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I. Introduction

1,2 of a cen-

Since the initial discovery in 1971 by Riste et. al.
tral peak in the neutron scattering spectrum of SrTiO3, an extensive
amount of experimental and theoretical research has been devoted to under-
standing its origin. In our laboratory an unresolvable central peak in
the light scattering spectrum of paraelectric KH2P04 was observed by

Lagakos and Cummins in 1974.3’4

In the course of performing high
resolution interferometric investigations of this central peak, a new
more interesting dynamic central peak of width ~ 50MHz was found in the
ferroelectric phase within .1°K of the transition. We interpret this fea-
ture as arising from the coupling of the ferroelectric soft mode to the
thermal diffusion mode in the ferroelectric (but not in the paraelectric)
phase through the temperature dependence of the order parameter, the
spontaneous polarization P3(T). A preliminary repoét of this observation

was published in 1977.°

Since that time, more extensive measurements of
the temperature and electric field dependence of this dynamic central
peak's intensity and linewidth were performed and are reported in this
thesis. The temperature and electric field dependence of the intensity
agree well with the predictions of thermodynamic fluctuation theory,
while the linewidth measurements are in good agreement with the predic-
tions of a coupled-mode analysis.

In the following chapter an experimental and theoretical review is
given of the 'central peak phenomena' beginning with Riste's first observa-
tion. Chapter III sketches the theories of the ferroelectric phase tran-
sition occuring in KH2P04. Computer simulations of the thermodynamic

theory were performed to facilitate a comparison with the experimental re-

sults of this thesis. Expressions for the 1ight scattering spectrum and



integrated intensities are constructed, in Chapter 1V, from the classical
theory. Chapter V discusses the experimental apparatus and considerations
particular to these experiments. New experimental results and interpre-
tations concerning the central peak in paraelectric KDP are presented in
Chapter VI. The new experimental results characterising the dynamic cen-
tral peak are given in Chapter VII. These include more extensive measure-
ments of the dynamic central peak intensity and linewidth temperature de-
pendence. It has been found that the application of an electric field
permits the observation of the dynamic central peak in the paraelectric
phase. A pronounced electric field effect in the intensity is reported.
These experimental results are subsequently interpretted in the following
chapter. Chapter IX is the concluding chapter which summarizes the resu]ts

of this thesis work and points the way to future experimentation.




II. History of the Central Peak

An Experimental and Theoretical Review

A. Introduction

In this chapter I will present an experimental and theoretical re-
view of the central peak phenomena. By central peak I mean a quasielastic
or elastic component in the order parameter fluctuation_spectrum that occurs
in the vicinity of a structural phase transition. The strength of a cen-
tral peak will diverge as the transition is approached and its linewidth
will decrease. Furthermore, the presence of this low frequency structure
will affect the response of the soft mode that drives the transition.

This experimental review is focused primarily on neutron scattering,
light scaftering, and magnetic resonance techniques. Other experimental
techniques are briefly mentioned. The theoretical review is divided into
central peaks originating from some intrinsic property of the crystal
and those due to an extrinsic mechanism such as lattice defects. Intrinsic
theories proceed from anharmonic phonon models, thermodynamic models, and
explicit non-linear models. Extrinsic defect models can be classified
either by their static/dynamic character or their symmetry breaking proper-
ties. A recent experimental and theoretical review of central peaks has

been published by Blinc. 6

B. Experimental Review

‘1) Neutron Scattering

1,2

In 1971 Riste et al. reported the first observation of a central

peak in the neutron scattering spectrum of SrT103 in the region of the




105°K structural phase transition. This phase transition is driven by

the soft optic mode at the zone-corner R point. Energy scans of inelastic-
ally scattered neutrons at three temperatures just above the transition
temperature are shown in figure 1, reproduced from reference (1).

As Tc is approached from above, the soft mode phonon energy de-
creases, the phonon linewidth increases, and the intensity of the central
peak increases. These scans demonstrate the existence of a central peak
in addition to the soft mode associated with the structural transition.
However, Riste et. al. were not able to establish an energy width to this
spectral feature and thereby éstab1ish its dynamic nature (although they
conjectured that they were observing a central peak associated with heat
diffusion).

Subsequently, Shirane and Axe discovered a similar central peak
in the neutron scattering spectrum of the high temperature superconductor
Nb3Sn. At the transition temperature Tm=45°K the crystal structure changes
from cubic to a slightly distorted tetragonal form. This transition is
characterized by softening of an accoustic shear mode. Shirane and Axe
found that upon cooling towards the transition the central peak continued
to grow in intensity while the soft acoustic side bands first softened
and then saturated, remaining as distinct shoulders on the main central
peak. The intensity of this central peak exhibited a strong wave vector
dependence but no observable intrinsic energy width.

A phenomenological spectral density function characterizing central
peak formaticn, proposed by Shirane and Axe, can be obtained by considering
the frequency dependent part of the one-phonon neutron scattering cross

section: kBT . 1
(1) S(w) = he Im [moz —w? = ier]”
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where W, is a temperature-dependent quasi-harmonic frequency and I' is the
phonon damping coefficient. Usually I' is taken to be a frequency-indepen-
dent constant. However, in general I' will have a frequency dependence
which reflects the changing density of excitations with which the soft
phonon can interact. If the frequency dependence of I' is assumed to be

of the form:

(2) rle)= 1+ e2(5- iw)!

then insertion of the equation (2) into (1) yields the following spectral

. . koT
density function "B [T + &2y ]
’ 4 ° W + v
(3)'s(a) =
2,2
(2 - S w2 e () os S

w2 + 82 ° w? + 2

where “i - wﬁ + GZ.J‘represents the coupling of the soft mode to some
unspecified degree of freedom while mk’and 0, represent the high and Tow
frequency response, respectively, of the soft mode. Equation (3) pro-
duces the three peaked lineshape characterizing central peak observations.
This spectral density function will be discussed in more detail in the

theoretical section of this review.

Shirane and Axe measured the ratio of the quasielastic neutron
scattering cross section to the total scattering cross section as well as
the soft mode frequency. This data, along with the consequences of the
phenomenological spectral density function (3), lead to an experimental es-
timate for the coupling coefficient § for Nb3Sn, of § = 0.14 £ 0.04meV.

Knowing &, equation (3) can predict the relation between the central peak




integrated intensity and the soft mode frequency w_, which can be compared

to experiment. The agreement with experiment was found to be quite satis-
factory. An independent estimate of § = (“i - “i )!§ was made. Values for

w, were obtained from the neutron scattering experiment (high frequency probe)
and values for w  were taken from ultrasonic measurements (low frequency probe).
This estimate yielded &= 0.012meV which compares quite well with the estimate

from the neutron spectrum.

Although several predictions of this. phenomenological theory compare
quite well with experiment, the relaxation process that contributes a fre-
quency dependence to the phonon damping has not been identified. Moreover,
there is no dynamical evidence that such a process exists at all, i.e.

there is no measurable energy width to this central peak.

More extensive neutron scattering studies were made of this central
peak in SrTiO3 and a similar feature was discovered in KMnF3 by Shapiro et

al. 8

Although these experiments were performed with higher energy resol-
ution than that of previous neutron experiments, no energy width was de-
tected. Topler et. 31.9performed further neutron scattering ekperi-
ments on SrTiO3 with higher energy resolution than previous experiments and
were unable to detect an energy width to this central peak. They measured
an experimental upper 1imit to the energy width of 0.08 neV.

The experiments on Nb3 Sn were extended by J. D. Axe and Shirane 10

in 1973. They interpretted their experiments in terms of the phenomen-
ological theory which assumes an additional low-frequency relaxation
mechanism for the soft acoustic phonon. They were again unable to detect
an energy width to the central peak. It is of interest to note (with

respect to this present work) that Axe and Shirane point out that for dis-




placive transformations, the coupling constant in the Rayleigh scattering cross

section will be proportional to (%%02 where 1 is the appropriate order
parameter for the transformation and could produce a central peak. How-
ever, such a coupling mechanism cannot account for a central peak in the
high temperature phase where n = 0. Furthermore, it is pointed out that
because no energy width to the central peak has been detected it is
worthwhile to consider possible static mechanisms to explain the presence
of a highly temperature dependent, unresolvable central component in

the neutron scattering spectrum. Axe and Shirane proposed a specific

static defect mechanism that will be discussed in the theoretical section.

Neutron scattering measurements in the vicinity of the ferroelec-
tric transition (as well as far into the ferroelectric phase) of Pb4Ge30

(1ead germanate) were performed by Cowley et. al. 11

They observed, near
Tc, a broad overdamped soft mode and a central peak whose energy width
corresponded to their instrumental resolution of 0.11 mev. Both of

these features are little affected by electric fields up to 3300 v/cm.

In addition to the soft mode and the central peak appearing near the
transition, there is a quasielastic component far below Tc which increases
in intensity roughly as Tc - T and which is largely suppressed by an
applied electric field. Cowley et. al. propose that this feature is as-
sociated with the static domain structure and that the central peak, whose

intensity peaks near Tc’ is caused by dynamic domain motion.

10

As a foilow-up on the suggestion by Axe and Shirane that this

quasielastic feature may be due to defect-induced state strain fields (and

a later refinement of this proposal by Ha]périn and Varma 12), Hastings et.

al. 13 performed a neutron scattering experiment on a series of SrTi0

3



crystals with known defect concentrations. They found a systematic enhance-
ment of the central peak intensity with increasing defect concentrations.
Furthermore they found TC to decrease with increasing defect concentration,
in agreement with the frozen defect model of Halperin and Varma. Hastings
et al. proposed that defects can enhance the observed central peak occuring
near a structural phase transition. However, 1t is pointed out that these
results do not demonstrate that the central peak results solely from

defect mechanisms.

In summary, the neutron scattering work has been successful in de-
tecting central peaks in a number of materials undergoing structural
phase transitions, suggesting the presence of a quasielectric or elastic
structure in the order parameter fluctuation spectrum. No neutron scat-
tering experiment has been able to establish an energy linewidth to the
central peak and thereby provide crucial evidence for dynamic central
peak formation. Light scattering is an experimental technique that pro-
vides greater resolution for the detection of a dynamic central peak

and will be discussed below.

2) Light Scattering Investigations

The first observation of central peak development in a light
scattering experiment was reported in 1971 by Steigmeir et. al. 14 Ra-
man measurements were made of soft ferroelectric mode near the ferroelec-
tric phase transition of SbSI. It was found that close to the Curie point,
in the ferroelectric phase, a broad feature developed centered at the zero
frequency shift, in the Raman spectrum, whose intensity increased approx-

imately as (TC - T)'4/3. Steigmeier et al. do not believe that this intense




10

scattering results from domain wall scattering since the domain size
dimensions for needle-like SbSI crystals is larger than the incident
laser beam diameter. Steigmeier et al. suggested that this feature may
be due to critical scattering of the Rayleigh peak.

In 1973 Steigmeier et al. 15,16

measured the temperature and
angular dependence of the total scattered light intensity near the
structural phase transition of SrTiO3. The crystals used in these ex-
periments were carefully annealed. They observed a drastic increase in
the total scattered 1light intensity as the transition temperature was
approached from above and below. Measurements were made for three
scattering angles (3, 90 and 177 degrees) and were found to obey an
Ornstein-Zernike-1ike expression. They interpretted their results as
critical opalescence associated with dynamic fluctuations of the order
parameter in the vicinity of the transition temperature. Steigmeier et
al. proposed that the 1light scattering arises from direct optical coupling
to phonon density fluctuations as opposed to indirect coupling via the
soft mode phonon as discussed in the phenomenological theory for central
peak development associated with the neutron work. No linewidth was re-

ported.

17,18

Investigations by Lyons and Fleury revealed a singular

dynamic central peak in the depolarized 1ight scattering spectrum of

SrTiO3. This feature exhibits a FWHM of ~20 GHz and is visible only very

close to the structural transition. They interpret this dynamic central
peak to result from the interaction between the T.A. phonon and the soft

Eg phonon that is coupled to some unspecified relaxing degree of freedom.

19

Lyons and Fleury also reported the detection of two non-singular




11

resoivable quasielastic features in the light scattering spectrum of
KTaO3 as SrTiO3 which they identify as entropy fluctuations
and two-phonon processes. However these features can be expected in all

substances and bear no intimate relation to the structural transition.

Lockwood et a].zo reported Brillouin, Raman, and photon correla-
tion light scattering investigations of a central peak in the vicinity
of the 452°K ferroelectric phase transition in lead germanate. They ob-
served a central peak whose intensity increases as Tc is approached from
below and which falls off rapidly in the high temperature phase. Their
measurements indicate no intrinsic linewidth in the spectral regions of
13 GHz to 80 MHz and 10 MHz to 10 Hz. Furthermore, they made a visual
observation of the laser scattering column and observed the speckle
pattern characteristic of static scattering. Therefore, it appears like-
ly that the anomalous central peak intensity is static in origin and may
arise from localized defects in the crystal. Lockwood et al. considered
the defect-induced spatial variations in the local transition temperature
as the cause of the elastic scattering. The local transition temperature
can be expressed as the sum of a mean value plus a spatially dependent

fluctuation.
(4) T .(£) =T, + 6T (r)

It is assumed that the electronic polarizability depends upon temperature

in the following manner:

9
5) &t Xetdl, (T.-T) T<T,

The scattered intensity is then expressed as
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T, ~ | ;3'20([_’:(:)__‘,]0([7:(0)_7]>

(6) y

so that the temperature dependence of the anomalous static central peak

i «* I T T |
7 :I: .AI ﬁ/ (:-TFZ.':_T—-)

This intensity temperature dependence of (TC - T)'1 agrees well with their
experimental results. This mechanism is discussed by Halperin and Varma 12
as scattering from local variations in the density of impurities and differs
from the (TC - ’l‘)'2 temperature dependence of central peak scattering from

static strains associated with frozen defects. 10,12

21 measured a singular dynamic central peak assoc-

Fleury and Lyons
iated with the ferroelectric transition in lead germanate. By using a
molecular iodine cell, they were able to remove the strong static central

14 and examined the dynamic spectrum.

peak measured by Lockwood et al.
Their Raman and Brillouin measurements traced the evolution of the ferro-
electric soft mode and the singular dynamic central peak in the vicinity
of the phase transition. Far from Tc’ in the ferroelectric phase, the

soft mode is underdamped and decreases in frequency approximately as
wv(T,=T) while broadening slightly. Between 395 and 440°K, the soft
mode is overdamped and the decrease of its half-width [z :;? is consistent
with (TC - T). Within 10°K of TC, the soft mode line shape ceases to
change (FWHM~4.6cm'1) and its intensity begins to decrease. At the same

time a new depolarized dynamic central peak emerges with a FWHM of about

~7.8GHz. The temperature at which this feature's intensity peaks is taken
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to be the transition temperature. Above TC the dynamic central peak in-
tensity decreases rapidly so that by Tc + 5°K it is no longer detectable.
Fleury and Lyons were unable to conclusively establish the microscropic
origin of this dynamic central peak.

Measurements of the dynamic central peak in lead germanate were

22

extended by Lyons and Fleury and reported in a subsequent paper.

In 1974 Lagakos and Cummins 3 reported the observation of central
peak development in the Brillouin spectra of the Xy shear mode and B2
optic modes in KDP close to the ferroelectric transition. As the tran-
sition temperature is approached from above, the Brillouin spectra revealed
the softening of the Xy shear mode Brillouin components and the develop-
ment of a central peak whose intensity increases by more than 30 times
within 1°K of the transition. This central peak exhibited no intrinsic
lTinewidth. The Brillouin spectra were fit to a three coupled mode model
consisting of the ferroelectric soft mode, a second optic phonon of the
same symmetry as the soft mode, and the Xy shear mode. Included in the
response function for the soft mode was a relaxing self energy of the
form or(:"‘w't)-'where ar’ xXT . This relaxing self energy was
first suggested by Cowley and represents anharmonic coupling of the soft
mode to pairs of acoustic phonons. This response function is of the
same form as the phenomenological theory used in the neutron work. The
coupied mode analysis for coordinated Raman and Brillouin experiments

9

yields a lower bound for the relaxation time 4=of 10~ seconds while the

-1
coupling constant was estimated to be s~lcm at TC. Lagakos and Cummins
point out that because no width was determined for this central peak, it

may be in fact due to static strain fields as proposed by Axe et al. 10
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Subsequently, Durvasula and Gammon 24

showed that this central
peak in paraelectric KDP exhibited speckle interference fringes. This
sparkle pattern is characteristic of a static scattering mechanism. Be-
cause the scattered light is depolarized, as it is for the Xy shear mode,
Durvasula and Gammon interpreted this feature as resulting from strain

25 showed that this

decorations of static defects. Recently, Courtens
static central peak can be essentially removed from the spectrum by anneal-
ing the crystal at 140°C for a period of 18 hours. This shows that the
central peak appearing in the paraelectric phase is not an intrinsic
property of the crystal and is associated with annealable lattice defects.

26 reported that the cen-

Previous to Courtens work, Yagi et al.
tral peak in the light scattering spectrum of KH3(Se03)2 is suppressed by
successive temperature cycling, thereby also identifying its origin with

27 a sample dependence to the

lattice defects.  Furthermore, they observed
central peaks occuring in the deuterated crystals KD3 (Se03)2, which may be
associated with differing deuterium concentrations. However, the central

peaks in KD3(Se03)2 were not suppressed by temperature cycling.

Light scattering experiments were thus successful in clearly re-
solving linewidths to the central peaks occuring in SrTiO3 and Pb4Ge3011.
Also there is evidence for a dynamic central peak in SbSI although no
linewidth measurement has been reported. Unresolvable central peaks in
and Pb,Ge,0,, have been established to be elastic scattering. These

4 4773711
central peaks and those of KH3(Se03) and KD3(Se03)2 appear to be associated

KHZPO

with some static defect mechanism.
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3) Magnetic Resonance Investigations

' Magnetic resonance techniques measure the time averaged local
order parameter by observing the crystal field induced splittings of the
resonance lines. The local soft mode dynamics are probed by lifetime
effects in the spectrum and by the temperature dependence of the spin-lat-
tice relaxation time. The local central peak is observed via the fre-
quency dependence of the spin-lattice relaxation time. Electron para-
magnetic resonance, nuclear paramagnetic resonance, and nuclear quadrupole

resonance techniques have all neenused to investigate the local, low
frequency order parameter fluctuations. As early as 1967 Blinc et al. 28
observed in the EPR spectrum of the Asoﬁ' paramagnetic center in KH2A504

slow protonic reorientations occuring 100°K above the transition temper-

29,30

ature. Muller et al. report having measured a central peak linewidth

of 60 MHz at 2°K above the transition in SrTiO3. Dispersion of the proton

spin-lattice relaxation times demonstrated the existence of a dynamic

central peak in the paraelectric phase of KH2P04 and KH3(SeO3)2. 31,32

For both crystals, the central peak width determined by NMR is of the order

75
of 10° - 10° Hz. ‘Rs quadrupole perturbed NMR studies of Ki,ASO, »

3 5

CsH2A504, and RbH2A504 have revealed dynamic central peaks in the 10° - 10

Hz range. 33,34

35

In 1976 Muller et al. measured the EPR spectrum showing local

ferroelectric ordering in Crs

* doped KH2P04 and KHZASO4 and their deuterated
isomorphs for temperatures well into the paraelectric phase. From their
experimental results for the ferroelectric cluster lifetimes, Muller et al.
deduce a central peak linewidth of less thén 20MHz.

In a subsequent publication, Muller and Berlinger 39 identified the
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symmetry of the electronic wave function associated with Cr5+ (3d) impur-
ity in KH2A504 and KH2P04. Symmetry allowed rotations of the electronic
charge density in the hydrogen bonded tetrahedra couple to the nearest
protons or deuterons in their double well potentials and break the local
symmetry. Hence, they believe that this impurity acts as a Halperin-Varma
relaxing defect cell. Muiler and Berlinger show that this rotational re-
laxation time is an order of magnitude greater than that of the slow
ferroelectric cluster dynamics identified independently in an earlier

publication.

37

Blinc has recently given an extensive review of magnetic resonance

investigations of the local central peak.

4) Miscellaneous Experimental Techniques

Other experimental techniques that have been used to investigate

the central peak phenomena are Mossbauer spectroscropy, 38,39,40,41
42,43 44,45,46,47

ultra-

sonic attenuation, and dielectric dispersion. Alexander

and Gammon 43

calculated the frequency dispersion of the ultrasonic atten-
uation coefficient a« for KOP. They iﬁc]uded in their model a relaxation
degree of freedom which couples to the ferroelectric soft mode and found
that a relaxation time t of 4 nanoseconds was consistent with the ultrason-

ic data, in the paraelectric phase, for o vs w® reported by Garland and

48 45 have made radio frequency dielectric

Novotny. Tornberg and Lowdes
measurements of KDP and CsDA in the 5-80 MHz range. They observed a strong
dielectric loss in the paraelectric phase of CsDA and a pronounced Debye
relaxation process in the ferroelectric phase of both materials. The

dielectric data were fit to the complex dielectric constant:
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A
IR N 4

(8) €(w) = €lwy+igtw) = g0y +

In KDP the reciprocal relaxation time 7l was found to increase from -~2¢

to 30 MHz as the temperature is increased from T=0.8Tc to Tc' The amplitude
of this relaxational component also increases but appears to level off
close to the transition. A comparison of this dielectric data with

the dynamic central peak observed in the light scattering spectrum of
ferroelectric KDP by Mermelstein and Cummins 5 was subsequently made

6

by Widom et al. 4 They suggest that the same physical process is res-

ponsible for both effects.

C. Theoretical Review

1) Intrinsic Theories
(a) Anharmonic Phonon Models

In 1970 Cowley 23

first showed that the soft mode response function
for a piezoelectric ferroelectric crystal could yield a three peaked spec-
trum. The spectrum shows sidebands corresponding to the soft mode plus a
third quasielastic central peak. A simplified picture of the mechanism
prorosed by Cowley that yields a central peak is discussed by Axe and

Shirane. 19

Of interest is the spectral density function for scattering
from the soft mode close to the transition temperature. Anharmonic pertur-
bation theory yields the following expression for the spectrum:
— ~l
2
(9) S(ﬁ,w) > i—-[nlw‘)ﬂl_l_m[;l {6) +7f(5,w;r) —032]

faymif -) ,
where new) (€ = 0 is the phonon occupation number and -72%)

is the wave vector dependent harmonic frequency.ﬁ/bw,'t) is the phonon
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self energy resulting from the phonon interactions of the anharmonic crystal
and contains real and imaginary contributions, which, in the simplified

quasiharmonic approximation, can be written as:
(100 Tl@TY = Do(g,T) -iea L (T)

A, (.b,‘r) renormalizes the harmonic frequency allowing for the temperature
dependence of the quasiharmonic frequency while f'. (T) introduces damping

via phonon-phonon scattering. Cowley suggested that the self energy 7T/%,w,'r)
in (9) may include a relaxational contribution to the real and imaginery

parts so that A(w) and T'(w) will be of the form

a 1 22y =/
(112) Ao = A, -4 ¥ *(wi+Y?)

(11b) Mw) =1y + J¥ (o)

Cowley points out that such a relaxation contribution may arise
from the anharmonic interactions of the soft mode with the bath of thermal
phonons as the crystal passes from the collision free regime ( Ws.m. Tua.>? I)
to the collision dominated regime (co,m & 1) where cos,, and 2y are the
soft mode frequency and the thermal phonon relaxation time respectively.
The spectral density function resulting from the self-energy (11) is found

2,
to be (‘b dependence will be suppressed): ir

kT ’70 1t 1.’.?t
(12) S( &) = — :
PES

7T J‘ 2
2 T
G I
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d >
an (14) wa = wWE +d

Wy s the renormalized quasiharmonic frequency as measured by a high
frequency probe and ¢v, is the renormalized quaisharmonic frequency measured

by a Tow frequency probe. -

Equation (12) with the appropriate choice of parameters, yields
the three peaked spectral lineshape. In the limit w:»ﬂt shows three
distinct peaks with sidebands at %¢o, . However, as wgr)approaches zero,
S(w) shows an increasing central peak intensity with phonon side bands

that soften and eventually saturate at e = 2R i;-
The total integrated intensity of the three peaked spectrum S(w):

}%T'

(15) I+.+ : fﬂw S(w) = o)
0

-2
and is determined bil the low frequency response w, . For typical par-
ameter values T'o«% andw,pﬂ' » S{w) can be conveniently divided into a

central peak contribution and a phonon contribution:
(16) Stw),, = S(@, + S 4

where

2 ’
an  S(w) - * k"T( ] )(*-—L; a"d7'=(ﬁ’—°)7

b \wleos || w0+ Wao

determines the central peak 1inewidth. Note that the central peak line-

A
width contains the renormalization coefficient (S—?‘ .
70
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The phonon side bands are given by:
!ZGT Fo
(18) S(w)s;& - % (w; _wz)a_'_war;:l

and S(w) are:

The integegrated intensities for S(w)Ce
J\a

00,2 Com
[ »

n side

) (19) i cen =

"

200 Laa ° 702

which obey the sum rule:

~
g
4
~
‘t:;

(21) Lot

Hence the central peak, as originally proposed by Cowley, is intimately con-
nected with the soft mode of a structural phase transition. The softening
of the soft mode frequency w,(t)will cause the intensity of the central
peak to increase dramatically and its linewidth to decrease as the transi-
tion temperature is approached. Furthermore, the temperature dependence
of the high frequency response of the soft mode will now be modified
according to (14) due to its interaction with the crystal's low frequency
dynamical structure. In his 1970 paper Cowley proposed several extensions
to this relaxing self energy model. One such extension was for the case
of a pyroelectric crystal where the ferroelectric mode is able to couple
to temperature fluctuations in the crystal. Cowley points out that such
coupling would allow the detection of second sound though its effect on
the dielectric response. These theories were subsequently expanded in

later papers. 49,50
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With the discovery of a central peak in the neutron scattering
spectrum of SrTiO3 by Riste in 1971, several anharnomic phonon theories

51,52,53,54,55,70 |

were evoked to explain the observed central peak.
ever all these theories reduce to the same spectral density function (12)
proposed by Cowley. Ohnari and Takada 56 have recently calculated the
dynamic central peak spectral density function resulting from anharmonic
coupling of the thermal diffusion mode to the soft mode which can

occur both above and below the transition as well as for the case of

1inear coupling through the temperature dependence of the order parameter

in the ferroelectric phase.

(b) Thermodynamic Models

1,57 points out that a central

From a thermodynamic approach, Feder
diffusion mode may be expected in the order paramter fluctuation spectrum
in the critical region of a second order phase transition. The ratio of
the integrated intensities of the total spectrum and the soft mode doublet

are given in terms of the isothermal and adiabatic susceptibilities Jtﬁ.11,)

and X oq):
I-f.'r = %‘r((ﬁ)
(22) = -

(for g =0 this reduces to the Landau-Placzek ratio). He argues that
whenever %ﬂi) I, the soft mode picture cannot fully describe the order
parameter fluctuation spectrum and a quasielastic central peak can be
expected. For T<TC, XT is expected to be greater than Xg due to the tem-
perature dependence of the order parameter. (This case is similar to

8

that discussed by Heller 5 for an antiferromagnet). Howevever, Feder
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also argues that this will be true for T>Tc although the average value
of the order parameter is zero. As the transition temperature is approached,
’Jc-r/'Zs -»® and the diffusive central peak will dominate the order

parameter fluctuation spectrum.

(c) Explicit Non-Linear Models

The microscopic models for central peak development discussed above
followed a perturbation treatment of the lattice anharmonicity. An alter-
native approach is to include the anharmonicity without approximation.
Analytic investigations of strongly anharmonic one-dimensional models

for structural transitions were performed by Krumhansl and Scrieffer 59

60 These models reveal the existence of mobile clusters

and by Aubry.
or microdomains of local order (solitons) in addition to the usual phonon
excitations. Diffusive motion of these microdomains is expected to give
rise to a central peak both above and below Tc' Furthermore molecular

62 dimen-

dynamics computer simulations were performed for one 61 and two
sional models. These computer simulations exhibit the cluster dynamics,
expressed by the analytic non-linear calculations, that give rise to cen-
tral peak formation near Tc‘

63,32 has extended the pseudo-spin Ising model in a transverse

Blinc
field for the soft mode in KDP. When non-linear effects are included he
finds that in addition to the usual soft mode, representing fluctuations
tranverse to the mean field, there is a longitudinal fluctuation of the
order parameter spectrum that yields a central peak for T>Tc. He understands

the presence of this longitudinal component to be equivalent to the exis-
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tence of long lived microdomains of ferroelectric ordering which appear in

the high temperature phase.

2) Extrinsic Theory

A11 of the above theories have considered the existence of a central
peak to be an intrinsic property of the crystal. However, it is also pos-
sible that the narrow central peak may be due to lattice imperfections.

10,64 who proposed

This possibility was first suggested by Axe and Shirane
a specific static mechanism that would result in an infinitely narrow
central peak. Axe and Shirane considered the formation of static strain
fields induced by the presence of point defects in an otherwise homogeneous
impurity free crystal. Neighboring atoms will suffer a displacement, due
to the point defects, which can be viewed as a linear response to a force
fie]clffftl originating from the defect. It is convenient to Fourier
transform the resulting displacements and express them in terms‘;} é lin-
ear combination of phonon modes with wave vector q and branch index j. The

amplitude of this impurity induced phonon distortion (QJ. q> (s.i. =

. s.1i.
static impurity) is expressed in the harmonic approximation by
;:' .
%na
(23) { Qg,%> .
st co?
P

where Fq j is the projection of E(r) upon the phonon eigenvector ’é(q,j).

The intensity of this static scattering can be calcualted from the corres-

ponding expression for the integrated phonon scattering under the same con-

P » * 3 ‘2 2
ditions by simply replacing {Qq’j) thermal DY <Qq,j7 s.i SO that
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T ey ~ K& —
e Ly~ 1<GR] "

If the impurities are of the proper symmetry so that they are able to
linearly couple to the soft mode (j = soft mode) then the above relation
predicts a central peak, of zero width, whose intensity will diverge as
W (T)

65 considered the intensity of light scattered by

Levanyak et al.
localized defects in the vicinity of a second order phase transition. By
investigating the defect-induced change in the free energy of the crystal,
they find that defect induced distortions of the same symmetry as the
order parameter (linear coupling) will scatter light according to I~ IT“"TZI‘—’
in the region of validity of the Landau theory. This relation is determined
by the growth of the distorted volume surrounding the defect. As the char-
acteristic length of this volume surrounding the defect (which is related
to the correlation length) approaches the mean defect spacing, the intensity
of the central peak is expected to saturate. Levanyuk et al. estimate that,
for reasonable defect concentrations, this maximum intensity can greatly
exceed that of scattering from non-critical thermal fluctuations. Defects
that couple quadratically to the order parameter are expected to produce

only a jump in the scattered intensity at the transition point.

12 replaced the localized defect as discussed by

Halperin and Varma
Axe et al. and Levanyuk et al., by a uniform distribution of defects through-
out the lattic (effective crystal approximation). The unit cell of such
a lattice may suffer a static distortion that breaks the symmetry of the
high temperature phase in which case the resultant (frozen defect) model

is identical to that proposed by Axe et al. However, Halperin and
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Varma also introduced the possibility that the distortion of the defect
cell may hop back and forth between positions that break the symmetry

in opposite senses: the ‘relaxing defect cell'. Such a mechanism would
introduce a Tinewidth to the central peak determined by the characteris-
tic time of this symmetry breaking reversal. Furthermore, Halperin

and Varma point out that in the Tow temperature phase, local variations
in the density of defects will produce local variations in the transition
temperature which may also induce additional elastic scattering.

66,67 68 | ave shown that

Schmidt and Schwab] and Hock and Thomas
defects can raise the local transition temperature Tclog allowing

the condensation of a local soft mode that will break the local symmetry
in the high temperature phase. The first authors considered 1inear
coupling between the defect and the local soft mode while the later
authors considered quadratic coupling. Quadratic coupling includes the
case where the defect does not break the local symmetry in the manner of
the soft mode as well as the case where the defect induced broken symmetry
fluctuates rapidly compared to the soft mode fluctuations and thereby
produces no net distortion. E. Courtens 69 suggested that the naturally
occuring presence of deuterium impurities may be an example of such a
'soft impurity' and produce the central peak observed in paraelectric KDP.
Although Courtens was able to thereby account for the temperature depen-
dence of the static central peak intensity, subsequent experiments failed
to show any correlation between defect concentration and central peak -

strength. 25
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III. Theory of the Ferroelectric Phase Transition in KDP

A. Introduction

In the first half of this chapter I will give a very cursory
theoretical review of the ferroelectric phase transition occuring in
KH2P04. This discussion is by no means complete. It is offered to pro-
vide some feeling for the microscopic models evoked to characterize

the properties of KDP. A more extensive discussion of this material can

4

be found in Ph.D. thesis of Nick Lagakos. The second half of this chap-

ter considers the phenomenological free energy theory of the phase transi-

71 72

and Devonshire. A particular choice of the free

73

tion due to Landau
energy due to Benepe and Reese will be pursued in some detail. 1In
particular, several theoretical consequences of the free energy, which are

of interest to the experimental results of this thesis, will be presented.

B. Structural Characteristics

At room temperature KDP exhibits tetragonal structure of symmetry
group DZd‘ At approximately 122°K KDP spontaneously distorts to the
orthorhombic structure of symmetry group sz. This distortion is accom-
panied by the development of spontaneous polarization along the crystal-
lographic ¢ axis. The spontaneous polarization, Ps’ is the order parameter
for the transition. At atmospheric pressure PS rises discontinously at
the transition temperature Tc’ characteristic of a first order phase tran-
sition.

74

The room temperature atomic structure of KDP is shown in Figure

1. 75 Each phosphorous atom is surrounded by four oxygens at the corners

of a tetrahedron forming a (PO4)3' group. The crystal consists of chains,
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along the ¢ direction of alternating k* jons and (P04)3' jons. Adjacent
chains are displaced along the ¢ axis by c/4 and are linked by hydrogen
bonds connecting the oxygen atoms at the fop of a (P04)3' group to the
oxygens at the bottom of a neighboring (PO4)3' group. Each hydrogen bond
1ies very nearly perpendicular the ¢ axis and there are four bonds for
each P04 group. In the high temperature phase, the expectation value

of the hydrogen's position 1ies at the center of the hydrogen bond between
the two oxygens. However in passing through the transition, the hydrogens
become ordered closer to one of the two oxygens. The framework of the
oxygens remains essentially unchanged and the potassium and phosphorous
atoms suffer a small displacement along the c axis in opposite directions.
Since the hydrogen bonds are only about 0.5° out of parallelism with the
[001] plane, the c component of the hydrogen shift can not account for Ps‘
Therefore, the spontaneous polarization is believed to arise from the dis-

placement of the potassium and phosphorus ions.

C. Microscopic Models

1. Dipole Moments and Long Range Electrostatic Forces

In the vicinity of the transition temperature, several physical
properties of the crystal exhibit anomalous behavior. However, all anom-
alies can be understood to result from the fundamental anomaly in the
dielectric property of the clamped crystal. The static dielectric constant
€, measured along the c axis, exhibits a Curie-Weiss anomaly upon cooling

towards the transition temperature:

C
(1) € & =
T,
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C is the Curie constant and TO is the Curie temperature. Initial attempts
to understand this dielectric anomaly considered the effect of the dipole
moments associated with the atoms of the crystal. A simple relation, known
as the ClauSius-Mossotti equation, relates the dielectric constant € to

the atomic polarizabilities o and the number density N of dipole moments

for a cubic crystal:

ex
]t 3No<
(2) g =
| - ZENA

If we choose a particular temperature dependence for N such that
ORI 2 33" (T-To)

then we can recover the Curie-Weiss law (1). However the comparison of
this theory to the experimental results for KDP is very poor. Therefore,
the sole inclusion of long-range electrostatic forces arising from the di-
pole moments cannot account for the observed ferroelectric properties of

KPD.

2. Slater's Statistical Theory - Short Range Forces
Rather than consider the long-range forces due to the dipole moments

throughout the lattic, Slater 76

considered the short-range forces associated
with the hydrogen bonds and their effect upon the proton. On each hydrogen
bond there are two equilibrium positions for the proton located symmetrical-
1y with respect to the center of the bond. Slater imposes two restrictions
upon the proton's position:

a. There is one and only one proton on each bond.

b. There are only two protons near any one PO4 group (the "ice rule")
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These restrictions permit six possible configurations of the four protons
around a PO4 group. Slater then treats this problem utilizing the tech-
niques of statistical mechanics. A counting of all possible proton
configurations and their associated dipole moments, subject to the above
restrictions, yields the thermodynamic probability function W from which
the thermodynamic properties of the crystal can be determined. This

treatment yields a phase transition at the transition temperature TC:

3

(4
4 ke T = —
“) e ’n&

and a dielectric anomaly:

Ny’ I
Gy € G2 T-T

e is an energy parameter and p is the dipole moment associated with a
particular proton configuration. This theory predicts a transition, at
Tc’ from the completely unpolarized state (T>Tc) to the completely polar-
ized state for TZTC, resembling the very rapid build-up of PS observed in
KDP. However, Slater's theory is unable to explain the drastic change
(almost doubling) of the transition temperature in the deuterated crystal
KDZPO4 (the isotope effect). This failure is viewed as the most serious
objection to the theory. A review of the Slater theory, as modified by

subsequent workers, is given by Silsbee et al. 77

3. Proton Tunnelling - Isotope Effect
In 1959 Blinc was able to explain the large isotope effect by con-

sidering the quantum mechanical problem of a proton in the potential field
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78

of the hydrogen bond. He represented this field by a double well

potential of unequal depths by:

4
-}.‘-kl’ﬂj); -aasx\L
(6) V(x) =
LA (x-£)?+8 h<xgoo
lf) B is a measure of the interaction

_i_ energy of the proton dipole moment

B with the local electric field result-

T ing from the long-range dipolar forces.
*

-//)-1r--- E, W He also assumed that there is no short-

\ ¥ B range correlation between the positions

of neighborhing protons. The quantum

fig. 1II -2 mechanical treatment of this problem

shows that the energy eigenfunctions correspond to the proton tunnelling
between the two wells (1> = c1|2> t cy|r>) and that the energy eigenvalue
of a vibrational level will be split by an amount equal to the tunnelling
integral 2Q. The ferroelectric transition results from the competition be-
tween the long-range dipolar interactions B which tend to localize the
proton in the lTower well and the gquantum mechanical tunnelling, which tends
to localize the proton in either well with equal probability. The ferro-
electric transition will occur when B >2Q where B and 22 are expressed in
frequencies. Since the tunnelling frequency is mass dependent, Blinc was
able to successfully acount for the pronaunced isotope effect in the trans-

ition temperature.
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4. Pseudospin Model
Short range interactions between adjacent tunnelling protons were
subsequently included in the theory by P.B. de Gennes 79 and Brout, Muller,

80 The resultant collective excitations of the protons were

and Thomas.
discussed in terms of the pseudospin formalism where:

a. Each proton can occupy one of two states; 12> and 1lr> cor-
responding to the left and right minima of the double well potential, res-

spectively, as introduced by Blinc.

b. Each proton is assigned a fictitious spin <S> = % where

<S; = 4 corresponds to the proton in the left well and <S§ = -4 corresponds
to the proton in the right well.
c. The Hamiltonian for the pseudospin proton system is taken

to be: ~

(7) H-= HO + H1

where A A
(7a) Ho = a2, S]
1

A r 22 A
(76) H, = 2: T S:S;

7,3

)

2 - tunnelling integral

Jij - proton-proton interaction.
ﬁo represents the unperturbed Hamiltonian of a collection of non-interact-
ing pseudospins (as disucssed by Blinc) which energetically favors the
d¥sordered symmetric state and ﬁl represents the proton interaction which
energetically favors the ordered state. The Hami]tonian ﬁ can be schematic-

ally represented by:
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Interactions between the protons and other neighboring atoms as well as

protonic vibrational states other than the ground state are neglected.

The expectation values of the spin operator <S> are obtained in the

Molecular Field Approximation (MFA). In particular, for the z components

of spin < 5 S
(8) Sz T To z 'fanlv /GM
M
- 1

7., s

and M in the magnitude of the molecular field:

- [yt v (a :ra<s*>\]

Equation (8) yields a transition temperature Tc given by

| = —35:{ Tenh g M

lal

and a temperature dependence for <Sz> which is proportional to the order
parameter Ps' The eigenfrequencies of the elementary excitations of this

pseudo-spin system are calculated in the Random Phase Approximation (RPA).

The eigenfrequencies are:

w{ - ST (St :rzzb)(s')) WEAZED
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This result predicts a soft mode behavior for the eigenfrequency of the
q = 0 mode close to Tc'

wra (T-Te) T->T."

w:‘\-’ 2T0<Si> T<T¢

5. Proton - Phonon Coupling

In 1968 Kobayashi o1

proposed a dynamical model for the ferroelectric
phase transition in KDP where the proton tunnelling mode (discussed above)
couples strongly, through a Coulomb interaction, to the optical phonon
corresponding to the vibration of the k* ion and the (P04)3' group along

the ¢ axis. As the proton system approaches its phase transition temper-
ature, the frequency of one of the coupled modes, w-, 1S driven to zero.

The ionic displacement for this soft ferroelectric mode is shown in Figure
4. It is the "freezing out" of this ferroelectric soft mode and the resul-
tant displacement of the Kt and (P04)3' ions which are responsible for the
development of the spontaneous polarization along the c axis. This pic-

ture of the transition is closely related to the one proposed by Cochran. 82

Kobayashi's coupled proton pseudospin and optical phonon model was
extended by Takada et al. 83 to include the piezoelectric coupling to
the transverse acoustic phonon (Xy shear mode). This coupling forces the
softening of the Cee elastic constant (associated with the Xy shear mode)
inducing the ferroelectric transition at a temperature greater than the

transition temperature of the uncouple soft ferroelectric mode.

D. Thermodynamic Theory
1. Intevoduction

In a separate approach to the theory of the ferroelectric phase tran-
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sition, the Helmholtz free energy, A, for the crystal can be expanded
phenomenologically in terms of the Xy shear strain X6 and the polariza-

72,74

tion along the z axis Pz' This expansion for KDP can be conven-

iently divided into the sum of three terms:

i
(9 Alxg,Ry)= A,<P;)+[$c“x:~ @ xR [ +A(T)

AO(P3) is the free energy for the polarization of a rigid lattice. The
bracketed terms represents the contribution to A resulting from the piezo
electric coupling of the polarization to the strain. AI(T) contains
contributions to A due to lattice degrees of freedom that do not participate
in the transition. Terms of odd powers in P are not permitted by

symmetry.

Ao(P3)’ the pure polarization contribution to A, can be expressed

as an expansion in P:

(10) A°=-;'l-o(92+ ¢(P)

¢ 1 2 .
ere (1) g(py= £8P+ ECPOr L DR+

¢{P) is known as the "saturation function" and contains higher order
terms of P. o is assumed to have the following linear temperature depen-

dence:

(12) A= ao(T’Tbx)

where Tﬁ is the clamped Curie temperature. For the stree free crystal, the

strain and polarization are related by: 74

T
A3

(13) Xe © c P, T Py

é6
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Hence, the Helmholtz free energy can be written as:

A(P) - #d,(T’Toa.) Pz + ¢(P) t A)(T)

(14)
where Tf' is the free Curie temperature and
a
T.0-T = &
o - pT
° o C

In the following discussions I will use a particular choice of the

saturation function ¢(P), due to Benepe-Reese. 73

f Tp?
(15) ¢(P)= '#‘LP "";,"dP

where,
o =3.867 x 10°° K*
b =-4.4 x 107'? cm*/esu®
§ =2.96 x 10°%7 cm*?/esu®

2. Equilibrium Properties
(a) Transition Temperature
The Helmholtz free energy A, as determined by (6) and (7), is plot-
ted in Figure (5) for several temperatures close to the free Curie temper-
ature Tg'= 122.000°K. The equilibrium value of the polarization is that
value which corresponds to an absolute minimum of the free energy. For
above the transition that absolute minimum will occur at P = 0 correspond-
ing to the paraelectric phase. As the transition is approached, side lobes
will develope in the free energy, due to the negative quartic coefficient
(see Figure 5), and descend with decreasing temperature. When the free energy

at the Tocal minimum about P = 0 and in the local minimum in the lobes

are equal, the equilibrium value of the polarization will jump discontinuously
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Helmholtz free energy as function of polarization (with
Benepe-Reese parameters) for several temperatgres close o
to the trgnsition tempsrature T. (a:122°025 K, b:122.020%K,
€:122.015°K,d:122.010 °K, and €%122.005 °k)
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from P =0 to P = #P,. The temperature at which this occurs is the

transition temperature Tc’ P, and Tc are found to be (for the Benepe-Reese

free energy):
y.-2 b
(16) P =" 3 f
'
—_ 3 2 (_'3_2_.)/2
(17) =T, * 3x.\ 67

Substituting in the Benepe-Reese free energy parameters in (16) and (17),
I find
3 e
(16') P, = 5-6Xx/o om 2

(17*) T, = T, + 002 °K

Inspection of Figure 5 indicates that the transition will occur between

curves ¢ and d, in agreement with eg. (17')

b. Spontaneous Polarization

A computer program was utilized to determine the absolute minimum
(and therefore the polarization) of the free energy as a function of tem-
perature and electric field. The development of spontaneous polarization,

at zero electric field, is shown in Figure 6. This simulation yields:
1 eon o °
P, = S.XI10 2 T, *T. +o0-02°K

in agreement with the analytic results.

c. Electric Field Effects

If an electric field E is applied along the z axes of the crystal,
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it is necessary to include a term -PE in the free energy A(P). The

electric field is given by:

3A
E= 5P
o¢

o -
" (18) E= X (TT) P+ F5 -

Equation (18) is the equation of state of the crystal.

The temperature dependence, as determined by this computer simula-
tion, of the polarization for electric fields of E = 0, 50, 100, 200, 300,
v

500, 750 and 1000 < is illustrated in Figure 7.

Alternatively, the electric field dependence of the polarization for
constant temperatures of AT = -0.025, 0, .025, .050, .075, and .100°K (with
AT = T-T?} are shown in Figure 8. Notice that in Figure 7 there is a dis-
continuous jump in P for electric fields below a critical field (to be
defined below) and that in Figure 8 there is a discontinuous jump in P
for temperatures below a critical temperature (also to be defined below)
but above the transition temperature. Second harmonic generation and

87 for KDP as well as polarization measurements

88,89

birefringence measurements

in an applied electric field support these predicted electric field

effects.

d. Critical Point at Ambient Pressure

The free isothermal dielectric susceptibility is given by

i IP oy

74

Use of the B-R free energy yields (see Brody for calculation of fluctu-
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uations in the thermodynamic variables)

< - 0(0(1—-1';")+8BP11*'7JNP6 b< o

(19) goT Iiror r

In the paraelectric phase with E = 0, there is no net polarization P.

(Y

Therefore ¢ simply obeys a Curie-Weiss law approaching a singularity

at the free Curie temperature Tf,r. However, for the 1st order transition

0,1 never becomes singular. In

T is greater than T;‘ (eq. 16) so that ¢
the presence of an electric field, P # 0 in the paraelectric phase (see

il as a function of polarization

Figures 2 and 3). Figure 9 is a plot of —

as determined by equation (19). The dashed lines represent the three terms
in equation (19) and the solid line is g—ﬂ which is equal to their sum.
Because b<0, it is possible to choose a critical temperature Tcr and
critical polarization Pcr (and therefore a critical electric field) such
that the susceptibility is infinite at the critical point and positive

everywhere. These physical constraints are expressed mathematically by

-' _
(" 2 Ip. -rc— © (singularity)
cr ) icr
(i) .?.g.-’ = © (extremum)
IP 1pe Ter
(iii) 015 A >0 (absolute minimum)
2
oP R Tet

These constraints, along with the equation of state, yield the following

for the critical polarization, temperature and electric field.



JT
fig. III-9 Singularity of the static suceptibility € ’at the
critical point (see equation 19).
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§ . - b
Po = 70T

T =T ao&b. (‘73‘)
Fo = -(3) ()"

Substitution, of "the B-R free energy parameters, yields

2

L

3 -
P, s37ax/0 &2 T, 2 T.72r0.038°K | Ecp= §3.7 Viem .
, -

Hence, eG’T

will be singular, at ambient stress, for (T,E) = (Tcr’ Ecr)
and therefore exhibit a temperature dependence characteristic of a 2nd

order transition.

These results are conveniently presented in a phase diagram. In
figure 10, I have sketched the phase diagram for KDP in the electric
field«temperature plane 8 (corresponding to atmospheric pressure). The
thermodynamic state of the crystal is specified by the electric field
and temperature (E, T). The hatched line corresponds to the phase transi-
tion as it occurs in the electrically shorted crystal (E = 0). As the
crystal is cooled through the transition temperature Tc’ there is a dis-
continous jump, from zero, in the spontaneous polarization and the crystal
becomes ferroelectric. This behavior of the order parameter is shown in
figure 6. For E<Ecr’ cooling of the crystal will cause an induced first
order transition when the state of the crystal crosses the solid line of
induced transitions. This process is illustrated by path (i). The temper-
ature dependence of the net polarization (combined spontaneous and induced
polarizations) and the associated jump is illustrated in figure 7 for E =

50 V/cm < Ecr' Similarly, if the crystal is initially in the paraelectric
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fig. III-10 Electric field- Temperature plane phase

diagram for first order ferroelectric
transition.
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phase close to Tc’ an increase of the electric field, at constant tempera-
tures, will cause the state point to cross the T1ine of induced 1st order
transitions and the net polarization will experience a discontinuous jump.
This is illustrated in fig. 10 for T, <T< Tcr by path (ii). At the crit-
ical point (Ecr’ Tcr) these discontinuous jumps in the net polarization

will disappear and P(Ecr’ Tcr) will be points of inflection in figures 7 and
8. For temperatures and/or electric fields greater than their critical
values, there is no longer an unambiguous distinction between the ferro-
electric and paraelectric phases since the net polarization varies smooth-
1y as a function of temperature and electric field. For example, the polar-
ication along path (iii) is illustrated in figure 3 for E > Ecr and the
polarization along path (iv) is illustrated in figure 4 for T > Tepr

This phase diagram is particularly useful to this thesis work since I have
performed 1ight scattering experiments in several regions of this phase
space. The experimental results can be directly related to the appropriate

thermodynamic properties.

e. Thermodynamic Response Functions

Fluctuations in the thermodynamic state variables (polarization,
strain, temperature, etc.) can be expressed in terms of the Helmholtz free
energy given by eg. (6) (see Brody 1974). Several of the response func-
tions, associated with the fluctuations in the thermodynamic variables, that
are of interest to the present light scattering experiments are discussed
below:

(1) €% 7 Free Isothermal Dielectric Susceptibility

The dielectric susceptibility has been discussed above. The
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o7

electric field dependence of ¢ in the vicinity of the critical point

qg,T

is illustrated in Figure 11. Note that the singularity in ¢ is evident

near (T, E) = (Tcr’ Ecr)‘

(2) CgéT : Isothermal Elastic Constant
The isothermal elastic constant can be written as:
ET Ly
Coe = |7
(7"

I e

(20) E,T e ( %olT-To") +3bP;’+7J\P°
Coo = C . .
xo (T-T%) 434 P*17J P

p

where C T 2 7.0 x 1010 QXE%& is the elastic constant at constant polari-
cm
zation and TS = 117.7°K is the clamped Curie temperature. The electric

géT, as predicted by (20), is shown in Figure 12.

or

field dependence of C CE’T

66
is expected to exhibit critical behavior, first decreasing (E<Ecr) and then

increasing(E>Ecr) as E is increased.

(3) Cgész Adiabatic Elastic Constant

The adiabatic elastic constant is

&S (JO
Coo ~ (dxc,)e,s

or €S  pT 5 u.,(T'Tf) +3LIP1+7JP6
e Ce Ao(T-To) +3E PT+ DT P¢

where 6,= ’D*'\I{Ao ]

Bo

is related to the adiabatic correction term (see Brody 84 1974) and is
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given by xS T

4, = =
C

C - specific heat per unit volume due to degrees of freedom
not participating in the phase transition

For C = 1.03 x 107-8Y9—  and T = 120°K I find:
cm®-~ °K p
=10 em
Ao < /’77x/0 Esuﬂ'

and . y
b= +s536x/0 -
= . ——
Because b'>0, Cgés is not expected to exhibit critical behavior (as does
CgéT ). Figure 13 illustrates the electric field dependence of Cgés as
E,S

determined by (12). Notice that C66 increases with E for all E, and
exhibits a discontinuous jump for Tc p S RS Tcr'

~W,E,
P

(4) : Pyroelectric Susceptibility

The pyroelectric susceptibility is defined as
P ' VA 3
The free energy yields the following expression for ﬁng;

~oE T P

(22) P ==& C

where eG’T is given by (11) and C is the Curie constant. For the shorted

crystal in the parelectric phase, p = 0. The temperature dependence of 5"E

predicted by (14) is shown in Figure (14) The electric field dependence for
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the pyroelectric coefficient is shown in Figure (15). 563E will exhibit

critical behavior determined by eG’T,

(5) Thermal Dilatation Coefficient

The thermal dilatation coefficient is defined by:

%me ( ; T)g—,

and is related to the pyroelectric susceptibility by:

(23) 66'=~5F

oE

(6) Excess Specific Heat

The specific heat at constant stress and electric field is given by: 85

(24) CU’;E T ( aT )O-E

where S is the entropy. The entropy can be obtained from the Helmholtz

free energy A(T,x . P) and is given by:

g~ (@_é) s - ($%P%s,)

(25) oT
b4

S is the entropy associated with degrees of freedom not participating in

the transition. Hence

3P
(26) Coe “Co - fk“T(ﬁ )me

where Co ® 'T'(-—J

is the background specific heat.
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Using (22) for the pyroelectric coefficient, the specific heat can be

written as:

~ >~
(27) Coe = Co * ( ;L;E)T(Pm)

E. Conclusion

In summary, this chapter has touched upon some of the major points
in the development of the microscopic theory of the ferroelectric transition
in KH2P04. Examination of the phenomenological thermodynamic theory has
allowed the determination of several thermodynamic response functions of
experimental interest. In particular the electric field dependence of

several thermoynamic properties has been investigated.
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IV. Light Scattering Theory

A. Scattered Electric Field

In this chapter I will present the classical theory of light scatter-

ing from a condensed medium in the dipole approximation. 86
Consider a plane wave incident on a volume element d3r', whose

index of refraction is n. The electric field is represented by a monochromatic

wave of polarization &,, wave vector kX, , and frequency W5

- /

< (Ro' v -co,t’)
- ~

m E.= G E, €

Light will be scattered by the presence of inhomogeneities in the optical

dielectric constant tensor of the medium which are induced by a variety

of thermal processes (such as sound waves, thermal diffusion, etc. ) The

local dielectric constant tensor can be expressed as: E(;_-,-t)‘— €o 1. + J:g (rt),
The fluctuating contribution to £ produces an excess pé;;rization gi;;n by:

Je cr ) E, (k1)

@ P(et) = 5 dE

In the dipole approximation, such a fluctuating excess polarization will

FigurelIV -1
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produce a scattered electric field at the far field point P (where r >> r')

given by:

A E, 1(hf “r- wo—t)b
3) Eg(rit) > “r c 1% dC,eo(‘brﬂ

™~ ) A I~ A N
where 05_,0 (%,t)t C’,‘d;(%ﬂ')‘co , €4 and \35- are the polar-
ization and wave vector of the scattered wave, respectively, and g9 =k, - kf

is the momentum transfer expressing the Bragg condition for scattering.

B. Intensity Spectrum

The Wiener-Khintchine theorem yields the intensity spectrum of the
scattered Tight in terms of the autocorrelation function of the scattered

electric field:
(4) L (‘b""”“arfﬁe <t (r, O)E,(,f,t)>

Substitution of (3) into (4) yields the spectrum in terms of fluctuations

in the dielectric constant tensor:

W(wrant
(5) IS(%M."V ,\'I 2 17:: f‘{t ¢ <JZ {9 “0@%{9

where IO=IEI2 and 8e(q,t)is the spacial Fourrier transform of 8e(r,t).

Fluctuations in € due to thermal processes in

the medium can be expressed by:

(6) "{}%“b'ﬂ = Z P A<(4.1)
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W hare Pi are the optical coupling coefficients and Ai(q,t) are the fluctuat-
ing physical quantity of wave vector q. The intensity spectrum can now be

expressed as:
. ﬂ‘IaV’Z A A
o Tgen ~ T 2 PPy (AeAi)es

(AiAj)m is the spectral density of the fluctuations in A.(q,t) and is

given by: 1(‘\”(’00)1—

@ (A:A;), &18 <Alfb 0)/*(171‘)>

This spectral density is given by the classical fluctuation dissipation
theorem in terms of the imaginary part of the susceptibility of the coor-
dinates Ai in the Timit w < < kBT/ﬁ

éT
(9) (Ai*“a'\w - = % (@)

TCLO

where X4 is the response of coordinate Ai to a unit driving force conju-
gate to coordinate Aj' The Xij are obtained from the system's equations

of motion. Hence, the spectrum of scattered 1ight can be expressed as:

(10) I(j),w,l-):[ n;,,I: N ]Z le%(‘

C. Integrated Intensity

The integrated intensity is obtained by integrating (5) over fre-

quency:

(11) I(ﬁ"") > fﬂw l—s(«b,w,r)



60

Use of the definition of the delta function:

(12) ;nc(r(‘t)= fﬂwe

yields,

A7 2 A - 2
(13) Isc%,t—w IA,II:,LV < )Cs‘fg(ﬁ)fu] >

It is convenient to define the Rayleigh ratio R as the scattering
cross section per unit volume, or R = T—%Fz', so that the integrated in-
o

tensities can be expressed as:
= ng_}{ o . Jté ( ‘é; ;?t>>
) R X {18 0Ep) > )

Note that the integrated intensity is proportional to the mean square fluc-

tuation of the dielectric constant.
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V. Experimental Considerations

In this chapter I will discuss the experimental apparatus pertinent

to the results presented in this thesis.

A. Optical Layout

(1) Overview.

A schematic diagram of the optical layout is presented in figure 1.
The argon-ion laser is run in single mode operation by use of an intra-
cavity etalon. The laser beam is focused into the dewar by lens L1 whose
focal length is chosen so that the beam focuses at the center of the crystal.
Before the beam enters the sample cell it passes through a Glan-Thompson
prism, oriented to pass light vertically polarized with respect to the
optical table. The prism is needed to correct for strain induced bire-
fringence in the dewar windows which tends to depolarize the entering laser
beam at low temperatures. Light scattered at 90° is collected by lens L2.
The polarization of the scattered light is selected by the polaroid analy-
ser and the aperture is determiend by the adjustable iris. The scattered
light is frequency analysed by either a pressure scanned plane parellel
Fabry-Perot interferometer or a piezo-electrically driven confocal spher-
ical Fabry-Perot interferometer. The former instrument is used to study
the Brillouin spectra while the latter is used to study the quasi-elastic
spectrum (the interferometers are discussed in more detail below). The
light is focused by lens L3, through a laser line filter and pinhole of
selectable diameter. The intensity of the light is measured by an I.T.T.
FW-130 photmultiplier tube maintained at 1750 volts D.C. The electrical
pulses emitted by the photomultiplier are processed by a preamplifier-

discriminator module . The rate at which the photoelectons are emitted
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(proportional to the scattered light's intensity) is measured either by

a rate meter, whose output is then recorded on a strip chart recorder,

or by the PDP 8 minicomputer, which has been programmed to function as

a multichannel analyser. The spectrum measured by the PDP 8 is then
stored in memory and may be transferred to the PDP 10 computer for storage

and analysis.

(2) Lasers.

In these experiments, two argon-ion lasers were used: a Spectra-
Physics model 165 laser and Coherent Radiation model 52 laser. Al}l
experiments were performed with A = 5145 R. It was found that the Spectra-
Physics laser exhibited greater intensity and mode stability while the
Coherent Radiation laser showed a more narrow line width.

In making quasielastic (AvFNHM = 5MHz) measurements of the light
scattering spectrum it is important for the laser to maintain good
frequency stability. Frequency destabilizing events to be considered are
multimoding, mode hopping, and frequency jitter. Mode separation is typical-
lay = 150 MHz. Therefore, if more than one mode is oscillating at a given
moment, each will appear as a separate feature in the quasielastic spectrum.
Mode hopping produces an abrupt change in both frequency and intensity.
Therefore, it is important to maintain good single mode stability.

Single mode operation is obtained by adjusting the tilt of an
intracavity etalon. The S.P. laser uses an airspaced etalon, for which

this adjustment is sufficient to maintain mode stability for periods as long
as an hour, after the laser has warmed up. However, the C.R. laser uses a
solid etalon which needs to be temperature controlled to prevent changes

in the optical path length due to the temperature dependence of the etalon's

index of refraction. Temperature stability of about .01° C is required to
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90 Therefore the etalon is housed in an oven with

prevent mode hopping.
heaters and thermister temperature sensors. The etalon is maintained at
a constant temperature (.01° C) by a Fisher proportional temperature
controller (model No. 22). After the C.R. laser has warmed up for 2-3
hours, mode stability for an hour can be achieved. At this point the
intensity stability is typically 1 to 3 percent.

Frequency jitter is the modulation of the laser frequency ( on
the order of 10 MHz) due to fluctuations in the laser cavity length.
These fluctuations are induced by acoustic vibrations originating from
mechanical perturbations. A chief source of these perturbations is be-
lieved to be the turbulent flow of water around the plasma tube. 91
(M. Vaughan (R.R.E Malvern) has reported stability ~ 1 MHz by mounting
mirrors separately, isolated from tube and water.)

An experimental estimate of the characteristic time t and amount
of frequency shift associated with the jitter (t, being the time period
during which the laser frequency will hop at least one time) was made
by observing the laser intensity profile on a Tektronix 7514 storage
oscilloscope. The laser spectrum was scanned by the Tropel spherical
Fabry-Perot driven by the Coherent Optics Model 475 linear ramp gener-
ator. The signal was detected by a photodiode. 'Snapshots' of the laser
profile were taken at different sweep times T. We can distinquish three
different cases for these measurements: (1) %—> > 1. The sweep rate is
fast enough so that it is not likely that the laser frequency will hop
during a sweep. The oscilloscope would then measure an instantaneous and
narrow laser profile. (2) %-z 1. In this case it is probable that the

laser frequency will hop during a sweep and the laser profile will exhibit

a significant distortion. (3) %-< < 1. The laser frequency will hop many
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times during a sweep of the oscilloscope and the oscilloscope will display
a long time averaged, broadened laser profile.

Photographs representative of many measurements, taken for vari-
ous sweep times T, are shown in figure 2. The time scale (sec/cm) is
given in each photograph and the frequency scale is 10 MHz per cm. Figure
(a), at the fastest time scale, exhibits a very sharp profile, while figure
(e), at the slowest time scale, exhibits significant distortion. The tran-
sition, corresponding to case 2 occurs between (c) and (d). Hence, we may
estimate T to be approximately Tt = 750us *+ 250us.

The above measurements were made for the Coherent Radiation laser
with a 2 watt plasma tube. A typical number representing the extent of

the frequency excursion is seen to be approximately 10 MHz.

(3) Interferometers

(a) General Description.

Two interferometers were used in these experiments. A pressure
scanned plane parallel Fabry-Perot with a 2 cm spacer was used to scan the
Brillouin spectrum. This instrument operated with a finesse typically
between 30 and 40 and a free spatial range of 7.5 GHz.

The quasi-elastic spectrum was scanned by a spherical Fabry-Perot.
This interferometer has a mirror separation of 25 cm and free spectral
range of 300 MHz. The mirrors are coated to be 97% reflecting at
4880 - 5145;, yielding a reflectivity limited finesse of approximately
50. The frequency scan is achieved by a mirror mounted on a piezo-electric
pusher and driven by a ramp voltage generator.

(b) Optical Layout

The optical layout showing the FPS and associated lens is given in



fig. V-2

(d)
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figure 3.

(c) Throughputs.

The thorughputs of the FPS and FPP (2 cm) were measured separately
and collectively. The throughput of the FPS was measured by focusing the
laser beam (X = 5145 R) into the center of the inteferometer. The voltage
across the piezoelectric pusher was adjusted for maximum transmission
and the power of the transmitted light, Pmax’ was determined by a Coherent
Radiation 1ight meter No. 212. The FPS was then removed and the power

of the direct beam, Po, was measured.

The throughput, T = Pmax , was found to be: TFPS = ,27. The
)
throughput of the FPP was measured in a similar manner and found to be
TFPP = .33.

The reilative throughputs of the FPS and FPP were determined by
measuring the peak count rate for scattering from Polystyrene. The laser
was operated at 5145 K with 75 mW of power. The scattered light was at-
tenuated by a #4 neutral density filter and the pinhole was set to .7mm.
The collection aperture for the FPS was 3 mm and the aperture for the FPP
was 1.0 cm (typical values). The relative peak count rate was found to be:
1

IR = X .46.
FP

‘uax

—t
X

B. Thermal Considerations

The ferroelectric phase transition in KDP occurs at approximately
122°K. The quasielastic features, near Tc’ under' study are highly tempera-
ture dependent. Therefore, it is important to maintain excellent tempera-

ture control and stability. In the following paragraphs, I will discuss the
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the experimental considerations related to these two points.

(1) Dewar.
The appropriate temperatures are achieved by a homemade dewar.
The details of this dewar can be found in the thesis by Brody. %2 Liquid
nitrogen is used as a coolant. It is convenient to keep the crystal
at the desired temperature for long periods of time (several days) so that
a series of experiments can be performed. To this end a 100 liter (Cryo-
fab) 1iquid nitrogen dewar was purchased and connected to the sample
dewar through a cryogenic solenoid valve (Cryofab). The solenoid
is powered by a Cryo-miser model L-21C 1iquid nitrogen level sensor. The
level of the liquid nitrogen is determined by the position (height) of
the two sensors (thermistors) and the range is determined by the sensor
separation. 100 liters of liquid nitrogen will keep the dewar cooled at
TC for at least 24 hours.

' The temperature stability is highly sensitive to the level of the
nitrogen and is therefore dependent upon the sensor separation. A sensor
separation of 2 mm and location of 6 cm from the top of the dewar was

found to be consistent with a temperature stability of 1 m °K over a period

of an hour. Cycling time for this sensor spacing is typically 20-30 minutes.

(2) Temperature Control.

The dewar has two sets of heating resistors, a 100Q set and a
1750 set. The 175Q resistors were connected to a variac to provide addition-
al heating power during the cooling down period when there is a great deal
of thermal momentum. The 1002 heater is connected to the ouput of an

Artronix model 5301 temperature controller. Details concerning the opera-
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tion of this unit can be found in the 'Engineering Service and Maintenance
Technical Manual'. Experience has shown that 1 m° K stability over a period
of an hour can be achieved by running the Artronix in the proportional mode
with the 'power out' setting at maximum, and the gain control relatively
high, at approximately the 10 o'clock position. Compatibility between the
three dewar temperature sensors (see Brody's thesis) and the temperature
range switches are given in the tables in the manual. In the vicinity of
Tc’ an increment in the temperature set control by the smallest division
corresponds to a change in temperature of approximately 50 m® K. A ten turn
10Q trimmer pot was connected in series with the temperature set control

to facilitate fine adjustments in temperature. Increments of 20 units of
the trimmer pot will change the temperature of the crystal by approximately

5 m° K.

(3) Temperature Measurement.

The temperature measurement apparatus is discussed by Lagakos. 4 The
platinum resistance thermometer was moved to the interior of the sample cell,
seated in the bakelite mounting for the crystal, in order to give a more
accurate representation of the crystal's ambient temperature. The resis-
tance of the thermometer and therefore, the temperature, is determined
by a Julie potententiometer UPB-100, as discussed by Lagakos. A chart re-
corder was connected across the null detector meter to monitor small

(1 m °K) fluctuations in temperature.

(4) Sample Cell.

The sample cell is the same as that used by Lagakos. However, it
was necessary to develop a technique for mounting the windows so that upon
cooling the contracting (brass) sample cell would not strain the windows

and depolarize the laser light. The windows were mounted by epoxying
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an invar ring to the window seat and then epoxying the window to the

invar ring. The invar and glass have very low coefficients of thermal
expansion so that the strains originating at the glass-invar interface
are minimized. The forces produced by the contracting brass are buffered
by the invar ring, thereby reducing the effect on the quartz window. Arm-
strong 271 epoxy is used and best results are obtained by curing at 200°F
in an oven for half an hour. This procedure is illustrated in figure V-4.

The complete temperature controlling apparatus is shown in figure V-5.

(5) Laser Heating of the Focal Volume.

A further important thermal consideration of the experiment
is the heating of the focal volume in the crystal by the laser. In
appendix A a calculation is done to determine the temperature gradients
in the crystal produced by the laser beam. The calculation estimates
that for a 100 mW laser beam in KDP near Tc, the temperature gradient
across the focal volume is less than 1 m °K. This is primarily due
to the transparency of the crystal. Therefore, although the quasi-
elastic features near TC are extremely temperature dependent, they may
be observed with substantial laser powers without significant thermal
perturbation. Other results of the calculation are compared directly

to experiment.

c)Materials

The crystals used in these experiments are tabulated below. Al1l
crystals were cut, by a wet string saw, for scattering from the x: phonon

Crystal polishing and sample preparation are essentially the same as dis-
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4

cussed by Lagakos. Silver paint (G.C Electronics, Division of Hydro-

metals, Inc., Rockford, I11inois) electrodes were used for KDP9 and KDP13.




Table I

OPTICAL
CRYSTAL MANUFACTURER ORIENTED QUALITY COMMENTS
KDP5 Isomet Corp. Oakland, X-rayed in house poor, high Used in SCP sample
N.Jd. (1971) No longer density of dependent experi-
manufactures KDP. visible inclu- [ment, exhibits
sions, small strongest SCP
cracks
KDP7 Isomet Corp. (1972) X-rayed by good, few Used in CP experi-
manufacturer visible ments by Lagakos
and in house inclusions (3) and Mermelstein
(5). Destroyed in
1977.
KDP9 Interactive Rad. X-rayed by fair, some Third cystal used in
Northvale, N.J. manufacturer visible SCP sample depen-
(1977) inclusions dence experiments.
SCP of medium
strength. Destroyed
in 1978.
KDP13 L . .
asermetrics Inc. X-rayed by excellent, Used in SCP and DCP
Teaneck, N.J. manufacturer exceptionally (experiments of this
(1977) clean thesis.
scattering
column
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Chapter VI - Static Central Peak - Experiment and Interpretation

A. Experiment

1) Experimental setup

Brillouin spectra were taken in the x + z(y, x + z) - x + z
scattering geometry with the 2 cm plane parallel Fabry-Perot inter-
ferometer (FPP). The laser was run single mode at 5145 K. Laser
power during these experiments was approximately 220 mW and was stable
to better than 5%.

2) Data reduction

The Brillouin spectra, digitally recorded in a 512 point array
by the PDP 8 minicomputer, were subsequenlty analyzed by a computer
assisted curve-fitting procedure (to be discussed below). The measured
spectrum was fit to the convolution of a parameterized transmission
function of the FPP, T(v), with a parameterized theoretical spectral
density function, S(v), representing the static central peak (SCP) and
the transverse acoustic (T.A) phonon.
93

The transmission function was gnerated from the Airy function:

\

| +F sin® ‘Z.;_-‘i’

(1) T (v =

where F is a parameter related to the reflectivity-limited finesse
and ¢(v) is the phase factor determining the interferometer's reson-
ance condition. Previous experiments have shown that the central peak

24

in the paraelectric phase exhibits no intrinsic linewidth. There-

fore, the paraelectric central peak was used to determine the para-
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meter F of the instrumental lineshape.

3) Brillouin Lineshape
The spectral density function for the SCP plus phonon is re-

presented by

) S(v) = Sg() +8p(P)+ B

S (v) is the spectral density function for the SCP and is given by
Ss(w) = As(T) d(w)

The coefficient Ag(T) contains the diverging temperature dependence.

The phonon spectral density function, Sp(v), is correctly obtained from

a coupled mode analysis describing the piezoelectric coupling of the

9,25 .

ferroelectric soft mode and the Xy shear mode (T.A. phonon).
ever, reasonable fits to the Brillouin lineshape which provide approximate
representations of the integrated intensities, were obtained by represent-

ing S (v) by a damped harmonic oscillator response function:

o |
Sr(v) = AP Im [vo )) L g UU r’o
where \, is the quasiharmonic frequency and I, 1is the damping coeffici-

ent. The elastic constant for the Xy shear mode, C66’ is related to the
3 a
parametew , by: /~W-’°
- L g
i;:t
where: w, = 27 v, , the mass density is p = 2.34 gm/cm3 and the square
of the momentum transfer is q2 =6.71 x 1010 cm The integrated in-
tensities of the SCP and phonon peaks were taken to be proportional to
the areas under S; (v) and 56 (v) respectively, for one free spectral

range, where S' (v) is the convoluted spectrum SO @ T(v).
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4) Curve-fitting Procudure

Several Brillouin spectra were analyzed by convoluting the
parameterized spectral density function S (v) with the parameterized
transmission function T (v) and adjusting the parameters to produce a
best non-Tinear least squares fit. This was done with the Tauros pro-
gram. However, this procedure was found to require an excessive amount
of computer time. Therefore, the majority of the spectra were fit by
a simpler computer-assisted curve-fitting procedure. Initial guesses
to the parameters values were made. A visual comparison was then made
between the resultant convoluted spectrum and the experimental spectrum.
The parameters were readjusted to improve the fit. In this manner best
values for the parameters were obtained that differed by less than 10%
from those obtained with the Tauros nonlinear least-square fitting rou-
tine. Several Tauros runs, on selected spectra with different initial
parameter values, were made in order to estimate the error associated

with the parameter values obtained from the curve-fitting procedure.

B. Experimental Results

1) Temperature dependence

Figure 1 shows the intensities observed in the Brillouin spectra
of a KDP crystal. Shown are the integrated intensities of the Rayleigh
line and longitudinal phonon that appear in the polarized scattering and
the central peak and transverse acoustic phonon that appear in the de-
polarized scattering. The intensities are plotted (on a log-log scale)
as a function of T - T,O over the temperature range TC <T- To0 < 100°K.

Too is the free Curie temperature and Tc is the transition temperature.
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The transition temperature was identified with .025°% precision as
the temperature at which the Brillouin components suddenly move out from
the central component, signalling the transition to the ferroelectric
phase. The difference between Toc and Tc’ for the first order transi-
tion, is taken from the dielectric data of Western et al. 9 They
found: TC - T,° = 0.041 + 0.010°K. (There is considerable discrepancy
in the literature for this difference.)

For T - T,,o 2 10°K, the Rayleigh peaks for both the polar-
ized and depolarized scattering are seen to increase as T increases.
The relative intensities of these features with respect to the phonon
modes and their apparent T2 temperature dependence suggest that they may
be due to normal dielectric coupling to the entropy fluctuations. 5
The L.A. phonons show some small, unexpected increase in intensity.
For T - T,c < 10°K careful data exhibiting the growth in intensities
of the Xy shear mode and static central peak are shown. For a large

portion of the temperature range, both intensities grow as (T - T,C)™

where m = 1.0 for the T.A. phonon and m =~ 1.7 for the SCP.

2) Electric field dependence
The electric field dependence of the SCP in the paraelectric
phase was measured utilizing the spherical Fabry-Perot. Details of
this experiment are discussed in Chapter VII in the section concerning
the electric field dependence of the dynamic central peak. Electric field
measurements of the SCP were previously done by Lagakos. However, the
FPP interferometer used in his experiments was unable to separate the

4, 96

inelastic and elastic central peaks. Figure 2 is a plot of

the SCP intensity as a function of electric field for several temperatures
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close to Tc. Notice that the intensity first increases with increasing
electric field and then rapidly falls off. The peak intensity occurs

at smaller electric fields for temperatures closer to Tc‘

3) Sample dependence

Experiments on three crystals purchased from different firms
exhibited a sample dependence in the intensity of the SCP. Data from
two experiments are shown in figures 3 and 4. Both experiments
were performed with identical experimental conditions. Figure 3 shows
the T.A. phonon Brillouin intensity for KDP5 and KDP13 as a function
of temperature. The measured transition temperature, at a laser power
of 220 mW, for KDP13 was Tc(13) = 121.561 + .026°K and for KDP5 was
Tc(s) = 121.661 + .030°K (for laser power corrections to T.» see
Appendix A). For T > 121.8°K both crystals exhibit approximately the
same Brillouin intensity for a given temperature, supporting the self-
consistency of the two experiments. Near 121.7°K there appears to be
some deviation in the Brillouin intensity. Fig. 4 is a semi-log plot
of the SCP intensity vs. temperature for the two crystals. Since the
SCP intensity increases by approximately three orders of magnitude in
the range 0 < T - TC < 2°K, the high temperature contribution to its
total intensity is negligible close to Tc’ Fig. 4 clearly shows that

the SCP in KDP5 is significantly stronger than that of KDP13.

C. Interpretation

1) Axe Model

The experimental results concerning the SCP are interpreted in
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terms of the defect model due to Axe et al. and the equivalent

'frozen defect' model of Halperin and Varma, as discussed in chapter
II. The presence of defects, in an otherwise perfect lattice, may in-
duce static distortions in the Xg shear strain. The amplitude of the
strain is related to the Fourier component of the impurity-induced
force field F6 (q) by
Fe (4)
(3) X)) = =
C 2
¢6

E,T is the isothermal elastic constant associated with the Xy shear

where C66
mode. The elastic constant is taken to be jsothermal (rather than
adiabatic) because any temperature gradient induced by a static distor-
tion will be relieved by heat conduction, independent of the thermal

phonon relaxation time.

(a) Temperature dependence

The intensity of the SCP is expected to grow as: IS «|< x6>|2

so that its development is primarily governed by C66E'T:

| Eg)]®
( (?62;7') r%

Equation (4) predicts that IS (C66E’T)2 will be constant as a function

(4) Is «

of temperature. The Brillouin measurements determine the adiabatic elas-

E,T E,S

tic constant. However, C and C are expected to be the same in the

92

paraelectric phase. Fig. 5 is a plot of I, (CGGE’T)2 vs (T -T,°)

E,T

where IS and C66 are taken from the computer fit to the Brillouin



86

spectrum. Over the bulk of the temperature range this plot yields a

horizontal 1line verifying the SCP temperature dependence predicted by

(4)

(b) Electric field dependence

The electric field dependence of the isothermal elastic constant
has been discussed in Chapter III (see figure III-12) and by Brody. 92
Application of an electric field in the paraelectric phase, close to the
critical temperature, will initially cause an increase in the isothermal

static susceptibility °°/. ETy-1

The isothermal elastic compliance (C66
will also exhibit a corresponding increase and the crystal will soften.
As the electric field is increased further, the static susceptibility
as well as the elastic compliance will ‘decrease and the crystal will harden.
These results, along with eq. (4) predict that the SCP intensity will
first increase with increasing electric field, peak at the critical
electric field and critical temperature, and then decrease. This be-
havior is shown in the experimental results of Fig. 2. The SCP electric
field data indicate that:
Tcr - Tc < .043°K
Ecr < 154 V/cm
More isothermal curves of IS vs E closer to TC are required to obtain a
more accurate measurment of the critical temperature and electric fields

as determined by C66E’T'.

2) Non-linear Axe Model
(a) Elastic potential energy

Eq. (1) predicts that close to the transition temperature the
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static distortion in the strain coordinate will become very large. In
this case it may be necessary to include the first anharmonic contribu-
tion to the phonon potential energy allowed by the crystal symmetry.

The phonon potential energy would then be

5) V= g-c,x‘w}{—C.X"

where c, represents the harmonic elastic constant and y represents the
lowest order anharmonic contribution to the elastic potential energy.

In equilibrium, the defect-induced force F can then be written as:

(6) FtConclK3

Far from TC, the non-1inear contribution to the restoring force is ex-

pected to be negligible, in which case

F
(7) <O = c

However, close to Tc’ Co approaches zero so that the non-linear effects

(E\"
(8) <x> & Cy

dominate. We then have

Therefore, the static central peak intensity, which is proportional to
<x>2, is expected to be determined by the softening of the C66 elastic
constant as TC is approached, and is then expected to saturate due to
non-linear contributions to the restoring force. Other saturation mech-
anisms may be significant near Tc’ such as interference of strain fields

from neighboring defect sights.

(b) Effective Elastic Constant

The effective elastic constant c', which determines the acoustic



w (T.A.), is determined from

(:I - (!E!E) =
= \dx Y 2<RS

Use of equations (7) and (8) yield

phonon frequency

(9)

a¢,F
Co

Co ¥

(10)
Co + 3(C?F)

Although the Tinear elastic constant ¢, is nearly equal to
Tc (for a first order transition), the renormalized elastic

c¢' will saturate at 3 (clefA .

89

Co +3C, <%

T=T.7?

zero at

constant

These saturation effects were Tooked for in our experiments

but were not seen.

Presumably this is because the first-order transition

occurs before c, becomes sufficiently small for the nonlinear terms to

become significant.

D. Conclusion

In conclusion, the SCP in paraelectric KDP has been
in terms of its temperature and electric field dependence.
have been compared to the static defect model of Axe et al.

perin and Varma. It was found that a defect-induced static

characterized
The results
and of Hal-

distortion in

the X6 shear strain can account for both the temperature and electric

field dependence.

A sample dependence to the SCP strength has been measured
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in commercially available crystals. This observation is supportive

of defect interpretations. Possible nonlinear effects to the SCP growth
and the C66 elastic constant have been considered, however their pre-
sence has not been observed to within experimental error. Recently,
Courtens 25 has shown that the SCP peak can be removed by annealing,
strongly suggesting that this feature originates from lattice imperfec-

tions.
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VII. Dynamic Central Peak - Experiment

A. Introduction

In 1977 a dynamic central peak (DCP), of width~ 50MHz was ob-
served 1in the depolarized 1light scattering spectrum of KH2P04. The
DCP peak, for zero electric field, is seen only in the ferroelectric
phase within ~0.1 K of the transition. In this chapter I will present
more extensive data characterizing the temperature and electric field
dependence of the DCP intensity and linewidth. Our preliminary report

of this new peak was published in Phys. Rev. Bl6, 2177 (1977). 5

B. Experiment

1) General Procedure

The experimental configuration is the same as that employed
to study the SCP and T.A. phonon, as discussed in chapter VI. However,
the spectrum was analyzed with the 25 cm piezoelectrically scanned spherical
Fabry-Perot interferometer (FPS). This interferometer has a free spectral

range of 300 MHz and resolution of approximately 5 MHz.

2) Data Reduction

The FPS spectra, digitally recorded by the PDP-8E minicomputer, were
analyzed by convoluting an experimentally measured instrument profile with
a parameterized theoretical function and adjusting the parameters to
produce a best nonlinear least-squares fit to the experimental data.

Our previous experiments established that for zero electric field
the DCP appears only in the ferroelectric phase. S Furthermore, the
static central peak, appearing in the paraelectric phase close to the

transition is believed to result from a static defect mechanism 24 and
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therefore exhibits no intrinsic linewidth. Therefore, it is convenient
to experimentally determine the FPS instrument profile by measuring the
strong SCP in the paraelectric phase close to Tc'

The parameterized theoretical spectral density function, S(v),

which we used to represent in the 1ight scattering spectrum observed

BT, + B’
v4n?

with the FPS is:

(1) S(v) = A(T)JED)*

where v is the frequency in Hertz.

The first term of (1) represents the temperature dependent SCP
which also appears in the ferroelectric phase. B'is a temperature depen-
dent background which includes the Brillouin components. The second

term is a Lorentzian of halfwidth Te representing the new DCP.

3) Temperature Dependence of the DCP Intensity and Linewidth

(a) Procedure

In this experiment the temperature dependence of the DCP inten-
sity and linewidth, for zero electric field, was measured. The DCP
appears in the temperature region: 0 < TC - T <0.1°K and its intensity
is strongly temperature dependent close to TC'. Therefore the crystal
was cooled to approximately 0.2°% below TC and allowed to come to ther-
mal equilibrium. The temperature was subsequently increased slowly
(typically by 0.005 to 0.010 K increments) towards Tc' After each temp-
erature incredment the crystal was allowed to come to thermal equilibrium
as indicated by the thermometer. This would take typically 20-30 minutes.

Once the temperature stabilized, three FPS spectra were taken over a per-

iod of about 10 min. to insure that the crystal had reached thermal equili

brium. This procedure was continued as T was gradually increased up

through the transition. The transition temperature Tc was
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taken to lie between the temperatures corresponding to the last spectra
exhibiting the DCP and the first spectra with no DCP. The two prin-
ciple features of the DCP spectra which lend themselves to analysis

are the DCP intensity and linewidth. They are discussed below.

(b) Intensity

Figure 1 is a log-log plot of the DCP intensity as a function
of Tc - T. Shown are the results of two separate experiments (78AS and
78AV) performed on the same crystal (KDP13) under identical experiment-
al conditions. The intensities shown are in arbitrary units and are
measured relative to a constant laser intensity as measured by a solar
cell and strip chart recorder. Several nonlinear least-squares fitting
runs, with different initial parameter values, were made on each of
three spectra corresponding to a single temperature. The best fits
for each of the three spectra were retained. The intensity error bars
correspond to the standard deviation of the integrated intensities
for these three fits.

The temperature error bars primarily result from the uncertain-
ty in the determination of the transition temperature TC. For experi-
ments 78AS and 78AV the transition temperatures were determined with
a precision of +0.005°K and +0.010°K respectively. Other contributions
to the temperature error bars are due to the temperature controlling
electronics and nitrogen dewar (see Chapter V) and laser heating effects
(see Appendix A). The DCP intensity is seen to exhibit a logarithmic
dependence. The intensity grows as ID ~ (Tc - T)'m withm=~ 1.1 for

< - o
0~'% T<0.1°K
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(c) Relative Intensity of the DCP and Xy Shear Mode

In a separate experiment, the Brillouin spectra of KDP was meas-
ured in the ferroelectric phase close to Tc with the FPP. The experiment-
al procedure and data analysis were performed in the same manner as
discussed in chapter VI for measurements of the SCP. From these measure-
metns the integrated intensities of the Brillouin components, ZTb (cor-
responding to the T.A. phonons), and the combined intensity of the SCP
and DCP (Ic = IS + ID) are obtained. (The FPP cannot separate the SCP
and DCP). Again, these intensities are measured relative to a constant
laser intensity. In Figure 2 the intensity of the Brillouin components
in the ferroelectric phase are plotted as a function of Tc- T. Figure
3 is a plot of the SCP plus DCP intensity in the ferroelectric phase
as a function of Tc -T.

Analysis of the experiments utilizing the FPS to measure the
DCP intensity (78AS, 78AV discussed above) also yields values for the
intensity ratio o of the SCP and DCP where a = ;ﬁ-. Figure 4 is a pldt
of o as a function of TC - T. The error associated with o results from
the error in IS and ID and is typically 20%. A smooth curve was drawn
through the data points. This curve serves to calibrate the relative
weights of the SCP and DCP. (It should be recalled that o is a sample
dependent parameter since it is related to the defect-induced SCP).
Having determined o the relative intensities of the DCP and Xy shear

mode can be found from

D = 1 I
ZTB T+o. fT'B‘
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Table I 1ists the results of this experiment for

Table
TC -7 o
0.010 0.90+.
0.016 0.65z.
0.020 0.60+.
0.027 0.55+.
0.036 0.55%.
0.047 0.57+.
0.060 0.68+.

I

N
[ ]
[ B e

Errors in ?TQ are due to errors in a, IC’ and ZTB and are estimated

B
to be approximately 20%.

(d) DCP Linewidth

The computer fit of experiments 78AS and 78AV yields the DCP

Tinewidth (fullwidth at half maximum, FWHM) as a function of Tc -T.

Figure 5 is a plot of the DCP linewidth, Av
20.1°K, the linewidth lies in the range 55MHz < AVEWHM < 85 MHz. Error

Fune VS Te

99

- T. For 0 < Tc -T

bars for AvFWHM and Tc - T were obtained in the same manner as those for

ID.

a small decrease as Tc is approached.

4) Electric Field Dependence

In order to investigate the effect of an electric field on the

Except for the one data point closest to Tc, the linewidth exhibits
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measured in the ferroelectric phase close to Tc with E=0.
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DCP, the crystal was cooled to a temperature just above Tc‘ The transition
temperature was determined in a previous run (78BF) with +0.009°K precision.
This was done by noting the temperature at which the DCP first appears
upon cooling through the transition with E = 0. At a constant tempera-
ture, a voltage was applied to the silver paint electrodes on the z faces
of the crystal. The application of an electric field to the crystal will
cause a change in the crystal's temperature due to the electrocaloric
effect. Therefore the crystal was allowed to come to thermal equilibrium
with the temperature bath for 3-5 minutes. A safer waiting time would
be 15-20 minutes. o0

A plot of DCP intensity as a function of electric field is
shown in Figure 6 for four temperatures close to TC. The spectra were
analyzed by the computer-assisted curve-fitting procedure, as discussed
in chapter VI, for the spectral density (1). The DCP appears in the
paraelectric phase with the application of an electric field. As the
electric field is increased, the DCP intensity first increases and then
decreases. The peak intensity increases as the temperature approaches
Tc‘ There was no apparent electric field dependence to DCP linewidth.

C. Conclusion

In summary, the temperature and electric field dependence of
the DCP has been characterized. The intensity, for E = 0, increases
as TC is approached from below the transition. This temperature depen-
dence is well described by Ip ~ (Tc - T)™ with m =~ 1.1. The intensity
of the DCP is found to be typically five times greater than the combined

intensity of the two Brillouin components associated with the Xy mode.
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The linewidth of the DCP was found to be in the range 55 MHz < av €

85 MHz exhibiting little temperature dependence. However, a pro-
nounced electric field dependence to the DCP intensity has been observed
for the first time. These features will be discussed and interpreted

in the following chapter.
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Chapter VIII - Dynamic Central Peak - Interpretation

I. Introduction

The presence of a dynamic central peak in the ferroelectric phase close
to the transition temperature is understood to result from the interaction
of the thermal diffusion mode and the ferroelectric soft mode due to the
temperature dependence of the spontaneous polam‘zation.5 In this chapter
the temperature and electric field dependence of the DCP intensity and line-
width, as presented in chapter VII, are interpreted. The analysis of the
intensities can be most easily accomplished via thermodynamic fluctuation
theory which leads to predictions that can be evaluated using the extensive
thermodynamic data available for KDP. A two-coupled mode picture (where the
thermal diffusion mode and ferroelectric soft mode are coupled via the spon-
taneous polarization) leads to a prediction for the DCP linewidth that can
be compared with experiment.
I1. Intensity Analysis

A. DCP Intensity, E =0

The intensity of light scattered by thermodynamic fluctuations in

condensed matter is conveniently represented by the Rayleigh ratio (differen-

tial cross section per unit volume) as developed in Chapter II:

2
R = Txrr v <(’e‘s . Gean . é°)2> (])

where X is the wavelength of the incident 1ight in the medium, V is the

scattering volume, g, and és are unit polarization vectors of the incident

and scattered light, and Gean is the qth Fourier component of the fluctua-

tion in the oB component of the dielectric tensor.

af

q ]
are the polarization P,, the Ky shear strain x,, and the entropy S. If the

The relevant dynamical variables for this problem, that induce 8e
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frequency ranges of the dynamical modes are well separated, aeq“B can be
separated into distinct contributions from each mode and the total inten-
sity for that mode can be predicted from equation (1).

The mean square fluctuation in the dielectric constant, occurring at

constant stress g and electric field E, associated with the entropy is:

a8 y2. _ deg®® 2
< > =
(6eg™ ) (dg sz;sq > (2)
where <Sq2> is the mean square entropy fluctuation. Equation (2) reduces,
via standard thermodynamic relations, to:
< (852> = 1 (deg— A 1id (3)
q v d o,E pC(J E
where Cc E is the specific heat per unit mass.
Since entropy fluctuations occur very slowly compared to the charac-

teristic time of P, and x,, we assume that the spontaneous polarization P,

and shear strain x, remain in thermodynamic equilibrium with S. Then,

de ad 1> a8 J€ aB dx 3c a8 dp
(FF—) =Ep +50. @ =) (53 (4)
a “5.E T 7P xTpp AV CF T MATT g

Equation (4) expresses the optical coupling to the thermal diffusion mode. The

first term on the right hand side of eq (4) represents both direct and indirect

oB
q -

The two new terms represent additional indirect optical coupling via the tem-

(due to thermal expansion) components to the temperature dependence of ¢

perature dependence of the spontaneous polarization (pyroelectric effect)
and the temperature dependence of the spontaneous strain(thermal dilation effect).

aB
' [ ,r_3€
The 'normal term,\——gf—Jx’P ,

polarization, although anisotropy of the thermal expansion coefficient may in-
97

is only expected to occur in diagonal

duce depolarized scattering Its value above and below the transition can

be estimated from the refractive index measurements of Yamazaki and Ogawa, 98
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P

(5) =
(aTx yx10' (K') TLT,

The second and third terms of eq (4) vanish in the paraelectric phase since
the time average vablues of x6(T) and P3(T) are both zero for T> T.- In
the ferroelectric phase, the polarization contribution can be expressed

~0,E

in terms of the pyroelectric coefficient p ’~ and the electroptic co-

efficient p63x. The spontaneous strain term is expresssed by the thermal
dilatation coefficientq %E and the elastooptic coefficient pGGP. The com-
plete temperature dependence of the dielectric constant, in the ferroelectric

phase, can then be expressed as:

J€ )
(aT' x, P Normal Optical Coupling
‘€ ‘ (6)
ar P &TE
0/3(,3 No P“ "New Indirect

Optical Coupling"
The pyroelectric and thermal dilatation coefficients have been determined
theoretically from the Helmholtz free energy in chapter III and are given
by eqs 22 and 23. Figure 1 is a plot of these three contributions to the
temperature dependence of the optical dielectric constant in the ferro-
electric phase as estimated from the Benepe-Reese free energy. Note that
it is the polarization term that dominates the dielectric constant
temperature dependence. Retaining only the polarization contribution,

the Rayleigh ratio for the thermal diffusion mode can be expressed as:

_ ? ¥ oo 0E R ke T
Rvu (T-0.) a N n°/>(’:(F /-QE;,E (7)

The solid line in Fig (2) is the Rayleigh ratio, determined by eq(7) and
the Benepe-Reese free energy. Values for the specific heat are taken from

Reese and May. 99

Also shown in Fig 2 are the experimental data whose
intensity has been scaled to coincide with the data point at TC - T = 0.028°K.

Hence the Rayleigh ratio (2) yields a good description for the temperature
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dependence of the thermal diffusion mode.

B. Relative Intensities of DCP and Xy Shear Mode

In chapter VII an experimental determination of the intensity ratio of
the DCP and T.A. acoustic phonon was made and its values were tabulated in
Table I. A theoretical estimate of this ratio can be made from the thermo-
dynamic analysis utilizing eq (1) for the scattering cross sectiomsper unit
volume of the Xy shear mode and the thermal diffusion mode. The Rayleigh

ratio for the thermal diffusion mode is given by (7). The Rayleigh ratio

for the T.A. phonon in the ferroelectric phase is found to be: 100
72 E,S kgT
R(T.A.) = T nc,8 (Pss ) S (8)
£ 101
The adiabatic Pockels' coefficient, pssE’S, can be expressed as:
T X,S
E,S P X
Pss =Pes *+ Pes a6 [—€4“ ] (9)

The Pockels' coefficient can then be estimated from the known values of

psfn psg, and a,, along with the B-R free energy prediction for the sus-

X,S

ceptibility ¢ The intensity ratio is

£,S ,.0,E\2
R (T.0. p. X TC. > (5°°F)
= %k P (10)
T.A. ( t,s]
2R Pss o CG!E ’

This intensity ratio has been evaluated using the B-R free energy and the
specific heat data of Reese and May 99(taking TP = Tc). The results of
this calculation, along with the experimental results of chapter VII, are
shown in Table I.

In view of the manner in which these experiments were done and the
associated error, the agreement between theory and experiment is viewed

to be reasonably good.



TABLE 1

. Iy R (T.D.
c 2Tg 2R (T-A.
0.010 4.5+ .9 24.2
0.016 4.0+ .8 18.2
0.020 3.3+ .7 17.0
0.027 5.7 + 1.1 18.4
0.036 4.8 £ 1.0 10.6
0.047 4.4+ .8 9.0
0.060 3.4% .7 7.2
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C. Electric Field Dependence to the DCP Intensity

Application of an electric field along the axis of the spontaneous
polarization will cause a distortion of the phase transition. A small
electric field (E < Ecr) will cause some rounding of the onset of the
polarization. Furthermore, the polarization will now increase discontinuous-
ly at a temperature above the transition temperatufe. A large electric-field
(E > Ecr) will smooth the development of polarization so that, upon
cooling, there will be no discontinuous jump. This jump in P will vanish
when E = Ecr' These effects are illustrated in Fig. 3 of chapter III. There
fore, the polarization response to temperature fluctuations will have a marked
electric field dependence. This is illustrated in Fig. 8 of chapter III where

the pyroelectric coefficientﬁc;E

is plotted as a function of electric field
for several temperatures close to Tc in the paraelectric phase. The Rayleigh
ratio for the thermal diffusion mode, given by eq. (7), is seen to be pro-
portional to (50’5)2. Therefore, the electric field dependence of the scatter-
ing cross section is expected to be dominated by the electric field dependence
of 5°’E. It is assumed that the electric field dependence of the index of

refraction and specific heat will be minor. This electric field dependency
of 5°’E is to be compared with the experimental results pre-

sented in Fig. VII-6. There is good qualitative agreement between the ex-
perimental data and the thermodynamic results. Hence, the intensity of the
thermal diffusion mode can be used as a probe to investigate the thermo-
dynamic properties of KDP, via the pyroelectric susceptibility, which is
related to the static isothermal dielectric susceptibility by

~0,8 _ __o,T P
p - TE €
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The approach to the critical point at atmospheric pressure, as well as the
approach to the line of second order phase transition for differing amounts
of pressure, can be well monitored by the thermal diffusion mode intensity.
As the point(s) of a second order transition are approached the intensity of
the T.D. mode should increase to values greater than those achieved at atmos-
pheric pressure and zero electric field.
III. Coupled Mode Analysis

A. Linewidth Renormalization

We have interpreted the DCP as the low frequency structure to the ferro-
electric soft mode resulting from its coupling to the thermal diffusion mode.
This coupling is due to the extreme temperature dependence of the order
parameter, the spontaneous polarization PS. The thermal diffusion mode can
be representeq by a relaxational response function leading to a two-coupled-
mode picture with an effective bilinear coupling between the soft mode (A)
and the thermal diffusion mode (B). The spectrum is given by (as formulated in

Chap. IV):

Iw)aIn P.P.X, . (w) (11)

i3
i,j=A,B
where PA and PB are the optical coupling constants and Xij are solutions of the
matrix equation

ENE a* Xan  Xag ! 0
. = (12)
A% (xg®)™') | Xgp g 0 ‘
XA° amd XB° are the response functions of the uncoupled ferroelectric soft
mode and entropy mode and are given by
XA° = (0 ? - w? inA)-‘ | (13a)

o

i

Xg c (1 - dwr)™? (13b)
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If we assume that PB = 0 so that only the ferroelectric mode couples to the

o
light, then Xa

]
T~ P, Iim 1—%:%;/.\" (14)

which together with eqs (13) yields
|
wi -w?-1wl, - <4t

|~ T

This result is one of a number of equivalent expressions frequently used

(15)

to represent the combined soft mode plus central peak spectrum (see Chap. II).
For the case of a heavily overdamped soft mode (I‘A >>w_ ) the

spectrum of eq (15) sepgrates approximately into two Lorentzians, the soft
[ X Phe 1

mode of width r's = —p; and intensity proportional to , and the
* Yo
W 1
central peak of width r'( = (T»i) ‘Jz‘_: and intensity proportional to
cAY . e s . 1
a2 . The total intensity is proportional to —w;—— where

w2 = w? - cA* determines the static susceptibility. The high frequency

susceptibility is given by wfo . The central peak linewidth is then

Av e (7)o 16
with (we 2= [
,zl- (wm) I+ (2%’\) 2 (17)

where §2 = cA*.

Note that the DCP Tinewidth is not determined soley by the T.D.
mode relaxation time but includes a linedth renormalization coefficient
n? . Because the modes are linearly coupled through the pryrolectric

effect, we expect that

-4, F""E (18)
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At this point it is perhaps worthwhile to consider several possible interpre-
tations of eq. (16).

1. Second Order Transition

For a second order transition, the central peak linewidth should ap-
proach zero at T., even if T is temperature independent, since woz goes to
zero at Tc while wwz remains non-zero due to the mode coupling.

2. First Order Transition

For a first order transition, the static susceptibility does not
approach zero as TC is approached from below. Therefore narrowing of the
OCP, as discussed for a second order transition is not expected to occur.
However, the DCP linewidth may or may not approach zero at Tc depending upon

the relative magnitude of § and w, very close to Tc‘. We can consider two cases:

a. [E?— _ << ]
-] T:TC

In this case the linewidth renormalization coefficient, n°, is
given by
Tim n?2 =1
T+T¢
The renormalization coefficient is equal to 1 so that the DCP linewidth is in-
distinguishable from the thermal diffusion mode linewidth .

2
b. Pb << ]
8

TaT,

In this case the renormalization coefficient, close to T¢ , can be approxi-

mated by:
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Although w_ does not go to zero at TC (for the first order transition) the
anomalous behavior of &, due to the pyroelectric effect, may cause a narrow-
ing of the linewidth. These possible temperature dependences to the renormaliza-

tion coefficient are illustrated below.

A }

1.0

/Zil

KDP undergoes a first order transition. Utilizing an intensity
analysis of the DCP and ferroelectric soft mode, we have previously estimated
that the smallest value of n?is n2|T=TC' = 0.99.5 This suggests that for
KDP the applicable situation is that of case (a) for the first order transition.
However, a quantitative evaluation of n? would be helpful in determining whether
this renormalization resulting from pyroelectric coupling is inaccessible, in
principle, for the first order transition at atmospheric pressure.

It is known that application of hydrostatic stress will force the
transition to become second order, in which case the linewidth renormalization
should become evident.103’m4’105

B. Electric Field Effects and Linewidth Renormalization
Since the static dielectric susceptibility and the pyroelectric

susceptibility both have a strong electric field dependence, I would expect

that the renormalization coefficient, n?, would exhibit a strong electric field
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effect. In order to make some qualitative statements about this possible

electric field dependence, I note that w°2 is inversely proportional to eo,T
and that § is proportional to eo’T. Taking
2 o Qo:>2_
oo T eo,T
d = 60 ﬁG’T - SOO(E’T)ecaT
where &' = § Eé§}9 [ have
nz = ‘]2 ag T 3 (20)

Hence n? = n? (E,T) is seen to exhibit an electric field and temperature de-

ag,T

pendence (at ambient pressures) primarily determined by € If we consider

n? in the neighborhood of the critical electric field and critical temperature
then we find

Tim n?(E,T) = 0

T

since 9°7

becomes singular at the critical point. Whether or not this narrowing
as a function of E and T is experimentally accessible is dependent upon the quan-

)2
titative value of [gﬂ—J .
o

It may be that [65 ] is so very small that this linewidth renormalization

o

will occur only at the exact critical point. Preliminary experimental results
have shown no pronounced electric field dependence to the DCP linewidth.
Since it is believed, for atmospheric pressure and E = 0, that the renor-
malization coefficient ig n? =~ 1, the DCP linewidth will be indistinguishable
from the thermal diffusion mode linewidth. A discussion of the thermal dif-

fusion mode linewidth is given in the following paragraphs.
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C. Thermal Diffusion Mode Relaxation Time

The thermal diffusion mode relaxation time is given by the classical

expression:
1= p q? (21)
T th
where the thermal diffusivity is
Oen = oF (22)
and the momentum transfer is
qQ = 4{;"— sin % (23)

A - thermal conductivity

p - density

C - specific heat

n - index of refraction

A= laser wavelength in medium
8 - scattering angle

Values used for the thermal conductivity and specific heat are given in
Appendix B.

For 90° scattering at the laser wavelength AL° = 5145 K (in vacuum),
the square of the momentum transfer is .

q® = 6.71 x 10!° cm~?

Table II catalogs the thermodynamic predictions for the thermal dif-
fusivity Dth’ thermal diffusion mode relaxation time T, and dynamic central peak
linewidth (FWHM), Av = 7%;-35 a function of temperature difference from the
peak in the calorimetric anomaly in the ferroelectric phase. Figure 3
is a plot of Av as a function of Tp-T. The solid 1ine is the thermodynamic
prediction for Av. The experimental points were plotted by matching the

data point for Tc-T =0.028°K with the predicted linewidth and plotting the



Table 11
Tp'T (%K) Dy %i T ns Av MHz
.203 3.9x1073 3.8 84
.183 3.7 4.0 80
.163 3.6 4.1 78
.143 3.5 4.3 74
.123 3.3 4.5 71
.103 3.2 4.7 68
.093 3.1 4.8 66
083 3.0 4.9 65
.073 2.9 5.1 62
.063 2.8 5.2 61
.053 2.7 5.4 59
.043 2.6 5.6 57
.033 2.5 5.9 54
.023 2.4 6.2 51
.013 2.3 6.6 48
.003 2.0 7.5 42
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Solid 1ine shows thermal diffusion moge prediction

for dynamic central peak linewidth (n“=1) expressed

by equations 16, 17, 21-23. Open and closed circles

are the data points from fig. VII-5. The temperature
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so that it agrees with prediction. All other points havebeen
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other data points relative to its temperature. The one data point at

Tc-T =0.004°K which shows a large deviation from the predicted values

(see Fig. VII-5) is not shown in Fig. 3. Notice that the linewidth is ex-
pected to narrow as T, is approached from below, due to the anomaly in the
specific heat. Since the measurements of Reese and May indicate that the
anomaly in the dielectric constant occurs 0.1°K lower than the anomaly in
the specific heat, it is difficult to pinpoint the exact transition tempera-
ture, as measured in the light scattering experiment, in Fig. 3. It is

perhaps safe to say that T¢ lies in the range Tp- 0.1 $ T, % Tp.

The predictions of eq. (21), as shown in Figure 3, yield excellent
agreement with the experimental data when consideration is given to the dif-
ficulty in determining the exact transition temperature relative to the
specific heat data.

IV. Conclusion

In conclusion, we have shown that the dynamic central peak that we have
observed in ferroelectric KDP can be viewed as the low frequency structure
of the ferroelectric soft mode induced by its coupling to the slowly relax-
ing thermal diffusion mode via the strongly temperature-dependent spontaneous
potarization. This anlysis has succeeded in explaining the temperature de-
pendence of the width and the temperature and electric field dependence of

the intensity of this new feature.
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IX. Conclusion

In this thesis, Brillouin and high resolution Rayleigh scatter-
ing measurements of the central peak in KDP have been presented. These
experiments (along with those of other workers) have established the
presence of two central peaks; a static central peak and a dynamic
central peak. The static central peak exhibits no intrinsic linewidth
and appears in both the paraelectric and ferroelectric phases within a
few degrees of the transition temperature. Experimental evidence pre-
sented here (and by others) strongly suggest that this component is due
to defect-induced inhomogeneous static distortions in the Xy shear
strain. It has recently been shown that this central peak can be removed
by suitable annealing and is therefore an extrinsic property of the
crystal. An interesting aspect of the static central peak, reported here,
is that the electric field dependence of it s intensity exhibits the Tri-
critical behavior of the first order transition via the isothermal elas-
tic constant CgéT .

A dynamic central peak has been observed in the ferroelectric
phase of the shorted crystal and in both phases in the presence of an
electric field. This central peak is interpretted as the low frequency
structure of the ferroelectric soft mode induced by temperature fluctu-
ations. Measurements of the temperature and electric field dependence
of the dynamic central peak intensity have been presented here and agree
well with the predictions of thermodynamic fluctuation theory. Line-

width measurements are in good agreement with predictions determined by
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the thermal diffusivity. Restrictions on our scattering geometry have
prevented us from verifying the q2 linewidth dependence expressed by
equation VIII-21. The linewidth renormalization, which is expected
close to Tc, has not been seen and is believed to be inaccessible at
atmospheric pressure due to the first order nature of the transition.
However, application of hydrostatic pressure can drive the transition
to become second order, in which case the linewidth renormalization
should become evident. This would provide crucial verification of
the coupled mode analysis. Further electric field measurements at
atmospheric pressure should also be performed using annealed crystals
so that the DCP linewidth can be more easily measured without inter-

ference from the SCP.
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Appendix A

Temperature Rise and Thermal Gradients Induced by the
Laser near T, in KBP

I. Introduction

In this appendix I will consider the thermal effects of the laser beam
as it passes through the KBP crystal. In particular, I am interested in
determining the maximum temperature rise of the focal volume induced by
the laser and obtaining a relation between the actual temperature of the
focal volume and the temperature determined by the thermometer.

Since the quasielastic features appearing near Tc are severely tem-
perature dependent, it is important to establish whether there exists any
significant temperature gradients across the focal volume and thereby des
termine whether the experiment is probing a homogeneous volume element.
Some of the results of these calculations will be compared to experiment.

. 105
The calculation proceeds essentially from the discussion by Lax. An

earlier calculation for the time dependent problem has been done by Gordon106
et al. Their results, under appropriate simplifications, reduced to the
results given here.

II. Formulation of the Problem

a. Thermodynamic Geometry.

Since the intent of this calculation is to aobtain an order of magni-
tude estimate of the temperature distribution in the crystal and sample cell,
I will set up the problem in a manner that fully exploits the cylindrical
symmetry. The KDP crystal is represented by an infinite cylinder of radius
ro and.is surrounded by a bakelite housing of inner radius r, and outer
radius rp. The crystal and housing are immersed in a 2-methylbutane bath plac-
ed in a brass sample cell of radius r. mintained at the bath temperature To-

The laser beam passes down the axis of the crystal. A schematic diagram
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of this configuration is given in figure 1. The platinum resistance thermo-
meter is of cylindrical shape and 2 cm in length. Its center is taken to be
a distance p from the optic axis.
b. Laser Beam as a Heat Source
The intensity profile of the laser beam can be expressed in cylindrical
coordinates as: |
I(r,z) = Iy f(r,z) , (1)
where Iy is the intensity amp]itude and f(r,z) is the intensity profile at z.
The power of the laser beam is given by a=
) Pt=z) = To Jrefcf'*" fer) (2)
Heating of the crystal by the laser b&am resuf%s from the absorption of
energy by the crystal. This absorption is characterized bya, the attenua-
tion constant of the laser beam in the crystal. The laser beam then con-

stitutes a heat source whose energy per unit volume per second -is given by

G(r2):= O(e I ‘F(";?) (3)
Since KDP is transparent, az<<1l and we have:
Gimzrs & To F(h12) (4)

I then consider two approximations for f(r,z):
(a) Rectangular intensity profile. In this case the laser
beam, of diameter Wg, has a uniform intensity distribution. I can express f as:

) "&WoZ

-F(Hz (5)
0 P> We/2

(b) Gaussian intensity profile. This approximation more ac-

curately reflects the true situation. The intensity profile is given by:

sl/'.7 Wg.
fry = € /_° ~ . (6

The intensity falls to e-l of its maximum value at a radius r = 22-. These

intensity profiles are shown in figure 2. The laser power for both profiles
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is found from (&) to be;

P = ‘7?':': Io WO?' (7)

In the following, the rectangular profile will be denoted by R, and the -
Gaussian profile will be denoted by G.
¢. Heat Equation
(1) talculation of the Heat Flux J.

lhe temperature distribution is governed by the heat equation;

CQI-*V‘T-rG (8)

where
c - heat capacity
T « temperature

J =~ heat flux

The heat flux J is given by
J = -AVT (9)
where X is the thermal conductivity of the material in which the temperature
gradient occurs. I am interested in the steady state solution, so g%-= 0.
Hence, the equations for the heat flux J and temperature T are:
v-i= G (10)
vit: - /\ G (1)
In order to determine J, we can exploit the cylindrical symmetry of the
problem and use the divergence theorem;
fd”r v-J fT 43 (12)
v

Hence,

(13)

[7a5 ~ [#r e
S v
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where G(r)is given by (3)

I then haye the toliowing solutions for the two cases;

. A
(a) R: T, ¥ x %<4
J A , (14)
-_— X >
(b) G; s
- y _ o X A
T-Tz[1-€™[x (1)
where I have introduced the dimensionless variable x = = and have Jo = 2aP .
WQ TTWO

Notice that in the Timits X<<1 and x>>1 both expressions yield the same re-
sult for J. Plots for l%l as a function of x for the two laser profiles are
given in figure 3. A
| (2) Temperature Distribution T(x)
The temperature distribufion can be found by integration of (9).
(a) Temperature profile. [ would first 1%ke to establish the

temperature profile in the crystal. Integration yields the fnllowing results:
-yx?2 o¢xtfh

AT
(R) e A (16)
—[; +2/n(27C)7 LéZEA,
AT
© L5 = - Fin(yx?) )

where AT = T(x) - T(0)
and
Ein(z) is a tabulated exponential integral given in Abramovitz and Stegun,

Handbook of Mathematical Functions, Dover Publications, Inc., N.Y. p 228.

Plots for both laser profiles are given in figure 4, From the plots one can

see that the temperature gradient over the focal volume, for P = 100 mW, is



Fig. A-3

129

J=8.9 W
at P=]00mW

.8 1.2 .6 2.0

Heat flux for R and G laser profiles as a function of radial

distance from optic axes.

For a laser power of P = 100mW and

a Henuation coefficient x for KDP, I estimate that Jo = mw
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less than 1m0 K, (Numerical values for the parameters of the calculation
are given at the end of this section),
(b) Maximum temperature rise of the focal volume, The maxi-
mum temperature occuring on the optic axis as a result of the laser beam can
be found by integrating (9) from the origin to the sample cell wall. The sample
cell wall is taken to be at the bath temperatire Ty, and A;, 1,, and\J\3 are
the thermal conductivities 6f the KDP, bakelite, and 2-methylbutane respectively.

Denoting the maximum temperature rise by 8, = T(0) - Tp I find

o P
o

& - tals (18)
«P G

Izl

where

L = = Em(928) + L Ein (v2i)- Eim(v2}
% /\'E(‘/x)w*AlE{m,)E(ﬂ’)

1 -;\L: [Em (Y1) - Ein (7"!,2)]
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W
L4l
Evaluating this expression I find gy = 1.410 ————C:'n"foK , ,63 .09 é--:-o
and 16 m°K R

Oo =
31 wm®k G

where T(0Q) = To + Oo

(c) Relation between T, and temperature measured by thermometer.
A more important question to be addressed is: Given the laser power dur-
ing the experiment, what is the relation between the actual transtion
temperature TC of the focal volume and the temperature, TCPRT, measured
by the thermometer? To answer this question I integrate (9) from the
origin to xp where the thermometer is located. Integration reveals the
following relations:

PRT _
Tc = Tc - mp P (R) (19a)
PRT _ _
Tc = Tc mG P (G) (19b)
I find that
_ m°K _ m°K
mp = .25 - me = .50 T (20)

This result is compared to experiment. The crystal was cooled
down through its transition temperature while observing the Brillouin com-

ponents. TcPRT

was taken to be the measured temperature at which the C66
elastic constant softened to zero. The temperature was measured by the

platinum resistance thermometer. This was repeated for several differ-

ent laser powers. A plot of TcPRT vs P was made and is shown in fig. A-5.
The experimental result of mexp = .91 m;ﬁ compares reasonably well
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with the theoretical predictions of equations (19) and (20) (mR and mG),
in view of the gross approximations made in the calculation. As expect-
ed, the Gaussian laser profile yields better agreement. Hence, the cal-
culation provides a reasonable estimate of laser induced temperature
gardients in the focal volume, showing them to be less than 1m°K for

laser power of P = 100mW.

(d) Parameters for Laser Heating Calculation
(1) Sample Cell Geometry

The calculation was done for the following sample cell geometry (see fig.

1): beam dia. wo = ,01 cm
ro = .50 cm x0 = 50
ry = 1.0 cm xb = 100
Fo = 1.2 cm xc = 120
= 2.0 = 200
rp cm xp

(2) Attentuation coefficienta .

The attenuation coefficient o was estimated from the transmission
data taken by Cleveland Crystals. The transmission data was corrected
for reflection losses at the surface. I estimated that

o= 1.4 x 1073 en!

(3) Thermal Conductivity A.

(a) KDP. The thermal conductivity of KDP near Tc is taken
from the data of Ysutaka Suemune}llThe value used is Ay =

(b) Bakelite. The room temperature thermal conductivity
of bakelite (paper base phenolic) was obtained from Almac Plastics Inc.,

Long Island City, New York. A = 2.93 M
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(c) 2-methylbutane. The thermal conductivity of 2-methyl-

mK
cm-°K

(Tables on the Thermophysical Properties of Liquids and Gases, N.B Var-

butane at 0°C was found to be A3 = 1.19

guftik, Hemisphere Publishing Corporation, Washington-London 1975, p.261.)

(4) Constants of the calculation. The following constants, appear-

ing in the calculation are for a laser power of p = 100 mW and the above

parameters.
_2aP_ i
Heat Flux: Jo = ™ = 8.9 pra
Temp. change: © = ap = .7 mK
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Appendix B Thermodynamic Parameters

In this appendix I have collected values for the physical quantities

used in the dynamic central peak calculations of Chapter VIII.

(1) Index of Refraction
Measurements of the ordinary and extraordinary index of refraction

(for KDP) and their temperature dependence were made by M. Yamazaki and T.

- 9
) Ogawa 8 for several wavelengths over
o , lo 358 A {n e 15252))
Lo ; 2 lesugrhy = e crizplt the temperature range of 100 to 300 K.
b RN losagah = = 15000
TN —— ) :
| j?//p\ ) .gmirnft;www The results of their measurements,
= : Z 2 {x SHETAL = = 75703))
P / \\>\\ ‘i””A(f,'““W{ taken from reference (107), are shown
& BN :
//[ L in figure 1. From this data, I have

estimated the 'normal' contribution

to the temperature dependence of the

60 50
o NLPOCKDPL  (r = i) vs T W roe pptical dielectric constant (¢ =n 2)
tractive index at 3U0 °K 661/},
€ . -4 ° - R
to be %T =4 X 10 4 K 1 in the

ferroelectric phase. I have assumed that this quantity is essentially
constant over the temperature range, neglecting possible anomolous contri-

butions due to an anomaly in the thermal expansion coefficient near Tc.108

(2) Electrooptic Coefficient p:;T

The isothermal electrooptic coefficient at constant strain, defined

xT L A -8 cm?
by /"6'5 ‘-f"L-‘ J’_ﬁ ) is reported in ref. (109) to be o' = -20.9 X 1078 S
o 3 I, T

(3) Elastooptic Coefficient Pgs

The isothermal elastooptic coefficient (or Pockels coefficient) was

63 esgh °
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measured by Brody and Cummins. 101 They measured the intensity of the Xy

shear mode Brillouin components near the phase transition and observed an

P

anomaly in the pgzo elastooptic coefficient. p6 is defined as:

eT Jt"’)
P‘b {°3 T;" P;T

From their data they deduce the value: pGPG = -0.0345.

4) Heat Capacity
High resolution measurements of the heat capacity in the vicinity

99 Their measurements

of the transition were reported by Reese and May.
were made on polycrystalline samples. (Measurements on single crystals were
reported in a later publication which included heat capacity measurements

110 ) The heat capacity

in the presence of an applied electric field.
measurements, taken from reference (99) are shown in fig. 2 and tabulated
in table I. Measurements of the static dielectric constant were also
made which indicate that the temperature of the dielectric anomaly occurs
about 0.1°K below the temperature of the calorimeter anomaly which occurs
at Tp. This difference was not observed in the single crystal samples.

5) Thermal Conductivity

Thermal conductivity (A) measurements were made by Y. Suemune. H
His results for KDP in the vicinity of the transition temperature are re-
produced in figure 3. In these measurements the temperature gradients vary
from 0.2°K/cm to 3.0 K.cm over a thermocouple separation of about 0.4 to
0.6 cm. Therefore, these measurements are unable to resolve any anomalous

behavior in A with 0.1°K of the transition where the DCP appears. As the

transition is approached from above, A is seen to decrease in manner de-
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The heat capacity of KPP With the exception of the
pomts in the immediate neighborhend of the transition the points
shown in Fig. 2{a) were taken with temperature intervals of
approsimately 1°K. The points shown in l'is:._ 2{h) were l:ﬂj(-n
with smaller intervals, fypicaily between 0.05°K and 0.014°K.
‘The points shown in Fig. 2(a) were taken (rom Scries I, those
shown in Fig. 2(L) were taken from both Serics T and Series 1L
Note the change in origin between Fiv. 2(a) and Uig, 2(h). The
eolid line in Fiz. 2(a} shows the expression chosen to represent
Ca, the lattice heat capacity.
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Tanre I A summary of the experimental data near the transi-
tion is given hy averaging the data in temperature bins of varying
cizes. The average temperature and average heat capacity for
the points {alling within the bin and the rms deviation of the
data within each bin arc given. The data from Serics 1 and
Scries ITI have been treated separately.

Root mean
square deviation
T (°K) C (J/mole °K)  (J/mole °K)

SERIESI
120459 1t 1.4
120,044 110 0.7
121.211 112 1.6
121.55¢ 123 0.9
121.730 133 3.6
121,846 130 2.0
121,934 112 3.0
122.041 151 3
122.110 163 7.3
122.230 176 4.0
122,333 191 1.7
122,403 2 5.0
122.457 228 5.6
122.508 255 3.5
122 516 273 4.6
122.570 269 12.6
122,592 290 7.5
122,615 318 3.3
122.638 334 1.1
122.636 336 1.5
122.0676 432 8.1
122.083 508 10.2
122.695 37 5.8
122.719 243 8.3
122.747 191 0.1
122.776 174 9.2
122.817 133 4.5
122,859 11 31
122,900 102 17
122.903 92.0 2.9
123.033 7.8 1.5
123118 82.3 0.1
123.236 73.8 2.1
123.343 75.0 2.1
123.433 77.4 2.0
123.0687 4.5 0.3
124,199 80.9 8.2

SERIES 111

122.365 195 4.4
122.477 229 7.9
122.533 260 6.4
122.558 283 9.6
122584 201 5.1
122.591 311 6.2
122.604 231 12.4
122.617 310 7.6
122.625 350
122. 034 350 12.6
122.0644 364 2.0
122.054 392 15.3
122.602 314 17.5
122.675 458 8.9
122.684 450 6.8
122.692 375 7.8
122.698 296 110
122,704 204 14.2
122.714 213 10.4
122,723 230 14.4
122.738 182 4.3
122.758 155 3.7
122.825 118
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termined by the temperature dependence of the specific heat. In going
thraugh the transition, A sharply increases due to the reduction in phonon-
phonon scattering resulting from the hydrogen ordering. Consideration of
the first three data points in the ferroelectric phase yields an estimate
for the slope of AV/AT =0.75 (8= /%K) for 0 < T_$T - 4°. Hence A

is estimated to change by (.08 °K¥¥h over the temperature range of the
DCP, or by approximately 0.5% (assuming no anomalous behavior at TC.) There-

fore, the value of A , for the DCP temperature range, is taken to be essen-

. mid
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