored at low volume because of the increase in ligand field 

strength brought about by the ligands being in closer proximity to the metal ion in the 

low-volume state. The i state is the totally symmetric state; all of the energy levels 

have one electron in them. The doublet 'Ti state is indicative of the one unpaired 

electron in the energy state. Though the iron center in LiFeSiaOe is not technically in an 

Oh symmetry (it is O), the local symmetry of the cation is or very close to Oh, so the 

use of the energy level model is appropriate. 
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Figure 4-17 Energy level diagram illustrating octahedrally coordinated d" low-spin and 
high-spin systems. 

The diagram shows how a change in ligand field energy can lead to a change in 
spin state of an octahedrally coordinated material. 
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In a spin-spin crossover, some Fe sites within the crystal could change spin states, 

inducing site nonequi valency. Increasing the pressure would change more of the iron 

sites to the low spin state, and so forth until all of the iron sites had transformed to the 

low spin state from the high spin state. Konig, Ritter, and Kulshreshtha put forth the idea 

that spin state transitions occur in domains, with cooperative interactions carrying 

neighboring sites across the energy barrier to spin state transition, thereby creating 

domains in the crystal where all sites have changed spin states.These domains are 

large enough to display crystallographic differences, and as such, two separate phases are 

observable by X-ray crystallography. 

Spodumene displayed a phase change which began at one side of the crystal and 

continued through the rest of the crystal (Figure 4-18),'® so phase changes originating in 

one location of the crystal and continuing throughout as pressure is increased arc not 

unprecedented. Haddad, et al. identified a cooperative spin-crossover mechanism leading 

to domain formations in a solid iron(IIl) compound.'"'^ Konig, Ritter, and 

Kulshreshtha also put forth the theory that all first order (discontinuous) spin state 

transitions are associated with hysteresis, as an effect of the formation of domains.'"^ 

Observation of hysteresis in LiFeSiaOe would then further the argument that a spin state 

transition occurs in the material. I lowever, upon examination of the peak positions 

versus pressure, no significant hysteresis is observable. (Figure 4-19) In fact, the Raman 

shift measured as the pressure was decreased shows a slight decrease over the shift 

measured as the pressure was increased—exactly the opposite of what is expected. 

Additionally, visual inspection of the crystal showed no discontinuous color change such 



as would be expectcd with a large change in the ligand field energy. From 0 GPa to 6 

GPa the crystal remained dark green in color. There has been a report of a crystal also in 

the P2i/c space group that displayed abrupt changes in the lattice parameters, a and c, 

without changing space groups but with anomalies in the Mossbauer and magnetic 

susceptibility data of the compound.Therefore, similar behavior in LiFeSi206 is not 

out of alignment with previous literature. The absence of hysteresis and the absence of a 

crystal lographic phase change seems to suggest that the spin transition, if it occurs, if of a 

96 continuous nature and are likely due to the formation of domains within the crystal. 
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Figure 4-18 Optical image of a single crystal of spodumene (top rectangular crystal) 
viewed through polarized light microscopy as it undergoes a phase transition. 

The two phases are clearly distinguishable, occurring in well-dcfmed regions. Image 
from Arlt, T. and Angel, R.J, Physics and Chemistry of Minerals 2000. 27, 719-731. 
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Figure 4-19 Plot of two different Raman peak positions as pressure is increased (solid 
markers) and decreased (open markers) in the pressure region 4.0 GPa to 8 GPa. 

There is no significant change in Raman shift as pressure is increased versus decreased, 
as would be observed with hysteresis. This is evidence that domains may not be forming 
in the material, but is inconclusive on its own. 
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Current studies on the same crystals studied herein are underway by Peter Lazor, 

Uppsala University, to investigate the Raman spectrum of LiFeSiiOg in a magnetic field, 

while applying pressure. The introduction of the sample into a magnetic field should 

make "7 2 degenerate states nondegenerate because of the directional nature of the d 

orbitals. The ^A\ state should not be affected by the external magnetic field.®^ This study 

should help to elucidate whether the change in the Raman spectra near 6 GPa are in fact 

related to magnetic spin changes within the crystal. In addition, the study may show that 

distortions from perfect Oh symmetry of the local environment around the iron cation 

may lead to spin-orbit coupling or other nondegencracies in the electronic energy levels. 

The Raman peak at v* displays anomalous peak shift with pressure. Most of the 

other peaks increase in wavenumber as the pressure is increased, but v* appears to be a 

soft mode, decreasing in frequency with increasing pressure. Soft modes are modes that 

show a weakening of the bond associated with displacive phase transitions.'"^""^' 

t heoretically, the frequency of the mode falls to zero at the transition. Interestingly, the 

soft mode appearing in LiFeSiaOe disappears by 7 GPa. The shift of all peaks with 

pressure is illustrated in Figure 4-20, Figure 4-21, and Figure 4-22. Soft modes are 

frequently associated with instability in the structure and frequently disappear at phase 

transitions, which is further evidence of a second structural transition of LiFeSiaOe at 

high pressures. 

The final observed changes in the spectra occur at 8.71 GPa. Spectroscopic 

changes noted at this pressure are the disappearance of V4, vo, vn, V35, V36, and V39, the 

strengthening of vj and va, and the reappearance of V14. Spodumene also displays 
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changes in the Raman spectra at pressures above the phase transition (from 8 to 10 

GPa).^^ The second change in spodumene is also characterized by a decrease in the 

number of peaks present, just as is observed in LiFeSi206. This change was attributed to 

a secondary change in the structure of spodumene that retained the symmetry—possibly a 

change in coordination in the Li atom from 5 to 6.''^ The same change in coordination of 

the Li atom is possible for LiFeSiaOe- Further investigations by X-ray diffraction are 

being carried out to determine if this is the case. 

There arc also several peaks that appear throughout the entire pressure range. 

These include vj, v?, Vi6, V21, V23, V27, and V34. 

The Raman modes at 284 cm"' and 519 cm"' reported in previous spectra of the 

C2/c phase of Li-aegirine^^ were not apparent in this study, however, peaks at 246 cm"' 

and 529 cm"' are observed. Modes previously reported at 1012 cm"' or 1038 cm"' are 

also not apparent in this study. These modes may not be apparent in the crystal 

orientation studied because of the previously discussed dependence of Raman peak 

intensity on orientation. Additionally, this study assigns the longest wavenumber band at 

1 1 
atmospheric pressure at 1079 cm", while previously it was reported at 1084 cm" . 

The mode at 883 cm"' (peak V32) and the broad peak near 1040 cm"' are assigned 

to the pressure medium, as they are not apparent in the spectrum of the sample with no 

medium, and they appear in the same place in other pressure experiments but not in 

Raman experiments performed on these same crystals.Additionally, a peak appears 

in the Raman spectrum of ethanol at 884 cm"' which is due to the symmetric CCO 

stretch.'"'' Unfortunately, this peak is very close to a mode due to the pyroxene (VBO).^^ 
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The CCO stretch for methanol, which comprises four times the amount of pressure 

medium as ethanol, appears at 1033 cm"'.''° This is probably the broad peak assigned as 

V37. 

Spectra were also acquired while decreasing pressure in small increments from 

5.89 GPa to 0.27 GPa. The crystal shattered during the process, hut still gave high 

quality spectra that display the first and second changes in the spectra. No significant 

hysteresis was apparent. 
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Figure 4-20 Variation of peak positions with pressure, all data collected as pressure was 
increased. 

Error bars were from the peak-fitting program and represent the error in peak position 
after fitting a mixed Gaussran-Lorentzian peak to either a convergence or a local 
minimum of the chi^ value. The error in pressure is estimated at 0.05 GPa. The peak at 
1127 cm"' is emission from the LCD monitors in the lab and as such, does not shift with 
pressure. This fact was utilized to ensure the uniformity of calibration in the spectra in 
which the peak appeared. A line is drawn connecting the data points of the soft mode in 
order to aid the reader to distinguish it. 
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Figure 4-21 Variation of peak positions with pressure, mid wavenumber region of 
spectra. 
The same pressure conditions as in Figure 4-20 are displayed here. Note the appearance 
of se veral peaks at the phase transformation, near 1 GPa and the disappearance of peaks 
at higher pressures, near 10 GPa. 
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Figure 4-22 Variation of peak positions with pressure, low wavenumber portion of 
spectra. 

The same pressure region as in Figure 4-20 and Figure 4-21 is displayed. Note the many 
changes in the spectra at the phase transformation, near 6 GPa, and near 10 GPa. The use 
of holographic notch filters allow data to be collected close to the Rayleigh line. There is 
much information in the region from 100 cm"' to 200 cm"' that would be lost if this region 
were not studied. 
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The peak designated at V27 splits to form a doublet at pressures above 2.30 GPa. 

The formation of a doublet from a singlet is indicative of the removal of the degeneracy 

of this mode with the symmetry change. That is. the loss of the C2 symmetry element 

makes vibrations that were formerly of equal energy unequal. A doublet in this region of 

the spectrum has previously been utilized as a benchmark for the P2]/c phase in 

pyroxenes. However, this study shows that the doublet does not appear at the phase 

change, but does appear at pressures about 1.3 GPa above the phase change. That is, the 

decrease in symmetry does not manifest in the Raman spectra until 1.3 GPa above the 

pressure where X-Ray crystallography indicates the bonding change occurs. It may be 

that the doublet does not appear in this material until the Si-03-Si angles in the A and B 

chains are different by more than 2° or the 03-03-03 angles in the A and B chains are 

different by more than 30°. The Si-03-Si angles in LiFeSiiOs at 3.1 GPa, are different by 

2.3° and the difference is 2.5" at 3.9 GPa. However, in spodumene, the Si-03-Si angles 

are different by 2.9° at 8.8 GPa.™ No doublet is apparent in spodumene. so the difference 

in chain angles is not responsible for the doublet in the Raman spectmm near 700 cm"'. 



169 

Conclusions 

The hypothesis of this work was that by the study of LiFeSiiO^,, a greater 

understanding of the pressure-induced bonding changes of pyroxenes could be gained. In 

addition, this work was used to provide an example of an application of the knowledge 

gained in the previous chapter. The Raman modes assigned in spodumene were utilized 

to better understand the phenomena occurring in LiFeSiiOg. 

This work reports the first instance of the pressure-induced phase transition from 

C2/c to P2j/c in LiAlSiaOg, a pyroxene. The spectra appear to be quite similar to the 

spectra for spodumene (LiAlSiaOe), especially in the P2//c phase, where both are 5-

coordinated around the Li atom. The similarity between the spectra allows some 

comparison between them and tentative mode assignments based on previous work. The 

changes in the Raman spectra near 6 GPa may be indicative of spin-crossover changes 

brought about by the increase in lattice energy. Finally, the Raman spectrum displays an 

additional change above 8 GPa, characterized by the disappearance of several peaks, 

much like spodumene. These changes may also be due to a phase transition that retains 

the P2]/c symmetry but changes the bonding around the Li atom. Current X-ray studies 

are underway to determine if this is indeed the case. Determination of the origins of the 

secondary change in the spectrum can give additional information about the mechanism 

of the high-pressure phase changes in Li-pyroxenes. The Raman spectra presented her in 

were acquired in a much shorter time scale than the X-ray diffraction data. The Raman 

spectra were acquired over a few days, while the X-ray diffraction experiment has been 

running for 9 months and is still ongoing. This illustrates the point that Raman data can 
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collected much more quickly to gather preliminary information on structural changes 

occurring within the crystal. Raman spectra may also be used to better focus X-ray 

diffraction experiments so that the time required to gather structural information with this 

technique is minimized. 
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5 RAMAN SPECTROSCOPIC AND VISIBLE 
ABSORPTION INVESTIGATION OF LiCrSijOg 

To add another dimension to the study of Li-pyroxenes, IJCriSiiO^ was 

examined. Recently, a detailed structural analysis of LiMe^'^SiaOe has been performed 

utilizing X-ray crystallography, where Me^" = Al, Ga, Cr, V, Fe, Sc, and In.'" Also, the 

temperature-dependent phase transition of LiCrSiaOe has been examined with X-ray 

1 1 2 '  •  crystallography along with the other synthetic pyroxenes named above. LiCrSi206 is m 

111 P2i/c symmetry when at room temperature, but above 33OK is in C2/c symmetry. 

Spodurnene (LiAlSi206) and LiCrSi^O^, behave similarly at the phase transition, both go 

from 6- to 5-coordination of the Li atom. Therefore, the study of this material at room 

temperatures is analogous to the study of spodurnene above its phase transition at 3.2 

GPa or the study of LiFeSiaOe at temperatures below its phase transition at 229K or at 

pressures above 1 GPa. where it is also 5-coordinated around the Li atom. Study of 

LiCrSiiOfi under pressure will increase the body of knowledge pertaining to the 

mechanism of the phase transitions in the Li-pyroxenes, which will lead to better 

understanding of the phase transitions of pyroxenes. The information is combined with 

Raman mode assignments from the previous chapters in this document aid in analysis of 

the Raman spectra of pyroxenes, allowing some general conclusions pertaining to the 

Raman spectra of pyroxenes to be drawn. To date, there has been no study of the 

vibrational spectra of LiCrSiiOf,. 
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Experimental 

Synthesis 
The sample, a dark green single crystal fragment of dimensions 100 fim x 65 am 

X 30 |im, was synthesized by Giinther Redhammer as detailed in a previous 

publication.'" 

High Pressure Raman Spectroscopy 
A 4-pin Merrill Basset type DAC v^ith 600 |J.m culets was utilized to apply 

pressure to the sample. A stainless steel gasket was preindented to 60}im and a 320 jim 

hole was electrostatically drilled in the indentation to form the cell chamber. The cell was 

loaded with the above-mentioned fragment with an unknown face aligned with the axis of 

the cell. A small chip of ruby and the 4:1 methanol rethanol pressure medium were also 

included in the cell. The crystal occupied approximately 4% of the volume of the 0.005 

jiL cell. Utilizing an 1800 groovc/mm grating centered at 529.5 nm, the region from 85 

cm"' to 998 cm"' was acquired using WinSpec software. The region from 404 cm"' to 

1279 cm"' was acquired with the spectrometer centered at 538 nm and a calibration offset 

of 564.5 nm. 

When pressure medium was added to the cell, the ruby fragment used for 

calibration was washed onto the side of the gasket such that the pressure applied to the 

ruby was deviatoric, that is. not hydrostatic. The deviatoric stress had the effect of 

broadening the ruby peaks such that the program previously used for fitting the peaks and 

calculating the pressure. "RubyP", would not fit the peaks properly. In order to calculate 
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the pressure, ruby standards and pressure data from the LiFeSi206 experiment were used 

to create a calibration curve for both the Rl and R2 fluorescence peaks. 

To create the calibration curve, the data from a set of LiFeSiaOe pressure samples 

were imported into the GRAMS32 program and the centers of the Rl and R2 peaks were 

found using the peak fitting utility. The shift of the fluorescence peaks was found by 

subtracting the center of the standard from the center of the pressure. The shifts were 

plotted as a function of pressure and a linear regression was perfonned in Microsoft 

Excel. (Figure 5-1, Table 5-1) The slopes of the Rl and R2 lines were slightly different. 

The shifts of the lluorescence peaks from the ruby in the cell with the LiCrSiaOe 

were acquired using the same method as described above. (Table 5-2) These data were 

plugged into the equation derived from the fit of the ruby fluorescence peak, R2, 

(Equation 5-1) to find the pressure value. 

Equation 5-1 

shift (cm) = (7.40——x pressure (GPa)) + 0.31(fw ') 
GPa 

The equation derived from regression of the R2 peak was used instead of the equation 

derived from the Rl regression because the values found by the R2 equation were 

observed to better match to the pressures found by the pressure calculation program, 

RubyP. for those few sets of data that could be fit by the program. Ruby spectra were 

acquired both before and after Raman or visible spectra. The reported pressures are an 

average of the two pressure values. The error in pressure was found to be approximately 

0.72 GPa for the spectra and 0.01 GPa for the standard. Error in the measurement was 

found by subtracting the pressure reading acquired before the Raman spectrum was taken 
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from the pressure reading acquired after the Raman spectrum was acquired and finding 

the standard deviation of this difference. Error in the standard was estimated by finding 

the standard deviation of the standard readings. For comparison, the standard deviation of 

the pressure differences used for the calibration curve was 0.02 GPa and the standard 

deviation of the differences between R2 and R1 in the standards used for the calibration 

curve was 0.02 GPa. Ruby fluorescence and Raman spectra were excited with a 514.5 nm 

Ar^ laser. 
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Rub>' Calibration Curve 
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P  r e s  s u r e  c a l c u l a t e d  b y  R u h y P  i n  G P  a  

Figure 5-1 Calibration curve of shift of ruby fluorescence with pressure. 

The shift of the two ruby fluorescence peaks is used to determine the pressure 
applied to the sample inside the sample chamber. 
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Table 5-1 Ruby R1 and R2 fluorescent peak shifts with pressure and calculated pressures 
for the calibration curve. 

Peak center Peak center 
Ruby? 
pressure 

(±0.05 GPa) 

Experiment shift shift 
Ruby? 
pressure 

(±0.05 GPa) 

Average of 

number Rlp-Rl3(±0.41 
cm"') 

R2p-R2s(±0.40 
cm"') 

Ruby? 
pressure 

(±0.05 GPa) 
pressure before 
and after (GPa) 

PO before 1.36 1.41 0.19 
0.13 

PO after 0.37 0.54 0.07 
0.13 

PI before 15.00 14.98 1.99 
1.99 

PI after 15.01 14.96 1.99 
1.99 

P2 before 17.50 17.41 2.31 
2.30 

P2 after 17.35 17.24 2.29 
2.30 

P3 before 18.81 18.66 2.48 
2.50 

P3 after 19.11 18.95 2.52 
2.50 

P4 before 22.81 22.62 3.01 
3.01 

P4 after 22.83 22.63 3.01 
3.01 

P5 before 26.62 26.43 3.52 
3.54 

P5 after 26.86 26.73 3.56 
3.54 

P6 before 30.79 30.57 4.08 
4.12 

P6 after 31.35 31.12 4.15 
4.12 

P7 before 35.94 35.61 4.76 
4.79 

P7 after 36.32 36.00 4.81 
4.79 

P8 before 45.02 44.60 5.98 
5.98 

P8 after 45.09 44.69 5.99 
5.98 

P9 before 45.43 45.05 6.04 
6.04 

P9 after 45.39 45.03 6.04 
6.04 

PIO before 46.47 46.05 6.18 
6.16 

PIO after 47.32 46.99 6.13 
6.16 

PI 1 before 48.25 47.84 6.42 
6.41 

Pll after 48.11 47.72 6.40 
6.41 

P12 before 48.92 48.48 6.51 
6.52 

P12 after 49.19 48.73 6.54 
6.52 

PI3 before 50.69 50.23 6.74 
6.76 

P13 after 50.81 50.41 6.77 
6.76 

P14 before 54.32 53.86 7.24 
7.26 

P14 after 54.65 54.18 7.28 
7.26 

P15 before 57.53 57.03 7.67 
7.73 

PI5 after 58.29 57.79 7.78 
7.73 

P16 before 60.75 60.25 8.11 
8.14 

PI6 after 61.18 60.62 8.16 
8.14 

PI7 before 63.62 62.97 8.49 
8.52 

PI7 after 64.05 63.47 8.56 
8.52 

PI8 before 69.36 68.77 9.29 
9.34 

PI8 after 69.95 69.63 9.40 
9.34 

P19 before 47.71 47.26 6.33 
6.28 

P19 after 46.88 46.46 6.23 
6.28 
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Table 5-2 Ruby Rl and R2 fluorescent peak shifts with pressure and calculated pressures 
for the Raman experiment. 

Experiment 
number 

Peak center 
shift 
RL-RL 

Calculated 
pressure for 

Peak center 
shift 

R2p-R2, 
(±9.95 cm"') 

Calculated 
pressure for 

Average of 
pressure before 

Experiment 
number 4 \ . i p  A V l g  

(±8.12 cm"') 
Rl (±1.19 GPa) 

Peak center 
shift 

R2p-R2, 
(±9.95 cm"') 

R2 (±1.34 GPa) and after 

PI before 4.52 0.57 4.60 0,58 
1.45 

PI after 11.33 1.48 17.53 2,33 
1.45 

P2 before 3.95 0.49 3.83 0,48 
2.56 

P2 after 30.08 3.99 34.76 4,65 
2.56 

P3 before 32.23 4.28 37.97 5.09 
5.06 

P3 after 32.45 4.31 37.61 5,04 
5.06 

P4 before 32.39 4.30 38.67 5,18 
5.21 

P4 after 32.93 4,37 39.03 5,23 
5.21 

P5 before 36.46 4.84 43.59 5,85 
5.63 

P5 after 33.53 4.45 40.43 5,42 
5.63 

P6 before 37.57 4.99 44.30 5,94 
6.00 

P6 after 37.81 5.02 45,10 6,05 
6.00 

P7 before 45.87 6.10 52,88 7,10 
6.94 

P7 after 42.68 5,68 50,50 6,78 
6.94 

P8 before 49.79 6.63 56.73 7,62 
7.67 

P8 after 50.65 6.74 57.38 7,71 
7.67 

P9 before 52.20 6.95 59.86 8,04 
8.03 

P9 after 52.74 7.02 59.62 8,01 
8.03 

PIO before 52.14 7.08 60.81 8.17 
8.21 

PIO after 54.21 7.22 61.40 8.25 
8.21 

PI 1 before 55.51 7.39 63.91 8.59 
8.67 

PI 1 after 57.27 7.63 65.12 8.76 
8.67 

P12 66.30 8.84 73.94 9.95 9.95 
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Because the sample of LiCrSiaOe was not pressed against the side o f the gasket, 

all pressure applied was applied via the pressure medium, so it was hydrostatic and was 

not under deviatoric stress, so the Raman spectra were not negatively affected as the ruby 

emissions were. In addition, it was determined that there was no Cr^ ' emission from the 

pyroxene sample, which may have interfered with the ruby calibration. This was 

determined by focusing the laser on a sample of the LiCrSi206 while in air and not near a 

ruby, then scanning the wavelength region where ruby fluorescence is normally found. 

No Cr^"^ fluorescence emission was detectable. 

As the sample was already in P2i/c symmetry, no discontinuous phase changes 

were expectcd, however, the same type of changes as in the spectra of other pyroxenes at 

higher pressures were expected and observed. Ten spectra were collected. One spectrum 

was collected with the sample in air and not in a DAC. Nine spectra were acquired as the 

pressure in the sample was increased from 1.45 GPa to 9.95 GPa. At 9.95 GPa, the 

crystal was inspected under a microscope and it was found that the crystal had changed 

color and small crystals of the pressure medium were beginning to form. Any further 

increase in pressure would have further solidified the pressure medium and the stress 

applied to the sample would have been deviatoric instead of hydrostatic. 

Visible Absorption Spectroscopy 
After completion of the collection of Raman data as the pressure was increased. 

the cell was removed from the sample holder and examined under an optical microscope. 

It was observed that the crystal had changed colors from a deep green to a purplish-red 

color. Visible absorption spectroscopy was used to characterize this change. As the 
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pressure was decreased, absorption spectra were collected through the diamond anvil cell 

utilizing 200 fim diameter fiber optics attached to a Sl-Photonics 440 series UV-Vis 

spectrophotometer. Light was coupled into the spectrometer through a 50 |.im x 400 jim 

slit. Using a 325.5 g/mm grating blazed at 300 nm, the range collectcd was from 400 nm 

to 950 nm, so the deuterium lamp was not employed. To extend the range of excitation 

into the UV would have required a second fiber, but there was no space in the sampling 

arrangement for additional fibers. The SMA ends of the fibers were butted against the 

diamond windows to allow for maximum light throughput. The detector was a linear 

CCD array with 3,700 pixels with dimensions of 8 ).un x 200 |.mi. The same calibration 

curve generated above was used to find the pressures of the sample inside the cell for the 

visible absorption spectra. (Table 5-4) 

Results and Discussion 

High Pressure Raman Spectroscopy 
As with the P2i/c pyroxenes discussed in previous chapters. LiCrSiaOe should 

have 60 Raman peaks associated with it, 30 Ag modes and 30 Bg modes. Only 43 peaks 

are observed. (Table 5-3) However, the spectra are similar to the spectra of LiFeSiaOe 

and LiAlSiaOe in the same phase (Figure 5-2). As the materials are so similar in nature, 

i.e. they are all pyroxenes with only one chemical difference, the similarity in spectra is 

not surprising. The factor group analysis is identical, with just the force constants and 

polarizabilitics of bonds changing due to the change in chemistry of the material. This 

similarity allows several important observations generalizations to be made about Li-

pyroxenes. The P2i/c phase of Li-pyroxenes appears to be characterized by what appears 
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to be the following pattern below 600 cm'^ a singlet near 170 cm'\ which in LiCrSi206 is 

labeled V4; a doublet near 200 cm"', ve and V7; a singlet at 250 cm"' or below, vg; two low-

intensity peaks at lower wavenumbers (vio and vu) than two high-intensity doublets (va, 

Vi3, V18, V20); a singlet occurs near 450 cm"', V21; a low-intensity singlet, V22, is observed 

prior to the next doublet (V24 and V25), which occurs between 450 cm"' and 550 cm"'; near 

550 cm"' another high-intensity doublet occurs, V26 and V27. The doublet near 200 cm"' 

corresponds to the spodumene peak V3, which split into two peaks,and was associated 

in chapter three of this work to an Si-03-Li vibration. In spodumene. the V3 ponion of 

the doublet is not observable at high pressures and in this experiment. V6 decreases 

dramatically in intensity at high pressures, which adds further evidence to the argument 

that these peaks are due to the same vibrations. The singlet at 250 cm"' appears to be the 

same peak (vj) that appears in spodumene at the phase transition.^^ If this is the same 

peak, it is cxpected that this peak would not be apparent in the Raman spectra of the C2/c 

phase. One of the two low-intensity peaks corresponds to vjo, which also appeared at the 

phase transition of LiAlSiiOc,. so it is expected that this peak should also not be apparent 

in the C2/c spectrum of LiCrSi206.^^ The high-intensity doublet appears to be the same 

as peak vn and vu of spodumene,®^ which were assigned to Si-02 vibrations that was 

coupled to Si-03 vibrations. The second doublet corresponds to peaks at vie and 

which were associated with an Si-03 stretch. The singlet near 450 cm"' appears to be 

similar to vjg in spodumene, which appeared at the phase transition.'^''' Finally, the 
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doublet near 550 cm"' appears to correspond to peaks assigned as V19 and V2o,^^ which 

were associated with motions of all the atoms in chapter three. 
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1.45 2.56 5.21 5.63 6.00 6.94 7.67 8.03 8.21 8.67 9.94 

114.7 114.5 114.4 115.3 115.2 114,9 114.7 114.7 114.9 115.5 114.3 

121 122.8 125.1 126.9 129,9 128.9 133.9 138.2 139 

139.2 137.9 146.7 

155.4 156.4 159.6 158,0 158.3 157.9 158.5 160.1 159.4 

161.9 165.2 165.3 170.2 171.7 173.9 177.0 179.2 180.0 

Table 5-3 Raman shifts (in cm"') of peaks with increasing pressure. Peak 1 does not 
appear to be a Raman mode, as it does not shift with pressure. The error in Shift 
measurement is estimated to be 0.5 cm"'. Peaks 1-3 were not included in the analysis as 
they are instrumental artifacts. 
Pressure in air 

Peakl 114.5 

Peak 2 

Peak 3 

Peak 4 

Peaks 154.1 

Peak 6 200.9 201.6 

Peak 7 181.0 189.8 191.7 191.9 195.1 195.2 196.2 198.6 201.1 204.9 209.5 

Peaks 192.9 198.9 201.6 201.5 204.6 205.3 206.3 209.2 212.1 216.9 223.0 

Peak 9 226.9 229.2 230.3 229.9 232.2 232.2 232.7 234.3 236.2 239.3 241.5 242.9 

Peak 10 259.6 265.9 267.7 268.3 270.5 271.1 273.1 276.1 279.8 285.8 282.8 283.9 

Peak 11 287.1 283.2 283.9 284.6 286.4 286.7 287.8 288.1 292.0 297.8 292.1 295.4 

Peak 12 298.8 296.2 297.3 298.2 296.5 301.5 304.8 306.8 312.1 318.4 

Peak 13 328.2 331.9 333.1 

Peak 14 323.6 336.1 338.0 338.4 341.1 342.0 344,1 348.1 347.6 351.5 353.0 355.0 

Peak 15 358.0 363.6 369.5 

Peak 16 355.2 367.8 377.1 373.8 

Peak 17 357.0 361.8 359.2 365.5 366.3 373.3 384.6 391.1 384.7 

Peak 18 375.8 379.8 383.8 382.2 384.1 387.6 394.1 403.6 401.8 405.2 

Peak 19 406.9 409.4 411.3 411.3 414.0 414.0 416.3 418.0 420.7 423.9 422.7 428.5 

Peak 20 415.7 420.1 422.5 423.2 426.5 427.0 430.1 434.9 440.2 448.8 455.8 462.2 

Peak 21 444.6 446.2 447.3 449.8 451.0 454.0 458.8 464.2 472,9 481.0 486.9 

Peak 22 495,8 497,2 498,8 498,4 500,0 502,0 505,3 511,3 517,8 521,1 

Peak 23 518.6 518.0 517.3 520.0 519.5 520.0 522.3 525.0 529,5 533.3 536.0 

Peak24 518.5 524,7 526,5 527.0 529.3 530.0 531.6 534.4 537.8 542.6 548.3 550.8 

Peak 25 536.1 545.7 547.9 548.2 549.7 551.4 553 566.6 560.8 567.7 573.6 578.7 

Peak 26 556.4 561.0 563.2 562.8 562.9 566.0 566.3 570.2 573.9 580.7 586.1 591.3 

Peak 27 576.1 589.5 593.0 594.3 597.5 598.8 601.9 607.3 612.7 621,3 628,8 634,9 

Peak 28 681.4 683.7 688.2 693.2 698.4 704.4 

Peak 29 686 690.3 692.2 692.9 695.7 696.7 698.7 703.0 708.0 715.6 722.1 727.2 

Peak 30 776.2 784.9 786.1 788.9 793.9 797.4 800.7 809.1 

Peak 31 806.7 812.6 819.2 816.8 

Peak 32 850.8 850.1 850.7 853.9 

Peak 33 854 861.0 863.4 864.9 869,8 866,7 874.2 882.2 888.3 

Peak 34 881,4 884.0 884.1 885.5 887.0 888.9 894,0 898.9 904.3 910.3 916.2 

Peak 35 929.0 931.6 934.2 935.0 938.0 939.2 942.4 948.2 954.3 964,5 972.9 982.1 

Peak 36 978.5 981.7 987.5 987.6 986.4 

Peak 37 998.0 995.9 998.4 999.1 1001.5 1002.7 1005.7 1010.6 1015.3 1020.6 

Peak 38 1015.8 1026.4 1028.6 1029.4 1031.2 1032.5 1035.5 1041.1 1044.4 1048 1052.2 1056.7 

Peak 39 1049.5 1054.6 1057.4 1059 1061.5 1072.9 1078.4 1090.7 1100.2 1107.2 

Peak 40 1090.3 1081.0 1077.4 1075.3 1072.9 1069.3 1066.2 1062.9 1062,0 

Peak 41 1098.5 1098.9 1098.9 1100.0 1100.0 1101.8 1105.7 1109.5 1116.4 1122.0 1125.6 
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Li- pyroxenes in P2j/c phase 
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Figure 5-2 Plots of three Li-pyroxenes in the P2j/c phase. 

These plots display the similarity of the Raman spectra of the three Li-pyroxenes studied 
herein. Assignments of Raman modes can be made by comparison of the Raman spectra 
of both LiFeSi206 and LiCrSiiO,,, though more studies must be performed to confirm the 
mode assignments. 



In LiCrSi:06, many of the doublets have one high-intensity peak and one low-

intensity peak (e.g. the doublet near 350 cm"' looks more like a singlet with a shoulder). 

This phenomenon could be because the LiCrSiiO*, spectrum shown was acquired at a 

higher pressure than the other two. Also, note that in general, the peaks in LiCrSiaOg 

appear at a higher wavenumber than the peaks in LiFeSi20f„ which, in turn appear at 

higher wavenumbers than the peaks for LiAlSiaOe. This is probably due to a number of 

reasons, including different pressures at which the spectra were acquired, different 

electronegativity of the M1 atom, and different ionic radius of the Ml atoms. The peaks 

appearing at higher frequencies indicate higher energy bonds, so the bonds in LiCrSi^Oe 

are of higher energy than the bonds in LiFeSiaOe or LiAlSi^Of, under the pressures plotted 

in Figure 5-2. 

Figure 5-3 presents the Raman spectra of LiCrSi2()6 as pressure is increased. 

Other than the expected shifting of peaks with pressure that accompanies the increase in 

bond energy with decrease of cell volume (Figure 5-4). there is little change in the Raman 

spectrum of LiCrSiaOg under pressure until 7.67 GPa. At this pressure, a peak near 692 

cm"' appears, forming a doublet in the region where the Si-03 stretching band had 

previously been assigned. As this sample is P2i/c throughout all pressures, if this band 

were Si-03 stretching, there should have been two separate peaks appearing, one for each 

symmetrically nonequivalent Si-03 chain. This investigation is further evidence that the 

use of the peak near 700 cm"' is a poor choice for an indicator of whether a sample is in 

the P2j/c phase, at least for the Li-pyroxenes. 
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Also at 7.67 GPa several interesting Raman peak intensity changes occur. First, 

the peak at 1010 cm'" begins to decrease significantly in intensity, eventually 

disappearing entirely from the spectrum by 10 GPa. The relative intensities of the peaks 

at 551 cm"' and 574 cm"' reverse. The previously weak 551 cm"' band becomes more 

intense than the 564 cm"' band. In addition, a band at 375 cm"', which was previously 

I  I  only a shoulder of the peak at 349 cm" , becomes more intense and the singlet at 348 cm" 

becomes a doublet at 346 cm"' and 349 cm"'. Finally, a second peak near 700 cm"' 

becomes well defined. 

In addition to the intensity changes at 7.67 GPa, the slope of the change in Raman 

shift with pressure increases for most of the Raman peaks above this pressure. Finally, 

• 1 1 the soft mode, the mode that decreases in Raman shift from 1090 cm" to 1062 cm' as 

pressure is increased, goes to zero intensity at the next data point above this pressure. The 

soft mode in LiFeSiaOf, also goes to zero intensity at high pressures. There was no soft 

mode apparent in the data collected for spodumene. These changes in the Raman 

spectrum occur near the same pressure region where changes occur in the Raman spectra 

of the other two Li-pyroxenes examined in this work. The changes could indicate a 

coordination change of the Li atom from 5 to 6. This coordination change w ould retain 

the P2j/c symmetry. 



186 

V l 3  

V l 4  
V8 Vlo 1 V15 

/ 
V39 V40 

V 7  

V4V6 vrVlo'''v,3-''v,8''2« V30 V33 V35 V37 V39 V41 V24 V26V27 

900 1000 100 200 300 400 100 1200 600 700 800 

Raman Shift (era"') 

Figure 5-3 Raman spectra of LiCrSiaOe as pressure is increased. 

The material is already in P2i/c phase, so no additional phase transformation is expected. 
However, changes in the Raman spectra are observed near 5.2 GPa and neat 8.7 GPa. 
This is the first presentation of the vibrational spectra of this material. 
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Figure 5-4 Shift of Raman peaks with pressure. 

Note that the lines connecting data points are only visual guides to aid the reader to see 
where these two peaks cross. Also, note that there is a change in the slope of the lines 
near 8 GPa. which may be an indication of a change in the crystal structure. No X-ray 
data has yet been collected on this material at these pressures. 
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Visible examination of the sample 
Color change has been previously noted in pyroxenes and other minerals."^'"'* 

Neither kosmochlor, NaCrSiaOe, nor Li-kosmochlor, LiCrSiaOe, displayed a phase 

change within the pressure realm of the study. Kosmochlor remained in C2/c symmetry 

due to the presence of the large cation, Na. in the M2 site, while Li-kosmochlor remained 

112 in P2]/c symmetry. At temperatures above 329K, LiCrSi206 is in C2/c phase, so 

studying the material at room temperatures is tantamount to studying other 

clinopyroxenes at high pressures. Kosmochlor progresses from emerald-green to 

greenish-blue with increasing pressure. Previous studies of other materials have shown a 

discontinuous change in color with the change in bond structure.""^ Kosmochlor displays 

no such discontinuity, which might indicate a phase change. Likewise, as the color of the 

LiCrSiaOg progresses from a deep, emerald-green to a reddish-purple, no discontinuity is 

observed. In both pyroxene samples, the absorption profile shows a continuous 

hypsochromic shift of the maximum absorption of visible light with increasing pressure 

(Figure 5-5). The decrease in absorption maxima with increasing pressure reflects the 

increase in energy of the bonds and concurrent increase in ligand field energy that results 

from shortening due to decrease in cell volume. Shorter bonds equate to an increase in 

electron density between the atoms and a corresponding increase in the energy of the 

bond, reflected by the decrease in wavelengths absorbed by the sample. 



189 

Table 5-4 Ruby Rl and R2 fluorescent peak shifts with pressure and calculated pressures 
for the Visible absorption experiment. 

Pressure 
number 

Peak center 
shift 

Rlp-RI, 
(±7.13 cm"') 

Calculated 
pressure for 

Rl (±0.94 GPa) 

Peak center 
shift 

R2p-R2s 
(±5.65cm'') 

Calculated 
pressure for 

R2 (±0.76 GPa) 

Average of 
pressure 
before 
and after 

PI 68.01 9.07 79.25 10.67 10.67 
P2 after 75,32 10.05 81.53 10.97 

10.17 
P2 before 59.70 7.96 69.59 9.36 

10.17 

P3 after 59.20 7.89 66.88 8.99 
9.68 

P3 before 71.39 9.52 77.04 10.37 
9.68 

P4 after 67.86 9.05 73.19 9.85 
9.82 

P4 before 67.30 8.97 72.83 9.80 
9.82 

P5 after 47.29 6.30 56.66 7.61 
7.60 

P5 before 48.59 6.47 56.54 7.60 
7.60 

P6 after 46.43 6.18 54.28 7.29 
7.19 

P6 before 44.66 5.94 52.80 7.09 
7.19 

P7 after 43.99 5.85 51.48 6.91 
6.84 

P7 before 42.51 5.65 50.46 6.77 
6.84 

P8 after 34.95 4.64 41.97 5.63 
5.58 

P8 before 34.30 4.56 41.27 5.53 
5.58 

P9 after 10.85 1.42 14.15 1.87 
1.97 

P9 before 12.10 1.59 15.57 2.06 
1.97 

PIO after 1.16 0.12 3.43 0.42 
0.34 

PIO before 0.07 -0.02 2.28 0.27 
0.34 
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Figure 5-5 Visible absorption spectra of NaCrSiiOe (lop) and LiCrSiiOe (bottom). 

The error in pressure measurements is estimated at 0.05 GPa (top) and 0.76 GPa 
(bottom). The increased error in the bottom spectra is due to the deviatoric stress applied 
to the ruby. The plots show that the energy of the light absorbed increases with pressure. 
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While this sample cannot undergo a high-spin-low-spin change because it has 

only three ^/-electrons, the increase in ligand field energy is clearly illustrated by the 

decrease in wavelength absorbed. Interestingly, the data from NaCrSiiOg indicates that 

the ligand field surrounding the chromium atom is weaker than in LiCrSi206. The 

centers of maximum absorption for the NaCrSiiOf, appear at longer wavelengths than the 

centers for LiCrSiaOg. This is counter-intuitive, as one might think that the size of the 

Na" ion is larger so the ligand field surrounding the chromium ion would be stronger. 

Conclusion 

The vibrational spectra of LiCrSiaOe were compared to the Raman spectra of 

Lil 'eSioOfi and LiAlSiiOr,. The extension of knowledge gained in the studies of 

spodumene and Li-acmile through Raman spectroscopy and single crystal X-ray 

crystallography enabled association of certain Raman modes of LiCrSiiOe to specific 

atomic interactions. Additionally, the fact that these pyroxenes all contained 5-

coordinated Li in the P2i/c phase and had similar spectra suggests that other Li-

pyroxenes, such as LiGaSi206 and LiVSiiOo, will also display similar spectra and those 

spectra may also be able to be interpreted by comparison of the data contained herein. 

Study of the Raman spectra of the above two compounds will give additional information 

concerning the bonding of the Li-pyroxenes. 

This study illustrated that the region near 700 cm"', which has been utilized as a 

benchmark for the Plj/c phase in pyroxenes, displays only a single peak in the P2j/c 

phase at low pressures, but at higher pressures displays a low-intensity secondary peak. 

This behavior is contrary to the use of a doublet in this region to indicate the P2i/c phase 
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in pyroxenes, as this material is in the P2]/c phase throughout all pressures studied. 

Additionally, this Li-pyroxene, like the other two studied, displays a secondary change in 

the Raman spectrum at high pressure. It would be interesting to note if the doublet 

appears in the Raman spectrum of a Li-pyroxene such as LiScSiaOe that displays a 

• ' 112 second order (continuous) rather than a first order (discontinuous) phase transition. 

Finally, the application of pressure to the sample increases the ligand field energy 

surrounding the M1 atom, which is illustrated by the decrease in maximum wavelength of 

visible light absorbed. This behavior is commensurate with the behavior of NaCrSiiOe, 

which does not display bonding changes at higher pressures. However, there is no 

discontinuous color change that might indicate a change in the bonding of the material. 

The synthesis of the UV-visible data with the Raman spectra of the pyroxenes 

studied herein gives a more complete picture of the atomic-level changes occurring in Li-

pyroxenes than has previously been available. While data on other pyroxenes should be 

collected, trends presented herein display important facts that may be generalized to other 

pyroxenes. Specifically, there is an unsurprising increase in ligand field energy as crystal 

volume is decreased and atoms are brought closer together as pressure is increased. At 

pressures higher than the phase change, a change in the Raman spectra is observed in all 

three pyroxenes studied herein. This change may be indicative of the first step towards a 

transition back to C2/csynimetry and is expected to occur in other pyroxenes in P2i/c 

phase. 
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APPENDIX h 
Operations manual for the Denton Group's 785 nm Raman system 

and Spectroscopy Camera Control 17.vi, LabVIEW program 

written by Dan Gilmore, Spectral Instruments 

This guide is meant as an introduction to running the Denton Group's 785 nm 

diode laser Raman spectroscopy system and the software that accompanies it. It assumes 

the user has some knowledge of the LabVIEW programming language and how to 

operate and edit the charts. The program is not an executable, and is editable. The best 

way to learn how to use the system is to watch an experienced operator, however, this 

guide is the next best thing if there is no one to demonstrate use of the instrument or 

answer questions. There is. of course, much more to operating the system at maximum 

efficiency, focusing, and changing to the microscope setup. To learn these aspects of the 

Raman system, a demonstration is essential. 

Overview 
Power on the CCD. spectrometer, and laser 
Start the laser temperature controller 
Initialize the CCD 
Cool the CCD to-101 °C 
Turn on the laser 
Calibrate with neon, then cyclohexane (or Si or diamond) 

Startup 

First, turn on the camera on the power bar beneath the optical table, turn on the 

spectrometer with the switch on the back of the spectrometer, and turn on the laser power 
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supply. Model 525 Laser Diode Driver, and temperature controller. Model 350 

Temperature Controller, by changing the black power rockcr switches on them. Make 

sure that the presets on the power and temperature are correct: Power = 881 mA and 

Temp = 25.5 °C. Start the temperature controller by pressing the Output button. It is 

operating if the green light is on. Check to see the current temperature of the laser by 

pressing the Dwp/qy button until the green light next to Sensor is lit. The temperature 

must be very stable to prevent mode hopping, so do not enable the power output until the 

temperature has been stable at least ten minutes. If the temperature does not stabilize, 

check to ensure that the integrated circuit temperature controller is firmly attached to the 

brass baseplate inside the case of the laser. 

Next, start up the Spectroscopy Camera Control 17.vi in the User.lib. A shortcut 

to this program is in the My Documents folder on the desktop. Prior to cooling the 

camera, go to the Operate menu and select the Initialize CCD option. The most common 

CCD format is Row Origin =450 Rows = 250, Row Binning =1, Col. Origin =0, Columns 

=1024, Col. Binning =1. This procedure sets the CCD to read the CCD chip in all 

columns from row 450 to row 700 (about the center of the chip), with no hard binning. If 

the camera is cooled before initializing the camera, charge is trapped on the surface of the 

chip. This is bad, but not detrimental. To untrap the charge, wait for the chip to warm, 

reinitialize then recool the camera. Initializing the CCD puts it in Continuous Clear 

mode, which prevents charge trapping. If the CCD is initialized without powering on the 

camera, an error will occur because the software will not be able to communicate with the 

hardware. 
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After the CCD is initialized, pour liquid nitrogen into the funnel in the back of the 

CCD to start the camera cooling. The camera should reach-101 °C. When the dewar is 

as full liquid nitrogen will spill out of the hole in the bottom of the dewar. 

To turn on the laser, get the key from inside the cabinet marked LL. The keys are 

hung on a nail on the left side of the cabinet. Insert the key into the power supply where 

it is labeled Laser Enable and turn it to the ON position. The laser is not on yet. To turn 

the laser on, press the Output button. A green light should appear. To check to see if the 

laser is operating, open the shutter with the lever on the front part of the laser. 

A note on the spectrometer: there is drift (about 1 or 2 pixels) associated with the 

length of time the spectrometer on because there are parts of the spectrometer that heat 

and the heat transfer changes the position of the grating slightly. After a few hours, the 

temperature will be stable enough to do quantitative work. For quantitative work, leave 

the spectrometer on overnight before starting the experiment. Do not leave the 

spectrometer on continuously, as it will dramatically decrease the life of the power 

supply. 

Calibration 

To calibrate the instrument, place the neon lamp in front of the slit of the 

spectrometer. Set the spectrometer to be centered at 880 nm at the handheld controller by 

pressing the GoWav button, then enter 880 and press the ENT button. If there are no 

characters on the handheld controller, press the Local button on the bottom near the 

yellow Shift button. Setting the spectrometer at 880 should allow collection spectra from 
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198 cm"' to 2263 cm"', if the 600 g/mm, blaze 1000 grating is used. Adjust the slit width 

to 10 microns by pressing the Slit A button and entering 10, then press the ENT button. 

Change the acquisition mode to Exposure-Bias. Set the exposure time to 0.2 

seconds. To change the exposure time, double-click in the Exp. Time box and enter the 

new time. Turn out the lights so no room light is incident on the detector. Collect aNe 

spectrum by pressing the Acquire Image button on the upper right corner of the software. 

With the CCD format set as above, the bias collection should take about 7 seconds. The 

room lights can be turned on again after the second click of the shutter, indicating that it 

is closed again. When the spectrum appears, make sure the intensity is near or above 

100.000 counts to ensure few errors in the calibration. If it is low, adjust the position of 

the lamp and acquire a new image. The Ne calibration tells the software which 

wavelength falls on what pixel. To do this, go to the Operate menu, select Ne Calibrate. 

A new window will appear. The top spectrum is a reference spectrum of neon. The 

bottom spectrum is the neon spectrum just collected. Place the red cursor in the bottom 

spectrum on the peak that is selected by the red cursor in the top spectrum. Do the same 

for the blue cursor. Press the Auto Calibrate button above the bottom spectrum. The 

software performs a 3'^'^ order polynomial fit. Check to make sure that the Mean Squared 

Error is below 0.0015. If it is above, adjust the position of the Ne lamp to get more 

intensity and acquire the Ne spectrum. To get out of the window, press the red Close 

button. Do not use window close button on the upper right corner. This will cause an 

error in the software, necessitating the closure of the software, reopening, reinitialization 

and reacquisition of the Ne spectrum. 
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At this point, a brief explanation of the front panel of the software is necessary. 

The front panel is shown in Figure Al-1. The top graph is a representation of the image 

that is appearing on the CCD. The bar next to the graph allows the intensity, or Z-scale, 

to be controlled manually. Below that is a representation of the row of the image over 

which the red cursor sits. Below, left is a representation of the column of the image 

selected by the position of the red cursor. As the cursor is moved, these plots will 

change. The bottom graph is the spectrum, acquired by software binning down the rows 

of the image seen in the top graph. Other buttons and functions of the software will be 

explained later in this guide. 

To change the X-axis view of the spectrum in the software from channel number 

to wavelength, click on one of the arrows in the box below the spectrum. 
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instrument. 
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To calibrate the laser, remove the Ne lamp, change the slit width to 100 microns 

by pressing the Slit A button on the handheld controller, entering 100, then pressing the 

ENT button. In bulk mode, place a quartz cuvette with about a quarter of a mL of 

cyclohexane in it on the sample stage against the front plate. Ensure that the stage is set 

for cuvette by turning the knob on the translation stage until the back of the stage lines up 

with the front-most scored line on the aluminum platform. This moves the sample so that 

the laser is focused behind the face of the cuvette, into the cyclohcxane. The relative 

positions of the proper placement score marks are labeled by a note next to the stage. 

Change the exposure time to 5 seconds. Acquire an image. Go to the Operate menu, 

select Diode Laser Calibration, then Cyclohexane. A window should pop up with the 

wavelength of the laser. This number should be near 785.15 nm. If it is outside of ± 0.1 

nm of this number, question the results. Record the laser wavelength on the log sheet 

taped to the back of the door, along with the name or initials of the user, the date, the 

calibration material (cyclohexane in the example), and the exposure time (5 seconds) in 

the proper boxes. To find the peak height, press the button in the software that says, 

"Free." When it is pressed in, it should read, "Locked."" This locks the red and blue 

cursors to the spectrum. Move one cursor so that it is at the top of the largest peak in the 

spectrum. The other cursor should be moved to a baseline position. The peak height is 

indicated in the A}' box, which gives the difference between the Y-positions of the two 

cursors. Record this number on the log sheet. It should be above 50000. If it is not. 

move the stage forward a little and acquire another spectrum. To record the laser power, 

position the power meter behind the holographic bandpass filter (a transmission grating 

cube) between the cube and the iris. Turn the power meter on with the switch on the left 
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side of the meter, ensuring that background light readings are subtracted. Open the 

shutter on the laser, and record the power indicated on the display onto the log sheet. 

Remove the meter from the optical path and turn off the meter. Change the X-axis of the 

spectrum to read "Raman Shift" by pressing one of the arrows in the box below the 

spectrum. The instrument is now calibrated. 

Calibration may also be performed with silicon. Ensure the slit width is set to 

100, place the sample stage in the solid position, and take a 5-second spectrum. Go to the 

Operate menu, select Diode Laser Calibration, then Silicon. A window will pop us as it 

does with the cyclohexane. The peak height, exposure time, date, laser power, etc. is 

recorded as with cyclohexane. Normally, Si is not used for calibration because the peak 

can change position based on temperature and strain. 

To calibrate in the Microscope mode, make sure the slit is open to 100 microns, 

place a diamond on the sample stage under the microscope. Focus on the diamond by 

tuming on the CCD in the microscope with the black rocker switch in the back of the 

microscope, moving the mirrors mounted to the slider in the microscope forward by 

pulling the silver handle toward the front of the microscope and turning on the monitor 

on the workbench. The monitor will display the optical image read by the CCD in the 

microscope the lens. Focus is as with a nomial microscope. Note: the optical focus and 

laser focus are not the same. The laser is focused at the surface of the sample if the stage 

is approximately 180 microns up from the optical focus. Once focused, turn off the 

microscope's CCD and move the mirrors mounted on the slider back (away from the 

user.) If the slider is not moved back, the laser will not be able to illuminate the sample. 

Acquire a spectrum of the diamond through the 1 Ox objective. Take a 5 second exposure. 
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Go to the Operate menu, select Laser Diode Calibration/ Diamond. A window will pop 

up with the laser wavelength. Record that information along with the diamond peak 

height, date, laser power, etc. as with cyclohexane. A guide to changing the instrument 

from bulk mode to microscope mode is not in this manual. 

Running the software 

Menus 

File Menu 
Notice when pulling down many of these menus that nex t to the label is a Ctrl-O, 

or its equivalent. These are the quick keys that make the advanced user's life easier, but 

are not necessary in order to use the program. Many of the buttons have quick keys. too. 

In order to find out what they are, hit CTRL-H to bring up the help window. It should 

give you a brief description of whatever function the mouse is near. The most useful 

quick key is F1. It activates the Acquire Image button. Most of the file functions are 

straightforward. The Save As functions allow a save of the spectrum as either text or 

Omnic spectral files. In order for Omnic to open the file, however, it must end with the 

.spa file extension. Additionally, any file saved in Omnic format will be from 200 cm-' 

to 2300 cm"', regardless of what the actual spectral range. If there is data below 200 cm" 

', or above 2300 cm"', the spectrum will be truncated at the above wavenumbers. If the 

full range is not utilized, zeros will be added to fill out the spectrum to this range. This is 

solely to enable spectra taken to all be added to the same Omnic library. To change this, 

prograinmatically change the range or use one of the older versions of this software. 

The Save Spectrum and Save Image selections allow a spectrum or an image to be 

saved, respectively, but if only the spectrum is saved, the image will not be able to be 
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recreated. The first window to pop up will be a window with a box for Filename, 

Comments, and several others to the right. Anything put into the Comments section will 

appear in the information box above the spectrum. The information in this and the other 

boxes (e.g camera temperature, slit width, etc.) will be saved with the file. It is 

retrievable. After the information is in the boxes, press the Save to File button and a 

normal Windows dialog box will open. At this point, the name of the file and the folder 

in which it will be saved can be changed. The information displayed in the box 

previously mentioned will be saved with the file. 

Print Spectrum prints only the spectrum, not the image. 

The Open XCCD Image selection opens images that were saved with the program 

used prior to the use of LabVIEW to control the camera. 

The Exit option will exit you from this program and all other LabVIEW programs. 

The Edit menu functions as normal Windows functions. 

Operate menu 

The first selection in the Operate menu will not be enabled until a flat field image 

is acquired with the second option. A flat field image is used when a significant amount 

of light in the longer wavelengths is present and this light is creating etalon patterns on 

the chip. Etalon patterns appear as waves across the image and give false peaks in the 

spectrum. To acquire a flat field image, white light is introduced into the spectrometer by 

illumination of a notecard or other piece of white paper placed behind the first 

holographic notch filter so that some of the white light will enter into the spectrometer. 

A one second acquisition time should ensure the acquisition of the etalon pattern, but not 

an overfill (bloom) the chip. Once the image has been acquired, select Set Flat Field in 
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the operate menu. Now, take a spectrum as normal. To flat field the image, select Flat 

Field Image from the operate menu (it is now enabled. ) Then press the Bin Plot button 

above the spectrum to update the spectrum from the image. It is possible to flat field the 

spectrum without using the image. To do this, collect a white light spectrum as above 

and press the Correction Set button in the white light box beside the spectrum. When the 

next spectrum is collected, it can be corrected by pressing the Correct button in the same 

box. This method works, but the correction is better when applied to the image, then the 

image is rebinned. Once a flat field image or spectrum is collected, collection of another 

one is not necessary the spectrometer position or the software is closed. Every spectrum 

can be collected with the same correction set until the camera changes temperature. 

The Setup Timed Acquisition option allows the user to take a specified number of 

spectra at a set time interval and save them to sequential file names, specified by the user. 

The box that appears when this option is selected is self-explanatory. 

The calibration options are explained above. The Set CCD Format button is used 

when the location on the chip used to acquire an image must be changed. It opens the 

same window that appears when Initialize CCD is utilized. The Stop option will stop the 

operation of the program. It is suggested that this option is only used if something is awry 

in the operation of software. Once this operation is selected, the program must be exited, 

restarted, and the instrument recalibrated in order to collect Raman spectra again. 

View Menu 

The View menu allows control of the options of the CCD image. Auto Z turns on 

or off the automatic color adjustment for intensity in the image. The Full Image selection 

automatically rescales the image to show the entire image. Correct Perspective will 
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resize the pixels to their normal proportions, so the image will not be distorted. The 

Color or Gray options allow the image to be grayscale or color. 

The Help menu is self-explanatory. 

Other Buttons 

A note about the Acquire Image button: if accidentally pressed twice, it will take 

two exposures; the first acquisition will not be visible. The second exposure will happen 

immediately following the first. 

The Acquisition pull-down menu allows you to change how the chip is read. Take 

Bias reads the chip without opening the shutter. This allows elimination of pixel-to-pixel 

variations, a flat field of sorts. Take Dark gives just the dark current. Take Exposure 

acquires an image without taking a bias. The preferred mode is Exposure-Bias. It is also 

possible to take Exposure-Average Bias, which just drops the baseline, but does not 

eliminate pixel-to-pixel variations. User-defined is explained in the help menu. The 

units on the exposure time can be changed from second to minutes by using the Unit pull

down menu. The blue bar below these buttons is an indication of how long it will take to 

read the exposure and is a progress bar. 

Below the blue bar is a box that indicates the last action of the program. For 

example, after an exposure, it will read in red, "Image has been binned."' After a save it 

will read in black, "File X has been saved."' This indicates the spectrum has been saved. 

The box below that has three options. Spectrum, Image, and Acquisition. That is the 

information that is displayed in the large comment box. File filter allows filtering of the 

display to a specific filename. 



The File box shows what file is displayed. The large comments box below the 

File box shows any comments placed in the saved file. The info button will display and 

allows change of file information. Once the file information is changed, the spectrum 

must be saved again from the file menu in order for the changes to be saved with the file. 

The Acq. Info section allows update of what is displayed in the comments box from either 

the spectrum or the image, depending on what is selected. 

Just above the spectrum is a box dealing with the operations of the spectrum. The 

Auto button, when in the ON position, automatically updates the spectrum from the image 

after image colleclion. The Full button acquires the full spectrum. When this is in the 

OFF position, only the area that is in the box defined by the red and blue cursors in the 

image will be binned and appear in the spectrum. The Bin Plot button allows the 

spectrum to be updated from the image after any processing to the image. The 

Free/Locked button and IY box have been explained previously. The DXbox shows the 

difference between the X positions of the red and blue cursors in the spectrum. The (->/ 

OFF/ON button is needed if the image in the focal plane is curved. On the Kaiser 

spectrograph, the slit image is curved in the focal plane. Instead of getting a straight 

vertical line for a Ne line, a curved line appears. When that button is pressed and binning 

is performed in the software, a predefined curve is taken into account when doing the 

summing. The Reversed/Normal button reverses the display of the image to match the 

display of the spectrum. 

The FWHM of Peak Between Cursors button calculates the width of the peak 

between the cursors at half of its maximum. The Y-Scale button below the spectrum will 

automatically adjust the Y-axis limits to display the maximum range of the spectrum. 
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The Average and Std. Dev. boxes show the average and standard deviation of the 

plot of the column defined by the red cursor in the image graph. 

The Median Filter button is useful for getting rid of CREs. It places a median 

filter down the column of the image. The number of points to which the filter is applied 

can be defmed by changing the number in the Points box. The Blank Screen button will 

turn the screen black. 

Several boxes appear off screen if the window is scrolled. Most of them are self-

explanatory or are explained in the help box. 
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APPENDIX II 
Creation of a searchable database of the Raman spectra of 

minerals 

One goal of the research on the Raman spectra of minerals was to utilize Raman 

spectroscopy to enable easy identification of the materials. In order to truly make Raman 

spectroscopy a powerful qualitative technique for mineral identification, a database of 

Raman mineral spectra is necessary to perform search matches. Nicolet instruments, 

along with Aldrich chemicals, have created an extensive searchable Raman database for 

organic compounds. However, the database has several flaws with respect to inorganic 

compounds. Primarily, in order to acquire spectra of many inorganic compounds a Nujol 

mull was created. This introduced several spurious peaks—such as those corresponding 

to sp C-H stretches, clearly an organic rather than an inorganic peak—into the spectra of 

the inorganic compounds. Consequently, occasional searches for organic compounds 

would select a spectrum of an inorganic compound as a match. Second, the number of 

inorganic compounds that were included in the database was small, limited mainly to 

those most commonly utilized in a pharmaceutical laboratory. A database of mineral 

spectra comparable to the organic database was lacking. 

Creating such a database is no trivial task. Approximately 4,500 individual 

species of minerals exist in nature. Many are rare or of very small sample size. 

Fortunately, the University of Arizona has an excellent collection of mineral specimens 

in its Mineral Museum. In addition to the collection in the University of Arizona M ineral 
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Museum, many rare samples are trekked through Tucson during the annual Gem and 

Mineral Show, and it has been possible to acquire spectra of some rare samples from this 

source. However, acquiring one spectrum of a mineral is often not adequate. The spectra 

of many of these minerals vary widely based on the locality from which they originate. 

Additionally, the orientation of a crystal may have strong effects on the intensities of 

'maiiy'peafrm^the'T^aifian's^ 

Experimental 

Spectra were acquired with excitation at both 514.5 nm utilizing an Ar"^ laser and 

at 785 nm utilizing a diode laser. The use of both excitation wavelengths increases the 

utility of the database, as some minerals will either burn or not produce quality spectra at 

one excitation wavelength or the other. Some of the minerals that were too small to 

sample utilizing the bulk setup were sampled with the 785 nm instrument in microscopic 

mode. (Figure A2-1) In order to gather spectra on the bulk system, samples must be at 

least 5 mm by 5 mm in dimension. 

The spectra, originally in either LabVlEW format or ASCII format, were 

converted into a form searchable by existing Omnic software utilizing a custom program. 

Within the Omnic program, the following information about the sample was included 

with each spectrum: the name of the mineral, chemical formula, w hether the sample was 

in crystalline or massive form, the polarization of the incident and emitted light, the 

crystal face upon which light was incident, the locality of the sample and any other 

identifying information. 
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To account for possible effects of locality on the spectra of specific minerals, a 

number of spectra were acquired from samples originating from different localities. 

Spectra were also acquired for some samples at a number of different orientations 

in an attempt to account for the effect of orientation on the peak intensities of the sample. 

Some materials displayed varying peak intensities with orientation, others did not display 

significant orientation effects. Therefore, there may be more than ten spectra of the same 

mineral or type of mineral in the database. While work on increasing the number and 

range of samples is ongoing, currently over 1.600 spectra of approximately 400 different 

minerals have been collected. 
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Figure A2-1 Block diagram of Raman microscope optics. 

The holographic notch filters act as mirrors to the incident light due to the non-
transmitting nature of the notch filters at that angle. The emitted light goes through the 
filters at a different angle, and so is passed by the filters. 
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Results 

Applications of this database have been numerous. Utility within the lab includes 

the identification of optic material—whether glass or calcium fluoride—to determine 

their range of wavelength transmission. 

The database has also been used to identify unknown mineral inclusions within a 

mineral sample. To accomplish this task, the sample (Figure A2-2) was placed under the 

microscope and a spectrum was acquired of the bulk mineral material. Then, the incident 

light was focused through the bulk sample and onto the inclusion such that the maximum 

intensity of incident light was on the inclusion, minimizing contribution to the spectrum 

from the bulk material. The resultant spectrum was a combination of the inclusion 

spectrum and the bulk material spectrum. To identify the materials, a search match was 

performed on the raw bulk material spectrum and on the inclusion spectrum after 

subtraction of much of the contribution of the bulk material (Figure A2-3) Details of the 

searching algorithm and the meaning of the matching score have been published."^ The 

unknown inclusion was identified as hauyne with a search match score of 58, which was 

considered very good, considering the contribution of the bulk material to the spectrum 

and the fact that the only spectrum of the inclusion material in the database was acquired 

using 514.5 nm excitation and the database spectrum matched with the spectrum acquired 

at 785 nm excitation. Additionally, other possible matches were examined and 

disregarded due to poor match scores and due to the observation that the spectra did not 

appear to be similar to the unknown. 
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A third application of the database is the identification of non-terrestrial minerals. 

A 91 mg sample of the Allan Hills meteorite (ALHA 84001, Figure A2-4) was acquired 

for examination. This sample had previously gained notoriety as potential proof of life on 

Mars."^'*'^' The proof or disproof of life on Mars was not the focus of this study. Rather, 

the sample was analyzed to determine the suitability of Raman spectroscopy to samples 

of non-terrestrial origin and the application of the database to the same samples. 

A Raman spectrum was acquired with 785 nm excitation through a lOx 

microscope objective. (Figure A2-5) The resulting spectrum was searched against the 

database. (Figure A2-6) The Allan Hills spcctrum was determined to match both spectra 

for massive enstatite (MgaSi^Oc,) and massive diopside (CaMgSiaOe), both pyroxenes. 

The term massive indicates that the material is not a single crystal, but rather is a mixture 

of randomly oriented small crystals. However, the chemical composition is correct. The 

match for the two pyroxenes is reasonable, considering that approximately 25% of the 

Earth's upper mantle is pyroxenes and the sample had been previously reported to be 

composed of over 90% pyroxenes. The splitting of the peak at approximately 650 

cm"' indicates enstatite. 

The result of this study has shown that the database is applicable to non-terrestrial 

environments. Consequently, the database and a Raman instrument with 785 nm 

excitation are scheduled to be included on the 2009 Mars Rover mission. 
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Figure A2-2 Picture of pink sapphire with blue inclusion. 

The length of the crystal is approximately 2 cm. The inclusion is completely enclosed by 
the sapphire and is approximately 2 mm on each side of the cube. 
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Figure A2-3 Spectrum of pink sapphire and blue inclusion. 

The spectrum of the inclusion (bottom) was acquired by subtracting much of the 
spectroscopic contribution of the sapphire (top). The material was identified by a search 
match against the library. 



Figure A2-4 Picture of sample of ALHA84001 with ruler for scale. 

The sample of this meteorite was analyzed and identified as a pyroxene. 
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Figure A2-5 View of sample of meteorite through microscope objective. 

The dark inclusion is probably magnetite and was not used for identification of the bulk 
of the material. 
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Figure A2-6 Spectrum of Allan Hilis AH84001 meteorite and the top matches from the 
database search. 

The search match scores were (highest on top to lowest on bottom) 43.12, 37.06, 33.83, 
and 28.80. For a discussion on what the match indices mean, please see Denton, el ah, 
Australian Journal of Chemistry 2003, 56, 117-131. 
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