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ABSTR@CT

Mixed crystals of (K?r)l?x(KCN)x shqw'g complicated
structural behavfbf at low temperatures Whiéﬁiincludes an
intriguing orientational glass state. Better underséanding
of these relatively simple disordered systems may improve
our understanding of the glassy state in general. X

We ha@e used the Brillouin.spectroscopy to mea;hre
the acoustic phonon properties in the KBr-KCN alloys. All

aspects of the spectra, such as Brillouin shift, linewidth

and intensity, were found to gualitatively agree with

‘Michel's microscopic theory. From the'frequency and the

width of the acoustic phonon, we determined the
reorientation rate of CN quadrupoles as a function of"
temperature, which‘can»be described by an Arrhenius law.

‘Quasi-elastic light scattering in (KBr), . (KCN)  was
measured using a high resolution tandem Fabry-Perot
interferometer. The width of the quasi-elastic peak was
found to have a strong temperature dependence. We suggest
that this peak is ﬁyhamic in origin and is related to the
reorientation of the cyanide dipolés.

We oSserved the appearance of symmetry forbidden -
scattering peaks in the Brillouin spectra of (KBr)l_x(KCN)k
in the presence of--a uniaxial stress. This effect can be
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explained as a stress-induced birefringence altering the
-polarization state of the scattering light. There are no
obse;vable changes in Brillouin shift and width induced by
such a stress.

The dielectric loss and capacitance of an x=0.5
gample was determined using a high precision bridge. Only
one loss peak»appears at "30 K in the temperature interval
from 1.2 K to 294 K, which indicates that there is no
coupling between guadrupole and dipole moments at around
quadrupolar freezing temperature (~80 K).

A calorimetric technigue was used to inve;tigate
thermal properties of (I(Br)o.s(KCI‘J)O.5 at T<1 K. The
specific heat of the samplé is in good agreement. with
reported values. Samples which have undergone different
thermal treatments show different heat drift behavior.
Analysis of the time-decay of temperature after application
of a heat pulse reveals that the désay curve tollows a

stretched exponential form. R

7 |
Finally, the acoustic sound wave in ﬁ%opylene glycol

was studied using a Brillouin scattering technf&ue The
relaxation rates obtained in the gigahertz frequency range
were compared with the low frequency specific heat data in
terms of thé Vogel-Tamman-Fulcher law and the scaling law.
‘The latter was predicted by recent hydrodynamic theories
for the glass transition.
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CHAPTER 1
S { .

Introduction
y N\

\L

For an amorphous solid the essential aséect in which
its structure differs from thatiof crystalline solid is the
absence of long-range order. éomg typical disordered
systems are shﬁwn in Fig.'l.lj (c) amorphous silicon
(positional disorder), (E) liquid crystals {(orientational
order but positional disordqr),'(d) polymers (both
‘ orienéational and.positional disorder). Despite tremendous
theoretical ‘and experimental effofﬁs, understanding the
propertids of amoépﬁaws solids is far behind deérstanding
those of erystals. Tﬁisjis because one can nJ longer use
powerful tools such as Brillouin zones, Bloch states,
etc., which accompahy periodicity\ﬁﬂ the crystals (for a
review, sé% Ref.'l):

Recently an unusual type of disordered system,
(KBr)l_x)(KCN)x,_has éttractgd ézg:eat deal of attention.
Upon cooling the.mixed crystal with CN  concentration
0.01<x<0.6 will freeze igto an orientational glass state in
which CN” axes are randomly orientated as %Pcwn in Fig.
1.1(b). Morg detailed strﬁgture canAbe seen in Fig. 1.2
(after Ref. 2). #® As this state is derivgd from a

\

crystalline parent phase, the expeffﬁedﬁal and theoretical
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Fig. 1.1 Schematic comparison of ordered and

disordered materials: (a) KBE Crystals, (b)

(KBr)l_x(KCN)x”mixed crystals, (c¢) amorphous silicon,

(d) polymers, (e) liquid crystals.
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Fig. 1.2 Crystal structure of cubic-(KBr)l_x(KCN)x

(after Ref. 2).



description should be easier than that of conventional
glasses. It is hoped that studying this system may
contribute to a better understanding of glasses in general.
For this reason (KBr)l_x(KCN)x systems were cited by

' Physics Today as one of the five most interesting new
topics in‘éondenSed matter physics in 1985.3 There are

several excellent review articles on this sﬁbject.2'4-6

Fig. 1.3 shows the phase diagram of‘_(KBr)l_x(KCN)x6
which reveals three main Qegions: (1) paraelastic or cubic
high temperature phase, (2).fhe ferroelastic non-cubic
state for x>xc("0.57) and T<Tc(x), (3) an orientational
glass state for x<xc and T<Tf(x). This phase diagram is
analogous .to that of dilute magnetic systems where the
three regions are referred to as paramagnetic,
‘fereragnetic and spin giass respectively.7

At high temperatures, one finds a NaCl-like cubic
structure for all CN concentrations where CN ions perform
fast reorientation. At 168 K pure KCN undergoes a first
order phase transition into an orthorhombic structure with
CN elastic gquadrupoles aligﬁing along <110> directions.

As the temperature reaches 83 K, KCN will become
antiferroelectyically ordered due to the CN, NC degeneracy
being lifted by e electric dipole interaction.

The ferroelastic phase transition temperature TC

will decrease on substituting Br ions in the KCN lattice

'0p57 is reached.
4

until a critical CN_ conce




Fig. 1.3 The phase diagram of (KBr)l_x(KCN)x (after
Ref. 6). Tg and Tg are.the quadrupelar and dipolar
glass freezing temperatures resPéctively: both are
dependent on the probe frequency and the CN~

concentration.
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Below X.. no structural phase transitions have been
observed., The freezing temperature Tf can be determined by
different techniques such as dielectric and neutron
scattering. For x<0.01 CN 1ions are considered as isolated
rotors in the KBr crystal field and glassy behavior
disappears. The present thesis concentrates on the
properties of mixed crystals with 0.01<x<0.57.

(KBr)l_x(KCN)x is discordered in two ways. Fifstly
the CN  and Br~ ions are randomly distributed over the
anion sublattice (referred to as the compasitional
disorder). Secondly the CN ions are disordered with
respeét to their orientations in the cubic lattice
(referred to as orientational disorder). Since the
compositional disorder in (KBr)l_x(KCN)x 1s less important
than the orientational disorder,2 we will only consider the
orientational glassy behaviors in this mixed system.

A wide variety of experimental techniques have been
used to investigate (KBr)l_x(KCN)x. These include:

inelastic neutron scattering,a'g

10-12 13-16

Brillouin 1light

17-19

scattering, ultrasonic,

'dielectric,
2,20-24

low

25-26

temperature thermal properties, X-ray, neutron

27 28,29 30

diffraction, and NMR measurements,

pendulum,
The main experimental facts may be briefly
summarized as six important features: (1) The freezing

temperature Tf depends on the frequency of the prcbe. As

the probe frequency increase, ‘I‘f shifts to higher



temperature, This indlicates that the glass phase
transition in (KBr)l_x(KCN)x is a relaxation phenomenon
rather than a static one. (2) Due to the weak dipole
moment of the CN~ ion (0.3 D) the dipolar relaxation is
only a secondary process following the primary relaxation
process which is characterized by a cooperative freezing of
the gquadrupolar degrees of freedom. (3) The onset of the
orientational glass state is signaled by anomalles in the
temperature depeneence of the guadrupolar susceptibilities.
The most direct eéidgnce is that the elastic constant 044
exhibits a mfnimum af Tf. {4) The dielectric loss peak in
(KBr)l-k(KCN)x’ is very breoad and indicates that there is a
wide distribution of CN  relaxation times. (5)
(KBr)l_x(KCN)x exhibits the low temperature (<1 K} thermal
properties of amorphous solids. Its specific heat is
roughly lineér in temperature (T) and is logarithmically
dependent on measuring time, and the thermal conductivity
is proportional to 72, (6) The orientationai glassy state
may consist of very fine ferrocelastic microdoma;ns.
Theoretical efforts are being undertaken to describe

31-39

these glassy behaviors in (KBr)l_x(KCN)x. The first

theoretical approach showing that strain defects in alkall

halides can produce a glassy low temperature state has been

31

outlined by Filscher and Klein. Recently more detailed

37,38

models have been proposed by Sethna et al. and by

Michel.ag Sethna's et al. theory mainly focus on the



cyanide dipolar relaxation and low temperagare thermal
properties. This theory has quantitatively shown that the
time-dependent specific heat and the dielectric loss peak
can be understood ln terms of 180° CN dipcle reorientation
from a tunneling or thermally activated motion through
hindering barriers. Such barriers are produced by a mean
field of elastic CN -CN~ interaction. Michel's theory is
much more fundamental and aims at the quadrupolar freezing
process. Starting from a full Hamiltonian which includes
the translation-rotation interaction energy and the random
strain field - rotation coupling energy, tﬁiﬁ theory is
able\tq exXplain glass state and the anomaldus ;Loustic
proper;ies and central mode behavior in (KBr)l—x(KCN)x'

In the present work, we have systematically
investigated the glass properties in (KBr)l_x(KCN)x. The
Brillouin light scattering technique was used to study the
acoustic phonon anomalies at the orientational glass
transition in these mixed systems. The Brillouin.spectra
obtained with a high resolution Fabry-Perot interferrcmeter
" have been analysed using Michel's theory. We have'also
examined the quasielastic scatterihg in (KBr)l_x(KCN)x and,
in particular, determined the width of the quasiejastic

-

peak as a function of temperature around T Dielectric

£
measurements were performed in order to identify whether or
not there is a guadrupelar relaxation contribution to the

dielectric loss. We also measured the specific heat of



-

-

(KBr)o 5(KCN) using a dilution refrigerator, focussing

0.5
our attention on the low temperature relaxation behavior in
the X=0.5 sample. 1In addition, we studied relaxation
property in propylene glycol which exhibits a real glass
"phase" transition upon cooling, using Brillouin
spectroscopy. Short accounts of this work have appeared or
will appear in scientific publications.12’40'44
This thesis is divided into eight Chapters.
Chapters 2 and'ﬁ present results of Brillouin

scattering12'4o 41,42 in

and gquasi-elastic scatté;ing
(KBr)l_x(KCN)x respectivel&. Detailed experimental
éechniques are described and results are analysed with
Michel's' theory, Chapter 4 presents spectra of Brillouin
scattering in (KBr)l_x(KCN)x under a uniaxial stress.43 In
Chapter 5 we will report dielectric and light scattering
measurements which were performed in an attempt to detect
double relaxation processes in (KBr)l—k(KCN)x' In Chapter
6 the specific heat data at T<1 K in (KBr)O_E.)(KCN)(._,.5 are
presented. We will also discuss the low temperature -
relaxation behavior in the sample by analysing the heat
drift data and temperaturé—time profile. Chapter 7 deals
with relaxation property of propylene glycol studied by

4

Brillouin spectrc_scopy.4 Finally In Chapter 8 results are

summarized and future experiments are suggested.



CHAPTER 2

" Brillouin Scattering Study of (KBr)l_x(KCN}x

\\

2.1 Background theory

The guantized vibrational mode in crysfals is
¢alled a phonon in analogy with the photon of the

electromagnetic wave. As a laser beam strikes a crystal,

"there will be interactions between photons and phonons

resulting in light scdffering.
The kinematics of the scattering process follow

directly from the conservation of energy and momentum

Ty

hws = hwi + ﬁwq {2.1)

ﬁEs = nﬁi + hq o (2.2)

‘between the incident (i) and scattered (s) photons and the

phonons (q).45 The positive sign 1s for an anti-Stokes
avent corresponaing to a phonon annihilation while the
negative sign 1s for a Stokes event corresponding to a
phonon emission. Since IEi[ - |E8] = nwi/c where n 1is

the refractive index, and iﬁ] = wq/vq where vq is the

velacity of the phonon, the conservation laws can be solved

for the Brillouin shift?®

10

/

N
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V. w.n

2 ———sin

il
H
0N |o

Wy = Wy~ oWy (2.3)
where 6 is the scattering angle and c is thg speed of
light. Classically this relation is called the Brillouin
equation, and 1slidentical to Bragg reflection from a
grating of spacing 2w/g moving with velocity vq

. Since the photon wave vectors (of order of 105

cm_l) are small cbmpared with the Brillouin zone dimensions

(of ogﬁg? of 108 cm—l), information is provided only about’

i

phonons near 3=d. The process is usually referred to as

Brillouin scattering, when the phonon emitted or absorbed
is aﬁoustic, and Raman scattering, whén the phonon is ‘
optical. We wili focus our attention on the acoustic
phonons of the crystal as studied by the Brillouin

scattering technique. Complementary to Brillouin

-

. scattering, acoustic properties may be studied by

ultrasonic (US) and neutron scattering (NS) techniques.
The former detects sound velocity.and attenuation in the'
MHz frequepcy range, while the latter p;ovides phonon '
dispersion cur;es.throughoﬁt the whole Brillouin ‘zone with
the a;oustic-phonon energy in the THz range.

Brillouin scattering, along with US and NS, has
been used extensively to study the acoustic phonons in the
mixed alkali halide - alkali cyanides crystals. A striking

46-48,13

acoustic anomaly was first found in the pure kcN
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crystals, which undergo a first order phase transition from
a CN™ random oriented state to an ordered ferroelastic

state at 168 K. The transverse acoustic phonon with ng

symmetry, and the elastic shear constant associated with
this phonon (044=bv§)‘soften dramatically as the phase
transition temperature is approached from above.

The soft mode behavior may be explaindﬂ b? a

translational (phonon) and rotational (CN™) coupling

47,48,13

mechanism. Such T-R coupiing gives rise a strohg

/}é%tice mediated CN -CN  interaction which favers CN_
)

/ rientational ordering, andgresults in a ferroelastic phase
™~

1

£ transition on cooling fhe KCN. Théyelastic constant (C,,)

T -
as a function of temperature (T)Swgs well fitted by a;mean
. ST e .
field theory in terms of the‘Curie'-Weiis‘law,l3
. \ .
1 1 ! B .\\-.
- = — (2.4)
C44 042 T TO N N

3

" -‘\ :
where Ty is the critical temperatﬁge at which C

44

. .\
extrapolates to zeroc, C © js the bare elastic constant

44
and B is the T-R coupling constant. These fitting

parameters have been tabulated in Ref. 13.

Brillouin scaftering has also revealed softening of

49-51 4ha broadening of the linewidth®?

-3

the phonon freguency
for KCl doped with small amounts. {~6 X 102? cm ) of CN_
ions. These effects are significant only at very low

temperature (<20K), where the upper tunneling level thermal
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populhtionwis small, thus permitting resonant scattering of

52,593 the shift

phonons by - those levels. Following Walton
(Aw) of the phonon freguency due to such interaction may be

expressed as

1

Aw A 2 ] 1 - exp(—Bw,)
=% pg 3 L i (2.5)
Wy i @,y Wy : + E gy exp(—ﬁmi)

]
where Pp i1s the defect density, Ai is phonon-defect

-

coupling constant, Wy is the frequency of the tunnelingL
level which has degeneracy.gi, énd'mo is the pure crystal
phonon frequency. The interaction among CN  ions has been
neglected due fo a very low CN concentration., By fitting
eqn. (2.5) to experimental data, the coupling constantﬁwas
determined for a KC1l:CN sfample.50 |

In the mixed cryéials (KBr)l_x(KCN)x with

> L3 '

0.01<x<0.6, no struSQural phase transition occurs. Upon
coolihg from room tempefatufg?vthe mixed crysfals form an l,.:
oriéntation?lrglaés state'at a freezing t%mperature T
which depends on CN~ concentration. The Brillouin

10-12 13-~15 8-9

scattering and US and NS all show that the

frequency of ng symmetry phonon dips to a minimum at Tf.
This minimum moves to higher temperature with highér probe
frequ%?cy- 'I‘f “70K fg; US, "80K for Brillouin scattering,
and ﬁQOK for NS. ¢ It is apparent that the freezing is not a<\

statf& phenomenon but a relaxational one. Depending upon

1 3

‘ rd
. a

()

h i
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4

the érobe's frequency, the CN may or may nq} appear
frozen. When CN ions cénnot respond to the grobe any
more, the system is referrediﬁo as frozen.

Michel and Rowe have developed a microscop;k
theory32 which can explain the minimum in the phonon

frequency at Tf but fails.to yield a corresponding maximum

12

in the phonon attenuation. On the other hand, the Curile-

Weiss law was found to demonstrate softening of.the T

2g
~mode at higher temperatures but deviated from experimental
data near and below Tf.14 Recently Miche13? has revised

his theory. The new theory proposés that long range CN
quadrupclar order is destro;ed due to randoﬁ strain fields
induced b9 the difference in ilonic radii betwéen Br and
CNT. Thus" 1t has been suggested that the orientational
qi%ss state of the mixed system can be understood Iin terms
o;ﬁtwo competing effeétsf the lattice mediated CN -CN~
coupling,a;; the random strain fields-CN~ coupling.

In the présent work, we have measured frequency,

&inéwidth and intensity of the T acoustic phonon as a

2g
function of temperature using Brillouin scatteringy/;a;:-q:\

experimental results were found to be in good agreemenf

with the latest version of Michel's theory.

Combining the data cf the phonon frequency and

damp}ng, we obtdined the CN quadrupolar relaxaticn rate

and the activation energy f<r CN quadrupolar reorientation

in the pretransition region. The measurement of the

2
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intensity of the Brillouin component has resulted in a
determination ;f the photoelastic constant for mixed
crystals.

b

2.2 Experimental

The optical arrangement of the experimental
apparatus is shown in Fig. 2.1. An Argon ion laser (Innova
Model 90-3, Coherent Co.)_probided the exciting radiation
at 5145 R. A single freguency beam with a very narrow
linewidth (<4MHz)} was obtained by installing a\temperature
;ontrolled gsolid etaleon (Model 923, Coherent Co.) in the'
laser cavity. The aperture wheel located on Epe.front of
the laser head was adjusted to obtain a stable TEMOO single
mode. After a 30 minute warm up periocd, the laser was
operated at typically 200 mw with an intensity stébility
ranging +0.5%.

The incident beam was focused in the sample by lens
Li(f=20 cm). The scattered light was collecteq and
”collimated by len%z(f=15 cm). A spatial filter, .

. Ao .
consisting of La(f=15 cm), a pinhole Pl(r’50 pm}, and lens
;4(f=10.5 cm), screened out stray light in front of the
interferometer. Here all lenses were plano-convex shaped.
Eor m;nimum spherical aberration, the plane side of a lens

faced the image.

Care must be taken in choosing the diameter, ¢, of
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Plz if ¢ is too big the spectral line will be anomalously
broad; on the other hand, if ¢ is too small the spectral
intensity will be reduced. A theoretica1¥;}scussion of the
spatial'filter can be found in Ref. 54. )

The light transmitted by the interferometer was
focussed by a lens L5(f=3o cm), then passed through a
filter F, and entered a photomultiplier (PMT). F is an
interference filter with a very narrow transmission band of
10 3 centered at 5145 3, and effectively baffles the
inJ&astically scattered light ari#ing from fluorescence and
Raman (opticél phonon) scattering from the sample. The PMT

{Model R943, Hamamatsu Co.) has a low dark current 0.2x107°

A at a gain of ‘106. A chamber (Model TE-104, Products for
Researéh Inc.) provided thermoelectric cooling for the PMT
tube resulting in a noticeable reduction of dark current
compared with no-cooling operation. e intefferqmeter aanﬁ
PMT are enclosed in a light-tight box which helps‘Ro reduce
stray light, keeps the optics free of dust and ﬁzﬁggizes
' the temperature wariation in the enclosure. ~ .
The outpuf of the PMT was processed by a photon
counting electronic system which included a preamplifier
‘and é discriminator {Model 511, MTN). The signal was
digitized with an A/D converter and its valués'stored iﬁ
the memory of a computer (IBM Compatible XT). T;e same

computer, in conjunction with D/A electronics, provided the

ramp voltage used in piezoelectrically scanning the Fabry-

L4
-
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Perot (FP) interferometer., The fiming patterﬁ_used for the
ramp was also used to address, sequentially, 1024 channels
of the computer memory, so that the channel number was
directly proportional to the frequency shifts passed by the
FP. Hence spectral data were accumulated in the form of
photon counts versus frequency of the scattered light.

The heart of the experimental system i1s the tandem

~

multi~pass Fabry-Perot Interferometer designed by -
Sandercock.55 A single FP etalon consists of two highly
raflecting parallel mirrors, The inner faces of the
mirrors are optically flat to A/200 before being overlayed
with multi-layer dielectric ceoatings. The transmitted

intensity (I(t)) for normal incidence to an etalon is given

by the Airy formula45

’ y
(t) (1) A 2 1
I =1 (1 - === (2.6)
1-R 1+ AR i 28
(1-R)2 2

where 1{1) is the incident light intensity, A is the
absorption coefficient of the'mirrorL\R 1s the reflectivity
.

and & is a phase angle between suc@ggsive reflections.

Light with E\wavelehgth A wiil be q;ansmitted if a

e,

construbfivé&ﬁn{érfefgnce condition is satisfied: d=mr/2,
where m is the order of interference and d is the distance
between the two mirrors. The frequency separation between

two neighboring maximum transmissions is called the free

\\\ gspectral range (FSR}, and is given by FSR=c/2d, where c is
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the velocity of light. The full width at half maximum
(FWHM) of the transm;tted light (Av) determines the
resolution of the interferometer, and the finesse F is then
defined as F=FSR/Av. The finesse is governed by several
factors, such as mirror reflectivity, which will be
discussed in the next chapter.

The contrast (C) of the fringe is the ratio aof
45

maximum to minimum transmission given by

2
_ (1 +R .
c= [T (2.7)

For R "90%, C is of the order of a hundred. This contrast
is not sufficient for measuring in situations where the
elastically scattered component of the scattered/light
exceeds the intensity of the Brillouin componeéijby more
than a factor of 105.

The contrast can be increased by passing a beam.
. through this tandem FP n times. The total contrast is then
equal to (26)“. For n=2 it is three orders of magnitude
‘greate: than that of a single FP. Such an arrangement is
referged to as a tandem multipass Fabry~Perot
interferometer (TMFPI).

Besiaes incrgasing the contrast of the specfrum,
TMFPI also serves to effectively increase the free spectral

range by an order of magnitude resulting in the elimination

of overlapping orders. 1In addition the resolution will be
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improﬁed.
For Sandercock's system, the scanning mirrors of

two interferometers are mounted on the same scanning stage

with an offset angle o. The spacing of the two Fabry-Perot

interferometers satisfies d2=d1 cosx., The first FP of

spacing d1 transmits the light at A1=2d1/m1, while the

[

second FP of spacing d2 at k2=2d2/m2. Only 1f A will

172
lf;ht be transmitted through the tandem combination,
Therefore the FSR of the TMFPI is increased by a factor of
20 over tha& of single Fé for an offset angle cz=18°.55
| The scanning and alignment of TMFPI was controlled
by a computer. Details will be given in the next chapter.
§ The single crystals &ere grown at the Crystal
Growth Laboratory of the University of Utah from zone-
refined KBr and KCN. “The CN concentrations> were confirmed
by chemicai énalysis wlth an error of. 3%. Samples were
cleaved along {100} ﬁ?ﬁpes with a razor blade and typically
\
had dimensiQns of 0.5 cm x 0.5 cm x 0.5 cnm. o
The sample was mounted in’a conventional optical
cryostat (Sulfrian Cryogenics Inc.) and cocled by

-

conduction from liquid N2 oféHe baths. To attain
temperatures around 60-77 K, pumped liquid nitrogen was
used. For temperatures in the range 120~294 XK, & home made
nitrogen-gas-flow cryostat was employed. A heater is wound

on the sample mount to maintain a steady temperature.

Temperatures were measured by a silicon dlode at T<20 K and

A



21

by a Copper-Constantan thérmocouple for T>20 K.

In order to measure the spectra of ng phonons
which propagate along [110]-direction and ar=s polarized in
[OOil—direction, a 90° scatteriﬁg geometry was used. The
{100) and (010) surfaces of the sample were perpendicular
to the incident and the scattered light respectively.

The focussed beam must be located near the centre .
of the sample to prevent strong surface scatterlng By v
adjusting the cryostat position, the ligh tgﬁpsmission

/
through the crystal could be maximized, m nfﬁiéing the
surface reflections.

The linewidths were determined by fittin&i‘e

Brillouin peak using the convolution of a Lorentzian

function with the elastic peak which was used as an

instrumental function. Considering the variation o} the
instrumental finesse and fitting errors, the linewidth

measurements were accurate to rithin 15 MHz,
2.3 Results and discussions
2.3.1 Frequency and width of the Briilouin peak
The frequency and’full width at half maximum {FWHM)
of the transverse acoustic phonon with ng symmetry for the

x=0.5 sample are shown in Fig. 2.2 as a function of

temperature. Interesting features in the figure are the
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occurrence of a minimum in phorion frequency and a maximum

in phonon linewidth. The temperature at which‘;he minimum
phonon frequenﬁg occurs is conventionally défined as the \
CN™ quadrupolar freezing tgpperature,.Tf. The phogon with
reaches a maximum at T slightly{below Tf, and chénges‘more
dramatically than the phonon frequency around Tf. Similar
behavior was also found in the x=0.35 sample as shown in

Fig. 2.3. Comparing P4g. 2.2 and Fig,. 2.3 we can.see that

Tt shifts toward lower temperature as the CN" ion

concentration decreases. Tf is about 80 K for x=0.5 and 170

K for x=0.35,

The experimental results can be explained in the
framework of the microscopic theory developed by Michel.39

In this theory, the mixed alkali halide-alkali cyanide

,systems are dgscribed bﬁLa full Hamiltonlan given by

H =&Y + vl + kR &+ yR 4 yTR , SR (2.8)

N

where thé first two terms représent the pure translationai
{or acoustic displacement) energy. The third term is the
kineti¢ energy of CN ions rotating. VR describes a rigid
octahedral potential which the CN ion experiences in the

cubic lattice environment. VTR

accounhts for the coupling
between the acoustic translationai modes and the CN_
reorientational modes, referred to és the T-R coﬁpling.
The last term represented the;intgraction of the

orientational degrees of freedom of CN~ ions with the
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¥

rgndom strain flelds induced by the substitution of
ellipsoidal CN ions by spherical Br ions. We will refer
to this interaction as S-R coupling in short.

Starting from the above microscopic model, Michel
has formulated dynamic response functions which are
éroportional t§ the differential scattering cross sectlion
for both the inelastic neutron scattering and the Brillouin
scattering. The response function of the acoustic phonon

mode with ng symmetry is explicitly given by39

-

-+ ‘.
- A, (R)E(w)
¢ = 11 (2.9)

[w® - Dy (Rw))? + [way, (R)f(w)]?
A
with flw) = ———— (2.10)
w? + 22
and D, (K@) =M (K) - Ay, (R E(w) ' (2.11)

wher;;z is the CN reorientational relaxation ffequency,
Mll{E) is fhe bare phonoh frequency, Dll(ﬁ,m) is‘the
renormalized phonon frequency and variables w and ¥
represent frequency and wavevector respectivel?. A rather
‘complicated mathematical expression for All(ﬁ) can bg
fqund in Ref. 39, which basically describes an effective
interaction among:CN ions mediated by both the random
field aﬁd the T-R coupling. From the denominator of egn.

v (2.9), the linewidth which is asscciated with the

attenuation of the phonon wave is given by
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C o= way, (R)f(w) F2e12)

Both the renormalized phonon frequency
{Dll(ﬁ,w)/Mll(E)) and the phonon linewidth {I') for
(KBr)o_s(KCN)0_4 were calculated as a function of
temperature by Michel. They are shown in Fig. (Ef#) as a
solid line and a dashed one respectivé;y.

Comparing Fig. 2.2 with Fig. 2.4, we can see that
there are some differences between the theoretical
prediction and experimental data. Firstly the experimental
linewidth I' versus T arocund Tf is muchasharper than the
theoretical linewid%h. Secondly Fig. 2.4 only presents
calculated results for (KBr)o.s(KCN)0.4' For ;=0.§. \
theoretical phonon frequency becomes zeroliad linewidth \\“//x
diverges when approaching the freezing temperature from
above. Michel has attributed such unrealistic outcomes
into the uncertainties in values of the microscopic

TR

interaction potential v in egn. (2.8).39 Fox x<0.5

although there is some discrepancy, the general feature§ of
the theoretical curves are in reasonable agreemen&gyith

the experimentél results. The anomalous acoustic
properties of {KBr)l_x(KCN)* which are hi;;é¥ in:igﬁ_
complex mathematics of Michel's model can thus be explained
as follows.

In pure KCN, there is a strong T-R coupling,

resulting in a softening of the phonon frequencg, Such T_é;#/-
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coupling also mediates an indirect interaction among CN™
ions which favors an orientational ordered state, and
drives the cubic crysta} undergoing a phase transition into
a ferroelastic state upon coaling. Substi;uting Br  ions
for'QN_ ions the KCN lattice produces two effects: firstly
it leads to a reduction of the ferrcoelastic phase
transition temperature via a decrease of the T-R coupling
while at the same time it generates a random strain fleld
due to the slightly different aize between Br ions and

A,
CN ions. This random strain field will couple with the

~ ,
orientational degrees of freedom of CN ions (S-R couplihg)
and wili tend to destroy the alignment of the CN  ions.
Therefore there is a delicate balance between the T-R
coupling and the S-R coupling. The winner of this
competition determines the low temperature phase. For CN
coﬁcentration <0.57, the S-R coupling becomes dominant upon
cocling, and suppresses the ferroglastic structural phase
transiwion, and causes the freezing into an orientational
glass state. Hence the phonon frequency does not soften
completely to zero. Instead it recovers from the minimum
as temperature is further lowered from Tf. Since the
inverse of Brillouin linewidth is proportional to the

phonon lifetime, the maximum linewidth results‘gg\iﬁf T-R

coupling reaches a maximum around Tf. r)



29

2.3.2 Quadrupolar relaxation in KBr:KCN

In contrast to a bromine ion, an aspherical shaped
cyanide ion has both an elastic quadrupole and an electric
dipole. With decreasing temperature, mixed crystals »
(KBr)l—x(KCN)x with 0.0;<x<0.6 will freeze into an
orientational glass state. Volkmann et al.2? classified
two distinguishable relaxation mechanismé in KBr:KCN in
terms of gquadrupolar and dipolar processes. The freezing
in of dipoles and quadrupocles occurs at different
temperatures, -

The dipolar process has been studied by dielectric
measurements.fg&ag A wide distribution of dipolar
relaxation times and barrier heights has been revealed.

The average reorientation rat; of the CN dipoles was found
to follow an Arrhenius law.

The quadrupclar process has been investigated using

techniquesa-ls

which probe the elastic response of the
solids. A plot of the probe frequencies against the
inverse of the quadrupole freezing temperature Tf for
(KBr)l_x(KCN)x is found in Ref. 28, and also shows an
Arrhenius behavior. However, there are only three data
points for x=0.5 taken from neutron scatterings, Brillouin

scatteringlo, and torsion pendulumzs’29

axperiments; thus,
the value of the activation energy (8000 K) is uncertain.

Ultrasonic measurements. as functions of temperature and
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frequency can provide valuéble information about
quadrupolar relaxation. Unfcrtunatgl?% for 0.25<x<0.6,
there is a heavy damping of the traﬂ;vgfse'sound waves in a
considerably wide temperature range near Tf, resulting in a

‘loss of the echoes.14'15

In Brillouin scattering
experim;nts the loss is revealed in the teﬁéerature
dependent broadenigg of the phonon width.

By analysing thQ frequency and linewidth of the
ng‘syﬁmetry phonon, which are shown in Fig. —;é:énd Fig.
2.3 of section 2.3.1 for x=0.5 and x=0.35, respectively, we

ﬁaﬁ 9etermined the CN~ guadrupolar relaxation rate as a
functian of‘temperature. Here we focus cur attention on
the tempefature_range about Tf and will re?er to this ran$§>
as the paraelastic regime,

The phonon frequency (v) can be converted to sound

e

velocity v using the Brillouin scattering equatiqg,%

vko

2n sin 68/2

-

! -

) N
where xo (5145 A) 1is the incident laser wave length, n is
»the index of refraction and 6 (90°) is the scattering

.angle. In turn, the elastic constant C4 is related to the

4
velocity of the transverse sound wave in the sample with
density p by
2
044 v {(2.14)

Following Michel's theory, the CN orientational
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modes are strongly coupled to the T phonon mode. This

2g
billinear translational and rotational interaction results

in softening of the elastic constant in the paraelastic

region. The dynamic effect on the elastic constant may be

’

simply expressed56‘57 as
AC
Chg = 044(&:) SN 1 S | (2.15)
1 + iwrt

where 044(m) is the elastic constant far from the coupling
regime, AC44 represents the temperature dependence of the
coupling, w is the angular phonon frequeﬂcy, and v is the
CN~ reorientation time. This eguation can be separated

into a real elastic part, measured by the Brillouin phonon
shift in accordance with egn. (2.14), and an imaginary part,

which determines the phonon linewidth (I').

AC44
i.e. ReC = C°° - ) {2.16)
(1 + wt®) «.

g 't.'AC44 q2
r-r, = ImC = 5 (2.17)

2npv {1 + w t2) 2np

where g is the wavevector, I' is the phonon width and Fm
represents additional sound attenuation not due to
quadrupecle-phonon coupling.

For a complete analysis of the effect of coupling

on the acoustic mode behaviour, the microscopic model of
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the interaction between the acoustic mode and CON~ lons is
.
requi;ﬁd. The detailed coupling mechanism has been
discussed in Michel's theory, and in the last section.
Combining eqns. (2.14), (2.16) and (2.17) the relaxation
time is expressed as
r(T) - r, 27

c = . (2.18)

v - Vi1 4P

Here we use the room temperature value for v, The
linewidth measured in the temperature interval 120K<T<300 K
is nearly T-independent and is taken as .+ which is
probably due to the attenuation from static defects. We
have ignored the contribution to the phonon linewidth due
to the anharmonic effect which is only significant at very
high temperature (>300 X).

The logarithm of the inverse relaxation time 1/t
versus 1/T has been calculated via equation'(z.le) for
x=0.35 and x=0.5. The results are shown in Fig. 2.5, The
necessary parameters are listed in Table 2.1. The index of
refractioq‘for the mixed crystals is a linear interpolation

between KBr (n=1.559) and KCN (1.410). The solid lines in

Fig. 2.5 are best fits of an Arrthenius relation.
N
1/t = 1/1:O exp[—Eo/kBT) (2.19)

where Ty is the time between twc consecutive attempts for a

CN_ guadrupcle to cross the energy barrier EO’ and kB is

v
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the Boltzmann's constant. The values of Eo'and 1/ro

PN
obtained from fitting are also included in Table 2.1

The value of the attempt jrequency is too high to
be consistent with a single jon process. It can be
understood in a qualitative fashion 1f two CN~ jons are
involved: the activation energy involved is close to twice

the barrier height for a singlq\ion. The decrease in
-
activation energy for x=0.35 could then be due to a larger

contribution from single ion relaxation. We have in fact
been able to fit the data for x=0.35 using a sum of two
exponentials with activation energies of ~600 K and “1200
K.

Considering the substantial difference between the_

present result, EO “1000 K, and the previous one, E. ~8000

o
K, for x=0.5, we have re-examined all previous data and

presented them in Table 2.2. The relaxation time Te at the

freezing temperature Tf is defined by-2nvfrf=1 where v, is

£
the phonon frequency or resonance pendulum frequency at Tf.
The values of v, and Tf for the previous Brillouin

-experimentlo are smooth interpolations of data between

X=0.34 and x=0.56. .is is eQident from Fig. 2.5, the data
from néutron and previous Brillouin scatteringlo are in

very geood agreement with our presenf Arrhenius relation.
However the data from the torsion pendulum experiment29 is
substantially different from the solid line in Fig. 2.5. -

This may be due to a dramatic change in probe frequency:

- %
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Table 2.1

Summary of the parameters used in analyzing the elastic
!

quadrupglar relaxation.

X(mole%) r,(MHZ) v, (m/s) n vo(Hz) EO(K)
0.35 68 1139 1.507 5.3 x 1013 849
»
0.5 72 1070 1.486 1.3 x 1017 1230
‘Table 2.2

Summary of the data at quadrupclar freezing tempeérature for

x=0.5.
Experiment T ¢ (K) 1000/T; v, (Hz) l/Tf(HZ)
Neufron scatt.® 100 10.0 9.7x10%% &.1x10%?!
-
Brillouin Scatt,10 18 12.8 2 x10° 1.3x101°
Pendulum®® 75 13.3 1 x10°  6.3x%102
5/1)
|
, _
* {
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the propagation of sound in solids is an adiabatic process
for frequencies greater than a megahertz, while the
pendulum resonance is an isothermal process due to its very
low frequency (102 Hz). It is not valid to directly |
compare the adiabatic ana isothermal relaxation times.58

In conclusion, the CN~ guadrupolar reorientation
rate was found to follow an Arrhenius law. The data from
neutron and previous Brillouin scattering are in very good
agreement with the present results. If one includes the
pendulum experimental datum, this Arrhenius relation will
break down. Further torsion pendulum experiments measuring
shear elastic constants as a function of freguency may
clarify this difficulty.

.

2.3.3 Intensity of tig Brillouin component

When a light beam paéses through a dielectric
medium, the incident electric field induces oscilla}}on
dipoles along its path. In a macroscopic approach, the
individual atomic dipole moments combine to form a
macroscopic polarization vector. The scattered light is
thus radiated by the oscillatory.macroscopic polarization,
which is subject to the Maxwell equation.

Tﬂg polarization (?) induced by the incident
field (ﬁi) in the absence of any excitations of the

scattering volume is given by45
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B(F,t) = ¢ §0§1(?,t) (2.20)

where ¢, is the eer?ittiviiy’of vacuum and gd'is the
first-order suscepégaility of the medium. The effect of
excitations in the medium is to modul#i} the susceptibility.
To a first order approximation, the change in

susceptibillity is linearly proportional to the excitation

amplitude X(?,t). Therefore eqn. (2.28) can be rewritten
3845 /
-

B = Go<§o§1 + Qxﬁi) | | (2.21)

whiigfg is the sécond—opder susceptibility that describes
the modulation. The first term of eqn. (2.21) represents
oqcillation at the same frequenc;\aslthe incldent field and
contributes only to elastic scattering, while the second
term of the pelarization describes radiation of the
inelastic contribusion to the scattered ligh§. The
igelastic_scattering diffegential cross section is further

given by45 (N
T /

//
—

do

. t~J
o« <le, XX(R,w) 1%

il_ (2.22)

dan

where X(ﬁ,w) are the Fourier components of X(;,t), éi
and és are incident and scattered light polarization unit
vectors respectively. The bracket <..> denotes an average

over the thermal probability distfibution.
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In Brillouin light scattering, l?ng wavelength
acoustic.phonpns produce elastic deform;;ion in a crystal,
which in turn gives rise to the variation of the /
susceptibility. It is called the photpelasti; effect, The’
;xcitation amplitudes ére_the atomic displécements from the

equilibrium lattice points. The differential cross section

for the Brilloﬁin component can be explicitly expressed
as45_

do Tk Twiv
I = = 2 2 - 18, - B 82 (2.23)
df 32n” cpv” :
where ¢ is the speed of light, p the cfystal density, Wy is:
the incident light frequency, 2 is the photoelastic (the
Pockel's) matrix, v is the velocity of the acoustic wave,
T is temperature and V is the scattering volume.
Combining both egn. (2.23) and the Brilleouin eagn.
(2.3) which relates the phonon frequency (v) to the
velocity (v), we obtain
do T .
I =— =N 2 ‘ (2.24)
ds v :

where N is a temperature independent constant. Therefore

the scattering intensity is primarily functions of

temperatuge (T) and’ phonon frequency {(v).
?bé‘intensity of the acoustic phonon.with ng'

symmetry was measured as a function of temperature in
—
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(KBr)O_s(KCN)0.5 és shown in Fig. 2.6 by stars. The value

of each data peint was obtained by integféting the

Brillouin component over a fixed fregquency range and

normalizing to the integrated intensity taken|at'r§om
\kemperature. The major source of error was ‘either the -
statistical fluctuation in thg photon couniz%ptjtpe
variation' in the Fabry-Perot interferometer alignmént;
From Fig. 2.6 it is evident that the Brillouin intensity#é
increased as the crystal was cooled down until"l‘f was
reached; this intensity decreased upon further cooling.

Sﬁbstituting v=4,7 GHz, I=1 a% room température
({295 K) for the x=0.5, sample into egn. (2.24), we obtain
N=0.0749. Using thqi;honon frequency in Fig. 2.2 and
corresponding tempekature, we have calculated the Brillouin
iﬁtensity with eqn. (2.24). The results are shown %n;Fig..
%:B\by the.open circles, andsare in good agreement with the
e*gerimental data. ‘ F
As discussedrabove, the.Brillauin intensity is

essentially determined by the modulated susceptibility.
For (%?r)i-x(KCN)x systemg, this susceptibility can be
39

calculated based on Michel's microscopic model.

Specifically the susceptibility (x) with T symmetry is

2g
given by

xﬁ_——o 7 . (2-25)
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0 Xy sh?
whare X =— (1"~ x(1-x) Yy (2.286)
| T 2 _

where x is the CN~ concentration, y and s describe the
expectation values of the CN orientational variables, h is
the streng%h of the random strain field, T is temperature
"and $§ represents the translation-rotation coupling. The
calculated curve of x versus T is shown in Fig. 2.7 for

39 For x=0.5, the

various CN  concentrations after Michel.
theoretica; ¥ diverges at Tf and is in disagreement with
our experimental data as shown in Fig. 2.6. Michel
considered that thebdiscrepancy is due to some
uncertainty in the microscopic interaction potentials.39
If we neglect the x=0.5 curve in éig. 2.7, the general
feétures in the theoretical curves in Fig. 2.7 are quite
sim}lar to the experimental results in Fig. 2.6.

In (KBr)l_x(KCN)x systems, the formationn of an
orientationai glass state 1s clearly marked by a maximum in
susceptibility at Tf as demonstrated in Fig. 2.6 and 2.7.
Similar behavior can also be found in the spin glass
systems. A typical example is the Au:Fe system59 where the
iron solute atoms carry a magnetic moment and occupy sites
randomly in the gold lattice. The interaction among
neighboring moments results in the freezing in’of magnetic

-,

spins upon cooling. At T below T_ the spins have no long-

£

range magnetic order, but instead are found to have static
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_Fig. 2.7 Collective orientational sﬁEpeptibilit?-x
S .

with T,y Symmetry was plotted as a function of

temperature fpr different CN concnetrations (after Ref.

39).
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-
Fig. 2.8 Magnetic susceptibility Xy(T) for two Au:Fe

spin glass alloys. The full line represents the zZero

field limit (after Ref. 59). /
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ey
orientations which vary randomly over macroscopic

distances. Fig. 2.8 shows the magnetic susceptibilitysg of
Au:Fe alloys for different Fe concentrations. A cusp-like
peak l1s clearly seen in these curvés. The maximum‘in the
susceptibility shifts to higher temperature with increasing
Fe concentration. Comparing Fig. 2.6-2.7 for KBr:KCN and
Fig. 2.8 for Au:Fe, the analogy between the elastlic (i;%
quadrupolar glass and the magnetfq/é?in glass is striking.

During the course of thils e#periment, the intensity
of the ng phonoh mode was found to increase as CN_

concentration increased. Fig. 2.9 shows the integrated

Brillouin peaks which have been normalized to the peak \f:)

value of pure KBr as./a function of CN concentration at

room temperature, ﬁgch an increase may be due to the

-

larger photoelaé;iq/GALstant of KCN than that of KBr.
For a transverse acoustic phonon with ng symmetry
in (KBr),_ ,(KCN),, the differential Brillouin scattering

cross sectiom . of eqn. (2.23) can be further written as

BN

2 .
do kBTw0 v 2
_— = 2 a 2 |P44[ ‘(2.27)
d 32n%c p v

& ~

™, )

where 944 is the photoelastic constant with ng symmetry.
_ g

As the CN concentration changes, the contribution to the

Pockel's photoelastic constant by KBr and KCN may be

determined by weighting their respective concentrations.

N

¢
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That is

P = x P

aakcN * (1 - 1) Plavpy (2.28)

where x is CN concentration. Combining equations (2.27)

44mix

and (2.3), the ratioc of the Brillouin intensity between the

mixed KBr:KCN and the pure KBr crystal can be expressed as

I P Ei (1 - x) P 2 1y 2
mix _ 44KCN 44KBr KBr (2.29)
Tgpr P 44KBr Vmix
For x=9.5, the measured ratio of Imix/IKBr equals 23,
Substltutlng‘vKBr=5.84 GHz, vmix=4.7 GHz and P44KBr=_0'026

into egqn. (2.29), we obtain P44KCN=-0.174. We thus deduce
that the absolute value of P44 in KCN i1s seven times larger

than that of KBr. Using P and the phonon frequencies

44KCN
measured at different CN concentrations at room
temperature, the theoretical intensities are calculated and
shown in Fig. 2.9 as stars. Considering thé exper}mgntal
uncertainties such as the alignment of the fand;;fFabry—
Perot, the results of the theory’and the experiment agree

guite well.



CHAPTER 3
Quasi-elastic Scattering in (KBr)l_x(KCN)x

3.1-Background theory

In any light scattering experimen@, there are two
components in the scattered light: a central peak (at w=0),
and slde bands (at w#0). The side bands (or inelastic
components) are produced by excitations such as acoustic
phonon modes in solids, discussed for KBr:KCN in the last
chapter. In this chapter, we will focus our éttention on #\\MJ
the central component in KBr:KCN. for clarity ﬁe classify
the central peak into two categories: elastic and
guasi-elastic. '

The elastic peak, which has little relationship to
the crystal structure, is usually caused by the stray light
or static defect scattering, and is characterised by its
temperature independent int;HSity. Mil11s53 formulated a
theory of elastic scattering by pointiqefects in pure
alkall halides and found that the scattering cross section
is proportional to wg, where w, is the frequency of'lhe

incident light. However, an experimental study of this

peak is unavailable due to difficulties in obtaining exact

47
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information about defects which can be impurity ions,
vacancles, color cénters. and dislocations. Since the
extremely strong elastic scattering intensity can mask the
much weaker Brillouin component in solidsi considerable
effort has been made to remove or reduce this elastic‘peak.
In contrast to the elastic peak, the quasli-elastic
component is dependent on temperature, and plays an
impdrtant role in critical structural phase transitions in
62

crystals, such as in KTaOs.

zero (referred to as static) or non-zero (referred to as

The width of the peak may be

dynamic). The origin of the quasi-elastic pe‘iwhsually
comes from one or more of the following three mechanisms:
entropy fluctuation, phonon aensity fluctuation, and mobile
defects.

For the caselaf entropy fluctﬁation,55 consider a
solid described by the 1ndepeﬁdent thermodynamic var;ables,

density p and temperature T. A fluctuation of the

dielectric constant, ¢, may be expressed as
t

(3] el
T
= (%)T((%g)s P *(%E)P ‘55)*(.’3—;)p‘ST (3.1)

where ¢ is the dielectric constant, P is the pressure and §
is entropy. The first term in the bracket describes the

Brillouin scattering from adiabatic sound waves (acoustic
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‘;honons), while the second term describes the quasi-elastic
scattering due to entropy fluctuation (8S). The scattering

from the second term ébpears as a peak centered at w=0 with

Ya width I given by

T(FWHM) = 2Dq2 (3.2)
where D is the thermal diffusivity and g is the wavevector
of the sound wave.

For liquids, the last term of egn. (3.1) can be
~ignored. *he ratio of the scattered intensity in the
~.

central peak (IC) to that iIn Brillouin peak (IB) is éiven

by the Landau-Placzek ratio

I C.. .
Ro ==—C =--—P-— i (3-3?-
21 C
B v '

—

where CP and CV are specific heat capacity of the sample at
constant pressure and at constant volume respectively.

For solids, fthe last term in ean. (3.1) is by no

i
means negligible. A new ratio R is defined by Wehner and

Klein assa

2
c {ee/aT)
1 ¢ —EF P (3.4)

aCV (ae/ap)s

[

where « is tharmal expansion coefficient. Thereiore a
central peak due to, entropy fluctuations is charadterised
by qz-dependence of the linewidth andtthe modified Landau-
Placzek ratio in solids. s

{
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The second mechariism in quasi-elastic scattering is

due to phohbn density fluctuations.54 The central peak

arises from a higher order process involving pairs of —
phonons. This is most simply viewed as two phonon
scattering of light in which a phonon of wavevector B Is )
created while another with wavevector —E+a is

destroyed. The net momentum is g and‘a scattering peak
centered at w=3-a wiil result, where v is the phoneon:

group veloclity. Since phonons near the Brillouin zone
bgundgry have. a high density of states and velocity v~0, a
broad gpectral intensity at w=0 will result.

A phonon-density fluctuation central peak lis
usually_QPserved near a critical structural phase
transition in a crystal. This may be understood in that
there is a hegligible direct scattering cross section for
the phonen density fluctuation (PDF) peak, whereas the
scattering is observed only indirectly via the PDF coupling
to the soft mode vhich occurs near the phasQDtransition.
The characteristics.gf the linewidth of PDF central peak
are that it ibits no g-dependence and it is linearly
dependent on_féhg rature, %4

The third mechanism of quasi-elastic scattering ‘is ;ﬁ//
due to the mobile defects in solids.®2:86 When a defect
ion hdps among sites, the f?éal polarizability associated

with the ion will fluctuate and result in a central peak

with a linewidth proportional to the hopping frequency of
8
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67

the ion. Halperin and Varma have developed a theory to

explain the effqit of defects on the static and dY?amic

central peak near a critical phase transition. hgﬁever,

X s
- h
neither the identity nor the concentration of the defects
in such crystals which undergo a second order phase

64 Hence the

transition can be experimentali> determined,
Halperin-Varma model has not been quantitatively examined.
The quasi-elastic central peak is usually related to

the soft mode in a crystal near the structural phase

Shﬁ\\\trans:j.t:f.cm. The total spectrum must be analysed in terms

of a coupling model developed by Fleurysz. If two

excitations (such as a quasi-elastic peak, and a Brillouin
D

peak) are &escribed_by_uncoupled susceptlbilities x? and

xg respectively, the coupled susceptibility x can be

62
0 - .
X
X = ! h/\ (3.5)

2.0.0
1-A xle

P )

is the coupling strength. The scattering of light

expressed as

where A2

is proportional to x, or more explicitly,

A ILx

S(q.w) = 2 [n(w) + 1] Im x(d,w) (3.6)
where n is the Bose-Einstein factor.
o f o de i

The quasi;f}astic centra{ﬁi?de in (KBr)l_x(KCN)x has

been revealed by neutron scatterifig experiments89 near an
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orientational glass "phase” transition rather than hear a
critical structural phase transition. The peak intensity
was found to increase with decreasing T near Tf. Howevér,
the resolﬁfion of those experiments was not sufficient to
measure the linewidsh of the central component. This has
left unanswered Qhether this peﬁk is qué to static’zr
dynamic phenomena. Here we report the measurements of the
qdasijelastisngstral peak in (KBr)l—x(KCN)x with x=0.35
and 0.5 using a high resolution tandem Fabry-Perot
interferometer. We find that the width oflthe central peak
.is Qtrongly temperature dependent and is dynamic in origiq.
The quasi-elastic spectra have been analysed using both
Michel's microscopic susceptibility model and the
phenomenol9gical coupling susceptibility model.

Considering the evidence of the dynamic quési-
elastic peaks }n other mixed crystals such as

8 69

and KTa Nb. C the feature of the

Rbl-x(NH 1-x "x 3°

6
4)xHZPO4'

central peak may be a universal property in glassy crystals

and certainly playg an important role in the intriguing

orientational glass state. ®

3.2 Experimental

——

The study of quasi-elastic scattering in solids is
usually frustrated by the presence of strong elastic light

scattered by static defects and inhomogeneities as

!
L}
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s
5

discdhsed-in the laéf section. A molecular-iodine filter?©
with a resonant absorption bald coinciding with‘fhe 5145 A
Argon ion laser line, is ﬁsually used to femove elastic
iight {rejections greater than‘lOT). A disadvantage of
this technique, especially when uséd for high resolution’
woré, is that other-absorptions in the 12 vapor introduce
structure in the iﬁstrﬁmeﬁtal.response which can mask
feat&res of interest in the qﬁési-elastic spectrim.

71 was developed

Althoﬁgh a computer normalizatiéﬁ“%echniqug
to coqpensaté for the messy transmission characteristics of
the iodine filter, this process éan ohly give reliable 
estimates of width f;r the quasi-elastic peak down to a
.1imit of "1 GHz (FWHM). The narrower peak is completely
masked by the iodine absorption.‘

“ By choosing a 90¢-scattering geometry and by using
only high quality crystals, we circumvented the need for an
lodine filfer, and we directly used a tandem multipass FP
to investigate the quasi-elastic scattering. The basic
experimental'arrangement has bee; describgh in section 2.2.
Here we emphasize maintaining parallelism of the FP
mirrors, elimination of modulation effects in the quasi-
elastic profile, as. well as reduction of stray light. A
new cr§ostat system inciuding a temperature controller will
be also described.

The instrument function is the spectral profile

which would be observed wifh\a purely monochromatic source.
. ;

~
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- t
The minimum resolvable bandwidth of the instrumental

‘function is defined as &Vor; given by

Avpy =

k3.7)

where AvFSR is the free spectral range and # the
instrumental finesse which is the key measure of the
1nte;ferometer ability to resolve Elosely spaced lines.
-The major factors which limit the finesse are (1) mirror
reflectivity{d% less than unity; (2) lack of flatheés and
paralielismgg}gairrors. Since the mirror reflectivit§ and
flatnéss are fixea, alignment-of the. Fabry-Perot becomes a
cruciél factor.

Alignment is even more important when collecting
-the very weak quasi-elastic scattering signal in KBr:KCN,
since this requires hours of data accumulation time for a
good signal—to—noise ratio to be achieved. Such a demand
can be satisfied b§ a computer controiled Fabry~Perot
interferometer. In this systeﬁ, a 4 MHz clock signal is
sent to an on-board counter whose output ;heﬁ'goes to a
digital-to~analog converter (DAC) which in turﬁ produces
the signal fo; rampinglof the translation stage. The five
alignment parameters of the tandem FP (two tilﬁ;:)
Iadjustments for each etalon ané one for spectral overlap)
are adjustable manually by vaé&ing 10-turn potentiomgters

and, following initial alignment, are then controlled by a

-
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computer via an eigﬁt channel DAC.

The basis of the feedback system fog;glignment
control 15 through use af the inte&ggted elastic intensity,
the value of which is monitored continuously. When this
drops below a prescribed percentage of an optimized initial
value, a sequence of test and correction steps is
initiated, varying all parameters until theqheight of the
elastic peak is maximized, indicatyﬁ;_?hﬁt alignment is
restored. - : ’

In order to minimize the resclution bandwidth, as
seen in eqn. (3.7), the free spectral range should be
decreased and the finesse increased. In this experiment, a
very sqglrnfree spectral range of typically 4 GHz was used,
corresponding to a‘“&rror spacing of 3.75 cm. At such a
large mirror separation, the walk-off effect becomes

g

significamt. The beam which is parallel and near to the

optical axis can be transmitted, while off-axis light will

N
walk off after several reflections between the FP mi%rérs.

Therefore the intensity of the stra& light caﬁ'baucut down,
We obtained an instrumental resolution of 70-%0 MHz and a
finesse gof about &0.
Tandem Fabry-Perots hav: an intrinsic weakness in
that modulétion effects may appear as a result ofdP
parasitic interferegce, produced by the inte;veggké space

of\{wg series connected Fabry-Perots. Such a modulation

effect can seriously distort the broad quasi-elastic

L
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profile. The method of eliminating this effect has been
published in Ref. 41. As per the argument by Vanderwallet
al., if multiple back reflections within the interetalon
gap ﬁave phase shifts of about 90° per cycle, wave
superposition Qiil suﬁcessively cancel the modulation. A
combination of a gquarter-wave plate and a metallic mirror
és shown in Fig. 3.1 can produce such phase changes. The
arrangement in Fig. 3.1 can reduce the modulation to noise

“level with a signal transmission loss of only about 6%.

! In order to further reduce the stray light
component, samples with good optica%iquality are essential.
Scattering from a rough crystal su?f;ce produées extremely
intense reflections, light from which may mask the e
quasi-elastic component. The clean surfaces were obtained
by cleaving the samples along {100} planes. The cleaved
samples were put under vacuum as quickly as possible so
that the surfaces of the crystal would not deteriorate by
exXxposure to molsture in the a;r.

The sample was cooled by a contihﬁous flow cryostat
(Model DC210, CRYO Industrjes of Amer. Inc.) which was
miznted directly above a standard liguid heliﬁm storage
vessel. A small pressure was used to transfer 4He~§aé onut
of the storage dewar into the transfer line and directly'to
the sample mount. Pressure inside tﬁe storage dewar was

adjusted using a h m gas cylinder containing_4ﬂe gas,

The t7ﬁ5;;ature can be varied from 4.2 K to 300 K by

e

/.



Fig. 3.1 A schematic of the tandem FP optics, showing
cube corner orientation and polarization effect. All

mirrors not labelléd are multilgyer dielectric type.

“({for details, see Ref. 41).
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adjusting the réte of helium flow. Additiona{ fine
temperature control was achieved by a resigggﬁée heater and
a temperature controller (Model 520, Lakéréhége
Cryotronics, Inci;. The temperature was measured using
both a thermoccouple and a silicon dicde.

. A serious problem in temperature measurements comes
from local laser heating which is difficult to est%mate,
since the thermometer can only be placed near the light
scattering region. In order to decrease laser heating, one
should. make the laser power lower. However, lowering laser
power results in a deeréase in the intensity of scattered
- light, so 1t is necessary to compromise between the need to
minimize local heating and have sufficient signal
intensity. We have measured the temperature of the
scattering volume by monitoring the Brillouin shift which
is a sensitive function of temperature near the
orientational glass transition.

The polarization character of the quasi-elastic
scattering component was investigated by the following
arrangement. The (100} surface of the sample was
perpendicﬁlar to tHe incident beam EQE_Egaafﬁfa) surface
perpendicular to the scattering light. The incident beam
was polarized along [001]) direction, while the scattered
light polarized in either [001] or [100] direction was
collected by changing a polarizer iﬁ front of the Fabry-

"-\‘
Perot Interferometer.
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3.3 Results and discussion

3.3.1 Spectral analysis

In light scattering experiments, the scattered
light, T(t), was analysed by an optical and electronie¢
system which is characterized by an instrumental function
R{t,t/). The measured signal, M(t), is a convolutidn of
the instrumental function and the "true" signal T{t) and is
given by the convolution integral72

- , .
M(t) = f R(t - t/) T(t/) at’/ = (3.8)

—x

The ideal instrumental function for a multi-pass
v .

Fabry-Perot intefferoﬁeter can be described by the Airy
function tiﬁéhe power n, where n 1s the number of passes.
In practice the detailed shape of the instrumental function
is modified by the size of the pinhole, parallelism of the
FP mirrors, photon counting process, etc. Therefore the
instrumental function used in this investigation was
measured as the response of the whole spectral collecting

system to the laser light. Mathematically if T(t) i% a é-

function, egn. (3.8) yields

M(t} = JﬁR(t - t/) &{(0) 4t/ = R(f) (3.9)

Thus assuming that the laser beam has'zefg linewldth, the
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measured elastic peak equals to the instrumental function.

We chose the elastic pgak, collected at either high
temperature (T>90K) or low temperature {T<40K) in
(KBr)I-x(KCN)x' as an instrumental function, since there
was negligible contribution from the gquasi-elastic
scattering to the elastic component in such temperature
ranges (we will discuss this latter).

Although congrolled by a computer, the alignment of
the tandem Fabry-Perot has slightly changed from day to day
which results in varying of the instrumental function. 1In
order to obtain such a function that truly represents the
response of the system at a certain perioé of tiée. We
took an instrumental spectrum fo{jevery series runs.

The extraction of the original signal T(t) from the
measured (or distorted} signal involves inve?sion of the
integral eqn. (3.8) and is referred to as deconvclution.
Because of spectral noise, this is an ill posed problem due
to the existence of a large set of possible solutions, all

————

satisfying egqn. (3.8) to within experimental errbr of

13,74

measured signal M(t). The challenge of obtaining

unique solution for deconvolution has led to many papers on

this subject.73'74
We have tried using three different deconvolution

techniques to analyse the quasi-elastic spectra in

(KBr)l_x(KCN)x; a Baysian probability method,72 a spline

function method77 and a constrained regularization

/
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d_73.74

metha The programming code of the first has been

written in this laboratory.'zs'76 The second and third are

available in FORTRAN packages called DECOSPTz and
73,74 '

CONTIN respectively. For our purpose we found these
techniques useful to obtain the phonon lineshape from the
Brillouin' component, but . all failed to extracthuasi—
elastic scattering ffom_the elastic peak. The wing of the
deconvoluted elastic‘peak showed many oscillations which
masked the detailed shape caused by the quasi-elastic
scatte?ing. This may be because these deconvolution
methods éannot handle the extremely sharp and strong
elastic peak whose peak ‘intensity is about six orders of
magnitudé-larger than the intensity of tﬁe quasi-elastic
wing.

Alternatively we directly used the convelution
algorithm to calculate eqn. (3.8). The assumed form of a
true signal T(t) is convoluted with a instrumental function
R(t-t/) and the result is used to fit a measured signal
M(t). The/;évantage of this method is that there were no
osclllations in the wiﬁg of the true signal, while the
disadvantages are that the priori knowledge of the true
signal is needed and fitting process is rather time

~sgonsuming.
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3.3.2 Quasi-elastic scattering

Fig. 3.2 and Eig. 3.3 show typical gquasi-elastic s
Brillouin spectra at various temperatures for x=0.5. The
dotted lines are experimental data which consist of a
quasi-elastic wing and an anti-Stokes transverse acoustic
phonon peak. For clarity the strong elastic peak at w=0
was removed from the spectra. The gelid lines are fitted
curves which will be discussed latter.

The spectra shown have the same intensity at the
-center of the elaific peak (at frequenc§ w=0). The
differences in intensity of the quasi-elastic wings at
different temperatures are very clear. At freezing
temperature Tf=80 K (fgr ®x=0.5) the quasirelastic peak is
very broad and it éarrows rapidly with decféasing

-
temperature. Below 50 K the quasi-elastic peak can no

longer be resolved: OQ the .other hand, at T>85 K the ’f//
quasi-elastic peak be;imES s0 broad that it cannot be
distinguished from the background. Sihilar results were
obtafhed for x=0.35 as shown in Fig. 3.4 and Fig. 3.5.

The spectra shown in Fig. 3.2 - Fig. 3.5 were taken
in X(2X)Y scattering arrangement. For X(2ZZ)Y geometry, the
quasi-elastic component was much weaker. Thereforeﬁgge
polarization séﬁection rule of the central peak is .
consistent with the soft transverse acoustic phonon, which

>

has a ng symmetry and only shows up in X(ZX)Y arrangement.

N\

<



Fig. 3.2 Quasielastic-Brillouin spectra of
(KBI‘)O_S(I{CN).O'.5 at T=81 K, 72 K, 64 K and 30 K. )
Dotted lines are experimental data and solid lines are
fitted curves. The spectrum at 30 K was uéed as a

resolution function.
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The detailed study of the scft phonon has been discussed in .
‘the last chapter. Here we Tiote that the integr%ted
intensity of .the phonon peak decrgfses with temperature.at
T<Tf, which indicates a transfer of intensity inta a .
central peak. This phenomeno& has also been observed in a
mixed ferroelgctric antiferroelectric system.68 ' ,

The solid lines in Fig. 3.2 - Fig. 3.5 are fitted
curves which are the result of a conveolution of. the
instrumental functién and a "true" signal. The deéailed‘
discusqion’of convblution has been given in 3.3.1. The
instr:a;ntal function for each set of spectra from Fig. 3.2
to Flg. 3.5 has been identified in the figure captions. |
The “frue" signal profile‘wag assumed to censist of three
components: a'delta‘function at w=0 which was due to a
stray light and extranecus elastic scattering from static
defects, a broad Lorentzlan guasi-elastic pegk centered at

w=0, which is of interest here, and a Lorentzian shaped

phonon peak. The heights of the three components, the

~widths G% the guasi-elastic and phonons peaks, and the

phonon frequency were left as adjustable parameters. The
results of the best fit are listed in table 3.1 for x=6.35
and 0,5 respectively. This treatment provides a high-
quality fit to the main feé?ures of the spectra as may he
seen in Fig. 3.2 - Fig. 3.5.

Logarithmic plots of the width (FWHM) of the quasi-

elastic peak for x=0.35 (circle) and x=0.5 (star) against

»

— .\
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1/T are shown in Fig. 3.6. The best fit was obtained with

v = 7.9 x 101? axp[-562/T] for x=0.35 (3.10)

12

and v = 2.8 x 10 exp(-612/T] for x=0.5 {3.11)

The activation energies and attempt frequencies in eqn.
{3.10) and (3.11) are in good agreement with those obtained by

19.28 Therefore we believe that

dielectric measurements.
the quasi-elastic scattering revealed the CN dipolar
‘relaxation process. Vv represents the most probable
reorientation rate which decreases as temperature
decreases, following an Arrhenius law. .

In light scattering measurements, the intensity of‘
the scattered light is‘Proportional to the Fourier

transform of the correlation function of the pelarizability

iwt

<x{t) a(o)> e dt (3.12)

)

where a(t) is the sample polarizability tensor and is a

function of the displacements and orientatigns of the ions

78

in the scattering volume. Each CN ion 1is characterized

by a polarizability tenscor with the components all aﬁﬁ o,
where || stands for the direction parallel to the CN~
dipolar axis, L for the direction perpendicular to the

axis (for details, see section 4.3). The CN reorientation

results in fluctuations of thé polariz€bility and leads to

.
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a quasi-elastic scattering component. A N

Fig. 3.7 shows the intensity of the quasi¥§lastic
peak at w=0 versus 1/T12 for x=0.35 and x=0.5. The linear
relation is evident and may be understood by Michel's
theory.sg

Michel has used a symmetry adapted spherical
Héfmonic function Y, to describe the orientational motion
of the CN ion. In an orientational glass state the
thermal axerage (denoted by < >} of Ya at a site ¢ is

nocn-zero, i.e. \ i

< (£)> # 0 (3.13)

while the configurational averéée {denoted by [ ]) of this
quantity vanishes, i.e. ‘
%

[<Ya(1)] = () <y (f)> =0 (3.14)

1

Nx?.
z'-'g

where N _ is the total number of CN~ ions in the crystal

with CN concentration x=Nx/N, and r(f) has value 1 where

there is a CN  at site { and value O when the CN~ is

replaced by a Br ion. A glags order parameter is further

defined as 7

—~
v o= (<Y _(2)>2) (3.15)
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and can be explicitly expressed as

2 h2 .
Y = x{1 - x) yw__I“ {3.16)
. T M

[~

where x is the CN concentration. T is temperature, Y
rep;esents a parameter of CN orientational correlation and
is weakly temperature dependent. h is the strength of the
random strain field which is caused by the different radii
between Br; and CN~ ions. \\\ ‘ ;\
Stérting from aAdynamical descriptioh'of }

translation rotation coupling and random field-rotation
9

-

coupling,3 Michel has formulated the neutron scatyering

law. The essential point 0f%£§§ scattering law is that in
addlition t&sthe inelastic acoustic mode, there is an

e;ast%f"scattering component whose differential cross .éi/
section is proportional to the glass order parameter, i.e,

do
an =V . (3.17)

Since below Tf, Y increase monoionically with decreasing T2
as described }n eqn., {(3.16), the intensity'of the
corresponding quasi-elastic peak shoufﬁ increake as 1/T2.
From the_g}npé% of éhe linear fitting lines in Fig.
3.7, wg obtain h(xfgisoéh(x=o.35)”§.5: _This_value suggests
that the random field Sﬁ'the orienigtlonal motion of CN~

-»

. N "
ions for x=0.5 is stronger than ohe for x=0.355/;s

}
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,expected. As discussed before the random field is due to

the difference in the ionic radii of the substitutional
lons. Therefore at the x=0 and 1 limit, the fandom field
should be zero, and be a maximﬁm at x=0.5. The TTZ
behavior o: Y which leads to a diﬁerg ‘ce of the central
peak at T=0 is no longer valid at lowW temperature (<30 K),
here a quantum me;hanical calculation is required rather

han classical statistical %?chanics used here.

Iy .
From our investigation, the-central peak exhibits a
t

" strong temperature dependent linewidth abd must be dynamic

. b
in origin. Comparing the resul f neutron and light

scattering, we suggest there may b& two contributions to
the central peak: first of all, at temperature below Tf,
the elastic interaction between the cyanide quadrupoles
tends to freeze their axe® into a particular configuration.
Thé static strain, which accompanies such local freezing in
cyanide quadﬁypoles, results in a static central component.
Secondly, since the CN electric dipoles, remain free to
flip over below Tf, there gill also be a dynamic scattering
central coﬁponent. This picture has‘a closg’link to the

thecry of Halperin and Varma.67

They classified the
defects in solids into relaxing and frozen types. _The
frozen defects causﬁ_elastf! scattering with a zero
linewidth of statigjcentral mode, whilé:the relaxing

defects lead to a %ynamic central mode whose linewidth is

proportional to the hopping rate for defects moving among

{
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quasi-equal energy positions. Michel also separates the
central mode into a static part (due to a breaking of local
symmetry) and a dynémic part (due to time—depgndent
orientational fluctuations}. But an arialytic solution of
the dynamic part has not vet been forghlated.

We have attémpted to use the coupled susceptibility
mode 15479 to analyze the experimental spectra. Inlthis

N . o : 79,80
model the susceptibility x is expressed as

[T 2
x"l(w) = wz - w? - 2iar —-%%I&- (3.18)

N

.
o where the first three terms describe/gp uncoupied acoustic
U ' phonon (osciilator) with freéuencﬁ/;a aﬁd damping ra. The bﬁ7
. last term provides coupling of strength § to a central mode
with a Debye relaxation rate y. The spectral profile‘for

. ; t 79,80
this co?pled'mode pair is thus given by .

s = % ((w) + 1] Im x{(aw) (3.19)

where n{w) is the Bose-Einstein thermal factor. An atte?px”ﬂ
was then made to fit the quasi-elastic Brillouin profile by
_Convoluting the instrumental function with the results
\ calculated via eqns. (3.18) and (3.19). Here the values of
) 4:? w, and I', were obtained from a Brillouin peak taken-at room
temperature whgigi/}t is assumed, no coupling occurs. & ¢
and Y were treated as free fitting parameters: however, it
s | P
" . S
.- ,I(,!'
!

7

g S
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proved impossible to fit the dapa. é could be adjusted to
yvield the correct renormalized phonon frequency, but if v
was chosen to yield the correst phonon width, the quasi-
elastic peak was too narrow. Cbnversely{‘if the quasi-
elastic peak was fitted, the calculated phonon would be
about two times broader than the experiment;& one,

This sug%fsts that the quasi-élastic central peak,
and the phonon broadening and renormalizatibn are mainly
due to §w0 different processes. From activation energies .
obtained }rcm‘the Arrhenius plot in Fig. 3.6 it seems thht
the central peak is due to'scattering by the electric
dipole. The analysis in Chapter ZJnggests that the

phonon, on the other hand, is affected mainly by the

. elastic properties of the CN~ ion. Jr'

" consider this ﬁzgk,xo be due to the dynamic process of the B

In conclusion, we have observed a dynamic central
peak in (KBr)l_x(KCN)x. the temperature dependence of the

linefggtﬁﬁéf this peak follows an Agxrhenius law?\ We

CN~ dipole reorientation. ' -
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CHAPTER 4

Polarization Anomalies in .(KBr)l_x(KCN)x
Under a Uniaxial Stress

L

. -

4.1 Introduction

3

The«?N‘ ion in (KBr);_x(KCN)x has a small electric

dipole moment (4=0.07 eA) and an elastic quadrﬁpole momen £
due to its ellipsoidal shape (majsr and minor semi-axes

81

~2.15 A and 1.78 A respectively). As a result the CN~

lon can’interact with both an electric field and elastic
stress. The interaction energy of (Eele) the electric

dipole (Ji} with an applied electric field (F) can be

c§i> expressed as

P
E z “i E

ele 4

i (i=1, 2, 3) (4.1)

-

By analogy to the electric dipéggfﬁthe interaction energy

v
of.anﬁggastic quadrupole with a stress field, 3, is given
¥ LY .
L .
byaz .
q_/ * k
Eelas = —voi§ Aij Uij (4.2)

o

where vg'is.the atomic volume of the host crystal, and X

PO
g 77 7

- .
w
- -
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s a second rank métrix which describes‘the elastic.
quadrupple.
N Since the averaga;size of the cyanide ion is similar

to that of_ the bromine, mixed crystals‘(KBr)l_x(KCﬂ)x‘éan

be made over ‘the entire range from the dilute.case, *=0, to

the pure KCN.limit, ¥X=1. The behavior of (KBr)l_ (KCN)x“b

under application of streag\or an electric field, has been

previously s&ggﬁéaiiﬁ-éhe two extreme ca?EB outlined above.
In pure RCN, the CN™ jons are free to rotatetat

_ , _
high-temperature and the structure is cubic. When the ’
" . - -‘4 )

ﬁ‘}emperature is lowered to 168 K, the KCN g%ystal undergoes,
o ’ - | . . .'.-‘;—_-
a first order phase transition to an ortho%EGmbic v

structure in which the CN~ ions are aligned a;au%ﬁ;:e <110>

directions in a ferrocelastic state. The onset of Tthis

transition is marked by the éppeafance of domainéz\énd .
optical'g%acity. By application of uniaxial stress in ‘the

T
ferroelastic phase, Durand et 51.83

aligning a fraction of the elastic domains‘in one direction
and have observed paftially'polarized Raman spectra. By
varying the stress and light scatterigg geometries, Durand
et al.83 have determined the symmetry propertieé.of the ™

Raman active modes in KCN. 2

——

\ In the dilute case, the CN~ ions rotate in a-wery
shallow octa}ei'&ﬁal‘/c_:ystal field with minima in the eight

<111> directions. Therefgore the CN~ bqﬁavior can be easily

b

affected by external pertuﬁbations. Under application of a

-

-~ N

have succeeded ln o
L ' .

-~

L

~
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uniaxial stress, high resolution infrared spe'c’:trdscopy84
has revealed stress -induced splitting of CN~ Eunneling
levels which are otherwise degenerate The CN~ electric‘
dipoles can also Bé partially aligned along the direction
of the applied electric field at low temperaturesjas' The
alignment of the CN dipoles results in an anisotroﬁy in
the optical properties of the‘originally optically
isotropic crystal, whereby the crystal becomes doubly
refracting (Kerr effect). The s%ﬁdy of this effect by Luty
et al 85 showed that the behavior of the CN  alignment is
paraelectric and follows Curie's law. -
| When approaéﬁtngxthe intermediate CN~ cehcentration
range (0,01<x<0.6}, a complex situation is encountered. 1In
this regime, there areg strong interactions among CN~ ions
so that, in contract to the dilute case, Curie}sllaw which
neglects the CN -CN™ interactions may not se valid; nor
are there, unlike pure KCN, an? observahble elastic domains,
To our knowledge no stress or electric field related

experiments in this CN~ concentration range have been

reported.

Herein we present thefresults of stress-induced
. !

r

Brillou;n scattering'anomalies\at CN~ concentrations of
¥=0.35, 9.5 and 0.6. We have found that certain strong a
Brillouin spectral components appeared in a symmetry

-
forbidden polarization under a uniaxial stress.
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* 4.2 Experimental

The experimental arrangement used for this
measurement is as similar as shown in Fig. 2.1. The light
source used was an Argon ion laser. The scattered light
was analysed with a single Fabry-Perot interfierometer in
two-pass configuration.

The laser beam was incident along thet[loo] axis of
the KBr:KCN crystal with its polarization along the [001]
axis. The scattered beam was located along the [010]axis
with its polarization along the [001] or [100)]) direction.
These two scattering ariangements caﬂ be expressed as
X{Z22)Y and X[ZX]Y respectively, and will be referred to,
using the conventional notation, as VV and VH.

The highly pelarized incident beam was achieved
using a laser-polarizing cﬁbe, which was made of pairs of
righé angle prisms cemented together, and separated by a
special multilayer dielectric film. The polarization of
the scattered light was examined by a sheet polarizer with
extinction ratio better than 1 part in 1000 and a
transgission of over 95%. This polarizer was mounted in a
rotary head, thus ﬁermitting any desired angle of
polarization to be chosen.

Stress was applied along the {001] axiénbf the
sample with a spring loaded screw. In order to pfévent

plastic deformation the applied stress éhould be less than



4

a1

-

10 kg/cm?.  The magnitude of stress was measured at room
temperature foz each run. Some uncertalnty in the’absolute
value of the -stress may have resulted upon cooling, due to
the different thermal expansion in the sample and the
sample holder.

The saﬁple was kept under vacuum in a continuous
flow helium cryostat, wherein, temperature was monitored by
both a diocde thermometer and a thermocouple. For a more

detalled description refer to Sectian 3.2 of Chapter 3.
4.3 Results and Discussion

The inten51ty of the Brillouin scattering is-
proportional to ? ey 2 (for detalls, see section
2.3.3), where 31 and es are respectively inciden£ and
scattered light polarization vectors, and B is the ) K
Pockel's-matrix which has been tabulated for various.
crystal symmetries qnd light scattériﬁg geémefries.60> In
this case thg_sampléﬂﬁhs~ggpic symmétry, and a 90°- '

.scattering a:rahgement is employed.

Considering the VH polarization é?nfiguration the

.‘-.-' \

Brlllouin intenSJty {IVH) scattered from the longitudinal

acoustic phonons along (110] direction can be written as -

o
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t> Py1+Py, 2P, 0 1
. L 2. _
Iyg @ ley - B e | “ =|o013| 2p,, P 4P ., O 0
L 0 P1p7Pyq

For the VV configuration, we find

L
vv

. 2
fyy @ 1P ~ Pygl

The Pockel's_matriceseo for the transverse acoustic

phanons along the {110] direction, with T1 (or Eg} and Tz

{or T2g) symmetries, are expressed'aé

J

P117Pyp O 0 | 0 0 Paa
By = o PyyPyy Oland B, © =] 0 o P,
0 o . o . p P )

44 44

1

respectivelﬁ By the'way of a calculation similar to that

described above fcr longitudinal phonons, we obtain

AL

_—
T2 T2
Iyv 0. Iyy «lPg,l )
TLT . T1 _ :
and | IVv = IVH = 0 !

Thé"sg;ection rules'gfe thus ,completely determined

by the le; B éslg term. For the KBr:KCN cuibic system
in our scattefing arrénggment, the VV spectrum should
contain only a longigpdinal'acoustic phonon peak {(LA) and

. . » .
the VH spectrum only a.T transverse acdustic phonon peak

29

7 g

A
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(TA). The T, acoustic phonon is forbidden for both VV and

VH spectra, %
< .
Measurements with the VV and VH configurations have

been performed on stress-free samples with x=0.35 and 0.5

from 30 K to room temperatures. The polarization selection

rules were, found to hold. This is not surprising, since

below a cr;ticaé CN; concentration, %x70.6, KBr:KCN do not
- r

" undergo the cubic to orthorhombic phase transition.

Instead, ‘the CN™ iSns freeze ihto an orientational glass

state as the temperature is lowered, while the lattice

6

structure remains cubic.
. . ‘ ]

Under an external stress of 105Pa along the [001)]
directicn, Brillouin spectra for pure KBr and for x=0.2 at
témperature ranging from 30 K to 295 K did not reveal any

polarization anomalies. A t§p{pal spectrum taken at room
. : :
temperathre for KBr is shown in Fig. 4.1. Room temperaturé
spéct;a of x=0.35,- 0.5 and 0.6 also contained no
polarizatign‘anomalies as,illﬁétrated in Fig. 4.é for the
x=p.§.samplé. 'HoJéver, as the temperature was lowered, the
polarization of theiBrillouin peaks bhanged dramatically
for the stressed samples with 0.35<x<0.6. There were no
oqservaSie changes in phonon frequency and linewidth
induced by the stress.
Fig. 4.3 shows typical VV and VH spectra for x=0.5

at T=120 K., The symmetry forbidden LA peak appears in the

VH sﬁéctrum and TA mode 'in the VV spectrum. We will refer
. .
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Fig. 4.1 The VV (solid) and VH (dashed) Brillouin

spectra for,pure KBr under a stress of 10° Pa along

(001) at room temperature. The symbols S and AS refer
N\ ’

to the Stokes and anti-Stokes peaks respectively.

-

-
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Fig. 4.3 The VV (solid) and VH (dashed) Brillouin

spectra for x=0.5 under the same stress at 120 K. The
e 4 -

free spectral range was 19.8 GHz. For visual clarity,

the VH'spectrum has been shifted verfically. The

backgrounds of UV and'VH spectra should be identical.
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to the intensities of the TA mode occurring in VH and VV

spectra as IVH and f&v respectively. The typlcal ratio of
IVV/IVH for x=q.35, #=0.5 and x=0.6 against temperature,
under [001) stress of'105 Pa, are shown in Fig. 4.4.  The
anomelous TA component in the VV spectra first occurred at
around 120 K for x=0,35, 160 K for x=0.50, an& at 180 K for
x=0,6., The magnitude of this ratio increased with
decreasing temperature, reaching a maximum at an average of
75 K for x=0.35, 100 K for 0.5 and 125 K for x=0.6.,
Increasing stress produced more pronounced anomalies. fhe
ratios IVV(IVH under a stress of\BxlO Pa. for x=0.35 and
0.6 are shown in_Fig. 4.5. The polarization mixing even
Qccurred at room temperature for X=0.6. The occurrence of
the forbidden IVv was reproducible around certain
temperatures. However the absolute wvalues of IVV/I and

VH

the position of'the maximum of the ratio varied from one
run to the next due to changes in the location of the
focussed laser beam in the sample; hence, Figs. 4.4 and 4.5
represent averages over many experiments.

Thereware two reasons to suggest that CN ions favor

N

alignment sloag [110]) axes when under (001] stress,
%irstly, when‘pure KCN undergces a cubic to orthorhombic
structural phese transition, CN~ ions are aligned along
'[110j and form ferrocelastic domains,? which indicates that

[110] is the easier direction for collective alignment of

CN™ ions. So also KBr-KCN alloys tend to change from
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Fig. 4.4 A typical ratio between the inteﬁsity 'of 'i‘A
ﬁodes in the VV (forbidden) and in the VH (allowed)’
polarizationsn_fqr x=0.35 (0), x=0.5 (*), and x=0.6 (;)
under a stress of 105 Pa, is plotted against

temperature.

] ( :
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Flg. 4.5 A typical ratio between the intensity of TA
modes in the VV (forbidden) and in the VH (allowed)
polarizations, for x=0.35 (0) and x=0.6 (+) under a

stress of 8x105 Pa, is plotted against temperature,
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"cubic" to "orthorhombic" symmetry under a uniaxial stress.
Therefore the CN~ ions favor alignment along [110].

Secondly, in the intermediate CN_ concentration, CN~ ions

86 86 87,26

may form pairs, triplets, even domains. A

possible lowest energy configuration of CN pairs is that

CN ions are.in the <110> dire;tfon and "nod" toward each

other;86 that is, the dipole pair axes converge, in

contrast to a dipole pair with parallel axes.
.Each CN~ ion has a polarizability tensor o with

different components parallel (ar') and perpendicular (ql)

85

to the dipole axis. The refractive index (n) is related

to the average polarizability by the Lorentz-Lorenz

formula85

2 .
o = 3 n- -1 (4.3)

4N n2 + 2

Cyanide 1lons have sizable elastic dipoles.4

A [110}
orientation for these elastic dipoles will be favored by a
{001] stress and will result in a difference in refractive
index

an = n,l - n, = (a[l - ql) F (P.T.Ua,o (4.4)

'y i)
where F is a CN partial alignment function which depends
on the CN elastic dipole moment P, temperature T, applied
stress o_, and stress o, caused by CN -CN  interaction.

This birefringence An introduces a phase shift between the

scattered light components parallel and perpendicular to
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- 85,88
the direction of CN™ alignment given by
, L
s = 29 an : - (4.5)

-

where A is the wavelength of light, 4 is thé optical path
length. The phase shift produces elliptical polarization
of the emerging light; The weak birefringence effect due
to partial alignment“of CN~ ions under stress was observed
in the Brillouin component but not in the elastic peak.
The reason is that the Brillouin peaﬁais scéttered light
whose polarization is determined by the Pockel's matrix,
while the elastic peak is unpolarized scattered light
produced by static defects and surface scattering. It is
obvious that the birefringence‘has no effect on the
unpola:ized light. *

With decreasing temperature thermally activated
randomization decreases, while more CN ions are aligned by
a uniaxlal stress. Hence the normally VH polarized TA mode
gradually becomes elliptically polarized. This
polarization was verified by use of a rotating polarizer
and a quarterwave plate. Thus a TA peak appears in VV
spectra and\an LA peak in VH spe;tra at lower temperatures,
and the Ivv/IVH ratio increases. As the temperature
decreases further, a very fine pattern of ferroelastic
démains may begin to form: these have been observed in pure

9

KCN crystals.8 The random nafture of the domain structure,
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1.e. each domain may not be aligned in the same direction,
would decrease the IVV/IVH ratio and the ratio would
exhibit a maximum,

The diameter of the scattering volume was reduced
from 209 um to 32 um by'changiné the focal length of the
focussing lens. However the general behavior of the
Lyy/ Iyy Tatio remaine;'the same. Therefore, if
ferroelastic domains exist the size of the aligned domain

under such a stress must be less than about 30 pm. The

maximum value of IVV/I increases with increasing CN~

VH
concentration and stress. This can be easily explained,
since the birefringence effect is dependent on the number
of CN  ions aligned.

The ratio IVV/IVH'is also dependent of the phase
shift which in turn depends on the stress as shown in eqn.

{4.4) and (4.5). The IVV/IVH ratio was observed to vary

with position of the laser beam in the sample. This may be

due to a non-uniform distribution. of stress, caused by {/)

thermal contraction of the sample and sample holder.
Resultant variations in stress and position could lead to
the lack of reproducibility we have observed:

In summary, we have observed ellipé?éally polarized

transverse accustic phonon peaks in (KBr)l_x(KCN)x under

. 1 .
uniaxial stress using Brillouin light scattering. This

symmetry forbidden scattering may be explained by a stress-—

inddced partial CN elastic dipole alignment, which causes

ST
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\\E\Qpak birefringence gffect and has significant influence on

the polarization 6f the Brillouin scattering components.




CHAPTER &
Double Relaxation Processes in (KBr) 4 5(KCN) o

5.1 Introduction

. | .
The occurrence of a primary or a-process and a
‘ ¢
secondary or B-process in amorphous solids can be generally

observed by dielectric and mechanical relaxation

90,91

spectroscopy. In these systems the B-relaxation

\

exhibits an Arrhenius typﬁ of'?ehavior and appears far

below Tg' the glass transiffbﬂ temperéfure, while the «o
relaxation often follows a Vogel—Tamman—Fulche} law and
occurs near Tg. Surprisingly similar behavior has.been

cbserved in (KBr)l_ an orientational glass

*

crystal.ze'zg. The clearest evidence comes from the

< LKCN) 2o

torsien pendulum measurement. In that experiment29 there
were two well defined peaks occurring in the internal
[ \
friction loss data as a function of temperat&;elat a
frequehdy of 100 Hz. The primary peak at 7% K was
interpreted in terns of'quasi:polar relaxation, while the
secondary one at 30 K in terms of electric dipolar
- : '

relaxation. {

Here, an attempt was made to simyltaneously observe

94
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the double relaxational\peaké in either Brilldg:n of

dielectric spectra.

Dielectric properties of (KBr}l_k(KCN}x have been
investigated by several groups.’’ *? The real (é') and
imaginary (e//) part of the dielectric permittivity have
been measured as functions of frequency, temperature and
CN concentration. In this investigation, we extend
previous work to lower temperatures ("1 K), with particular
emphasis on the temperature region above and below the
dielectric loss peak at 30 K for the x=0.§ sample. Since
the relaxation regions are better resolved in plots of -~
tans(=e’//e’) rather than of e”,gz due largely to the ]
sharper peaks observed in the former, we directly meastred
and presented data in terms of tans.

It is well kﬁéwn that both « and B processes lead to
a change in slope of the Brillouin shift versus

temperature.93 Considering the weakness of the possible

J

change for the dipolar relaxation, we repeated the previous

-

Brillouin measurements at much smaller temperature steps

-

than before., In addition., a very small laser power (~10

mW) was used in order to prevent any temperature error
i

_—

. o
introduced by laser heating.

w -

) - S v
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5.2 Exﬁerimental

The capacitance and dielectric loss factor of the
sample were measured using a General Radio 1615 A
transformer ratio arm bridge. A sine wéve generator was
used as a variable frequency power dource to drive the
bridge. The\output signal of the bridge was 'selectively
enhanced by a Rohde and Schwarz t;nahle amplifier. A
Hewlett-Packard oscilloscope served as a null detector.
The measured values of capacitahce and tané (dissipation
factor D times operation frequency) were accurate to within
0.1 and 0.01 respectively.

The .(KBI‘)Oos(KCN)0.5 crystal was cleaved along the
{100} planes with a section of 11x4 hm2 and a thickness of
1.4 mm. The cleaved sample hgd‘a very clean surface and
care was taken to prevent hygroscopic damage. éilver
electrodes were evaporated onto each side of the sample
under vacuum. Copper connector wires were then glued onto
these two electrodes with silver paste. Insulating teflon
tape was wound around the sample and its connection Wires.
This assembly'was then shielded by an aluminum foil which
was connected to the ground.. All connections were made
with coaxial cables in order to minimize noise.

The sample was mounted in the end of a long thin
' L
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¢ wall stainless tube which was inserted into a liquid helium
dewar (Model USHE30A, MVE Cryogenics Co.). Temperature was
varied by adjusting the distance between the sample and the
liguid heljum surface. With this arrangemenf.
appfoximately 15 minutes were needed for‘equilibripm
temperatﬁre to be reabhed. The lowest availlable
temperature is about 1.2 K attained by pumping on the
liquid helium.
- An Au:0.07% Fe - chromel thermocouple was kept in
contact with the sample with its reference junction in
liguid nitrogen. Au:Fe - chromel was used since its change
in emf (711.33 uV/K) is much higher than that (~1.48 RV/K)
for a common Copper-Constantan thermocouple in the
temperature range from 1.2 K to 4.2 K. However care must
be taken in handling this Au:Fe wire which is very easily
broken.

The Brillouin profile of (KBr)O_s(KCN)O.5 was
measured by a tandem Fabry-Perot interferometer'.dn two-pass
configuration. Phonon frequency was an average of the
Stokes and anti-Stokes shifts. Detailed techniques have

been described in Section 2.2,



5.3 Results and discussion

It is known that the slope of the acoustic phonon
frequency (v) versus temperature at constant pressure (P),
"(BVIBT)P, is related to the thermal expansion coefficient,

a=1/ﬂ(aﬂ/aT)P, by the expression93

L

%’(ﬂ) = vy %(_32) (5.1)

where y is the Grilneisen constant and 1 is the volume.
Since the thermal expénsion coefficient o usually
experlences a well defined step near a freezing
temperature,9¢ a change of slope (av/aT)P should result.

Fig. 5.1 shows the ng phonon fregquency as a
function of temperature. From this figure there is no
evidence of any change of the slope apart from the one at
80 K, the quadrupolar freezing temperature, Specifically,
there is no kink in the phonon frequency around 30 K, at
which the CN~ dipoles were frozen in as measured by
dielectric technique. This result may be understood as
follows.

The freezing in of CN dipocles is a continuous

process upon cooling. Depending on the frequency of -the

probe, the CN~ dipoles may or may not appear frozen. As
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the probe frequency increases, the freezing will occur at

28 por x=0.5 samples CN dipoles

28

higher tehpefatures.
freeze at "30 K at the kilchertz range. If dielectric
measurements were performed in the gigahertz rénge, CN_
dipoles would freeze at ~80 K by an Arrhenjus

28 Therefore the Brillouin scattering cannot

exXxtrapolation.
resolve dipolar and quadrupclar relaxation processes which
happened to superimpose at T"80 K in the gigahertz
frequency range.

The capacitance CP and tané of the (I(Br)o‘&.)(KCN)Q.5
were dirgctly read from the high precision bridge. They

are related to the real and imaginary parts of the

dielectric permittivity by expressions

el =—E- ‘ (5.2)
o
and €’/ = €/ tané {5.3)

where C0 is the geometric capacitance determined from the
sample surface area and thickness and is about 0.278 pF
for the sample used in this measurement. Following the
argument given in sectioﬁ 5.1, we present our results using
tand rather than e//.

Fig. 5.2 shows tans of (KBr)O'S(KCN)O.SIagainst
temperature at frequencies of 1 KHz and 10 KHz. The
capacitance which is related to e’/ is also shdwh in Fig.

5.3 for comparison. The general behavior is very similar

A
™
)
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L4
-

Fig. 5.2 The dielectric loss tangent of

‘(KBI‘)O.‘;—J(KCN)O.5 against temperature at 1 and 10 KHz

frequency. The 1lnset shows an internal friction curve
obtained by the torslon pendulum measurement (after

Ref. 6).
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to. results previously reported:17_1g there is a dramatic
drop in C, and a dielectric loss peak around the dipolar
freezing temperature of “30 K. The position of the maximum
of the tans shifts to higher temperature as frequency
increases from 1 KHz to 10 KHz. There is only one loss
peak in the temperature range from 1.2 K to room
temperature.‘ Specificaliy there is no evidence of a loss
peak around T=75 K which is associated with the quadrupolar
freezing.

It is clear that the dipolar freezing causes an

29

elastic loss peak in the pendulum experiment, while the

quadrupolar freezing does not lead to an electric loss peak
' ' .

in dielectric measurements. This fact may be due to the

tempexrature dependence of the dipole-guadrupole (D-Q in

shorg) coupling. .The freezing of the guadrupolar occcurs at
[Ty .

—_—

e \__
coupling is weak. Therefore the dielectric measurement
. i
cannot. detect the quadrupolar relaxation behavigr and only

rather high temperature. {("80 K for %x=0.5) where tgi'D—Q

reveal one loss peak due to the dipolar freezing. AsKthe
temperature is lowered, the D-Q coupling iﬁcreases, with
the result that the elastic probe of torsion pendulum can
see the dipolai freézihg process which occurs at lower

/\:emperature than Quadrupolar freezing. Hence there are two

\ loss peaks in the pendulum measurement.29

/

N —
The majority of CN dipoles are frozen at

temperature “30 K. However there®are some locr&ﬁzed
/

(_‘,\
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regions where thermally excited{er tunneling CN~ dipole .-
reorientation may be available at T<30 K. We have
carefully examined tans of the sample in the range of .~
1.2K<T<30K and found no sign of another Qielectricffggs&\’
peak; however, as shown in Fig. §.2, the low temperature
wing of the loss peak centered at ~30 K for 10 KHz is
slightly higher than the high temperature wing. This may
be caused,ky the temperature independent contribution of
CN~ tunneling motiom.

In summary, Brillouin scattering revealed only one
relaxation process which may.be explained as a result of
the overlapping of « and ﬁ-processes in the gigahertz
range. Dielectric measurements show no evidence of the
quadrupolar freezing, which was explained due to the weak
D-Q coupling a} gquadrupolar fre:zing temperature,
Asygmetry of the diglectric loss peak indicates the

occurrence of CN reorientation BY tunneling at low

temperatures.



CHAPTER 6§
Low Temperature Relaxation in (KBr)O S(KCN)O 5

6.1 Introduction

The low temperature thermal properties of pure

5\
dielectric crystals are determined by long wavelength

g5

phonons of wavelength 100 nm at 1.0 K. For such phonons

both a c¢rystal and an amorphous sclid appear as an elastic
T

continuum. One may expect that the Debye T3 law for

specific heat and thermal conductivity can be applied to

both crystallihe and amorphous states. However amorphoﬁs

so0lids pehave in a very different way. As first discoveré&x

by Zeller and Pohl,96 the low temperature specific heat is
proportional to T and thermal conductivity to T2. These
anomalles are universal and independent of the chemical
composition and the ;Lrity of thg/;morphous sélidé.

To explain these effects, a tunneling state model

£
was proposed by Anderson97 et al. and independently by

Phillipsga. They suggested'that a certain number of atoms
in a glass may have two equilibrium positions corresponding
to the two minima of an asymmetric double-well potential as

shown in Fig. 6.1 Quantum mechanical tunneling of the low

105
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where P is the density of the two level states, =

ﬁéxcitation entity from one of the well minimalFo the other

through the barrier ggparating them resultéliﬁkgwo closely
spaced‘energy levels: a two-level system. Distribution of
well asymmetry (4) and barrier height (VO) results in a
broad range of energy splitting E between the two levels.
The thermal properties of the 4lass can then be determined

by the localized two-level systems. Following this

model,%7:98 e specific heat (C) and the thernal

conductivity (K) are given by20 °
C=¢CT+ (C, +cC.)T (6.1)

‘ 1 D 3 . :

. _ 2 2
with C1 = (7%/12) kB Pin (4t/tmin}, (6.2)
and K = (kJp/6mh?) ¢ (v,/Py,?) 12 © {6.3)
. i '

min the

minimum allowable relaxation time of the tunneling center,

-~

\ ~
p the dsn51ty of the sampleuﬁfg<the velocity of the -
i

acoustfé phonon mode i, and the coupling constant of the

tunneling states to the phonon 1i. The linear term C T

varies logarithmically with time and the (C +C 1T term is

mostly due to the Debye phonon contribution. 'i 6

These theoretical results can be used to describe
£

the experimental data (for reviews, see Ref. 99 and 100).

However, there is nc satisfactory theory to exXplain the
X

physical origin of such tunneling states. This

disadvantage has hindered a detailed understanding of
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-
~

2 1
Fig. 6.1 Asymmetric double well_potential with

asymmetry 4, barrier height Vo’ and well separation 2d,.

. | -0
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| , : ,7 .
.amorphous solids. : - .
Recently, (KBr)l-x(KCN)x were found to exhibit loé\a

temperature thermal properties simllar to those found in

glasses. Measurements on the specific heatzl'zz. the

21,22

thermal conductivity ., the dielectric constantzz. and

fhe ultrasound absorbtion and dispersionls have reveal;d
that in (KBr)l—x(KCN)x with 0.2<x<0.50, Tow-enérgy
excitations are present, characterised by a broad spectrum
in energy and relaxation time. The theoretical studie338
havg“given rise to speculation that the frozen-in dipoles,

capable of reorienting by 180° flips, are the tunnéling

entities that cause the universal glass properties of

" (KBr), . (KCN) . .
Ih the present work, the relaxation effects in

(KBr)O.S(KCNO.S have been studied, using different/;herq@l
treatments on tﬁe sample, in the temperature rangé/froﬁ 0.1
to 1 K. For both quenched and annealed samples the
specific heat data ar; the samé anq agree with reporfed

5 results. However, the heat drift results are different for

samples witp_éifferepi’thermal histories. 1In addifion, the
‘tiﬁe\gecay ofxéémpé?ﬁtUre after applying a thermal pulse
- has been analysed, and was found to follow a stretched

exponential form.
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6.2 Experimental

-

4He dilution refrigerator (Oxford Instrument

A %He-
Ltd.) was used for producing low temperature (0.1-1.2 K) in
this experiment.

A copper tray used to hold the sample was mounted in
a frame using nylon lines which were loaded with springs to
eliminate vibration;. The frame.was suspended below the
mixing chamber. A mechanical heat switch was used to
control the cooling process.  If the switch is on, the
mixing chamber will thermally contact a gold-plated copper
attache? to the tray. The operation of the switch should |
be gentle sc that heat generated in switching was
minimized.

Three carbon resistance thermometers were located
in the mixing chamber, still,‘and cold plate respectively
to monitor changes of temperature. The tehé;fatﬁre of the
sample was measured by a germanium thermcometer which was
calibrated p::'evilmm.l*,(.J'-01 Each thermometer was connected
in series with a standard resistor and a source of constant
current. The voltage drop across the thermometer was
measured with current flowing in both direct and reverse
directions. The average potentiq} thus obtained eliminated
%hermal emf's. The driving currenf was adjusted to satisfy

requirements for the minimum thermal heat dissipation and

maximum measurement sensitivity. Va
&
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The heating element was a maganium wire (100 Q)
which wound the sample tray. By measuring the voltage drop
across the wire and its resistance, we can accurately know
the heat supplied. All electrical leads were well anchored
to the thermal sink before reaching the experimental space.
The high wvacuum (310-6 mm Hg) was maintained around the
sample throughout the experiment so that the heat loss from
its surface due to gaseous conduction or convection was
negl&gible. At very low temperatures (<1 K), the thermal
radiation which is proportional to T4 was insignificant.

The entire system was mounted on heavy concrete
blocks on a basement floor and puﬁping lines were tightly
secured in ordgr to reduce spurious\sfating from

mechanical vibrations. The whole system was built and

4

tested by Dr. Morrison. : }/_
? Specifiéﬁgeat capacity was measured by the heat
pdléé technique.102 After a known quantity of energy was

-

applied to the sample, temperature drift versus time was
recorded. The drift was contributed by the relaxatiocnal
effect in the sémpleiand a vgry.small heat leakage due to
incomplete adiabaticity. The initial and final temperatufes
of the sample were obtained from extrapollation of
temperatu{g @o the mid-point of the heating peri&é\khich
lasted 60 seconds. Hence the specific .heat capacity ()

and heat drift (Q) can be easily obtained by eguations

S

7

B



O

AE
cC=—7 . (6.4)
IRAT TN
. T, - T1/
and Q=2¢C — ' (6.5)
t2 _(tl . N
- -

where AE is the energy sﬁﬁp}ied, which results in a
_.\ '

temperature jump AT of the sample.‘zp is the mass of the

sample, and T2—T1 is the temperatur\ qha§ge in the time

-

\ ,/ -
period of tzetl, after a heat pulse is applied. The total -
heat capacity of tray and sample, and the heat capacity of
the tray were measured in separate operationa., The

difference was Epe heat capacity of the sample. The heét

drift measurements were also carried out with and without

/
the sample in place.

a

A (KBr)O.s(KCN)O.5 single crystal of weight 5.935 g
and thickness {(h) “1.20 cm and cross-section (?)‘"2.27 émz i
was used. The flat cleavage pléne of the samele was in
thermal contact with the surface of the copper tray wvia a
thin film of silicon grease. The time (At) which ;s taken
for uniform distributicﬁ of heat in thg sample can be
calculated using the relation

J

at

I

?QIS
Q

(6.6)

Wi

where m is the mass, C the specific heat and K the thermal

conductivity. At 0.4 K, At for this sample is about 0.02
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L . p
second. The CN concentrations were confirmed by standard

chemical analysis with an error of 3%.

6.3 Results and Discussion ; {

6.3.1 Specific heat
P . A

i<}

In the procedure employed, the systém was cooled to

liquid nitrogen temperature over 5 days and then to liquid
helium temperature éver 5 hours. From 1.2 K to 0:1 K,
coo;ing tock about 3 hours. If a measurement was
immediately carried out at 0.1 K, the sample was”referred
to as the quenched sample; if it stayed at 0.1 K about 4
hours before the measurement started, the sample was
referred to as the annealed one.

) Fig. 6.2 shows the specific heat (C) of the sample

plotted as C/T versus T2. The open circles and stars

represenf'the annealed and quenched samples respeétively. S

?
The difference between these two sets of data are

insignificant and are within the experimental accdracy of
(
about 5%. e

=A
- ' N

As is the case for structural gilasses, the data are
better described by the equation (6.1)

N 3
C = ClT + (CS + CD)T .

The best fit in Fig. 6.2 denoted by a solid line vields
€C,=17.8 erg/gk’? and (C,+Cp)=188 erg/gk*®. The magnitude of

-
the linear term C1 is twice as large as the reported value
1

=l
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of C,=9.5 grg/ng.
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»

20 The difference may be mainly due to

two factors. Firstly,<Cl is logarithmically dependent on

El
e

measuring time: Bdur time scale {7300 sec) is @ﬂch larger

20

than reported one (~10 sec). Secondly, thé value of c,

is impurity dependent and thus sensitive to the small NCO~
content of the sample, which may be different for samples
from different boules.

The value of the CS+CD term is in good agreement
0

with the reported cne {185 ergégK4).2 The C., term is due
! .

D
. A
to the phonon contribution and can be calculated from the
\/
elastic constants of the solid. For (kBr)O 5(KCN) 4 o

4 20

CD=196 erg/gKk”, therefore the anomalous C, term (~-10

3
erg/gK4) which usually appears in glasses is absent within

experimental accuracy for the X=0.5 sample. However, it is

20

present in samples with lower cvanide concentration. The

same data in Fig, 6.2 are shown in Fig. 6.3 where the

‘specific heat C”has/beeg dividedrby Tsito emphasize

departure from T3 Debvye behavior (contributed by the
thermal phonons at low temperatures). The Debye term is
shown by the dashed line. '

From our measurements we clearly confirmed the
previous reports, i.e., there is a linear anomaly in
specific heat in (KBr)0.5(KCN)O.5. This property is
identical to that of amorphous solids. The physical nature
of the low energy excitations in (KEr)l_}-((KCN)x has been

briefly discussed in Chapter -1 and Section 6.1. The
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detailed discussions which also include other®thermal
properties such as thermal conductivity can be found in
2120—24

several excellent papers. We thus ghift our

attention to the thermal drift and temperature-time profile
as described in the following two sections. ~‘>

. by
6.3.2 Heat drift : -

-

During thelcourse of the experiments, lt was noted
that the heat driftrﬁetween ghe.calorimeter tray and its
surrounding was different, depending whether or not the
tray carried the saﬁp&sf/{The results are summarized in
Fig. 6.4. Heat drift data for tﬁ& tray alone was used as
the base, indicated by a dashed line. The heat drift for
the annealed sample and the gquenched one are representgd by
open circles and stars respectively. The features 1in Fig.
6.4 are surprisingly similar to the data for glassy carbon
monoxide ;rystil as shown in Fig. 6.5 ;fter Ref. 103, We‘r.
can explain our results clgsely followi:grﬁtake et al.'s

argux;'lent.lo3 For the guenched sample, as shown in Fig.

6.6, the sample ‘was quickly cooled dowsztom T, to Tz. The

configuration at T2 of cyanide dipoles remained
approximately thglsame as at Tl’ denoted by entropy
S*(Tz)(:S(Tl)). Upon heating the crystal tb a ]
temperature T3’ cyanide dipoles tend to&;each a 3§Q;ma;

equilibrium state (i.e. S*(T2)~$(T3)) by guantum tunneling.

~

N .
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Fig. 6.6 The schematic diagram of ‘heat treatment of

the sample.

119
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Since S*(T2)‘S(T1)>S(T3), the stabilization process would
accompany with it a decrease in ent;opy from S*(Tz)‘to
S(Ta), resulting in a "hot" drift from the sample to the
sample holder where the thermometer was located..

On the other hand, if the'sample was cooled from T1
to Tz. where annealing took place, the entropy will

decrease from S*(Tz)(“S(Tl)) to S(Tz){ Upon heating the

annealed crystal to T3, entropy increases from S{T2) to

$(T,), thus absorbing heat from the lattice ("cold" drift).

At Tofo.g K, the crystal reaches the equilibrium faster
than the measuring time, resulting in disappearance of the
heat drift for both the guenched and annealed sample.

This experiment has shown that the microscopic
configurational_states of (I'{Bz')()_5(1<CN)()_5 do not
compietely freeze even at T<1 K, and the relaxation of the
CN~ dipoles via quantum tunneling was evident in the heat
drift data. Here we should emphasize that the preéent

observation does not entirely exclude other

interpretéticns. Further conclusions cannot be drawn until

the experiment is repeated.

6.3.3 Non-exponential relaxation

Mastuo et al.lo4

have measured the temperatureytime
curves in (KBr)O 3(K.CN)o 7° In thelr experiments, thé

sample was quenched from 40 K to T <27 K, then the £

| \
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temperature as a function of time was recorded in the time
interval 60-20000 seconds. They demonstrated that the T-t

relation can be best described by the empirical equation
T(t) = A + Bt - Cexp[-(t/v)P] (6.7)

where T(t) is the temperature at time t, {(A-C) the initial
temperature, B the constant drift rate due to heat leakage
of the apparatus, t the average relaxation time and B the

Willliams-Watts parameter.lo5

The negative sign of C

corresponds to the exothermic relaxation {i.e. spontaneous

heating), which usually accompanies the quenching.process.
Motivated by Matsua's et al. work, we have analyéed

our temperature-time profile for (KBr)O.S(KCN)O.S' which

was measured after a 60-sec heat pulse was applied. The

typical curves denoted by stars at various temperatures

were shown in Fig. 6.7-6.9 in semilog plots. The slow

temperature decay 1s clearly evident. In contrast, the same 1

. measurement on pure copper showed that the thermal

equilibrium time was less than a few seconds. The tempera-

ture rise for pure copper ig schematically plotted in the

inset in Fig. 6.7. Slow temperature decay is not due to

the poor thermal conductivity of the (KBr)O-5(KCN)0_5

eithgr. A stralghtforward calculation in section..6.2 has

revealed that the time for heat distributing through the

sampf% with x=0.5 was less than 1 second. We thus conclude

that the T-t curves in Fig. 6.7 - 6.9 are the genuine



Fig. 6.7 Semilog plot of temperature of x=0.5 as a
fuqction of time after application of a 60-sec heat
pulse at a mean temperature Tm=0.32 K. The solid curvé@&
is the best stretched exponential fit to the data. The

" inset schematically shows the T-t profile for pure

‘copper.
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property of the sample.
The solid lines in Fig. 6.7 - 6.9 represent

—

calculations using the equation
T(t) = A + C expl(-(t/x)P] (6.8)

p
which differs from egn. (6.7) in two ways, Firstlﬁ,;jhe
linear term in egqn. (6.7) was neglected. This is justified
since the heat exchange between the sample and the mixing
chamber was very sméﬁl {the heat switch was off), and had
little influence on the present data. \éecopdly, the

)

A
positive sign was used for C, which represents the -
¢ N\
endothermic relaxation (i.e. absorbing the heat). Thé\>

t?fitting parameters are listed in table. 6.1. B8 and <t
obtained by Mastuo et al. for the ¥=0.70 sample are also
included for comparison.

Earlier work106

wifh this calorimeter has shown that
the temperature-time profile as for CH D crystals can be
fitted by an exponential function (B8=1) with a single
relaxation time t~12 sec. Such a thermal relaxation effect

S

has been attributed to the conversion between the nuclear

106 at low temperatures,

spin symmefry&sggcies
The present work revealed that the temperature-time

curve for (KBr)O.S(KCN)O.s at T<1 K cah be described by a

stretched exponential form with the Williams—watt§'

parameter pB<1.

The stregched exponential form has been widely used

P

Van
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Table 6.1

Parametersggbr the stretched éxponentig% fits, T(t) = A + C
exp[—t/t)ﬁ], tb the temperature-~time profiles at different’

temperatures Tm for the x=0.5 sample. Fitting parameters

for x=0.7 are also included for comparison —

” - . r L]
X (mode%) T, (K) A(K) C{K) T(s) B
/,// 0.5 - 0.32 0.3160 0.0200 584 0.55
0.46 0.4395 0.0450 540 0.57
0.59 0.5635 0.0678 . 520 0.58

0.82 fffnvqgas 0.0955 475  0.60

%
0.7104 23 - - 6900 0.71
/ ~
/~)25 , - - 8000 . 0.62
- 4///27 - V- 6000 0.57
/
-J
|
\, /
& L
rd
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L f

to degcribe the relaxation behavior in various glasses (for
a review, see Ref. 107). Recently, the time—deéay of the
remnant magnetization in spin glasses was also
characterized by the stretched exponential form.108 Palmer
et al.lo9 has proposed a hierarchically constrained dynamic
model to fheorétically jﬁstify suchla form. The present
resulfs for (KBr)D.S(KCN)o,s may be gqualitatively explained
as follows. |

After a heat pulse was a&ded to the sample under an
adiabatic condition, the temperagure rise AT decays with |
time, as an increasing number of’the low energy excitations L
take up energy from the rest of the sample. If the low
energy excltations have the same relaxation time v, we will
seé Williams-Watts parameter g=1. However, in the present
case, the low energy excitations consist of CN~ tunneling
centers. The barriers for CN  tunneling have a Gaussian
distribution,38 therefore resulting in a diStributiop of

relaxation times, which are characterized by ;3<1_.107

Since
the glassy low temperature thermal properties appear to be
insensitive to the presence of long-range crystalline
orientational orderz, the reléxatiog effects cbserved for
both x=0.7 §nd x=0.5 were caused by the cyanide gi;;lar

process at T<40 K. The orientation of CN dipoles was

%

hindered by the barriers created by CN -CN gquadrupolar

interactions. At T>1 K, CN diopoles were thermally

excited over the barriers, while at T<l K, CN ions
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recrient by tunneling through thé game barriers. Therefore
the distribution of relaxations should be present in both .
relaxagion curves at T"25 K and at T<1 K, which explains

the consistency of B(70.6) obtained by Mastuo et al. and .
ourselves. At this time, the temperature dependence of T,

-

is not yet understood.



Brillouin Scattering Styd§ of Prdpylene Glycol

7.1 Backgroufhd theory -

As a lliquid is cooled, the rate-of any molecular
diffusion process necessary to accomplish structural

: {
rearrangement becomes increasingly slow. By sufficiently

répid cooling, there will bhe a temperature, Tg, below which
the relaxation time necéssary for any structural changes to
occur will be much longer than the time scale of a probe of
order a few minutes. In this region the liquid is said to
become a glass. The kinetics of structural relaxation ;&“
liquids and the nature of the glass transition have
conéisteﬁtly attracted much attention. For a recent
review, se& reference 110.

Since glasses are formed from viscous liguids, a
better understanding of the glass transition must derive
from a detaliled study of viscoﬁé'f&quids. A great deal of
experimental data have revealed that the temperature
depegdent structuralPelaxation times ig/i:;t ligquids
follow the empirical Vogel—Tammanéﬁalcher (VTF) equation111

given by

129

ap,

)
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T - T

.r = to exp (”__Ji—_ ) {(7.1)
0

.where B, Ty and TO are experimentally determined
parameters. B is related to the activation energy for -

relaxing molecules, and TO represents an experimentally
inaccessible state where the relaxation time < div;}ges.
'It TO:O K, egn. (7.1) simplifies to an Arrhenius form.
There have been some attempts made to theoretically justify
the VTF equation, either through the free-volume

112uor entropy theories.113 However, there is no

theories
universal acceptance of these theories. A critical review
can be found in Ref. 114.

15 have been

Recently, hydrodynamic'theories1
proposed to explain the kinetics of structural relaxation
in liquids near the glass transition. These theories make
no specific reference to the microscopic detail; of the
liquid, bué rather they start with general compressive
hydrodynamic equatiohs. One of the consegquences of these

theories is that the relaxation time in viscous liguids

should follow a scaling law, as

(7.2)
N o

yhere ro, TO and B are fitting parameters. The théoretical

value of index B is about 2,



4 131
¥ ¢
& L
These theories have generated extensive }hterest

since they do not depend on the microscopic details of any
particular liquid and should apply to all liquids. These
theories have been tested on glycerol -and propylene glycol

(PG) using ultrasonic and frequency-dependent specific heat

techniques.sa’lls’ll?

The relaxation data near the glass
transition region were found to be equally well fitted by
two very different functional forms: the VTF eq&ation and

the scaling law. These experiments have been limited to

the frequency range below 108 Hz for glycerol, and 102 Hz /j

for PG. Hence these measurements explored a rather slsW
\}iscous state f the systems, |

In the present work, the study of gelaxation in PG .
is extended to high temperatures, uéing the Brillouin
scattering technique which allows us to explore relaxation
phenomena in the gigahertz frequency range.

The differential cross section for scattering of

light by a liquid is expressed as45( 7
. /\
do w;VkBT ax . 2 T oy 2
- 2 —_— =
= =—1p_ o (—~) + ( ) (1.3)
ds2 len“c ap S pCp aT‘P

v
where 55 is the adiabatic compressibility, p is the
density, w4 is frequency of the incident light, V is the
scattering vo;ume and CP is the specific heat. The effects
of fluctuations in the pressure P and the entropy S on the

dielectric susceptibility y are given by (ax/ap)s and
N\

\
e

.,_,Q

/\
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- (ax/3T) g réspectively. The first term in the bracket in
e%p. (7.3} is assoclated with the sound wave modes of the
Brillcdin,déublet corresponding to density fluctuation at
constantlentropy. The second term in eqn. (7.3)
corresponds to nonpropagating entropf { temperature)
fluctuations at constant pressure and gives rise to the
Rayleigh scattering component.

In this experiment we are only interested in the

' Brillouin component. The measured Brillouin shift v and

linewidth I' (FWHM) are related to the sound velocit& v and

. ' iy
sound wave absorption coefficient o by the following
i18

expressions ’ //“7

VA
v = 0 (7.4)

2n sin(e/2}

and o = ol . (7.5} .

<

"where ko is the incident light wavelength, 0 the scattering
angle and n the index of refraction. The hypersonic
absorption and vélocity dispersion obtained in Brillouin
scattering can thus be used to establish the
characteristics of the structural relaxation in PG in the
gigahertz frequency raﬁge. Combining our light scattering
data and specific heat data, we are able to test the VTF
equation and the scaling law over twelve decades, which .

W

cover both very viscous and very fluid regions of PG.
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a

.other's crystal lattice.
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h .
There are few experimental data for PG in the‘sub-Tg

region, where the very slow relaxation process is not
easily accessible to the conventional techniques such as
ultrasonic, heat capacity, or dielectric ﬁeasurements,/
Realizing that the structural relaxation in the sub—ég
region does not necessarily follow a VTF equation,llg’lzo
we have tried to use time-resolved Brillouin scattering tg
study this slow relaxation process.

The idea is simple: in the sub-'l‘g region, it takes

from minutes to hours for structural relaxdtion to reach an
;éuiﬁibrium state a d this may have an influencglié)the
Brillouin fgéquency. Since this relaxation time is
comparable to fhe time for acquisition of a Brillouin
spectrum, the change- &n/Brillouin shift with time can be

-
followed. By study of the Brillouin shift versus time.
profile, we may establish relaxation behavior in the sub-Tg

region,.
7.2 Experimental

Propylene glycol (PG) whth 99% assayed purity was

purchased from Aldrich Chemical Co., PG 1s a good glass

former and does not crystallize upon cooling because it has

two incompatible stereoisomers that do not fit into each

121

The'sample was placed into a cylindrical pyrex cell
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and mounted in a continuous flow helium cryostat. Both the
sample and the sample cell have poor. thermal c?nducfivity.‘
Even at temperature reglion far above the Pq glass
transition (T§~¢72 K), after a temperature drop (eg. from
230 K to 200 K}, it took about 15 ﬁinutes for the sample to
reach a thermal eq&ilibrium temperature. In order to
increase the-heat distribution rate, the glass cell was
covered by a thin metal plate with a copper finger inserted
into the liquid sample. The metal plate was direct contact
with thg cold finger of the cryostat. A sheet of indium
was placedISetween the bottom of 'the cell and the mount to
minimiée thermal resistance.

The cooling rate was adjusted by varying the helium
flow valve. For a fully opened valve, the rate of 30 K/min
could be obtained. Since a very fast cooling rate would
crack the samplé cell, the maximum quenching rate was set
at about 10 K/min in this measurement. Temperature Qas
varied from 4.2 X to 330 K by adjusting both the flow rate
of helium gas and a re§;stance heater,

The time~resol§%d Brillouin measurement requires
very short collection time. With the advantage of the
comp;ter data processing, the spectral pFofile can be
stored on a hard disk in a matter of seconds. Due to the
relatively strong Brillouin scattering intensity of PG, we
can obtain the spectrum with good signal-to-noise ratio in

2-minute collecting time.
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The scattering experiments were carried out using
the firat etalon Bf the tandem Fabry-Perot interferometer
in twq pass with 90° scattering geometry. The frequency of
the Jongitudinal écoustic sound wave in PG was measufed as )
a function of femperature. The magnitude of the frequency
was the average of the Stokes and anti-Stokes frequency
values. The Brillouin width which represents the
attenuation of the sound wave was determined by fitting the

Brillouin‘peak using the convolution of a Lorentzian shape

phonon profile with an instrumental function (for details,

_ see section 3.3.1).,

7.3 Results and discussion

The frequency (stars) and the full width at half
maxiﬂhm (FWHM) (open circles) of the longitudinal acoustic
sound wave in PG are shown in Fig. 7.1 és a function of
temperature. The sligﬁ% change in the slope of frequency
versus temperature at around 172 K marks the occurrence of

the glass transition. This value agrees with the glass

.
transition temperature, Tg, determined by the differential
scanning calorimetry measurement.lz1 Above Tg, the

frequency of the sound wave decreases, while the linewidth
increases. At ~310° K the linewidth reachﬁéfe maximum,
indicating the maximum attenuation of the sound wave due to

the match between the sound frequency and the viscoelastic

S



Fig. 7.1 The temperature dependence of the frequency
(*) and linewidth (0) of the longitudinal acoustic
pqqnon in PG. The arrow marks the glass transition
temperature Tg=172 %. s0lid lines are guldes for the
eye. The dashed 1ine‘represents V-

)
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structural relaxation rate. These general features are

very simllar to those observed previously in other viscous

liquids.1??

The measured arillouin shift™y and linewidth I -
(FWHM) are related to the sound velocity v and absorption
coefficient d by eqns. (7.4) and (7.5) respectively. For a
single relaxation time,“the frequency dependent velocity

and absorption of the longitudinal sound wave are further

ngen bY118,123
.
w2 2 j/
2 _ 2 2 .2 -/
vo o= Vs + (vco vo) 2 % (//’ {7.6)
l + w T
1 (vi - vg)wzrz .
and o = 3 5 5 ‘ {7.7)
2v 1 + w'T

where ©v 1s the relaxation time of the liguid, Vo and v, are
the sound velocity at the low and high frequency limits
regpectively.

Combining egqns. (7.6} and (7.7), we obtain the

longitudinal relaxation rate

1
f=—= —]/—m—m3]— (7.8)
T

ve _ V2

° 3
which makes it possible to calculate < from two independent

measurements: the Brillouin frequency and linewidth.

! fhe low frequency velocity vy is usually obtained by
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measuring the sound frequency (v) at very/high temperatures

where theé » versus T relation in the sample levels off.

Howedéf[ due to the limitation of the apparatus, the
temperature in this experiment.could not increaée‘high "

encugh to reach such a region. Alternatively we obtain the

temperature dependence of Vo by. linearly extrapolating the <:
calculated value of Vo=1418 m/s at the maximum linewidth
. ~~

(Tm=310 K) using eqn. 2ﬂvmtm=1 and eqn. (7.8), and the

value of v0=1650 m/s measured at 235 K by the low frequency

124

ultrasonic experiment, _These two data are then

converted to sound frequencies with egn. {(7.4) .and are

shown in Fig. 7.1 with the plus sign for the'c;}hgiited
ST

value and the solid circle for the ultrasonic Qpe. The
dashed line represents the linear extrapolation:
Following Jeong's et al. argumentsa, the hypersonic
‘1Tfasurements study the adiabatic relaxation process, while

the low frequency/specific heat measurements probe the
. . 0
isothermalk;?bces .

The relatjon between the adiabatic and isothermal

rela lon rate (fs and f,, respectively)} is given by58’117

-

Cpm
fr = -
< PO

fg | {7.9)

where Cpo is the equilibrium specific heat and Cp, includes

all the degrees of freedom that equilibrate very quickly.

Furthermore, the relaxation rate obtained with eqn. (7.8}
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is at constant volume (V) (i.e. f 123

Vl' However, specific:
heat data yields the relaxation rate at constant pressure
}i.e. tPf. Their relation is given by123 .

K” -
fV = —k— fP. . {7.10)
0 i

A
where kcn and ko are the compressional modulus at high and

low frequency limits, respectively. Thus the overall

conversion should be carried out by

where fs v is.the calculated rate via eqn. (7.8) from
measured Brillouin scattering data, and fT p can be used'to

directly compare with the relaxation rate obtained from the

- 115
specific heat data. For PG, CPm/CPO 0.5,

kO/k “(v./v )2"0.25 obtained from FiQ. 7.1. The final
.,/ ® © i z

values of fT p are‘plQEted against 1/T as shown in Fig. 7.2

and

in half-filled circles. The relaxation rates measured by
frequency dependent specific heat experiments are also
included in Fig. 7.2 (open circles) for comparison.

| The solid line is the best fit for both Brillouin
scattering and specific heat data using a VTF equation-

o

A

' o
fT,P = 10 exp | - (7.12)
_ T - T,



‘Fig. 7.2 The logarithm of relaxation rate is plotted

against 1/T. Symbol O represents heat-capacity

117

data and @ our Brillouin scattering data. The solid

line is VTF fitting, and the dashed line is the scaling
law fitting after Ref. 117. The present scaling law

" fitting is represented by the dotted line.

3o
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t
with a=14, T0=119 K and A=1900 K. These values are in good

agreement with those previously reported,117 viz,,

«=13.8£0.4, T,=114:7 K and #=2020$130 K. The dashed line

is the fitted curve of tgyﬂscaling law (after Ref. 117):
_ B

[s'4 T T0

To

(7.13)

L 4

where a=10.3:0.1, T,=148%1 K and B=14.610.6.

As evident from Fig. 7.2, the relaxation rate for
PG can be.Well fitted by both the VTF equation and the
scaling law near the glass transition region. However, at
temperatures far away from Tg, the system is best described
by ‘the VTF equation. | |

An attempt was made to fit all of the data using the
scaling law with three free parameters, «, To and B8 in egn.
{7.13). The results are shown in Fig. 7.2 in the dotted
line with af9.78, T0=158 K an@ p=10.5. A good fit at both
high and low‘temperature data is obtained. However, the -
values of the parameters exdgga the error limits set by Q\
Ref. 117. Summary of these fitting pé;ameters is listed in
table 7.1.

The scaling exponent for PG, ocur valqg of P=10.5
and Birge's value of B=14.6, is considerablgjharger than

115

the theoretical value of -g872. At present we can not

(7'_ .
explain such discrepancy. The value of T,("158 K} derived

from the scaling faw fitting is much higher than T. (~119

0

S

N



Table 7.1

Parameters for the VIF fits, f=10% exp[—A/(T—Tgl

Q

142

and for

the scaling law fits, f=1o“[(T—T0/TO]ﬁ, to both Brillouin

and specific heat data (Bril. + S.H.) for propylene glycol.

Parameters Yrom Ref. )ﬁ_ahz)also included for comparison

VTF

'
-~

range o Té(K) A(K)
s.g. 117 170 K - 200 K 13.840.4  114%7 20204130
Bril.+S.H. 170 K - 340 K  14.0t0.1  119%2 190010
g
Scaling Law range o To(X) N f')
& 117 \
S.H. \110 K - 200 K. 10.3 #0.1  148%1 14.6%0.6
* L
Bril.+S.H. 170 K - 340 K 9.784£0.1  158%1 110.5%0.2°
s y
() N
S
.
] Sy
e .
. .
4
b
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K) from the VTF fitting in PG. Such inequality was also
observed in the glycerol.58 However, there is no theory to
show the relation between these two To's.

- q-liqﬁid can be usually characterized by a single
relaxation time at high temperatures where each molecule
sees the same environment as its neighbor.118 As
temperature decreases, random clusters of molecules in the
liquid are created. Different regions in the liquid may
posseés different activation energies and therefore have
different relaxation times associated with each. Therefore
our Brillouin relaxation databage limited to a narrow
temperature range. At these'h;gh temperatures we may use a
single relaxation approximation with egqn. (7.8). For lower
temperatures, Brillouin data deviated from the present
pattern. More complex formulae which take into account the
distribution of relaxation rates of the liguid should be
emplayed.

Brillouin light scattering expfﬁiments were also
performed.in the sub-Tg region,rzispéfthe supercooled
liquid is, arrested in non-equilibrium states. Recovery
time to ibﬁg to the equilibrium state is ?fpendent on how
far T falls below Tglzo.

Fig. 7.3 shows the Brillouin shift in PG as function
of tim‘z {rarious temperatures. Here all data were taken

Ay

after a temper e drop from 30 K above Tg to the

assigned T. The dropping rate was about 10 K/min.
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Fig. 83 The Brillouin frequency versus time at sub-T
region for PG. The data was taken after cooling down

{10 K/min}) from 30/K>Tg to the temperatures indicated.
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However, there was no change in Brillouin frequency a
evident in Fig. 7.3. This may bé explained as follows.,
The longitudinal sound velocity (v} is related to

the elastic constant € in the sample with density p bylls

C = pyv? (7.14)

Combining egns. (7.4) and (7.14), the phonon frequency (v)

is given by '

vV o —m—— (7.15)

It is known that the refractive index n,125 elastic

126 127

constant C , and density p of supercooled liquids all

increase with time at T<Tg upon gquickly ccocoling from ‘I‘>Tg

to T<Tg, due to the slow structural relaxation.lzo

If the
increase of nv/C is comparable,K to the increase of vp, the
Briliouin fregquency will show no change. This may be the
case of propvylene glycole

AngeJ.1128

has classified liquids into a "strong"
type at one extreme and a “fragile", type at the other. The
stfong ligquids have an Arrhenius relaxation behavior, like
5102, while the "fragiye" liquids follow a VTF law, like
PG. The time-resolved Bfillouin scattering technique may
be used to investigate relaxation behavior in "“strong"
liquids at sub—Tg region, where the change of nv/C should be

greater than the change of /p as a function of time.

In summary, the relaxation rate of PG in the



146

gigahertz range was found in good agreement with the low

Y

treQuency specific heat data, fo;.owiﬁg the same VTF
relation_over 12 decades. The sc;Eiﬁg law calculation
yields fitting parameters which are somewhat differemt than
those reported. The scaling exponent B for both different
sets of fitting is higher‘than the theoretical value. The
time-resolved Brillouin scattering was sho@n as a promising

technigue to investigate slow relaxation behavior in

supercooled liquids.

v
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CHAPTER 8

. Summary and Conclusilon
This thesis has investigated two disordered systems:
(KBr)l_x(KCN)x mixed crystals and the propylene glycol
viscous liquid. The important results of this study are
sumnmarized as follows. |
1. Our Brillouin light scattering measuiémeﬁts on
.(KBr)l_x(KCN)x for X=0.3% and 0.5 have revealed that the
ng acoustic phonon frequency and linewidth exhibit a
minimum and a maximum around the gquadrupolar freezing

temperature respectively, and the Brillouin intensity

shows an anomalous maximum at T.. All these

- £

experimental results for the Brillouin spectra can be
semi-quantitatively explained by Michel's theory which
considers that %he formation of the guadrupolar glass is
due to the competing effect between the translation-
.rotation coupling and the random strain-rotation
coupliné. The reorientational frequency of CN
quadrupoles was calculated from’fﬁﬁ.acoustic'phonon data
and found to follow an Arrhenius law with an activation

energy of 1230 K for x=0.5 and 849 X for %x=0.35. The
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elastooptic constant P44 of (KBr)l_x(KCN)x was also

‘determined by the Brillouin intensity measurements.

S

We have examined the asielastic scattering in
(KBr)l_x(KCN)x using jie high resolutiqp tandem multi—.
pass Fabry-Perot interferometer. The width of this
central peak versus temperature has an Arrhenius
relation with a hindering barrier 612 K for x=0.5, and
“562 K for x=0.35. The peak intensity is proportional
to 1/T2 near Tf and agrees with Michel's prediction. We
attribute this central peak to the dynamic relaxation
process of the cyaﬁide dipolar reorientation.

Uhder a uniaxial stress, the selection rules for
Brillouln scattering in (KBr)l_x(KCN)x were broken. This
effect is explained by a stress-induced partial cvyanide

quadrupole alignment, which causes a weak birefringence

effect and significantly influences the polarization

state of the Brillouin scattering component.

Only one dielectric loss peak at ~“30 K was found in the

dielectric measurement on (KBr)O 5(KCN) in the

0.5
temperature range from 1.2 K teo 294 K. There was no
indication of another loss peak due to quadrupolar
frgezing at "80 K. We thus suggest that the dipole-
guadrupole coupling is temperature dependent: at a high‘

temperature, such as 80 K, this coupling effect%can be

neglected; at low T, it becomes significant and can be

z
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detected by the pendulum measurement.

5. The specific heat of (KBr}, g(KCN), . was measured below

1 K and the results are in good agreement with previous
reports. In addition, we found that the heat drift was
different for the sample which experienced different
thermal treatment. We attribute this effect to the
cyanide relaxation by tunneling. We also found that the
temperature-time profile after a thermal pulse follows a
stretched exponential form, which indicates there is a
distribution of CN relaxation times below 1 K.
6. The structural relaxation rate in propylene glycol in
the gigahertz range was found to agree with the low
1Dfrequency specific heat data, following the same VTF
equation over 12 decades. The scaling law calculation,
however, yvields fitting pérameters which are different
from those reported. The time-resolved Brillouin
scattering}was shown as a promising technique to
investigate very slow relaxation phenomena at
tempera?ures below Tg

Our studies show that Michel's theory is capable of

explaining the basic experimental features of the

-gquadrupclar freezing in (KBr) (KCN)_. Naturally we may
1-x% X

wonder whether the same techniques and approaches can be

used to study other mixed crystals. The most promising

candidates are (RbCN), . (KCN), and (NaCN), __(Kcw) 1297132
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The random strain flelds associated with two alkali ions

of dissimilar size for (NaCN)l_x(KCN)x are larger tgan

. those for (RbCN)l_x(KCN)x, since the ratio of radius r(K}/r
(Na)=1.24 is larger than r{Rb)/r(K)=1.07. In fact,12°
(NaCN)l_x(KCN)x form an orientational glass state over a
wide CN~ wmQncentration range {0.15<x<0.9). In contrast,
(RbCN}l__x(KCN)x has no glass .phase at all for any CN_
concentration. These two systems have barely been studied
and provide a new opportunity for future experimental and
theoretical investigation.

From this thesis, we have increasead oﬁr overall
understanding of the orientational glass. Although we have
not been able to generalize our results to other glasses,
we may consider ﬁther glasses as c;nsisting of random

elastic quadrupoles.133

This new glass model, along with
‘the random network model of the amorphous. semiconductdrs,
the random close packing model of the metal glass aﬁd the
random coil model of polymers,1 may stimulate more

detailed and realistic approaches to disordered materials

in general,

NS
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