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COMPARATIVE TEMPERATURE-DEPENDENT POLARIZED
RAMAN STUDY OF LITHIUM POTASSIUM SULFATE,
SODIUM POTASSIUM SULFATE, AND THE FAST
ION CONDUCTOR LITHIUM SODIUM SULFATE

CHAPTER 1I

GENERAL INTRODUCTION

Introduction

The development of new energy sources along with more
efficient utilization of energy has been of prime importance
in the 1970s and in the first few years of the 1980s. The
importance of energy research and development to the United
States can be appreciated if one looks at the funding for
these areas. In 1976 federal funding for energy research
and development totaled $2,231.6 million and was increased
by 30 percent to $2,905.4 million dollars in 1977.1

One category of energy research that has received
funding from such federal agencies as the Department of
Energy and the National Science Foundation is the investiga-

tion of the fast ion conducting phenomenon in solids.

Solids that have fast ion conducting properties are of



great commercial interest as solid electrolytes in high
energy density batteries and in other technological appli-
cations such as fuel cells, electrochromic display elements,
thermoelectric devices, memory elements, and measurement and

2-4 The use of fast

controi of liquifd and gas compositions,
ion conducting solids as solid electrolytes in batteries
has received the most attention, however.

Prototype batteries using solid electrolytes already
exist. These prototype solid electrolyte batteries can
store four times the energy that a lead-acid battery of
equal weight can, and can undergo three times as many
charge-discharge cycles,5 Companies such as General Motors,
Ford Motor Company, TRW, and Toshiba Electric Company of
Japan have established major research and development pro-
grams in this field of battery s_cience.6 Recently General
Electric and Chloride Silent Power Ltd. of the United King-
dom merged their battery research programs to further
develop batteries with solid electrolytes.5

Even with the numerous applications and potential
applications of fast ion conducting solids, there is still
a lack of basic understanding of the phenomenon. Much work
needs to be done in the thermodynamic; kinetiec, and structural
aspects of the problem, At a microscopic level one would
like to understand the dynamical behavior of the mobile ion
species and how this mobile ion is affected by and interacts

with the potential environment of the solid. The study



3

presented here is concerned with a vibrational spectroscopic
investigation of a fast ion conducting sulfate system and
two related non-conducting sulfates in an attempt to inves-
tigate the potential energy environment of the mobile species

and the other dynamical prcuesses in the crystal lattice.

Fast Ion Conduction in Solids

The fast ion transport phenomenon has been the subject

3,7-9

of several reviews and books. A material can be de-

scribed as a solid electrolyte if an ionic conductivity of
i ohm'l cm.—1 or more is observed. These solids usually
have an activation energy for diffusion of approximately
0.1 eV. The concept of a liquid sublattice interpenetrating a
rigid crystal lattice is usually associated with a fast ion
conducting solid. Macroscopic evidence for this view
usually involves some measure of increased disorder within
the crystal.lo’11 0'Keeffell has found that diffusion co-
efficients of the mobile ions (usually cations) in good
solid electrolytes come close to those in molten salts.
Other evidence for a liquid like sublattice is a high en-
tropy increase at the phase transition which brings the
material into the fast ion conducting phase, In many

cases the entropy value for this transition is comparable
to the value of the melting of salts which do not have

solid-solid transitions, The use of transition entropies



has been proposed by van Gool for the screening of new fast
ion conducting compounds,12

Structurally speaking, in order to have this liquid-
like sublattice there must be available to the mobile ions
more than the equivalent number of empty sites. Geller13
has suggested that the ratio of available lattice sites to
the number of charge carrying ions should not be less than
3. Also there must exist within the structure 2- or 3-dimen-
sional branched pathways,14 The concept of "pathways'" has
been studied in such compounds as RbAg4I5.15

Many materials have been discovered that meet the
criteria listed above, Some compounds such as B-alumina
have appreciable specific conductance at relatively low
temperatures;while other compounds must go through a high
temperature phase transition before they become fast ion
conducting, McGeehin and Hooper's review8 gives one of the
most comprehensive lists of siuch compounds. Some of the

most recently discovered fast ion conducting compounds can

be found in papers presented at the 1981 International Con-

ference on Fast Ion Transport in Solids.4 Examples of fast

ion conducting compounds are silver iodide and compounds
based on silver iodide, B- and BR"-alumina type compounds,
and various sulfate salts, Many others are known.

The techniques used to study fast ion conducting com-
pounds are also quite numerous. NMR and EPR,16 X-ray

13,17

crystallography, and electrical conductivity and



diffusion measurements 18-20 are but a few of the methods

employed. Many other techniques have been used, and reviews

3,7 Infrared and Raman

on these techniques are available.
spectroscopic techniques have also been applied to many fast
ion conducting compounds and are discussed in the following

section.

Infrared and Raman Studies of Fast

" ITon Conducting Compounds

An important aspect in understanding the fast ion
conducting phenomenon is the examination of the dynamical
behavior of the mobile ion species and how this is affected
by the potential environment of the crystals. Both static
and dynamical interactions of the mobile cations with the
rest of the crystal lattice may be involved, Temperature-
dependent vibrational spectroscopic measurements provide
a means of investigating these areas.

One can view the mobile ionic species as being fixed
. in the crystal lattice at low temperatures, vibrating at a
frequency indicative of the potential energy environment
surrounding it. As the temperature of the system is raised
the vibrational amplitude and the anharmonicity increase
until the mobile ion species is able to "hop'" to adjacent
empty sites or interstitial regions., Viewing the phenomenon

in this manner, one can see that vibrational spectroscopy



(infrared and Raman) can be very valuable in investigating
the potential energy environment of the mobile species and
in investigating other dynamical processes coupled with the
motion of the conducting ion.

It has only been in the past ten years that both infra-
red and Raman spectroscopy have been used in the study of
fast ion conducting compounds. Most of this work has been
done on silver iodide, compounds related to silver iodide,
or B or B"—alumina (M20’11A203 and M20'XA1203 respectively
where M is usually an ion from Group IA or IB, but can be
from group IIA21 and X equals approximately 5 to 7).

Many studies have been done on Agl since it is con-
sidered the classical fast ion conductor.8 Burns, Dacol,
and Shaferzz were the first to do temperature-dependent
polarized Raman measurements at temperatures below and
above the transition temperature (147°C) for the fast ion
conducting phase, Early infrared studies of Agl from very
low temperatures to 250°C did not produce a great deal of
information on this first order phase transition.zs_zs'
However, Burns et al, observed the Raman intensity
below 80 cm_1 to greatly increase at temperatures above the
transition. They attributed this to disorder in the system
which breaks down the Raman selection rules. Fontana and
Mariotto and their co-workers26—31 have recently performed

many temperature-dependent Raman studies on Agl. Tempera-

ture-dependent bandwidth data, intensity data, depolarization



ratios, and frequency values have led them to believe that

a partial disordering of the silver ions (mobile ions) occurs
below the phase transition followéd by more disorder at the
transition into the fast ion conducting phase, Their Raman
studies indicate another disordering of the silver ions at
approximately 430°C. This disordering of an ionic species

is consistent with the description of the fast ion conducting
phenomenon given previously.

Various compounds based on silver iodide have also been
the subject of infrared and Raman spectroscopic studies.
Shriver, Joy and Greig32 did one of the first temperature-
dependent Raman spectroscopic comparisons between two fast
ion conducting compounds, Agz[HgI4] and Cuz[HgI4], and the
non-fast ion conducting T1p[HgI,]. They found that the fast
ion conducting compounds have vibrational bands that broad-
ened considerably with temperature. A drastic broadening of
corresponding bands in T12[Hg14] was not found. Shriver et
al. attributed this broadening to disorder in the system.

The compounds RbAg415 and KAg4I5 were found to have a much
different type of Raman temperature dependence than AgI in

33

a study done by Burns, Dacol and Shafer. They found no

abrupt changes in the Raman spectra for RbAg4I5 and KAg15

except for the disappearance in both compounds of a small

1 when the transition into the

4

mode at approximately 23 em™
high temperature phase occurred., Delaney and Ushioda3

also made a comparison between temperature-dependent Raman



data for Agl and RbAg4I and found that some modes in the two
compounds have bandwidths which have a similar temperature
dependence. Modes in Ag26118W4O16 below 100 cm._1 were found
to have strong temperature dependence in a study done by

Habbal, Zvirgzda and Scott,35

while modes at higher frequen-
cies were not temperature dependent. Habbal et al. feel
that these low energy vibrations are associated with heavy,
loosely bound silver ions, Similar low frequency modes have
been observed in other fast ion conducting compounds con-
taining silver.zs’34
Of all fast ion conducting compounds f8 and B'"-alumina
type compounds have been the object of the greatest number
of spectroscopic investigations. No doubt this is because
of their great commercial importance.5 Early studies on
these compounds utilized infrared spectroscopy to observe

36,37 Using

the vibrations due to the mobile ion species.
these vibrational frequencies, Allen and Remika36 calculated
attempt frequencies for ionic motion and compared these
values to diffusion coefficients for the system. The data
indicated that a single ion hopping motion was responsible

38,39 investigated

for ionic conductance., Chase et al.
these same modes by Raman scattering and discussed the
possible existence of two superlattices in B—alumina.39
Other studies include those done by Bates and Frech40
who found that the intensities of low freguency modes in

sodium and silver B-alumina decreased drastically with



temperature and postulated that a second-order phase transi-
tion involving a redistribution of mobile cations over
available lattice sites could be occurring. They were also
the first to work out the infrared and Raman selection rules
for B- and B'"~-alumina type structures.41 Bates and his co-
workers have also looked at the translational modes of
ammonium ions doped into B~alumina in hopes of investigating

the potential energy environment of the conduction plane.42

They have substituted ®Li* ions into the lattice for 'Li” in
order to study lithium-oxygen interactions43 and also looked
at low frequency modes in B"-alumina which they feel are

44 Colomban and Luca-

attempt modes for ionic conduction.
zeau45 noticed unusual band broadening for modes associated
with various cations in their temperature-dependent Raman
studies. They felt that their results indicated a transi-
tion from an ordered state at low temperatures to a state
where the conducting cations are dynamically disordered at
higher temperatures,

The presence of water in f-alumina has been found to
have effects on fast ion conduction in these compounds,
Infrared46 and Raman studies47 have been performed on B-
aluminas containing water molecules in order to understand
the effects that water molecules have on fast ion conduction
in this system, It is certain that the B- and g'"-alumina

compounds will be the object of many more studies in the

future.
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One group of fast ion conducting compounds has not

been the subject of temperature-dependent vibrational spec-

troscopy, however. Sulfate compounds such as Li,SO 48

250,
22 1izns0,,%0 and LiNaso,®! all have reported fast

ion conducting phases, yet no Raman studies have been done

LiAgSO

on these compounds. Raman studies on these sulfate systems
could provide basic insight into the fast ion conducting
phenomenon for several reasons, First, they are simple
stoichimetric compounds. The complexity and the non-
stoichiometry of B- and B'"-alumina type compounds make
Raman studies difficult, The sulfate systems should be
much easier to characterize. Second, comparisons between
the fast ion conducting LiNaSO4 with LiKSO4 and NaK3(SO4)2,
which are structurally similar at room temperature but do
not have a fast ion conducting phase, could be very inte-
resting, Third, Nilsson, Thomas and Tofie1d52 have sug-
gested that a new type of diffusion mechanism exists where
ionic motion can be enhanced by rotational motion of the
translationally static sulfate ions, Temperature~dependent
-Raman spectroscopy would seem to be an ideal way to study

this dynamically enhanced ionic diffusion mechanism.
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Outline of the Study

The goal of this study was to perform a temperature-

dependent Raman study of LiNaSO4, LiKSO and NaKS(SO4)2.

4
Before temperature-dependent work could be done a thorough
vibrational study of the compounds at room temperature was
necessary, however, Raman spectroscopy was used to make
vibrational band assignments for the external modes of
LiKSO4 and NaKS(SO4)2. Both infrared reflection studies
and Raman scattering were used to assign both the internal
and external modes of LiNaSO4. The results from this work
are discussed in Chapter II,

Chapter III reports temperature-dependent Raman work
on modes consisting predominantly of lithium ion motion in
LiKSO4 and LiNaSO4. This is particularly important in
understanding the dynamics of the cation species and the
interaction of the species with the ordered crystal lattice
for the fast ion conductor LiNaSO4 and the non-fast ion
conductor LiKSO4. Measurements of temperature-dependent
. Trequencies and bandwidths were made and used in calculations
of activation energies.

The temperature dependence of the external modes not
of lithium ion origin in LiNaSO,, LiKSO,, and NaKS(SO4)2 is
dealt with in Chapter IV. Assignments of certain modes as
sulfate librational modes and as modes containing trans-

lational contribution are suggested. Contributions to the



bandwidth of a sulfate librational mode directly related to

the phase transition in LiNaSO4 is also investigated.
Chapter V looks at the Raman temperature dependence of

the internal modes in the three sulfate systems. This data

provides information concerning the sulfate sublattice as

it undergoes the phase transition in the three sulfate salts.
Finally, Chapter VI summarizes the work presented here

and comments on possible areas for future studies.
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CHAPTER 1II

ROOM TEMPERATURE VIBRATIONAL SPECTROSCOPIC
MEASUREMENTS AND MODE ASSIGNMENTS

Introduction

In order to perform a thorough temperature-dependent

Raman study on LiNaSO LiKSO4, and NaKs(SO4)2, a complete

4:
symmetry-based vibrational mode assignment for the three
crystals was necessary. Polarized Raman spectroscopic
studies of precisely oriented single crystals were performed.

A polarized infrared reflectivity study of LiNaSO, comple-

4
mented the Raman work., Normal mode assignments for the
three crystals were based on these studies.

Knowledge of the space group of the crystal, the site
- occupancies and symmetries in the unit cell,1 and the appli-
cation of group theory techniques for crystalline systems2"4
allowed the number of normal modes belonging to each symme-
try species in the crystals to be obtained. This symmetry-
based analysis was done for the internal and external modes
in each crystal.

The internal or '"'molecular" vibrational modes in a

crystal correspond to intramolecular motion of a polyatomic
17
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group. They are usually only weakly perturbed by the crys-
tal lattice and thus the frequency of these vibrations
usually does not change very much from the solid to the gas
or in solution. The free sulfate ion which has Td point
group symmetry has nine vibrational normal modes correspond-
ing to intramolecular vibrations. The irreducible symmetry

5

representations for these normal modes is PV ==A1+E+2T2.

ib
By convention vVq is assigned to the mode belonging to the
one dimensional representation Al’ Vo to the mode belonging
to the two dimensional representaticn E, and Vg and Vg to the
modes of the three dimensional representation T2. A descrip-
tion of the normal coordinates can be found in Herzberg.6
The frequencies of these modes are approximately v1==980 cm_l,
vy = 451 em™ ', v, = 1104, and v, = 613.°

When a polyatomic ion is in its free state, its
vibrations are dependent on symmetry restrictions based on
its intrinsic point group symmetry. When this same ion is
in a crystal lattice its vibrations depend on the symmetry
of the potential-energy environment about it, i.e., the site
symmetry. The vibrational anclysis can now be based only
on the symmetry of the site assuming that there is no dy-
namical interactions between this ion and the ones sur-
rounding it.

The assumption that no interaction occurs between an

ion occupying a site in a crystal and the ions about it is

not correct for most ionic crystals, however. One must



19

consider all ions in the crystal in order to adequately
describe the vibrational modes. 1In the case of Brillouin
zone center modes in which all unit cells are in phase one
considers the entire set of ions in just one unit cell as
the vibrating unit, Thus the allowed vibrations are char-
acterized by the symmetry operationé of the unit cell. The
space group of the unit cell supplies the symmetry informa-
tion needed for a vibrational analysis in this case, This
technique is called the factor group analysis and along with
the site group analysis describes the number and symmetry of
modes expected for a polyatomic ion in a crystalline envir-
onment, A combination of the site group and factor group
treatment is used for the internal mode analysis of the
sulfate ion in these crystal systems. This technique is

described in more detail in other works.z_4

" External Modes

External or lattice modes correspond to motions of the
ions as rigid entities within the crystal lattice., 1In the
case of the sulfate crystals being studied here, these
motions would consist of a superposition of the translational
motion of the lithium, potassium, sodium, and sulfate ions
plus rotational motion of the sulfate ion. Because the
forces holding polyatomic ions together (covalent forces)

are usually stronger than the force holding ionic crystals
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together (coulombic attractions), the external mode vibra-
tional frequencies are normally much lower than those of
internal vibrations, i,e,, they are decoupled from the
internal modes., This separation of frequencies is not always
so clear cut as will be shown later, however,

The decoupling of the internél and external modes
allows the external mode vibrational analysis to be conducted
separately from the internal mode analysis.7 The external
mode analysis is based on the assumption that the ion is a
rigid entity and that the vibrations of the ions are depen-
dent on the symmetry of the site (site group) and the sym-
metry of the unit cell (factor group).

A symmetry based internal and external mode analysis
was done for LiNaSO4. In the case of LiKSO4 and NaKs(SO4)2
the internal mode analysis had previously been done; hence
only the external modes are treated here, Raman band

assignments are based on these analyses.

Experimental

Single crystals of LiNaSO4, LiKSO4, and NaKs(SO4)2
were grown by slow evaporation from aqueous solutions con-
taining equimolar proportions of the appropriate salts
(reagent grade L12s04'H20, Na2SO4, and KZSO4). Lithium
potassium sulfate and NaKB(SO4)2 were grown in solutions

at temperature from 32° to 42°C, Lithium sodium sulfate
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was grown in an aqueous solution at 70°C to which sulfuric
acid had been added to bring the solution to pH 2. Single
crystals of 6LiNaSO4 and 7LiKSO4 were grown in the same
manner as described above beginning with crystalline
6List4'H20 which was prepared from 6LiOH (95% atom %) by
titrating with stO4 to pH 2.5 and4s10W evaporation of the
resulting solution.

The optic axis (caxis) for all three crystal systems
was identified with a polarizing microscope allowing polar-
ized Raman and infrared reflection measurements to be per-
formed on crystals of known orientation. The infrared
reflectivity measurements in LiNaSO4 were made from a
crystal face containing the ¢ axis which was cut and pol-
ished using a slurry of 3 U A1203 in ethanol. For the
Raman studies, appropriate crystal faces were cut and pol-
ished in a similar manner. 1In a reflectivity measurement
of the E modes in LiNa.SO4 the-incident radiation is polar-
ized perpendicular to the optic axis (elC), while in a
. measurement of the A; modes the incident radiation is polar-
ized parallel to the optic axis (g||C).

The LiNaSO4 infrared reflectivity spectra of the
internal mode region were measured at room temperature on
a Beckman IR-12 spectrometer with a reflection accessory
which provided a 2 to 1 linear image reduction at an ave-

rage angle of incidence of 15°. Infrared reflectivity

data for the region from 500 to 150 em™ ! were collected on
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a Fourier transform spectrometer at the Oak Ridge National
Laboratory using a 6p mylar filter and a MIR source, Raman
spectra were recorded at room temperature on a Spex Rama-
log 5 spectrometer with a 2 cm'1 spectral bandpass using
the 4880 X line of an argon in laser for excitation at
200-600 mw, The geometrical arrangement of the Raman

scattering experiment is shown in Figure 2.1,

Lithium Sodium Sulfate: Infrared

and Raman Data

Internal Optic Modes

Lithium sodium sulfate crystallizes in the P3lc
space group (Cgv) with 6 molecular units in a hexagonal
cell of dimension a_ = 7.627 2 and ¢ = 9.8579 2.8 The im-
portant crystallographic data are listed in Table 2.1.

The correlation diagram for the internal modes using
a technique reviewed by Fateley et a1.2 is given below.
The irreducible representations for the sulfate internal
vibrational modes are found to be Fint = 9A1 + 9A2 + 18E.
The A1 and E modes are both infrared and Raman active,

while the A, are not optically observable modes.

2
Figures 2.2 and 2.3 show the polarized infrared re-

flection and Raman spectra of the Vq and Vg region of the

sulfate ion internal modes. The symmetry-based vibrational

analysis of this system predicts that the V4 region should
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FIGURE 2.1. The Geametry of ithe Raman Scattering Experiments:
A Raman scattering experiment can be described by the
symbol a(By)S where o is the direction of the incident
light, 8 is the polarization of the incident light, ¥
is the polarization of the scattered light, and § is
the direction of the scattered light. BHere «,8,Y, and 8
are the cartesian coordinates x,y, or 2z; alternatively

they are the crystal axes a, b, or c.

IREP ¢

~= Incident
Light

Direction of
Observation
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Point Group Site Group Factor Group
Za S Cav
2, .2 .2
2 \
Vo E E (x,y),(x2-y2,xy)
(X2,YZ)
TABLE 2.1
CRYSTALLOGRAPHIC DATA FOR LiNaSO4a
Atom Sites OccupiedP Site Symmetry
Li 6c E
Na 6¢c E
S(1) 2a C3
S(2) 2b C3
S(3) 2b C3

2Reference 1.

bNumber of equivalent sites and Wyckoff notation.
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FIGURE 2.2. -Near normal incidence reflectivity spectra

of the internal optic modes in the V1 and

V3 spectral region.
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have three modes of A1 type symmetry. These modes are ob-
served at 972, 990 and 1026 cm-l. A measurement with z(xx)z
scattering geometry in which only longitudinal optical (LO)
modes (modes whose vibrational displacement is parallel to
the wave propagation in the lattice) are allowed shows modes
at 974, 998 and 1026 cm_l, The mode at 972 is identified as
a transverse optical (TO) mode (mode whose vibrational dis-
placement is perpendicular to the wave propagation in the
lattice) while the mode at 974 is an LO mode, The modes at
998 and 1026 have no TO-LO splitting. Modes with a small

or no TO~-LO splitting have been observed in the V4 region in

9,10 The infrared reflection spectra

other sulfate crystals,
in this region show only one small band centered at approxi-
mately 970 em™ T

The Vg region should have 3 modes of A1 symmetry and
6 modes of E symmetry. Modes in the Raman spectra at 1066,
1146 (very weak) and 1173 cm-l are assigned as the Vg (Al)
modes. In the backscattering z(xx)z geometry a peak occurs
at 1086 cm-l. These frequencies correspond very closely
" to the inflection points observed in the infrared reflec-
tion spectra in this region. Therefore the bands at 1066,
1146, and 1173 are assigned as TO modes while the modes at
1086 is assumed to be an LO mode. The bands at 1075, 1125,
1138, 1153, and 1218 cm—1 in the Raman spectra are assigned

to Vg (E) modes. The infrared spectrum shows no reflection

band in the region of the 1075 em ! Raman mode; however the
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three predicted vS(Al) modes have been accounted for and
thus the 1075 cm—l mode must be assigned as a vS(E) mode,
All the Raman bands in the 1100-1190 cm_1 range correspond
to inflection points on the low frequency sides of infrared
reflectivity bands in a rather complicated infrared spectrum
for this region and are thus felt to be the TO modes. How-

1.
is close

ever, the frequency of the Raman mode at 1218 cm
to the inflection point on the high frequency side of a re-
flectivity band in the infrared spectrum and is assumed to
be an LO mode, Therefore five of the six predicted vS(E)
modes are identified,

The factor group multiplet resulting from Vg is pre-
dicted to have six E modes and three A1 modes, Figure 2.4
shows the infrared and Raman spectra in the Vgy region.
Modes of A1 symmetry were found at 635, 653, and 662 cm‘l.
In Figure 2.4 the infrared reflectivity spectrum of the
v4(A1) modes is displayed directly above the Raman spectra

of v4(A The Raman modes match well with low frequency

1)
inflection points in the infrared spectrum and are thus
identified as TO modes, Only four modes are seen in the
Raman spectra of the v4(E) region and occur at 625, 645,
647, and 662 cm—l. The 647 cm T mode is observed in an
X(yx)y scattering geometry and is not shown here. The
mode at 662 cm T is "leakage" from the A; mode at this
frequency. The modes at 625 and 647 cm-1 are assigned as

a TO mode and an LO mode, respectively, that correspond to
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FIGURE 2.4. Raman scattering spectra and infrared near
normal incidence reflectivity spectra of the
internal optic modes in the v4 region. Full
scale intensity for the Raman x(2x)y experi-

ment is 2 x 10% eps and for x(zz)y, 51(104cps.
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the infrared reflectivity inflection points at 625 cm-1 and
650 cm_1 (Figure 2,4), The mode at 645 c:m_1 in the Raman
spectra is not observed in the infrared spectra. Based on
the intensity of this mode as shown in Figure 2.4 it is
assumed to be a TO mode, The four remaining v4(E) modes
are not observed.

The Raman spectra for the Vo region are shown in Fig-
ure 2.5, Although a symmetry-based vibrational analysis
predicts six modes all of E type symmetry, only one large
peak at 483 em™ ! and a small shoulder at 476 em T are seen.
The infrared spectrum in this region which is not shown
exhibits a very weak reflection band whose inflection points
are 485 and 505 cm 1. Thus the Raman mode at 483 is as-
signed as a TO mode. The shoulder at 476 is not seen in the
infrared spectrum, but is believed to be a TO mode. All of
the experimental data for the internal optic modes are sum-

marized in Table 2.2,

External Optic Modes

The correlation diagram for the external modes of
LiNaSO4 was obtained using the same technique as described
previously2 and is shown in Figure 2.,6. The irreducible

. . . .+
representations for each ionic motion are T (Li ) =

trans

(Na") = T (50,) =T __, (S0,7) = 3A; + 34, + GE.

I|’l:ra.ns trans

The irreducible representations for all the external modes
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FIGURE 2.5. Raman scattering spectra from the v, internal
optic mode region and the high frequency A1
and E external modes. Full scale intensity

is 5000 cps.

1€



32

TABLE 2.2

FREQUENCIES (in cm—l) OF INTERNAL OPTIC MODES

complexity of the infrared spectrum.

. Raman ] Infrared
Mode TO Eb;pergntal 10 E’{perﬁ.?ntal T verse  Longitudinal
v4(4;) 972-x(zz)y 974 z(xx)Z 966 o77
998 x(zz)y 998 z(xx)z
1026 x(zz)y 1026 z(xx)z . .
Vo (E) 476 x(yz)y
483 x(yz)y 485 505
Va(a) 1066 x(zz)y 1086 z(xx)z 1066 1085
1146 x(z=z)y
1173 x(z=z)y
Vo (E) 1075 z(yy)x .
1120 x(zx)y 1120 11412
1125 x(yx)y ces cee
1138 x(yx)y 11402 11582
1153 x(zx)y cee 11582 1180%
1218 x(yx)y 11832 12252
AV
| 2(8y) 635 x(zz)y 632 665
653 x(zz)y e ces
662 x(zz)y 660% 683
V,(E) 625 x(zX)y 647 x(yX)y 625 650
645 x(zx)y

8These inflection points are difficult to estimate due to the
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FIGURE 2.6. Correlation Diagram for the Extermal modes of LiNaSO 4

Space group P3lc (Cgv) 2 =2

TRANSLATTONATL MOTICN

Site group Factor group

(Tx,Ty,TZ) A \\Az
E  (x,9) %% v°,%)
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SO4 ion
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(xz,yz)
ROTATIONAL MOTION
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must be Pext = 12A1 + 12A2 + 24E, Eliminating the acoustic

modes which are not optically observable one writes rext opt

= 11A; + 12A, + 23E.

1 2

In Figure 2.5 one observes not only the vz(E) compo-
nent at 483 cm_1 but several atypically high frequency ex-
ternal modes in both Al and E experimental geometries. The
A, modes occur at 314 and 404 em™ L, Figure 2.7 shows the
Raman spectra of the lower frequency A1 and E external modes,
The A1 mode at 109 and 155 cm-l ére very close in frequency
to the modes at 108 and 156 which are assigned as E modes
and could be attributed to '"leakage,' However, the dis-
crimination between different polarizations in this parti-
cular set of measurements was quite good and it is felt that
the proximity of the A and E1 components here is due to a
small factor group splitting, The reflectivity band inflec-

tion point frequencies and the Raman frequencies for the

external modes are summarized in Table 2,3.

Isotopically Substituted LiNaSO4

Hiraishi, Taniguchi, and Takahashill observed atypi-
cally high frequency external modes in LiKSO4 in the 300-
450 cm_l range, similar to those observed here in LiNaSO4.
They postulated that these modes in LiKSO4 could be due to
the lithium ion translational motion. To verify that these
high frequency external modes in LiNaSO4 were due to the

lithium ions 6LiNaSO4 crystals were grown and
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FIGURE 2.7. Raman scattering spectra from the external mode

region., Full scale intensity is 5000 cps.
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TABIE 2.3
FREQUENCIES (cm‘l) OF EXTERNAL OPTIC MODES

Mode Raman Frequencies (cm_l) Infrared Frequencies ( cm'l)e | ¢
Type x(zz)y Experimental Geometry TO(ifp) 10(ifp)
63
109
155 .o .
182 184 232
Al 223 eee cen
oo 290 332
314 .o ces
404 389 433
Mode Raman Freguencies (an_l) Infrared Frequencies ( cm"l)e || ¢
Type X(zx)y Experimental Geometry TO(ifp) I10(ifp)
87
100
108
119
E 156 . .
167 177 201
196 cee
cee 270 cee
440 (10) 378 439

406
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spectroscopically studied. One would expect that those
modes consisting primarily of lithium ion motion would shift
to higher frequencies upon substitution of 6Li for the na-

turally abundant 7Li in LiNaSO The isotopic frequency

4-
shifts confirm the higher frequency external modes as modes
brimarily involving motion of the lithium ion. These modes
will be characterized as "lithium modes" although it should
be clearly understood that vibratioral decoupling is not
complete, and these modes contain an admixture of various
other types of ionic motion. Isotopic shifts were not ob-
served for any other external modes. In Figure 2.8 the A1

1

lithium modes at 314 cm ' and 404 cm™ ! are easily identified.

The frequency assignments are given here for the naturally
abundant LiNaSO4 crystal. The features centered at 480 cm_1
originate in the Vo internal optic mode multiplet structure.
The high frequency shoulder which appears in the 6LiNaSO4
spectrum is due to an LO component of one of the Vo modes.
The infrared reflectivity spectra in Figure 2.9 confirm the
assignment at 404 cm—1 and show an additional lithium mode

at 290 cm™Y, An E lithium mode is noted in Figure 2.10 at

406 cm™l. The mode at 440 em T is probably an LO mode
since a comparison with the reflectivity spectra in Figure
2.11 shows a high frequency inflection point at this fre-
quency. Lithium modes at 270 em L and 378 em~ ! and also
seen in Figure 2,11,

The irreducible representations of the lithium ion

vibrational motion are 3A1 + 3A2 + 6E. Thus the three A1
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FIGURE 2.8. Raman spectra of 6LiNaSO4 and 7LiNaSOA

showing the isotopic shift of the lithium

A, modes. Full scale intensity is 5000 cps.
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FIGURE 2.9, Infrared reflectivity spectra of 6LiNaSO4

and 7LiNaSOA showing the isotopic shift

of the lithium A1 modes.
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FIGURE 2,10 Raman spectra of 6L,iNaS0, and 'LiNaSO

4 4
showing the isotopic shift of the lithium

E modes. Full scale intensity is 5000 cps.
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FIGURE 2.11. Infrared reflectivity spectra of 6LiNaSO4
and 7LiNaso4 showing the isotopic shift of

the 1lithium E modes.



lithium modes are found, however, only three of the éxpected
six E lithium modes are i&entified. A summary of these data
are presented in Table 2.4.

No internal modes shifted in frequency in the iso-

topically substituted crystal.

Discussion

All nine of the expected A1 internal modes were ob-
served in the Raman spectra while only nine of the expected
eighteen E internal modes were found. The remaining E modes
are probably not seen due to the small magnitudes of the
polarizability derivatives and hence the scattering intensi-
ties, The infrared bands in the vy and Vo regions are very
weak which undoubtedly results from the small dipole moment
derivatives. Similar behavior in the Vq and Vo regions of
other sulfate crystals has been previously observed.9

Of the eleven Al and twenty-three E external modes
expected, eight Al and ten E modes are observed in the Raman
and infrared spectra. Again the absenceses of Raman modes
are attributed to small polarizability derivatives while the
absenceses of infrared modes are due to small dipole moment
derivatives. Some of the Raman band maxima for the E modes do
not match well with inflection points in the corresponding in-

frared reflection spectra in the external mode region. Hiraishi,
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TABLE 2.4

LITHIUM MODE FREQUENCIES (in cm—l) IN ISOTOPICALLY SUBSTITUTED
LiNaSO, WITH CALCULATED FREQUENCY RATIOS

4
A; Modes Raman \’(GLi)/V(7Li)
A 6. ...
L1NaSO4 LJNaSO4
314 332 1.06
404 425 1.05
Infrared
TO(ifp) - LO(ifp) TO(ifp) - LO(ifp)
290 332 308 355 1.06 1.07
389 433 413 459 1.06 1.06
E Modes Raman
7. . 6. .
I_a_NaSO4 I_aNa‘SO4
406 425 1.05
440 ‘ 453 1.03
Infrared
7. 6. .
LlNaso4 I_al\Ia‘SO4

TO(ifp) - LO(ifp) TO(ifp) - LO(ifp)

270 vee 281 “es 1.04
378 439 395 453 1.05 1.03
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Taniguchi and Takahashi11 found that the damping constants

for LiKSO4 in the external mode region were relatively large.
It seems reasonable to assume that the damping constants in
LiNaSO4 for the external mode region are also relatively
large and cause the discrepancies between the TO frequencies
as determined from the Raman band maxima for these E modes
and the corresponding infrared reflectivity band inflection
points.

The isotopic substitution experiments clearly identify
the external modes in the 300-450 cm-1 spectral region as
originating in Li+ motion. The expected isotope shift in
the harmonic approximation assuming pure Li+ translational
motion is v(®Li)/v(’Li) = 1.08. The calculated values for
the frequency ratios are listed in Table 2.4 and suggest
that the lithium modes are relatively decoupled from the

other external modes.

Lithium Potassium Sulfate:

" Raman Data

Lithium potassium sulfate crystallizes in a P63

12 Crys-

(cg) space group with two molecules per unit cell.

tallographic data of importance is listed in Table 2.5.
The internal mode symmetry based analysis and Raman

band assignments have been made by several groups. Hira-

ishi, Taniguchi, and Takahashi11 assigned the internal
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TABLE 2.5
CRYSTALLOGRAPHIC DATA FOR LiKSO4a

Atom Site Occupiedb Site Symmetry
Li | 2b C3

K 2a ' Cg

S 2b 03

aReference 12,

bNumber of equivalent sites and Wyckoff notation.

modes of LiKSO4 and calculated damping constants for these
vibrational bands. In an earlier study Mathieu, Couture,
and Poulet13 were primarily concerned with variations in
intensity and frequency as a function of crystal orientation.

In their assignment of internal modes, modes at 443 cm-1

and 402 cm—1 are incorrectly identified as internal optic

10

modes. Rao et al. studied the v

12 v3, and Vg internal
optic modes in LiKSO4. Wu and Frech9 also studied the in-
ternal optic modes, calculating molecular parameters from
observed LO-TO splittings using a molecular dipole model.
The internal mode symmetry-based analysis is not repeated
here since it is given in - reference nine, The ir-
reducible representations for the internal modes are

r = 3A + 3B + 3E

+ 3E2' The A and E1 modes are Raman

1
and infrared active while the E2 mode is only Raman active

int
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and the B modes are not optically observable, A summary

of the internal mode frequencies is found in Table 2.6.

External Modes

The external mode assignments for LiKSO4 have been

11 13

made by Hiraishi et al, and Mathieu et al. In Mathieu's

et al. work, several external modes were incorrectly assigned

11

as internal modes. Hiraishi et al, have worked out the

symmetry-based vibrational mode analysis for the external
vibrations., The irreducible representations for each ionic
+

(804) -

(Li*) =1 (k") =T
1 + E2' The irreducible representa-

motion are

I“l:ra.ns trans trans

T (SO4=)=A+B+E

rot
tions for the external modes after elimination of the A and

E1 acoustic modes are T = 3A + 4B + 3E1 + 4E2. The

ext opt
A and E1 modes are Raman and infrared active while E2 is
only Raman active and B modes are not optically observable.
The Raman external mode spectra are shown in Figures 2.12
and 2.13. In this study all of the modes reported by
Hiraishi et al.ll were observed as well as one additional
E, mode at 43 cm—l. Three A, two E;, and four E, modes
are thus observed leaving only one E1 mode unaccounted for.
The frequencies for these modes agree well with Hiraishi

et al. and are listed in Table 2.7.



SUMMARY OF INTERNAL MODE FREQUENCIES
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TABLE 2.6

(e 1) FOR LiKSO,

IntxMosun dj (laecular Symmetry Frequency (cm—l) Reference
A 1017 9
\)1 1008 10
1012 11
El 465 9
467 11
v
2 463 2]
E2 464 11
A 1119 9
1119 10
1120 11
v E 1112 9
3 1 1117 10
1119 11
E2 1115 9
1119 11
A 626 o
622 10
623 11
V4 E, 633 9
634 10
635 11
E2 631 9
636 11
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FIGURE 2.12. Raman scattering from the external mode region

of LiKSOA. Full scale intensity is 5000 cps.
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LiKSO,

{arbitrary units)

INTENSITY

y(zy)x (Eq)

ylxy)x (E,)

My(zz)x (AT)

T T T ]
478 442 406 370 334

FREQUENCY (cm-=i)

FIGURE 2.13. Raman spectra showing the atypically
high frequency external modes. Full scale

intensity is 5000 cps.



TABLE 2.7

EXTERNAL MODE FREQUENCIES (IN cm-l) IN ISOTOPICALLY SUBSTITUTED

LiKSO4 WITH CALCULATED FREQUENCY RATIOS
1 vy (")
Frequency (cm )
Symmetry _ o7 6. . 3
of Mode 7LiKSO4 6L1'_KSO4 (Expected [/ m( Ii)/m("Li)/® = 1.08)
128 128 .
AT 202 202
370 395 1.07
43 43
E1 410 429 1.05
445 (10) 449 1.01
53 53
E2 103 103 .
130 130 .
404 421 1.4

0§
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Isotopically Substituted LiKSO4

Hiraishi et al.11 postulated that the modes around

400 cm"1 in LiKSO, were due to lithium ion motion. Modes

in this same frequency region were also observed in LiNaSO4

(see Isotopically Substituted LiNaSO4, this chapter).
Therefore crystals of 6LiKSO4 were grown and Raman spectra
of the modes in the 400 cm_1 region were compared with

similar spectra of naturally abundant LiKSO4. The spectra

for 6LiKSO4 and 7LiKSO4 are shown in Figures 2.14 and 2,15,

7

The external mode frequencies of 6LiKSO and "LiKSO

4 4
are listed in Table 2.7. From the observed shifts, one can

1 modes at 410 and 445
(longitudinal optic mode), and the E, mode at 404 cm—1 are
2

assume that the A mode at 370, the E

primarily due to lithium ion motion. Assuming pure Li+
translational motion and the harmonic approximation, the
expected isotopic shift is v(6Li)/v(7Li) = 1.08. The cal-
culated values of the frequency ratios are listed in Table
2.7 and indicate that these modes are relatively decoupled
from the other external modes.

The Vo mode was the only internal vibrational band
affected by the substitution of 6Li for 7Li in the crystal
lattice. 1Its frequency shifted from 464 to 470 cm'l. This
would seem to indicate coupling between the (v2) asymmetric

bending motion of the sulfate ion and translational motion

of the lithium ions,
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FIGURE 2.74. Raman épectra of LiKSO4 and 7LiKSO

4
showing the isotopic shift of the
lithium E2 and A modes. Full scale

intensity is 5000 cps.
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FIGURE 2.15. Raman spectra of 6LiKsoA and 7LiKSOA

showing the isotopic shift of the
lithium E1 modes. Full scale

intensity is 5000 cps.
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Discussion

All of the internal modes of LiKSO4 have been assigned

9,11 One additional external mode was

in previous studies,
observed in this study., One external mode of E1 type sym-
metry was not observed. This is probably due to the weak
scattering intensity of this mode caused by a small polari-
zability derivative. High frequency external modes were
determined to result predominantly from lithium ion motion.
From the shift observed in the V, mode at 464 em™ 1 it seems
that the V2 asymmetric bending motion and the lithium ion
translational motion are coupled to some extent. This
coupling between the internal and external modes demon-
strates that one must be careful in assuming that internal

mode vibrations and external mode vibrations are always

completely independent,

Sodium Potassium Sulfate:

" Raman Data
Internal Modes

According to Hilmy14 the salts Na2804 and Kst4 will
form a solid solution of thé form NaxK4_x(_SO4)2 where x has
values from 1 to 3, The composition of the solid solution
formed from slow evaporation of an aqueous solution con-

taining Nazso4 and KZSO4 at lower temperatures approaches
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NaK3(SOq)2.15 This spectroscopic study also indicates that the
system studied here was NaK3(SOp)o. The space group 6f

NaK3(S04), is P3ml (D3g) with a = 5.6801 ﬁ, c_='7.309 X, and
one molecule per unit cell.16 The important crystallographic

data is given in Table 2.8.

TABLE 2.8

CRYSTALLOGRAPHIC DATA FOR NaKS(SO4)2a

Atom Site Occupiedb Site Symmetry
K ‘ 1la DSd
2d 03V
Na 1b D3d
S 2d 03v

aReference 16

bNumber of equivalent sites and Wyckoff notation.

The internal mode symmetry-based vibrational analysis

and Raman band assignment has been done for NaK3(804)2 by

9

Wu and Frech. The irreducible representations for the

internal modes are Pint = 3A1g + 385, F SEg + 3E . Only

the A and Eg modes are Raman active. The frequencies of

1g
the internal modes are listed in Table 2.9.
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TABIE 2.9
INTERNAL MODE FREQUENCIES (IN em™L)
NaK3(S0,)p”
Intramolecular Symmetry Frequency (Cm_l)
Mode
\)1 Alg 996
b
Vo E o 451
A 1206
1g
v
3
E 087
o 1
634
Mg
V4
625
Eg
al?eferenc:e 9,
b

G. J. Wu, Ph.D, Dissertation, University of Oklahoma, Norman
(1976).
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External Modes

A symmetry-based vibrational analysis of the external
modes was done and the resulting correlation diagram for
NaK3(SO4)2 is shown in Figure 2.16. The irreducible repre-

+
sentation for each ionic motion is T (Na ) =T

trans
(k*, 2d site) =T

trans

+ . .
(K", 1la site) = pp, + Eu’ r trans

1u+Eg

trans

(804) = Ay, + g, + E, + E ;T (S0,) = Ay, + A

1g g 2g
+ Eu’ The total irreducible representations for the exter-

xt 2Alg 2g 1 2u

After eliminating the acoustic modes, the irreducible repre-

+ A + A

nal modes are Fe u + 4A

+ 3Eg + 5Eu.

sentations for the optic external modes are rext. opt. =

2Alg + A2g + A1u + 3A2u + SEg + 4Eu. Of these modes only
the ZAlg and 3Eg are Raman active. Figure 2.17 shows the
Raman spectra for the external mode region., All five of the
external modes are observed, and the frequency data are

summarized in Table 2,10,

TABLE 2.10
EXTERNAL MODE FREQUENCIES FOR NaKS(SO4)2(cm—1)
-1
Symmetry of Mode Frequency (cm )
A 45
1lg 104
E 71
g 115

165
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Fig. 2.16. Correlation Diagram for the External Modes
of NaKS(SO4)2
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Raman scattering from the external mode
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Discussion

All five of the expected external modes are observed.
In this system the highest frequency external mode occurs

at 165 cm ™t since no lithium ions are present.
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CHAPTER III

TEMPERATURE-DEPENDENT RAMAN STUDY OF THE

LITHIUM ION MODES IN LITHIUM POTASSIUM

SULFATE AND LITHIUM SODIUM SULFATE

Introduction

The binary cation sulfates LiNaSO4 and LiKSO4 are of
particular interest in a study of fast ion conduction in
sulfates since both have hexagonal room temperature unit
cells with lithium ions present as one of the cations and
both have a high temperature phase transition. However,
only the high temperature phase in LiNaSO4 displays fast
ion conductivity while the high temperature phase in
LiKSO4 behaves as a normal ionic conductor. The room tem-
perature structure of LiNaSO4 belongs to the space group
P31lc (Cgv) with 6 molecules per unit cell.1 It undergoes
a structural phase transition into a body centered cubic

2,3 1 -1

phase with a specific conductivity of 1.008 ohm ~ cm

at 563°cC reported by Josefson and Kvist4 and a value of

1.044 ohm 1 em™1 at 570°C reported by Polishchuk and

63
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Shurghal.5 Lithium potassium sulfate crystallizes in a

6 4

P63(Cg) space group with two molecules per unit cell.
phase transition occurring at approximately 436°C has been
observed by measurements of the dielectric constant, dc

resistivity, and pyroelectric current.7 This phase transi-
tion has also been observed by an x-ray measurement of the

thermal expansion of the unit cell,8 3,9

by thermal analysis,
and by heat capacity measurements.10 This high temperature
phase is reported to be orthorhombic with normal ionic cbn—
ductivity.3
One of the major problems in the study of fast ion
conducting materials is to understand the dynamical behavior
of the mobile ion species, 1In LiNaSO4, the lithium ion is
found to have a large diffusion coefficient in the high tem-
perature phase11 and is thus a mobile ion. 1In LiKSO4 the
lithium ion is apparently not mobile.3 In both compounds
vibrational modes have been observed which are due pri-
marily to lithium ion motion. This was discussed in
Chapter II, Knowing that certain modes in LiNaSO4 and

LiKSO, are lithium modes allows a comparative investigation

4
of the potential energy environment of the lithium ion in
a system where it becomes a mobile ion and a system where
it does not. The temperature dependence of the bandwidth
of these modes was investigated for LiNaSO4 and LiKSO4.

The bandwidth data was fit to several models allowing acti-

vation energies to be calculated.
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Experimental

Single crystals of LiKSO4 and LiNaSO4 were grown by
slow evaporation as described in the experimental section
in Chapter II. Raman spectra were recorded on a Spex Rama-
log 5 spectrometer with a 2 cm—1 spectral bandpass using the
4880 Z line of an argon ion laser for excitation at 600 mw.
The geometrical arrangement of the Raman is the same as
shown in Figure 2.1.

The Raman spectra at temperatures below 25°C were ob-
tained by using an Air Products displex model CgA—ZOZE
closed cycle refrigeration system equipped with a DMX-1E
vacuum shroud. Temperatures could be controlled to +.1
degree. Raman spectra at temperatures greater than 25°¢
were recorded with the crystal in a high temperature cell

12 but modified for com-

similar to that described by Quist,
patibility with the optics of the Spex Raman System. TFig-
ure 3.1 shows a diagram of the high temperature cell. The
temperature of the apparatus was controlled to within one
degree by a LFE series 230 temperature controller.
Cracking of the crystals was a problem at higher
temperatures, especially for LiKSO4. This problem was
solved by heating crystals 6f LiKSO4 in an oven to a tem-
perature slightly above the phase transition at 436°C and

maintaining them at this temperature for approximately one

day. The crystals then were slowly cooled back to room
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FIGURE 3.1. High - temperature Raman cell.
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temperature. Pieces of these crystals were then cut,
polished, and used for high temperature studies, The room
temperature spectrum of these annealed crystals was checked
against crystals that had not been heated. Only slight
changes in the frequencies were noticed.

The same procedure was attempted for crystals of
LiNaSO4. When the crystals were heated past the phase
transition the pieces remaining were too small for proper
sample preparation. In this case a crystal was placed in
the high temperature cell and slowly heated to the tempera-
tures at which spectra were to be recorded allowing ample
time for equilibration. Over a two week period, tempera-
tures from 25°C to 625°C (phase transition occurs at 5180C)

were investigated.

Temperature Dependence of the Lithium Modes

in Lithium Potassium Sulfate

The frequencies of the lithium modes (as determined
by shifts in frequencies due to isotopic substitutions) are
listed in Table 2.7, Temperature dependent polarized Raman
spectra were measured for the lithium modes from 12K to

775K. Spectra for the A and E, lithium modes are shown in

2
Figure 3.2. The modes generally broaden and decrease in
intensity with increasing temperature, although anomalous

behavior is observed in the bandwidths and discussed in
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FIGURE 3.2. Temperature - dependent Raman scattering

from the A and E2 lithium modes in

LiKSO Full scale intensity is 5000
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cps.



69

detail below. The bands were fit using a non-linear least-

.1
squares computer routine 3

to a Lorentzian curve plus an
appropriate power function which accounted for the overlap-
ping portion of the Vo internal mode., A typical fit is
shown in Figure 3.3, The resulting bandwidth and frequency
data are shown in Figures 3.4 through 3.6. Data for the E1
lithium modes could not be obtained due to the low intensity
of the mode.

The bandwidth of both the A and E2 modes exhibits
rather unusual behavior, In Figure 3.4 the bandwidth of the
E2 lithium mode increases from 12 K to about 475 K and then
begins to decrease as the band '"sharpens up" over a rela-
tively narrow temperature range. At approximately 600 K
the bandwidth again begins to increase, The bandwidth vs.
temperature data for the A lithium mode is shown in Figure
3.5. The bandwidth increases from 12 XK to about 270 K and
then begins to decrease, Reliable data could not be ob-
tained above 500 K due to the weak scattering intensify.

The frequency of these modes as shown in Figure 3.6 decreases
with temperature with no unusual changes apparent in the
data, particularly in the temperature region of the anomalous
bandwidth behavior.

Bandwidth data as a function of temperature were col-
lected from two other crystals as a check of the reproduc-
ibility of these observations. The bandwidths of all three

crystals were almost identical at temperatures below 275 K.
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Data for the E2 mode above this temperature are shown in
Figure 3.7, Curve a is the same data as shown in Figure 3.4
while b and ¢ are from different crystals of LiKSO4. Band-
width versus temperature data for crystals b and ¢ could not
be obtained above 600 K due to weak intensity of the lithium
modes at these temperatures. The maximum of curve a occurs
at approximately 475 K, while curves b and ¢ exhibit maxima
at 400 K and 375 K respectively. The presence of a maximum
seems to be reproducible although the temperature at which
the maximum occurs apparently depends on the sample.

The bandwidth of the A mode could not be reliably
measured above 500 K due to the rapidly decreasing intensity
of the mode. At temperatures above the phase transition the
lithium mode were very weak, and in the case of the E2 mode,
not observable,

It should also be pointed out that the maximum in the
bandwidth curves occurs at different temperatures for the
lithium A and E2 modes when measured in the same crystal.
Figures 3,4 and 3.5 show bandwidth data measured in the
same crystal. The maximum of the Ez mode is roughly at
475 K while the maximum of the A mode occurs at approxi-

mately 370 K.
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Discussion of the Temperature Dependence of

Lithium Modes in Lithium Potassium Sulfate

The A and E2 external modes which originate primarily
in the lithium ion motion increase in bandwidth with in-
creasing temperature in a non-linear way. Since thermal
expansion of the lattice is usually assumed to cause linear
increases in bandwidth,14 it is probable that some other
mechanism is occurring, A model suggested by Andrade and

Portols’16

describes the linewidth of a phonon associated
with a Brownian sublattice, This model is based on an
order-disorder process of random or so-called Brownian
particles whose fluctuations are due to random thermal
forces. Using a Langevin formalism, Andrade and Porto were

able to derive an expression for the temperature dependence

of the bandwidth of a phonon., This expression is:

. T
I = a + bT + C c

1+ & e (3.1)
where a, b, and ¢ are constants., The effect of thermal
expansion of the crystal lattice on the bandwidth is assumed
.to be described by a term which is simply proportional to

the temperature (i.e,, bT in Equ. 3.1).14 The correlation

time Te is given by

Te = T, €XP (AU/KT) (3.2)
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In Equation 3.2, T is usually assumed to obey the Eyring
relation and is written To = h/kT while AU is the activation
energy necessary to go from an ordered to a disordered state
(roughly the height of the potential barrier of a double
well potential).

The activation energy AU for the two lithium modes

13 of band-

were obtained from non-linear least squares fit
width vs. temperature data using Equation 3.1. The fre-
quencies of the lithium modes (see Figure 3.6) were fit to
polynomial functions, These polynomial functions were used
for 'w in Equation 3.1, It is apparent in Figure 3.4 that
there are two distinct regions in the bandwidth data. There-
fore the portion of the curve from 12 K to the maximum at

475 K was first used, resulting in an activation energy of
.04 eV. Next the best curve was drawn through the bandwidth
data over the entire temperature range of 12 K to 725 K,
ignoring the maximum (see Figure 3.8). The activation

energy found was ,6 eV. Finally the portion of the band-
width data for the A lithium mode from 12 K to 370 K was

used as shown in Figure 3.9. This resulted in an activation
energy of .03 eV. If the disordering process described by
Andrade and Porto is correct, the disordering must occur
within a unit cell with no ionic transport between unit

cells since LiKSO4 has low ionic conductivity in all phases
below the melting point,

A more general analysis of the bandwidth data
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recognizes the behavior as Arrhenius-like and fits the data
to

I'=a + bT + ¢c exp (-Ea/kT) (3.3)
In this case the data are fit over the identical temperature
ranges for each mode as in the analysis using the Andrade
and Porto model. The resulting activation energies are given
in Table 3.1 and compared with the Andrade and Porto results.
The average error in these calculated values is 40%.

TABLE 3.1

CALCULATED ACTIVATION ENERGIES

Activation Energy (eV)

Lithium Mode Equation 3.1 Equation 3.3
A .03 .06
E2 .04 (12-475 K) .07 (12-475 K)
.6 (12-725 K) .6 (12-725 K)

The activation energies listed in Table 3.1 indicate
two distinct thermally activated processes are involved in
the temperature-dependent bandwidth data. The first of
these has a very low activation energy of a few hundredths
of an electron volt and appears to be slightly sample de-
rendent. This could be caused by the concentration of
intrinsic defects, the presence of crystal imperfections,
or grain boundaries. The fact that no other external normal
mode shows bandwidth anomalies in this temperature region
seems to contradict these explanations. Another possible

explanation is a thermally induced disordering of the
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lithium ion sublattice as described by the Andrade and Porto
model. In this case the weak sample dependence is more dif-
ficult to explain., 1In a differential thermal analysis mea-
surement of LiKSO4 by Lepeshkov et a‘l..9 an exothermic process
was reported in the same temperature region as the anomalous
bandwidth maximum. However, repeated attempts to observe
thermal effects in this region using differential scanning
colorimetry have been unsuccessful.

The second type of thermally activated process which
has an activation energy of .6 eV is comparable with the
activation energy expected for the '"normal" conductivity of
an ionic crystal. The lithium ion is tetrahedrally coordi-
nated with the oxygen atoms of neighboring sulfate ions in

6 This interaction

the room temperature structure of LiKSO4.
is so strong that an isotopic frequency shift is observed
in the lowest frequency internal optic mode (vz) of the
sulfate ion upon enrichment with 6Li (discussed in Chapter
II). Therefore the activation energy of .6 eV is probably
associated with the removal of an Li+ ion from the interior

of the oxygen tetrahedron into either a vacant site or an

interstitial position.
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" Temperature Dependence of the Lithium Modes

"in Lithium Sodium Sulfate

Table 2.4 lists the frequencies of lithium modes for
LiNaSO4. The modes studied here have room temperature fre-

quencies at 314 and 404 cm—1 (A1 modes) and 406 cm_1

(E
mode). Temperature dependent polarized Raman spectra were
measured for the lithium modes from 77°K to temperatures
above the transition which occurs at approximately 790°K.
Temperature-dependent spectra for the A1 and E l1ithium
modes are shown in Figures 3.10 and 3.11 respectively. The
modes shift to lower frequency, broaden out, and eventually
disappear as the temperature approaches the phase transition.
The bands were fit by the same procedure as described for
LiKSO4. The computer resolved temperature-dependent band-
widtq‘and frequency data are shown in Figures 3.12 and 3.13
respectively. The frequency of the lithium modes seems to
generally decrease even though the low frequency A1 mode
data seems to have a slightly erratic behavior. The band-
width data could not be obtained past 500 K due to weak in-
tensities of the modes. Anomalies in bandwidth, much 1like
those in LiKSO4 but not as pronounced, were found in
LiNaSO4. These anomalies afe especially observable in the
two A1 modes. The A1 mode whose room temperature frequency
is 404 cm ! has a weak maximum at 275 K while the A, mode

whose room temperature frequency is at 314 cm-1 has a maxi-

mum at 300 K.
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Lithium Modes in Lithium Sodium Sulfate

The bandwidth vs. temperature data for LiNaSO4 were
analyzed using the Andrade and Porto model (Equation 3.1)
and the more general Arrhenius-like fit (Equation 3.3). In
this case the fit was over the entire temperature range
ignoring the data points in the anomalous region since max-
ima here are not as pronounced as in the case of LiKSO4.

The fits using Equations 3.1 and 3.3 are very similar. The
fit of Equation 3.3 is shown in Figure 3.12. The activation
energies from the Andrade and Porto analysis and the Arrhe-
nius-like equation are listed in Table 3.2. The uncertainty
in the values calculated for the Al modes are larger than
the values of the activation energies. The error is much
better for the E mode.

TABLE 3.2

CALCULATED ACTIVATION ENERGIES FOR LiNaSO4
ACTIVATION ENERGY (eV)

Lithium Mode B Equation 3.1 ‘ Equation 3.3

Ay (314 cm ' mode) .2 + .3 2 + .3
(404 cm™1 mode) 4+ .8 5+ .8
E 4+ .1 4+ .1

The activation energies given in Table 3.2 are com-
parable with the value of .6 eV for the E2 mode in the range

12-725 K (see Table 3.1) for LiKSO4. Like the lithium ions
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in LiKSO4, the lithium ions in LiNaSO4 are tetrahedrally
coordinated with oxygen atoms of neighboring sulfate ions

in the room temperature structure.1 The activation energies
listed in Table 3.2 could be associated with the removal of
an it ion from its oxygen tetrahedral coordination as was
also postulated for the lithium ions in LiKSO4. In LiNaSO4
no isotopic frequency shift is observed in the lowest fre-

quency internal optic mode (vz) as was the case in LiKSO4.

Comparison.of,LiNaSO4,and LiKSO4

In LiKSO4 and LiNaSO4 two kinds of dynamical behavior
can be distinguished. There appears to be a process involv-
ing only the lithium ion sublattice which may involve a
local disordering of the lithium ions and would account for
the appearance of a maximum in bandwidth vs. temperature
curve, This maxima occurs in both LiKSO4 and LiNaSO4 even
though it is not as prominent in the latter. The difference
in experimental preparation of crystals for the two sulfates
(see experimental section) could have some effect on the
prominence of the maximum for the two systems. In the case

of LiNaSO, the maximum occurs at lower temperatures, 275 and

4
300 K for the two A1 modes, as compared to 370 K for the A
mode and 475 K for the E2 mode in LiKSO4. This seems to

indicate that if disordering of the lithium ions is taking

place in these systems, it occurs at a lower temperature
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in LiNaSO,.

Disordering of this nature would be difficult to
observe by x-ray diffraction techniques because of the in-
herently weak x-ray scattering intensity of the lithium

ions. Scott17

has pointed out that Raman spectroscopic
measurements are much more sensitive to minute displacements
of ions within a unit cell than are x-ray measurements. This
could be another example of the great value of Raman spectro-
scopy in investigating small structural changes in the unit
cell of various crystals.

The second type of dynamical process is postulated to
be related to the removal of the lithium ion from its tetra-
hedral coordination sphere defined by the oxygen atoms of
the neighboring sulfate ions. The lithium-oxygen inter-
action in LiKSO4 seems to be very strong as indicated by
the isotopic frequency shift of 6 em—1 for the Vg internal
optic mode in LiKSO4. A significant shifting of internal
mode frequencies upon substituting 6Li into the crystal
lattice for 7Li is not observed in LiNaSO4 or for internal

18,19 where lithium

modes in various other ionic crystals
is tetrahedrally coordinated. For diffusion of lithium
ions to occur in the high temperature phase of LiNaSO,, it
would seem that the lithium ion would have to be removed
from the oxygen tetrahedron. The activation energy for
ioniec conductivity in the high temperature phase of

LiNaSO, is .37 eV.5 The value of .37 eV compares well with

4
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the activation energies of .4 eV for the E lithium mode
(Table 3.2) which is postulated to involve removal of the
lithium ion from tetrahedral oxygen coordination.

The behavior of the lithium ions in LiKSO4 and LiNaSO4
seems to be very similar in the two systems. Studies per-

formed on the external modes in Chapter IV point out dif-

ferences in the two systems.
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CHAPTER IV

EXTERNAL MODE TEMPERATURE DEPENDENCE OF
"LITHIUM SODIUM SULFATE, LITHIUM
POTASSIUM SULFATE, AND SODIUM

POTASSIUM SULFATE

Introduction

The phase transition in many sulfate systems is be-
lieved to be closely related to the librational (hindered
rotational) motion of the sulfate ion.1 This motion of the
sulfate ion is also postulated to enhance ionic motion in
the high temperature phase of some sul:f:‘ates.2 Transla-
tional motion of the ions in the crystal lattice must also
play a part in phase transitions of various sulfates.3
Presented here is a comparative temperature-dependent Raman
study of the external modes in LiNaSO4, LiKSO4, and
NaK3(SO4)2 as the phase transition in the three systems is
approached. This study looks at the dynamical behavior
of the external modes (except for lithium ion modes which

are covered in Chapter III) in terms of the disorder in

the systems.
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" Experimental

The temperature-dependent Raman experimental proce-
dures are given in the Experimental section of Chapter III.
Crystals of LiNaSO4 and LiKSO4 received the same type of
preheating treatment as described in Chapter III.
NaKS(SO4)2 was preheated in the same manner as LiKSO4.
Slight differences between the room temperature frequencies
given in Chapter 1II and those presented here are due to this
preheating treatment. The geometrical arrangement of the

Raman experiment is given in Chapter II.

Temperature Dependence of the External Modes

in Lithium Sodium Sulfate

Lithium sodium sulfate undergoes a phase transition
at approximately 518°C from a hexagonal P31lc (C%V)4 to a
body-centered cubic phase.5 In this study the phase tran-
sition occurred at a temperature between 525°C and 550°C.

Table 2.3 lists the room temperature frequencies for
LiNaSO4. In all the polarized experiments the modes are
observed to decrease in frequency and broaden as the tem-
perature is increased. Many of them merge with other
external modes or become too low in intensity to observe.
Figure 4.1 is a graph of frequency vs. temperature data

for the external modes of LiNaSO4. The external mode of

lowest frequency is observed to be very temperature
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dependent. The temperature-dependent spectra of this A1
mode are shown in Figure 4.2, As the temperature is in-~
creased it eventually disappears at about 100°C into the
broad '"wing' that emerges from the excitation line. At
temperatures above the phase transition no external modes
are observed. Instead a broad asymmetric band structure is
attributed to a density of states is seen as a broad wing

of the laser excitation line. Figure 4.3 shows spectra

above and below the phase transition,

Discussion of the Temperature Dependence of the

External Modes in Lithium Sodium Sulfate

The external modes of LiNaSO4 as expected generally
broaden and decrease in frequency as the temperature is
elevated. The A; mode at 63 em™ 1 is particularly inter-
esting since it is by far the most temperature sensitive
of all the external modes.

It is well known that LiZSO4 has a phase transition
at 573°C into a face-centered cubic phase and that this
phase is considered a fast ion conductor.6 Nilsson, Thomas,
and Tofield2 have postulated that this is a so-called
plastic phase caused by rotétional disorder of the sulfate
group. Plastic phases are associated with large volume

changes at the transition together with a larger heat of

transition than the heat of fusion. Polishchuk and
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Bogdanova7 suggested that the high temperature phase of
LiNaSO4 could also be a plastic phase. They reported values
for the heat of transition and heat of fusion for LiNaSO4

of 5380 cal mole™ ' and 760 cal mole Y, respectively, indi-
cating a plastic phase. Jansson and Sjoblom8 reported a
value of 2.70 cm3 equivalent_1 for the change in volume at
the phase transition. This value can be compared to a

value df 1.16 cmS equivalent_l for Li,SO, with its plastic

8 which does not

phase and .06 cm® equiva,lent_1 in LiK8SO,,
have a plastic phase.

If the phase transition in LiNaSO4 is associated with
rotational motion of the sulfate ion as is the case in
several sulfate crystals1 and if the rotational motion of
the sulfate ion is even greater after the phase transition,
one might expect a mode that is due to sulfate ion rota-
tional motion to be the most affected by temperature. A
symmetry~based vibrational analysis for the external modes
(see Chapter II) shows that the rotational motion of the
sulfate ion about the c axis is of A1 symmetry. One must
not forget the Al external modes will be a mixture of the
various motions of appropriate symmetry, but it is possible
that one mode could be due primarily to sulfate librational
motion.

A simple relationship for the frequency of such a

librational mode is
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k )3 (4.1)

— 1
vV = s (
2re Irot

where Ir is the moment of inertia for rotation and k is

ot
the force constant. If this describes vibration in a per-

iodic potential of the following form

V(o) = éVo(l-cos no. ) (4.2)

where o is the angular coordinate describing the rotation
and n is the periodicity, then V0 may be viewed as a poten-
tial barrier which would have to be overcome for rotation

into the next potential energy minimum. Identifying

2
2 n-v
a“v
k- (dai)a=o = — (4.3)
one then has
1 Vonz %
5= me() (4.4)

Using the A1 mode frequency value of 63 cm-l, n=3, and

calculating I by the use of crystallographic data,4 one

rot
obtains a value of .3 eV for Vo' Polishchuk and Bogdanova7
have postulated that the .37 eV calculated activation energy
for fast ion conduction in LiNaSO48 contains a contribution

from the activation energy associated with the sulfate ions'

rotation. This activation energy and the calculated
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potential energy barrier compare very well. This supports
the idea that the A, mode at 63 em Y contains a large con-
tribution from sulfate rotational motion.

The rapidly decreasing frequency of this mode is also
of interest. In some solids a so-called "soft mode" is
observed. A soft mode is a vibrational mode whose frequency
goes towards zero as the temperature approaches the phase
transition temperature, i.e., the normal mode frequency
decreases in anticipation of the new structure. These modes
are usually associated with structural phase transitions,

The 63 cm * A; mode could possibly be a soft mode
associated with some structural order parameter in the
crystal. However, overdamping of this mode could also cause
the decreasing frequency with increasing temperature. The

intensity of a Raman mode can be described by

_ r
U N R (4.5)
(o]

TRam(® v

where k is a constant, “s is the harmonic frequency of the
mode, and I' is the damping constant. With increasing tem-
perature the vibrational amplitude of the crystal becomes
larger and anharmonicity becomes more important. This
results in a large damping constant which affects the ob-
served frequency,

To determine if the mode softens or is primarily

overdamped, use was made of reduced Raman intensities.
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The reduced Raman intensity IRed is calculated from the

Raman spectrum using the equation

- w
Iped = T+ w,T) Tpam Cu>T)

(4.6)
where IRam is the experimentally observed Stokes Raman data
scattering intensity, w is the frequency, and n(,,T) is

the Bose-Einstein factor which is

-1

n = (exp %‘*’— 1) (4.7)

As Habbal, Zvirgzds, and Scottlo have explained, the IRed
reaches a maximum at the harmonic frequency of vibration
R regardless of the size of the damping constant T.

The A1 mode was resolved from the laser excitation
wing by using a non-linear least squares program11 to fit
experimental intensity data at various temperatures. Ap-
propriate combinations of Lorentzian and power functions
were used for the A1 mode shape and the laser wing respec-
tively. The Lorentzian curves representing the A1 mode
were then converted to reduced Raman intensities using
Equation 4.6. The reduced Raman intensities for the A1
mode at various temperatures are shown in Figure 4.4.
Figure 4.5 shows the Raman énd reduced Raman frequencies.
If the mode was overdamped instead of softening the reduced

Raman frequency would not decrease. Figure 4.5 shows that

at higher temperatures the Raman frequency decreases faster
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as the temperature is increased than the reduced Raman fre-
quency does indicating that overdamping does become more
important at higher temperatures, Since the reduced Raman
also decreases in frequency one must assume that this mode
is also softening and that it can be associated with a
structural parameter in the crystal.

If some rotational motion of the sulfate ion is in-

1 it would be interesting to

volved in the A; mode at 63 cm”
investigate the contribution that this motion makes to the
bandwidth, One can assume that at low temperatures the
bandwidth results from an essentially harmonic vibrational
mode. As the temperature increases a large librational
contribution to the bandwidth could be expected especially
in the case of a sulfate rotational mode. Rakov12 has
derived an expression for the bandwidth in terms of vibra-
tional and orientational contributions. This expression
is

I .. + B exp I‘{—% (4.8)

"

r vib

. The second term on the right above represents the oriénta—
tional contribution to bandwidth while rvib is the constant
vibrational width contribution, The A corresponds to an
activation energy, The comﬁuter resolved A1 modes were
corrected for thermal population of vibrational levels by
using the Bose-Einstein factor (Equation 4.6). These

corrected modes are shown in Figure 4.6. Temperature-
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dependent bandwidth data from these corrected modes were fit
to Equation 4.8. The data and experimental fit are shown

in Figure 4.7. The activation energy for orientational
contributions is found to be .09+.01 eV. which is relatively
low. This indicates that orientational contributions to
bandwidth are very important especially as the temperature

is increased.

Temperature Dependence of the External Modes

of Lithium Potassium Sulfate

Lithium potassium sulfate has a room temperature
structure of PGé (Cg).13 A phase transition into an ortho-
rhombic phase has been reported to occur at approximately

436°¢ 14

The temperature of the phase transition was found
to be approximately 450°C in this study.

The room temperature frequencies of the external mode
of LiKSO4 (excluding the 1lithium ion external modes) are
given in Table 2.7. As expected the external modes broaden
as the temperature increases. The E, mode at 103 cm—1
(room temperature frequency) merges with the mode of the
same symmetry at 130 cm_1 (room temperature frequency) at
approximately 300°C. The rést of the external modes are
observable up to the phase transition. The frequency de-
pendence of these modes is shown in Figure 4.8. The two

1 1

lowest frequency E; and E, modes at 43 cm ~ and 53 cm
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FIGURE 4.7. Orientational contribution to the
Bandwidth of the low frequency A1
mode in LiNaSOA. The solid line is
the best fit to Eq. 4e8.
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change only a few wavenumbers with increasing temperature,
merging to a frequency of 47 em~t at 450°C. This behavior

differs from that observed for the low frequency A1 mode

in LiNaSO4. The rest of the external modes decrease in
frequency as the temperature is increased. After the tran-
1

sition only one external mode is observable at 163 cm ~ in
an x(2z)y experiment. In all other experimental geometries
only a broad density of states extending from the side of
the laser excitation line is observed. The density of
states after the transition is shown in Figure 4.9.

The A mode at 202 cm © increased in bandwidth to a
greater extent than any other external mode in LiKSO4.
Temperature-dependent spectra for this mode are shown in

Figure 4.10 including the 163 em ! mode at 500°cC.,

Discussion of the Temperature Dependence of the

External Modes in Lithium Potassium Sulfate

1 is of special

The A mode originating at 202 ecm”
interest, Hiraishi, Taniguchi, and Takahashi15 assign this
mode as a sulfate rotational mode based on infrared reflec-~
tion and Raman intensities. The frequency of 202 cm_1
along with Irot calculated by using appropriate crystallo-
graphic data16 were used in Equation 4,4 to calculate a
potential barrier for rotation. The value obtained was
3.0 eV which is much higher than that calculated for the

low frequency mode in LiNaSO4. H. Takahashi,



111

INTENSITY (arbitrary units)

¥ L

210 170 130 90 50 10
FREQUENCY (om~')

FIGURE 4.9. Raman spectra at temperatures just above
and below the phase transition in LiKSOA.
The external modes are replaced by a broad
density of states wing after the phase

transition. Full scale intensity 5000 cps.
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FIGURE 4.10. Raman spectra of the A mode at 202 cm~
(room temperature frequency) in LiKsO,

1

at various temperatures. Full scale
intensity is 5000 cps.
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Meshitsuka, and K. Higasil7 have postulated that the poten-
tial barrier for rotation should be approxumately .3 eV in
alkali metal sulfates. The high value calculated here for
the A mode of LiKSO4 could mean that other kinds of ionic
motion (i.e., translational motion) contribute extensively.
Translational motion of the potassium ion and sulfate ion

17 in their infrared

could be involved., Takahashi et al.
work on various sulfates have assigned the highest frequency
external mode as resulting from metal-sulfate relative
(translational) motion, In the mixed cation sulfate,
LiKSO4, there are two vibrational modes involving mainly
lithium ion motion which have already been identified in

the spectral region of roughly 400 cm_1 (Chapter II) and

are the highest frequency external modes. The external

mode of next highest frequency in LiKSO4 is the A mode at
202 cm_l, suggesting significant potassium ion motion in
this normal mode. Therefore it seems likely that this mode
contains translational motion of the ionic species as well
as rotational (librational) motion,.

Reduced Raman curves were calculated for computer
resolved bands of the 202 cm_1 mode at wvarious temperatures.
The Raman frequencies and the reduced Raman frequencies are
plotted vs. temperature in Figure 4.11. The frequency of
the reduced Raman is seen to decrease in frequency almost
as much as the Raman frequency does as the temperature is

increased. Therefore this mode seems to soften more than
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frequency maxima of I__ . calculated according to Eq. 4.6.
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1

the 63 cm ~ mode in LiNaSO, , strongly suggesting that the

4
mode is associated with a structural change occurring in the
unit cell,
Since the exact nature of this mode is more in doubt
than the low frequency A1 mode in LiNaSO4, the LiKSO4
202 cm—1 A mode was fit to the more general Arrhenius-1like
function given by Equation 3.3. A plot of the experimental

data points and the calculated fit is shown in Figure 4.12.

The activation energy obtained is .06+.01 eV.

Temperature Dependence of the External Modes

in Sodium Potassium Sulfate

Sodium potassium sulfate has a room temperature

structure of P3ml (ng)18 and exhibits a phase transition

19 The transition in

at 440°C into a P6.mc (C4 ) phase.
3 6v
this study was observed to occur between 450 and 500°cC.
Table 2,10 lists the room temperature frequencies
for NaKB(SO4)2. The external modes &ecrease slowly in
frequency as the temperature is increased as shown in

1 is the lowest fre-

Figure 4.13. The A1g mode at 45 cm
quency external mode and, like the lowest frequency exter-
nal mode in LiKSO4, changes.only slightly in frequency |
with increasing temperature, The broad A1g mode at 104 cm'1
(room temperature value) seems to be the most affected by

temperature as its frequency decreases the fastest., At
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300°C a broad wing appears next to the laser line making
many of the external modes unobservable. At 350°C some
external modes reappear. This is shown in Figure 4.14.
Strange behavior is also noticed in the internal mode region
at approximately this temperature (Chapter V). The phase
diagram given by Eysel18 for the system Na2804—Kst4 indi-
cates that the solid solution NaK3(804)2 can coexist with a
phase of KZSO4 at temperatures where the disappearance of
the peaks occurs. It is possible that at 300°C the Kst4
phase is first appearing, causing disorder in the system,
At higher temperatures both NaK3(804)2 and K2804 exist and
contribute external mode bands.

Several external modes are observable after the phase
transition. Unlike LiNaSO4 and LiKSO4 the formation of a
density of states type wing next to the excitation line does
not wipe out the external modes. This is shown in Figure
4.15, No further analysis was done on the external mode

due to the possible existence of the K2804 phase.

Conclusions

The temperatures at which the phase transitions occurred
in this study seem to be slightly higher than those previous-
ly reported. This is probably due to error associated with
determining the temperature of the crystal in the high tem-

perature cell, It should be mentioned that the transition
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FIGURE 4.14. Raman spectra showing the appearance

of a density of states wing at 300° C and
reappearance of external modes at 350° C in

NaKB(SOA)Z' Full scale intensity is 5000 cps.
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Raman spectra at temperatures just above and
below the phase transition in NaKB(SOA)Z'
External modes are still observable after
thr phase transition in this sulfate. Full

scale intensity is 5000 cps.
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temperature of NaK3(SO4)2 is somewhat dependent on the potas-
sium ion concentration19 and that Ando20 has reported a
value of 445°C for the phase transition in LiKSO4 which is
closer to the value observed here.

Each of the three sulfates appears to have at least
one external mode whose behavior with increasing temperature
is unique among the normal modes of that particular crystal.
Lithium sodium sulfate has a low frequency mode at €3 cm"1
which appears to soften with temperature and seems to bé
related to sulfate rotational motion. Lithium potassium
sulfate has a relatively high frequency mode at 202 cm-1
that broadens faster than its other external modes. It
appears to soften indicating a close relationship to a struc-
ture parameter, An A1g mode at 104 cm™ T in NaK;(80,), de-
creases in frequency at a greater rate than other external
modes in this system.

The existence of this density of states type wing
after the phase transition in the three sulfate systems has
been seen in other crystals after a phase transition.10’21’22
This is generally attributed to disorder in the system and
hence the breakdown of Raman selection rules. It can be
postulated that more disorder exists in LiNaSO4 since no
external modes are observable and that NaKB(SO4) is the
most ordered since several external modes can be seen at

temperatures above the phase transition.

It is possible that the transition in LiNa.SO4 involves



i22

rotational motion of the sulfate ion to a greater extent than
LiKSO4. Low frequency modes in LiKSO4 change only slightly
in frequency while the low frequency mode in LiNaSO4 is very
temperature sensitive, The external mode that is the most
temperature-sensitive in LiKSO4 seems to have a great deal

of translational contribution indicating that translation

of the ions in LiKSO4 is very important in the phase transi-

tion in this system,
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CHAPTER V

INTERNAL MODE TEMPERATURE DEPENDENCE OF
LITHIUM SODIUM SULFATE, LITHIUM
POTASSIUM SULFATE, AND SODIUM

POTASSIUM SULFATE

Introduction

An investigation of the internal modes provides an
additional opportunity for a comparative vibrational spec-

troscopic study in LiNaSO LiKSO4 and NaKs(SO4)2. This

4>
study provides information about potential energy environ-
ment of the sulfate ion and the changes of that environment
with temperature in the three sulfates. The internal modes
have a much larger Raman scattering intensity than the
external modes in these sulfate crystals and are easily
observable at temperature above the phase transitions, in
contrast to the external modes (see Chapter IV). The com-
parison between the internal modes of the three systems
also provides additional information about the phase tran-

sitions.

The crystals were prepared in the same manner as

125
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described in the experimental section in Chapter II. The
geometrical arrangement of the Raman scattering experiment
and the room temperature vibrational mode assignments and
frequencies are also given in that chapter. The room tem-

perature internal mode frequencies of LiNaSO4, LiKSO and

4’
NaK3(804)2 are given in Tables 2.2, 2.6 and 2.9 respectively.
In some cases the frequency values reported in these tables
may differ slightly from the room temperature values pre-
sented here. These small changes in frequency are due fo
the heating pretreatment which is described in the experi-
mental sections in Chapters III and IV. The high tempera-

ture spectra were obtained using the same cell and procedure

as described in Chapter III's experimental section.

Lithium Sodium Sulfate: Temperature Dependence

of Internal Modes

A phase transition into a body centered cubic phase

1,2 In this study

occurs in LiNaSO4 at approximately 520°C.
the transition was observed between 525°C and 550°C. Rea-
sons for the higher temperature of the phase transition

here are given in Chapter 1V,
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The Vl Region

The vy region has three modes of A1 symmetry whose
initial frequencies are 970, 999, and 1028 cm_1 at room
temperature. The temperature-dependent spectra are shown
in Figure 5.1. The modes are seen to broaden with increas-
ing temperature. The frequency of the 970 em * mode in-
creases to a value of 977 cm_1 just before the phase transi-
tion. The mode at 999 cm—1 changes very little in frequency,
slowly decreasing to a value of 995 by 525°C. The 1028 cm-1
mode is the most temperature-dependent, decreasing to a
value of 1009 at 425°C. At this temperature the 1028 c:m’1
mode has merged with the rather broad band due to the modes

1 .nd 999 cm~t

originating at 970 cm™ and can no longer be
distinguished, The mode originating at 970 cm_1 decreases
somewhat in intensity relative to the mode originating at
998 cm~1 just below the phase transition. After the phase
transition occurs one broad band at 990 cm"1 is observed
that changes only slightly in temperature up to 625°C, The

temperature-dependent frequency data is shown in Figure 5.2.

The Vg Region

In this region only the mode whose room temperature
frequency was 483 cm'_1 was investigated. The mode generally

broadens with temperature and the frequency decreases from

1

483 cm—1 to 465 cm ~ just below the phase transition. After
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Temperature - dependent spectra of
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at all other temperatures 1 x 105 cps.
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the phase transition occurs the Vo band broadens further

1 4t 550°C. The fre-

1

and decreases in frequency to 455 cm™
guency increases slightly to a value of 458 cm ~ at 625°cC.

A graph of this data is shown in Figure 5.3.

The Vg Region

The Vg region has modes of both A1 and E symmetry.

The room temperature frequency of these modes is given in
Table 2.2, Figure 5.4 shows temperature-dependent spectra
for the 1172 cm * A; mode while Figure 5.5 has spectra of
the E components, Many of the bands are weak in this region
and are difficult to observe. Others broaden out and merge
with more intense modes. The A1 mode originating at 1172
broadens out and decreases in intensity as the temperature
is increased. Its frequency decreases from 1172 to 1159
em 1 at the phase transition. The E mode originating at
1119 cm-1 decreases in frequency until it is contained in a
very broad asymmetric band centered at 1114 cm_1 at 525°cC.
After the phase transition an extremely broad, weak asym-

1 is observed which does

metric band centered at 1108 cm
not seem to exhibit polarization properties. Frequency

data are shown in Figure 5.6.
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The Vg Region

The v4 region also has components of A1 and E symmetry
(Table 2.2) which broaden and merge together as the tempera-
ture is increased. The A1 mode whose frequency at 25°C is
660 cm™* displays the greatest relative decrease in fre-

1

quency, shifting to 644 cm ~ by 525°C. After the phase

transition a broad symmetrically shaped mode is observed in

1 4p to 625°C.

all polarizations with a frequency of 629 cm
Figure 5.7 is a graph of frequency vs. temperature for the

modes of the Vg region.

Lithium Potassium Sulfate: Temperature

Dependence of Internal Modes

Lithium potassium sulfate has a reported phase transi-
tion at 436°C into an orthorhombic phase.z The transition

was observed in this study at approximately 450°cC.

The vy Region

One mode at approximately 1013 cm_1 is observed in
the vy region. Temperature-dependent spectra are shown in
Figure 5.8. The band broadens and decreases in frequency

1 .t 450°C with no abrupt change in

to a value of 996 cm
frequency at the phase transition as was observed in

LiNaSO4. Above the phase transition the frequency continues
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FIGURE 5.8. Raman spectra at various temperatures
for the A mode in the 01 region in
LiKSOA. Full scale intensity is
2 x ‘104 cps.
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1

to decrease to a value of 986 cm — at 708°C. This is shown

in Figure 5.9.

The Vg Region

The Vo region has one E1 mode at approximately 463 cm—1
which also broadens and decreases in frequency as the tem-
perature is increased, At 425°C it has a value of 452 cm_1
which increases after the phase transition to a wvalue of
457 cm_1 at 500°C. The band broadens throughout the entire

temperature range. Figure 5.10 is a frequency vs. tempera-

ture plot for this mode.

The Vg Region

This region has an A, El’ and E2 mode, all very close
to a value of 1119 cm_l. The temperature-dependent behavior
of these modes is almost identical up to the phase transi-
tion, decreasing to a frequency of approximately 1108 cm—1
at 400°C. At this temperature the modes are very broad.
After the transition occurs two very broad asymmetric bands
are observed, one centered at 1124 in an x(zz)y experiment
and the other centered at approximately 1109 cm_1 in an

x(yz)y experiment. Figures 5.11 and 5.12 show temperature-

dependent spectra and frequency data for this region.
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The Vg4 Region

In the Vg region three modes are present; one A mode,
one E mode, and one Ez mode. All bands broaden and decrease

in frequency. The E1 and E2 modes have frequencies of ap-

proximately 634 em™ 2

of 627 cm_1 at the phase transition. The A mode decreases

1

and decrease in frequency to a value

from a value of 623 cm™ — at 25°C to 619 at 400°C. After
the phase transition an x(zz)y experiment shows a band at
634 while an x(yz)y shows a band at 627 cm_l. The frequency

data are shown in Figure 5.13.

Sodium Potassium Sulfate: Temperature

Dependence of Internal Modes

The solid solution NaKB(SO4)2 is reported to have a
phase transition at 471°C into a hexagonal P63mc (Cév) phase.3
This temperature is somewhat dependent on the concentration
of the potassium ion, The transition in this study is ob-

served between 450-500°C.

The vy Region

The Vq region in NaK3(SO4)2 has one mode of A1g sym-
metry with a frequency of 993 at 23°C. This mode broadens
and decreases in frequency as the temperature is increased.
The frequency just before the phase transition is 982 cm'1

at 450°C.
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The phase transition causes only a slight broadening
of the mode and slight decrease in frequency. The frequency
continues to decrease to a value of 971 cm * at 775°C. The
temperature-dependent spectra and frequency data are shown

in Figures 5.14 and 5.15.

The Vo Region

The frequency of the one Eg mode at 452 cm 1 is very
temperature insensitive, It broadens with temperature, but
the frequency remains constant from 25°C to 775°C. Frequency

vs. temperature data is shown in Figure 5.16.

The v, Region

3

Two modes are found in the Vg region, an Alg at
1203 em~t and an E, at 1083 em™ 2.
temperature and decreases in frequency to a value of

1 1

The Alg'broadens with

1179 em — at 450 cm After the phase transition occurs

an x(zz)y experiment shows a very broad asymmetric peak at

1

approximately 1155 cm -~ at 500°C. The Eg mode changes only

1

slightly in temperature to 1081 cm - at 450°C. After the

phase transition an x(yx)y experiment exhibits one broad

peak at 1089 cm_l, a broad shoulder at 1150 cm—l, and

another small broad peak at 1237 cm-l. At approximately
350°C in the x(yx)y experiment and 400°C in the x(zz)y

experiment a mode at approximately 1135 cm_1 appears and
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increases in intensity as the temperature is increased.
This mode is not observable above the phase transition.
Temperature-dependent spectra are shown in Figures 5.17 and

5.18 with the corresponding frequencies shown in Figure 5.19.

The Vg Region

The Vg region has an Aln mode and an Eg mode at 629 and

621 cm"1 respectively. The Alg mode broadens and decreases

1

in frequency to a value of 624 cm ~ at 450°C. The Eg mode

broadens but changes only slightly in frequency. The tem-

perature-dependent frequency data are shown in Figure 5.20.

Comparisons and Discussion

The potential energy environment of the sulfate ion
in the three sulfate salts is affected by the phase transi-
tion as one would expect. The greatest effect seems to
occur in LiNaSO4 where frequencies change drastically after
the phase transition occurs. As the temperature is increased
modes in the Vq region merge as do the modes in the Vg, Vg
and Vg regions, At temperature above the phase transition
only one broad mode which is unaffected by different types
of polarized experiments is observed in each of the four
sulfate internal mode regions,

A comparison of the three sulfates' temperature-

dependent frequency data for a specific internal mode
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region demonstrates the sharp change in potential energy
environment experienced in LiNaSO4, In the vy region modes
whose frequencies are 977 and 995 em 1 at 525°C merge into
one broad mode at 970 cm—1 at temperature of 550°C (see
Figure 5.2). The modes in the vy region in LiKSO4 (Figure
5.9) and NaKB(SO4)2 (Figure 5.15) do not experience such a
drastic change in frequency as they go through the phase
transition. In the Vg region one also sees modes in
LiNaSO, change from a frequency of 644 cm-1 (A; mode) and
635 cm t (E mode) at 525°C to a frequency of 628 em™ Y at
550°C (Figure 5,7), The temperature-dependent frequency
data for LiKSO4 (Figure 5.13) and NaKS(SO4)2 (Figure 5.20)
does not have such a drastic change in frequency for all
modes involved.

Only the modes in the Vg region (Figure 5.12) and Vg
region (Figure 5.13) experience abrupt changes in frequency
as they go through the phase transition in LiKSO4.

The V3 region of NaKB(SO4)2 (Figure 5.19) has modes that
demonstrate a sharp change in frequency when passing through
the phase transition.

One might expect the sulfate ion in LiNaSO4 and

LiKSO, to experience a greater change in potential energy

4
environment than in the case of NaKS(SO4)2. Lithium sodium

sulfate undergoes a transition from a héxagonal P3lc (Cév)7
to a body centered cubic phase1 while LiKSO4 goes from a

hexagonal P63 (Cg) to an orthorhombic phase2 and NaKS(SO4)2
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goes from a hexagonal P3ml (ng) to another hexagonal phase
P63mc (Cév).3 The phase transitions in LiNaSO4 and LiKSO4
might be expected to involve a change in potential energy
environment of the sulfate ion of a greater magnitude than
in NaK3(804) which goes from one hexagonal phase to another.
Another factor éffectingthelﬁNaSO4 modes at the phase
transition could be the breaking of the strong lithium-
oxygen interactions which must occur if the high temperature
phase of LiNaSO4 is to exhibit fast ion conduction. The
fact that this interaction is broken in LiNaSO4 while some
type of interaction must remain in LiKSO4, could partially
explain the difference in temperature-dependent frequency
data for the two crystals,

Consideration of the lithium-oxygen interaction might
also be helpful in understanding the behavior of the vy
region in LiNaSO4. Table 5.1 lists the frequencies of the
vy components for various sulfate salts.

The vy region of LiNaSO4 has three vibrational modes
at the frequencies given in Table 5.1. Three modes are
expected because there are three pairs of sulfate ions
occupying three distinct crystallographic positions. Two
pairs occupy Wyckoff b sites while one pair occupies an a
site. The frequencies of the vy modes for sulfates which
contain Li ions are found to be higher than those which do
not . Lithium-oxygen interaction could be responsible for

"stiffening'" the oxygen bond and hence increasing the
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TABLE 5.1

FREQUENCIES OF THE Vq MODES FOR VARIOUS LITHIUM,
POTASSIUM AND_SODIUM SULFATE CRYSTALS

Sulfate (space group) Vq frequencies (cm_l) Reference
LiZSO4 (monoclinic) 1017 4
LiKSO4 (hexagonal) 1012 5
LiNaSO4 (hexagonal) 972, 998, 1026 This Work
NaKS(SO4)2 (hexagonal) 9296 6
KZSO4 (orthorhombic) 985 4
Na2804 (orthorhombic) 996 6

frequency of the vy symmetric stretching mode. Even though
these three modes caused by factor group splitting must con-
tain contributions from all three pairs of sulfate ions, one
could postulate that the mode at 1026 cm-1 contains the
greatest contribution from sulfate ions interacting most
strongly with the lithium ions. The tetrahedron formed by
the oxygen atoms about the lithium ion is not regular.7 It
seems reasonable that the lithium ion could affect the sul-
fate ions to a differing degree. The Vq mode at 1026 cm_1
could be due in part to a strong lithium-oxygen interaction.
It is this mode that is found to decrease in frequency to a
greater rate with increasing temperature than any other

internal mode in Li NaSO4, LiKSO4, or NaKS(SO4)2. This

could be indicative of weakening of the lithium-oxygen
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interaction in LiNaSO4 caused by increasing temperatures.
So far only differences in the three systems have been
discussed; however, there is an apparent common trait ob-

served in LiNaSO4, LiKSO and NaKB(SO4)2 in the Vg region.

a°
In all three sulfates the modes of the vg region broaden
very fast and at temperatures above the phase transition
scattering seems to occur from a density of states

(Figures 5.4, 5,11, 5,17 and 5.18). This must involve the
breakdown of the Raman selection rules due to disorder in
the systems, The Vg modes for these sulfate systems seem to
be the most sensitive to disorder caused by increasing tem-
perature, The mode appearing at approximately 350°C at

1135 cm_1 in NaKS(SO4)2 is most likely due to the formation
of a second phase of K2804 existing simultaneously with
NaK3(SO4)2. This simultaneous existence of two phases is
indicated on the phase diagram for NaZSO4—KZSO4 given by
Eysel.3 The increasing intensity of the 1135 em 1 mode

with increasing temperature is due to the formation of more

of the KZSO4 phase,
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CHAPTER VI

SUMMARY OF CONCLUSIONS AND

FUTURE STUDIES

Summary of Conclusions

Raman spectroscopic techniques have been used to inves-
tigate LiNaSOy, LiKSOy, and NaK3(SOu)2 over a wide tempera-
ture range from 15 K to temperatures above their respective
phase transitions. It has been postulated that transitions
in sulfate systems can be interpreted in terms of the strength
of the metal ion-oxygen interactionsl and in the case of
LipS0y in terms of rotation of the sulfate ion.122 Both metal
ion-oxygen interactions and librational (rotational) motion
of the sulfate ions have been investigated here using vibra-
tional spectroscopy.

Activation energiles which are postulated to be associlated
with removal of the lithium ion from its tetrahedral coordina-
tion in LiNaSOl} and LiKSOy were calculated in Chapter IIT.

The values of .4 eV and .6 eV for LiNaSOy and LiKSOy respec-—
tively are very close in value suggesting that the tetrahedral
coordination in both sulfates 1s very similar. Tetrahedral

coordination of the lithium ion in LiNaSOj must be broken for

159
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the fast ion conduction phase in this compound to occur.
The activation energy for fast ion conduction in LiNaSOy
given by Polishchuk and Shurzhal3 is .37 eV which compares
well with the value of .4 eV given above.

Another factor could also be involved in fast ion
conduction in LiNaSOj. Nilsson, Thomas, and TofieldLl have
postulated that the movement of lithium ions in the fast ion
conducting phase of LipSO) is enhanced by rotational motion
of the sulfate ions whose centers of mass remain localized
about the lattice sites. This fast ion conducting phase is
described as a plastic phase caused by rotational disorder

4

of the sulfate groups. As discussed in Chapter IV, a
plastic phase 1s characterized by a large volume change at
the phase transition and a larger heat of transition than
heat of fusion. Polishchuk and Bogdanova5 feel that the
high temperature phase in LiNaSOy is a plastic phase; this
speculation seems to be consistent with available data.
Table 6.1 summarizes data for the solid — solid phase
transition as well as the melt for LipS0) and LiNaSOy, both
of which have high temperature fast ion conducting phases.
Data for Li1KSOy and NaK3(80y), are also given so that
comparisons can be made. In Table 6.1 Tq, and T, are the
temperatures of the solid — solid phase transition and melt
respectively, AHq, and AHy are the enthalpy changes for the
phase transition and melt, ASt, and AS, are the entropy

changes, and AVy, is the change in volume at the phase

transition.



TABLE 6.1 Phase Transition and Melt Data for Li,;SO,, LiNaSO,, LiKSO,, and Nal(3(804)2.a

Compound  Tpr o) Tn &) AHTy (cal/mole) Al (cal/mole) ASyy (cal/mole K) ASp (cal/mole K) AVpp(em3/equiv.)

L1780y 573(6) 860(6) 6500 (1) 1833 (7) 7.6 (7) 1.6 (1) 1.16 (8)
LiNasgQ, '520(6) 620(5) 5380 (5) 760 (5) 6.8 (5) .8 (5) 2.70 (8)
LiKSO, 436(6) = 723(6) 2584 (9) 14161 (9) 3.7 (9) 13.1 (9) .06 (8)
NaK3(S04)9 471(10)  884(11) 1750 (11) 4650 (11) 2.4 (11) ‘oo

4References are given in parentheses following the value.

191
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The data indicates that both LipSOy and LiNaSOy have a high
temperature plastic phase while comparable data for LiKSOy and
NaK3(SOq)2 indicate that a plastic phase does not exist. For
both LiKSOy and NaK3(SOy)p the heat of transition is smaller
than the heat of melting. Changes in entropy for LipSOy and
LiNaSOy at the solid phase transition are significantly larger
than the corresponding values in LiKSOj and NakK3(S0y),. The
change in volume is also relatively larger for LipSOy and
LiNaSOy when compared with LiKSOy. Large entropy changes and
volume changes at the phase transition have been postulated to
be associated with rotational disorder of the sulfate ion.l’5
From this data one can assume that while LioSOy and LiNaSOy
have a great deal of rotational disorder in the high tempera-
ture phase, Li1KSOy and NaK3(SOy), do not appear to have as
much of this type of disordering. The disorder of the sulfate
sublattice in LiNaSOy is spectroscopically demonstrated by
the fact that no external modes are observable after the phase
transition.

Nilsson et al.ll estimated the frequency of reorientation
for the sulfate ion in LipSOy in its fast ion conducting phase
to be 27 em~l, 1In this study the lowest frequency external
mode at 63 em~l in LiNaSOy was postulated to have a great deal
of sulfate rotational contribution. This mode was found to
soften in frequency and could be the analogous frequency of

reorientation for the sulfate ion in LiNaSOy.
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In contrast the low frequency external modes in LiKSOu
and NaK3(SOq)2 are very temperature insensitive. An external
mode at 202 cm~l in LiKSO, was found to be the most tempera-
ture sensitive external mode both broadening and softening
in frequency. This mode seems to have at least some ionic
motion of translational character. Therefore, one might
postulate that the transition in LiKSOy and NaK3(SOy), could
be predominently translational, with a sulfate sublattice
involving significantly less rotational motion of the sulfate
ion than occurs in LiNaSOy.

The ionic radii for Li*, Nat, and Kt are .685, .973, and

] 12
1.33A respectively.

The larger size of the potassium ion
may help to stiffen the sulfate sublattice in LiKSOy, and
NakK3(S0y)p. Jansson and Sjoblom8 found that even a small
amount of potassium lon substituted into Li,SOy results in a
50% reduction of the volume change with increasing temperature
but the volume change is not further reduced by an increase of
potassium ion. Potassium ion in even small amounts may hinder
rotational motion of the sulfate ions in the sulfate sublattice
preventing a large volume change at the phase transition.
Substitution of the smaller sodium ion into the crystal
lattice of Li,S0y does not have a large effect on volume
change with increasing temperature.8 Augustsson and Gustafsson13
feel that the space available for the sodium ion in LioSO0y is
probably large enough so that the sodium ion has little affect

on the sulfate sublattice. The sodium ion because of its
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small size may have less affect on librational motion of the
sulfate ions in the crystal lattice.

If rotational motion of the sulfate ions can enhance
ionic motion in sulfate crystals as proposed by Nilsson et a:L.L‘l
it would seem that LiNaSOj would be an example. The rotational
motion of the sulfate ions in LiKSOu and NaK3(SOq)2 seem to be

more hindered, possibly explaining the absence of fast ion

conduction in these crystals.

Possible Future Studies

There are several studies that could complement or expand
this study; One would involve a temperature-dependent infrared
study of lithium modes in LiNaSOy and LiKSOy. While the lithium
vibrational modes are very weak Raman scatterers, they have very
intense infrared bands. The lithium modes could possibly be
observed after the phase transition in both crystals thus
giving information about the differences in the lithium ion
potential energy environment after the phase transition.

Another valuable study would be a temperature-dependent
Raman study of LipSOy. More studies have been done on this
fast ion condﬁcting sulfate than any other sulfate crystal.

This sulfate was the original compound proposed to have a

4 A temperature-

dynamically enhanced diffusion mechanism.
dependent Raman study would complement the existing studies and

the study of LiNaSOyj given here.
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ADDENDUM

The temperature devendent data for the lithium modes in
IiNaSCh and LiKSO4 were treated in Chapter ITI. This data had not
been corrected for thermal population of vibrational levels as was
done for the external mode study in Chapter IV. To check the affect
that thermal population effects might have on the activation
energies calculated by using Equations 3;1 and 3.3, the lithium
mode data for LiNaSO4 and LiKSO4 were corrected by using the Bose-
Einstein factor (Equation 4.6.). The corrected linewidths were fit
to Equations 3.1 and 3.3 and activation energies calculated.

The results are listed below.

Activation Energy (eV)

Iithium Mode Equation 3.1 Ecuation 3.3
+ a
RSO
LiK30,
A .03 .06
E, .04 (12-475 K) .07 (12-475 K)
.09 (12-725 K) .8 (12-725 K)
LiNasO,
A (314 an ®mode) .2 % .3 2% .3
(404 an * mode) .4 1 55
E a4t 41

3The average error in these values is 40%.
léee
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The values given above differ only slightly from the activation

energy values given in Tables 3.1 and 3.2.



