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Abstract:

A fully three dimensional neutron diffraction study has been carried out on CSH2PO4 in the pressure
induced antiferroelectric phase. At 100.0 K and a hydrostatic pressure of 3.6 kbar the structural
parameters are a =1 5.625(9), b=6.254(2) ,c =4.886( 1) &, y' = 108.08(3)° and Z = 4. Atomic
positions and thermal parameters were determined using full-matrix least-squares methods which yield
final agreements of Rw(F2) = 0.07 93 for space group P21 and Rw(Fz) = 0.082 9 in space group P2 1
/a. Hydrogens bonding in b-chains, which are disordered in the paraelectric phase, show
antiferroelectric. ordering such that ferroelectrically ordered b-axis chains are arranged in ferroelectric
b-c planes with neighboring planes in the a direction ordered in the opposite sense. This ordering leads
to a doubling of the. structure along the a axis.

A high-pressure low-temperature nuclear magnetic resonance apparatus was constructed to investigate
the dynamics of the phase transitions in CSH2POA4. This apparatus was used to measure the 133Cs
spin-lattice relaxation time in the paraelectric phase at pressures of 0.001, 1.5, 3.0, 3.3 and 3.6 kbar.
Relaxation data were interpreted in terms of a pseudo-Ising model yielding a correlation time for
cesium motions of 1.0X10-12 seconds. Interaction strengths and pressure dependences along each
principal axis were found to be Jb/k =266.0 K - 12.0 K/kbar * P, Je/k = 2.1 K - 0.13 K/kbar * P and
Ja/k =. 0.3 K - 0.09 K/kbar * P.

Based on the resonance results a second antiferroelectric phase is predicted at pressures above 16.2
kbar and temperatures below 38 K. For this phase each ordered b-axis H-bond chain would have four
nearest neighbor chains ordered in the opposite sense.
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ABSTRACT

A fully three dimensional neutron dlffractlon study
has been carried out on CsHyPO4 in the pressure induced
antiferroelectric phase. At 100.0 K and a hydrostatlc
pressure of 3.6 kbar the structural parameters are a =
15.625(9), b = 6.254(2), ¢ = 4.886(1) R, y = 108.08(3)°
and %Z = 4. Atomic positions and thermal parameters were
determined using full-matrix least squares methods which
yield final greements of RW(F ) = 0.0793 for space group
P23 and Ry(F<) = 0.0829 in space group P23/a. Hydrogens
bonding in b-chains, which are disordered in the
paraelectric phase, show antiferroelectric. ordering such
that ferroelectrically ordered b-axis chains are arranged
in ferroelectric b-c planes with neighboring planes in .the
a direction ordered in the opposite sense. This ordering '
leads to a doubling of the structure along the a axis.

A high-pressure low-temperature nuclear magnetic
resonance apparatus was constructed to investigate the
dynamics of the phase transitions 1n CsH2P04 This
apparatus was used to measure the 133Cs spin-lattice
relaxation time in the paraelectric phase-at pressures of
0.001, 1.5, 3.0, 3.3 and 3.6 kbar. Relaxation data were
interpreted in terms of a pseudo-Ising model Yielding a
correlation time for cesium motions of 1.0X10~ seconds..
Interaction strengths and pressure dependences along each
principal axis were found to be Jp/k = 266.0 K - 12.0
-K/kbar * P, Jo/k = 2.1 K —- 0.13 K/kbar * P and Ja/k = 0.3
K - 0.09 K/kbar *® P,

Based on the resonance results a second
_antiferroelectric phase is predicted at pressures above
16.2 kbar and temperatures below 38 K. 'For this phase
each ordered b-axis H-bond chain would have four nearest
neighbor chains ordered in the opposite sense. '




CHAPTER 1
INTRODUCTION TO THE PHASE TRANSITIONS IN CsH,PO4

Introduction

For many years the study of structurél phase
transitions has made up a considerable portion of the work
done in solid state physics. This interest 1is quite
natural in light of the profognd changes in the physical
properties of a material which can be induced by small
changes 1in extensive variables such -as temperature,
pressure or exte;nally applied fields. Of the very large
number of soiids which undergo structural phase
transitions, one important subset 1s the group of
materials with ferroelectric (FE) or antiferroelectric

(AFE) transitions.

From a crystallographic perspective all single
crystalline solids can be assigned to one of 32 crystal
classes, eleven of which are centrosymmetric and thus
nonpolar. Of the remaining 21 noncentrosymmetric crfstal
classes 20 are piezoelectric. A piezoelectric crystal
- gains an electrical polarization when a mechanical stress
is applied and is subject to mechanical strain when an

external electric field .is applied. Ten of the




2
piezoelectric crystal classes-also possess a - spontaneous
polarization which can be exbressed as an electric dipole
moment per unit volume. The spontaneous polarizatioﬁ of
polar systems is a function Qf temperature so a. currént
can be generated by these materials as temperature is

varied. Thus these crystals are also téferred to as

pyroelectric.

Some pfroelectric crystals are alsé fer;oelectric. A
ferroelectric crYstél is ohe__whiéh has two possible
eleptridally - polar equilibrium states Awhich can be
reversed . by an externally applied electric field. These

states have the same crystal structure ‘and differ onl§ in

the direction of the electric polarization vector. It is

almost always the case that a ferroelectric phase -occurs'

as a small structural distortion of a nonferroelectric
‘prototype phase having higher symmetry. If no spontaneous
polarization is- associated with the transition the Ilow

temperature phase is said to be ferrodistortive.

A ferroelectric system has a Spontaﬁeous polarization

és wﬁich decreases "with increasing temperature and
" disappears at the structural phase transition to the high
temperature- paraelectric phase. This transition
temperature is knpwn‘as the Curie temﬁerature‘Tc. If the

spontaneous polarization decreases to zero continuously

on approaching T, from below the phase transition is




categorized as second order. For a first order
transition P4 goes to zero discontinuously at T,. Clearly
the spontaneous polarization is the order parameter for .
the ferroelectric phase. In the paraelectric phase the
dielectric permitivit§ e diverges following the Curie-

Weiss law

© T T
on approaching the transition temperature. Here T, is the
Curie-Weiss temperature which is equal to T, for second
order transitions and less than T, for first order
transitions. It can be seen that the static.properties of
ferroelectric transitions can be investigated by
dielectric measurements of Curie-Weiss behavior in the
paraelectric phase and measurements of the spontaneous

polarization in the ferroelectric- phase.

It is also possible for a paraelectric phase to
undergo a transition to an antidistortive phase. 1In this
case the prototype phase unit cell doubles at T, due to
oppositely directed distortions in adjacent unit cells.
If the distortion involves displacements of charged groups
to produce polarization the resulting‘phase is antipolar.
The antipolar phase unit cell is made up of two prototype

phase unit cells with spontaneous pélarizations of equal
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magnitude in opposite directions. Thus the effect 'of
these sublattice polarizations is to pfoduce a phase
having zero net polarization. Antifefroelectric systems
make up a subclass of the antipolar phases'which can be
forced 1into fe;roelectric order by the application of an
egternal electric field larger than the coérdive field.
Figure 1 shows a. schematic view .of thé distortions

-associated with each type of phase transition.

The dynamic behavior at paraeiectric to.ferroelectric
and paraelectric to antiferfoelectric_phase transitions is
associated with the condensation of a lattice vibration
mode which conforms to the structural distortion of the
low femperatqre phase. The frequency of this soft mode
decreases as the tfansition is apéroached fﬁom above until
it freezes in at the transition teméerature. For
ferroelectric transitions the soft mode condenses at - the
center of 'the Briliouin ;one.4 For antiferroelectric
transitions which yield a cell doubiing the 1soft, mode
condensation takes place.at the Brillouin zone boundary of
the high temperaturé phase. This characteristic slowing
of a phonon mode Can be monitored by meéns of - nuciear
magnetic resonance and neutron scattering among other

techniques.
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A comprehensive summary of recent work on

ferroelectric and antiferroelectric materials has been

presented by Lines and Glass.?!

2

Older reviews by Jona and

Shirane 3

and by Fatuzzo and Merz® are also useful. An
introduction to phése transitions by Stanley4 covers the
general properties'of phase transitions and much of that
development can be applied to ferroelectric and

antiferroelectric phase transitions.

Previous Experimental Results for Q$322Q4

Cesium dihydrogen phosphate, CsH,PO4 (hereafter
referred to as CDP), is a hydrogen bonded system which is
paraelectric at room ﬁemperature and undefgoes a
ferroelectric phase transition at 153 K. Unlike KH,POy
(KDP) and ferroelectrics isostructural with it, CDP has a
third antiferroelectric phase which has been observed by
dielectric measurement56 for temperatures below 124.6(2) K
and pressure greater than 3.3(2) kbar. The paraelectric-—
ferroelectric and paraelectric;antiferroelectric phase
boundaries have pressure derivatives of dT /4P = -8.5 and
dTn/dP = -6.7 K/kbar respectively. The pressure-
temperature phase diagram for CDP, which has been derived

6

from dielectric measurements,  is shown in Figure 2.

The phase space of CDP has also been investigated at

temperatures from 50 to 450°C and pressures as high as 45
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8
kbar by means of differential scanning calorimetry.7
These experiments revealed foﬁr new phases in addition to
the paraelectric phase observed at aﬁbieﬁt temperature and
_ pressure. The current work is entirely devoted to the
investigation of the three known phases of'CDP’which occur

at or below room temperature.

The deuterated isomorph of'CDP, CsD,PO, or DCDP, has
a similar pressure-temperature phase space but the
transitions occur at much higher temperatures. At
atmospheric pressure the paraelectric—fe;roeléctric
transition occurs at T, = 267(3) K and the pressure -
dérivative. of- T, is -8.5(3) K/kbar. The triple point
between PE, FE and AFE phases is at a temperaturé of
-218.0(3) K and P = 5.2(2) kbaf. Abbve the triple point
the PE-AFE phase boundary has a pressure derivative equal
ﬁo -2.5 K/kbar. CDP and the deuterated isomorph have the
same FE phase structure (space grouﬁ le)s But the large
difference -in transition ﬁemperatures (Tc'= 153 K for CDP.
and To = 267 K for DCDP) indicates that the n;ture of the

hydrogen bonding plays a key role in the phase trénsition.,

At room' temperature CDP is monoclinic (space group
P2,/m) with two'férmula ﬁnits per unit cell.? Cesium
atoms and PO4 groups‘_are centered. on mirror planes
" perpendicular to the b axis at the fra@tional coordinates

y = 1/4 and 3/4. Phosphaté groups are linked together by

e T —ym—T ™ TT ™



hydrogen bonds of‘two inequiva;ent typés: hydrogens in
bonds approximately parallel to the c axis are ordered in
off center siteé in the hydrogen bond, while hydrogens
linking phosphate grbups iﬁ zig—zag chains along the .5
axis are positionally disordered in double Tminimum
potential‘ wells similar to those found in KDP.1®  The
hydrogen bond is usually represented in the literature as
O-H*"*'0 and that convention ﬁill bé'followed' henceforth.
In addition we will use the - nomenclature adoptea by
previous workers which identifies the c-chain hydrogen
bond as d—H(l)"'O and the b-chain bond as 0-H(2)°"°O0.
The b-chain hydrogen pbsitionsl were' obtéined‘ from a
refinement of neutron difffaction data with twé half
occupaﬁcy hydrogehs placed symmetrically about the center
of squetry at (0,1/2,1/2). Thé positiohs determined were
separated by 0.49 R. ’A préjection of the paraelectric

9

phase structure® on the a-c plane is shown in Figure 3.

Upon = cooling through the ferroelectric transition
'the b-chain hydrogens11 (or déuteronss) order in one of
the pbssible off center sites in the O0-H(2)'° 'O bond while
the positions-of c—-chain hydrogens are unaffected. This
'ordering. is' accompanied by a relative shift of <¢Cs* and
-PO43f groubs along the b axis which prodﬁces a sponfaneous
polarization along\ the b axis and removes the mirror

symmetry plane of'the‘péraeleCtric phase.
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As the transition temperature is approached in the
prototype phase, locel areas of iong range cerrelation.
bu1ld up which break the symmetry. of the high temperature
phase and reflect the structure of the ordered phase. In
a neutron diffraction experiment these precursor motions.
cause diffuse distributione of scattered neutrons in
. addition to the Bragg'reflections which are representative
of the high temperature phase structure. This diffuse
“scattering increases in intensity as the sample

temperature approaches T, and, as correlation 1lengths

c
increase with decreasing temperature, - the scattering
distribution becomes more sharply peaked. - Thus
quasielastic neutron scatteriné is a powerful method for
investigating the dynamics of structural phase transitions

which yields the correlation length for ordering. as a

function of temperature.

The ferroelectric‘ transitions for both CDP12 and
pcppl?-13:14  phave been investigeted by ﬁeans of neutron
scattering, For DCDP strong quaeielestic scattering‘was
"observed ' in narrow reciprocal space_planes perpendicular
to 'the ferroelectric axis which indicates that
correlations are strongly one dimensional. Anaiysis13 of
the data yielded a correlation length of 600 R along‘the4b;
axis at T, + 0.3 K. At thet temperature the correlation

length aiong the a and c¢ axes is only about 30 8. Because
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the lattice dimensions differ the correlation extends over
about six chains in the ¢ direction versus three chains in
the a direction. Thus interactions within a chain are
much stronger than those perpendicular to the chains and
the interaction between chains linked by hydrogen bonds
along the ¢ axis are about twice as strong as those .
between adjacent chains in the a direction. As the
temperature is increased correlations along a and c¢
diminish rapidly while the correlation length along b
decreases more slowly. At 50 K above T, the correlation

length along the b axis is still about 140 R.

Calculations based on a simple chain model'using the
hypothesized ferroelectric mode atomic displacements in
Table 1. produced an acceptable fit to neutron scattering
data.1? The largest displacement is of the deuteron in
the 0(3)-D(1)°**0(4) bond from a central position to one
close to 0(4). 1In addition it ‘can be seen that cesium
atoms and PO, groups move toward each other in the y
direction bfeaking the mirror plane symmetry of the
paraelectric phase and creating a polarization along the b
axis. There is also a significant deformation of the PO,
tetrahedron due to the ordering of b-chain deuterons which

15 ror DCDP

is analogous to that seen in the case of KDP.
P-0(1) and P-0(2) distances (1.57 R and 1.49 R

respectively) are essentially unchanged because the
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ordering of D(2) atoms is unaffected by the transition.
The P-0(3) ‘and P-0(4) bonds are crystallographically
equivalent in tﬁe parae;ectric.phase with a length of i.53
8. The diéplacements of Table 1 produce bond lengths of
dp_g(3) = 1-61 R and dp-0(4) = 1.47 8. For both kinds of
O0-D°**°0 bonds the long P-0 distance is associated with the

oxygen which is closest to the deuteron.

Table 1. Atomic displacements in Angstroms from the para-
electric phase  structure due to the  ferroelectric
mode of CsD,PO, near T,. These {gsults were determined by
fitting neutron scattering data."“ '

Atom X y pA
D(1) 0.198 0.131  ~0.001
D(2) 0o 0.048 0

Cs | 0 -0.038 _ 0

P ' : 0 - 0.105 , 0
0(1) o 0.048 T
0(2) 0 0.048 0
0(3) B 0.040 ' -0.003 ~0.0005

- 0(4) . .=0.040 . .0.003 - 0.0005
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Neutron scatterihg"experiments_ using CsH,POy are
hindered by the very high incoherent baekgreund scattering
from hydrogen atoms. However, the.repqrted resultsl? are
qualitatively' similar to those summarized above for the
deuterated crystal. Once again the correlatione
associated with the ferroelectrie transition are strongly A
one-dimensional along the b axis. The displacements of
.Table‘ 1; .in a chain model calculation yield theoretical
neutron scattering distributions simiiar to those
observed. o

Neutron scattering experiments have been carried out
as a function of temperature aﬁd pressure for DCDP to
investigate. both ferroelectric and antiferroelectric

orde}:ing.14

For pressures greater than 5.2 kbar, in the
paraelectric phase, a diffuse scattering peak is observed
for Miller 'indibes h'= 2n + 1.. This indicates precursor
antiferroelectric ordering which leads to a ‘doubling. of
the unit cell along the a axis below Tj. 'The presence of
scattering at half integer reciprocai lattice éoints is
observed at pressures as low as 3.0 kbar for temperatures
within a few degrees of T,.. Witﬁ-increaéing pressure the
intensity of antiferroelectric mode scattering increases
smoothly becoming deﬁinaht et the critical pressure Pg.

Thus both ferroelectric and antifefroelectric fluctuations

are present near the triple.point. At all pressures the
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intéraction along . a 1is very weak amouhting to a
correlation 1length of only a few lattice constants even
very' hear the critical temperature. Although scettering
experiments have not been carried out on CDP at,'elevated

pressure, it is reasonable to expect the dynamics to be

qualitatively similar to those for DCDP.

The generai properties observed for the CDP system
lead to the hypothesis'that‘the‘ordering transitiens can
be parameterized by three interaction sﬁrengths. The
ferroelectric orderiné which takes wplace along b-axis
hydrogen-bond chains is due to the dominant interaction
given by Jjy|- An inte:acﬁion along the ¢ axis, giﬁen by

J leads to ofdered b-c planesumade up of adjacent

c’
ferroelectric b-axis chains. Finally interactions between
neighboring chains in the a direction are given by Ja. It
is clear that J, is positive for pressures below 3.3 kbar
because ordering in the a direction is ferroelectric.» If
the structure deubles along a in theu antiferroelectric
phase it seemsyreasonable-to hypothesize thet Ja has a

pressure dependence such that4it decfeases with increasing

pressure, passes through zero at about 3.3 kbar and

becomes negative for the .antiferroelectric phase.

It is generally agreed that I is about 100 to 150

‘times as strong as J, and J,.is in turn about 10 times as
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large as J

a* Beeause Jg > Ja the interactien

perpendicular to the b axis is often expressed as
Jp = 1/2(35 + Jg) = 1/2 3,

Thus the intraehain and interchain interactions can also
be expressed in terms of Jyj. J| and vy = J,/J,.  Here v
is a measure of the asymmetry between J, and Jo- Values
" for these interaceipn strengths can be determined using e'
variety of methods including‘neutron scatteriné, frequency
dependent dielectric measurements and nuclear magnetic
resonance. Some values for the interaction strengths as
determined‘by Vafious methods have been compiled by ImailS

and are reproducedrhere as Table 2.

Several 'NMR e#perlments have been carried out on CDP
and DCDP at ambient pressure. The quadrupolar splitting
of 133Cs has been measured as a function of temperature
for both the ferroelectric and éaraelectric pheses.22 In
the‘ paraelectric phase fhe quadrupolar splitting is =zero
. when fhe crystal a and ¢ axes are perpendicula; to the
applied static field. For this crystal orieneatioﬁ the
133¢s . NMR fesbonse.consists of a'eingle Zeeman line . which
has a well defined spin lattice relaxation time T;. This

condition was exploited by Blinc et al.23 to determine the
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Table 2. Interaction strengths for the pseudo-1D 1Ising

model from Reference 16. The primary reference is cited
in 1line one. Experimental methods are indicated by. the
following letter codes: dielectric (D), neutron scattering
(N) and calorimetric (C). . E '

Reference 17 18 19 20 21 16
Method D~ N D C D C
Jy/k 505 - 234 278 266 287
(K)
CDP Jl/k 1.8 - 3.4 2.1 3.0 1.9
(K)
Jl/ng 4 - 14.5 7.6 11 6.6
(X10°)
Jy1/k 683 650 - 535 611 4617
(K) .
DCDP .Jl/k 0.42 1.1 - 2.5 1.1 . 3.8
(K)
Jl/ng 0.6 1.7 - 4.7 1.8 8.1
(x10%) ‘
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co;re;ation time (vj) for polarization fluctuations above

T By assuming that J||/Jj = 170 and v = Jo/dy = 10

c.
then fitting T; data to a pseudo-one-dimensional-Ising

of 1.7 x10"15 seconds was obtained.

model a value for <,

A study of the temperature dependence of the nuclear:
quadrupole resonance (NQR) spectra of natural abundance
170 in cpP2?% has shown two sets of lines with different
behaVior.at,Tc. One set of lines, which is attributed to
oxygens in O-H(2)'*"0O bonds ;ying in chains'along the 5
axis, is unsplit above T, and split below. The value of
the NQR frequency above T, is equél to the average of the
two freqﬁencies of the split lines below T,. This
demonstrates that prdtons in b-chain bondé are
positionally -disordered in structurally equivglent double
potential wells in the,paréelectric phase. On passiﬁg.
through the ferroelectric phase traﬁsition b-chain protons
order in one of £he ﬁwo sites of the paraelectric phase.
The second set of NQR lines, attributed to oxygens in O-
H(1)J'O bonds lying along the c axié, is unchangéd on
.passiﬁg through the transition temperature. Thus the
ordering of protons in c-axis hydrogen-bonds is

unaffected;_

For the deuterated crystal the deuteron quadrupole

splitting and spin lattice relaxation time have been
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measured at atmospheric pressure.25

The gquadrupole
splitting results show that b-chain deuterons are
positionally disordered about the center of symmetry above

T. and ordered in one of the o0ff center sites in the

c
hydrogen-bond below T,. In addition the 2g spin lattice
relaxation time decreases critically on approaching T, and
is very short compared to that of the deuteron in

26

The anomalously small value of T; is attributed
to the quasi-one-dimensional nature of correlations in
CDP. The correlation time obtained for the deuteron
intrabond jump time was ©t, = 0.9 X 10”12 seconds. This
is comparable to the value of =z, = 1.2 X 10712 geec.
obtained for DEDP.2® 1t should be noted that the
theoretical results for the pseudo-one-dimensional Ising
model presented in the paper cited above contain several

important typographical errors and a conceptually similar

derivation in Reference 23 is more nearly correct.

By considering the results of the experiments
summarized above we can form a composite picture of the
behavior of CDP as a function of temperature and pressure.
In the paraelectric phase cesium atoms and PO, groups are
centered in a mirror plane perpendicular to the unique b
axis which implies that.the lattice polarization along the
b axis is zero. Hydrogéns in the b axis H-bonds are

positionally disordered between two positions located
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symmetrically about the Center of 3ymmé£ry at the midpoint
of the O-H(2) ***0 bond. As the temperatufe is lowered,
for pressures below 3.3 kbar, the mofion of pfétoné within
the O-H(2)°°°0 bonds, as’well as that of the Cs and POy
groups perpendicular to the mirror plane, beqome'strongly
correlated in thg b direction. Within a few degrees 6f Te
correlations perpendicular to the b axis grow until at T,

the crystal is ordered ferroelectrically. The
‘ferroelectric order is indicated by the appearance of a
quntaneous polarization along the b axis with cst and
PO43' ionic groups displaced in opposite directions from
the mirror plane of the paraelectric‘prototype phase. In.
addition the protons in O-H(2)*°*O bonds'éré ordered,witﬁ

one proton near each PO, group.

For pressures above 3.3 kbar the low temperatufe
ordered pﬁaée is antiferroelectric. Thus the crystal has
no spontaneous polarization below the transition
'température (T,) but a polarization can be~induced by fhe
application of an electric fieldlgreater than fhe coercive
field. It has been hypothesizealzithat thié phase is
caused by a change of Sign in the interaction betweenf
neighboring b-axis chains in the a direction. The unit
cell would double along the a axis and each half of the
unit ceil'would:be ordered fefroelectrically with opposite

orientations. This structure would produce two equal and
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opposite sublattice polarizations and a spontaneous

polarization of zero.

All experimental tests show that the interactions
which lead to ordering are strongly one-dimensional. The
ferroelectric interaction along the b axis is on the order
of 100 times larger than the coupling between neighboring
chains. 1In addition the coupling in the c¢ direction is
roughly an order of magnitude stronger than that along the

a axis.

Because of the strongly one-dimensional character of
the ferroelectric and antiferroelectric transitions in
CDP, theoretical treatments have been dominated by various
forms of the éseudo—one—dimenéional Ising model.2’?
Ordering for a givep unit cell (or half of the unit cell
in the antiferroelectric phase) is represented by the
pseudospin variable $4,5 which takes on the valges +1
depending on the polarization of the unit made up of a cs*
ion and a PO43— group. For hydrogen-bonded ferroelectrics
it is usually the case that the ionic polafization of the
unit cell is accompanied by ordering of profons in one of
two off-center positions in the hydrogen-bonds. Thus the
ordered position of a proton can also belrepresented by

the pseudo-spin variable. ‘It is often convenient to think

of the pseudo-spin variable as a measure of the proton
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ordering but it should not be forgotten that the pseudo-"

spin 1is a representation of the ferroelectric distortion
of the unit cell from the structure of the prototype

phase.

If we assume an interaction between nearest neighbor
spins in the same chain with a strength given by Jy}, and
an interaction befweén,spins in adjacent chains deécribed
by the constant Jq > the Hamiitoniqn for the sfstem cén‘be
written as??® |

H=-) LI 18541,581 F 32 I mn®i3%i+m, j+n

i,] : . m,n

Here an external field given by Hij acts on a dipole of

moment M. The index i indicates the locatiqn-qf a spin
within a given b-axis chain and j identifies the chain.
Thus. the first summation in the above Hamiltonian is.over
‘all sites while. the second is over all interchain

couplings to the pseudo-spin Si,q° In the following it is

assumed that the intrachain interaction J|| is much.

greater than Jp. - This Hamiltonian contains no explicit
dynamic behavior so it is also necessary to assume that
.some additional coupling to the lattice causes spins to

flip spontaneously.29
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"The dynamic behavior of a system containing J

parallel chains, each of which contains I’spins, is given

by the master equations22

d

a; P(sll,...sij,...,sIJ,t) =

_iEj Wij(sll"f'%Sijf'"’SIJ)P(Sll’""Sij""stJ’t)

] jWij(sll’."’_sij""’SIJ

*
1

P(sll,..., Sij""’SIJ’t)'

The term P(sllu.n,sli}t) is thé_probability that a given

spin configuration {s ;.,... } occurs and

:SIJ

Wij(sll""’SIJ) is the conditional p;obablllty per unit

time that the spin S5 changes orientation. "It has been

, J
demonstrated30 that the transition probabilities are given
by
= - -1 - - |
Wij(sll""sIJ) (27) [1 sijtanh(uﬂhij)]

where B = 1/kT and the local field at the site (i,j) is

given by:

hig= /) (Sy49,9 % S5-1,5)

* 1/ nzm'JlmnSi+m,j+n +,Hij'

The parameter (ir)fl is juét the p;obability;per unit time
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that a pseudo-spin will reorient due to interaction with

the lattice.

With the above expression for Wij and the master
equations, the time dependent ensemble average of the spin

polarization at site (i,j) obeys the following

- differential equation:

T (d/dt)(sij> = - <Sij> + <tanh(”3hij)>f

Here the ensemble average <sij> is defined as:

<sij> = } SijP'(sll!‘o-tlsij.’..olt!‘SIJJt)

{s}
where the summation is taken over all possible spin
configurations. Now we can_separatev<sij> into a static

component 8, which is the average‘equilibrium value of

Siy and a flgctuating componen; <Ssij>. Thus <sij> is‘
given by:
<Sij> =g + <SSij>
with
s - r .0, T > Tc
L [1 - (zBJl)_z exp(—4BJ||)]1/2, T < T,

Here the number of neighboring chains is specified by the

parameter z. Similarly the local field at the site (i,3)
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can be divided into ‘sfatic and time dependent components

as:

eff _ eff

where the static component is given by

Big = GOpp/w) (8554,4 * 8324,9) S;“nz Jlm n’

and the time varying component by

eff _
ij () = J(t) t } Jlm n¢®Siim, y4n’

8H

With these definitions the differential equation fof the
dynamic behavior of <8s,.> becomes:

v (@/dt)<8s; > = ~1<8s, i3 -Iy/2(<8s 41,9 F B85 )]

eff

+ pu(l - G)SH (),

with

1 - 20 2BJ1 Ty

o

1 - 2(zBJl);3exp(—8BJ||) T T,

and

-2
I

tanh( ZBJI I)-

This coupled system of equations can be decoupled by

introducing the Fourier transforms of the spin variables
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and the effective field as follows:

<8sq> = } expliq rij] <8s:.L

.V
J
i3 .
and '
eff -1 . eff

i,j

Thus the differential equation for the time behavior of

<8sij> becomes

T (d/dt)(&sq) = - <Ssq> + ycos(q|1d'|)<85q>
+ Npp(1 - e)SHéff(t).

The quantitqull is the coméonent of the wave vector g
along the chains and dll is the distance between adjoining
spins in a chain. If we assume a sinusoidal perturbation
field- Hgff(t), then the respohse polarization has the

same sinusoidal time dependénce and is given by

P (t) = (u/V) <8s iot

q q>o e

Here V is the volume of the system and <Bsq>O is the

following solution of the differential equation for <Ssq>:

1 - ‘}'COS(qIIdll) + loz
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q o
dependent polarization assumes the following form:

If we substitute for <8s_>_ it can be seen that the " time

iet
qe 1

Pq(t) = RelX(q,w)8H

Thus we can identify the generalized dynamic

susceptibility for the 1-D Ising model as:

X (q.,0)
Xy-p(ds0) = . L CE ,
1 + iwt ‘
where
FZ i -6
,Xl_D(Q:O) =" [ ——m—— e e —
kT 1 - YCOS(q'IdII)
and
t .
T = e .

1 —_YCOS(qlldll)

Here n is the spin density while y and 6 have been defined

above. ~

Now couplings perpendicular to the chains can be
explicitly included by adding the interaction Jl -in  the
Fourier trénsform of the effective field as follows:

Z

. ff ‘ ' '
8 € = § d o———— .
Hq (t) Hq(t) u2 Jl(q) Pq(t)

Thus an expression for the response polérization of the
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three dimensional system is obtained as follows:

Pq(t) = Re[Xl_D(q,w)

This result can also be expfessed using the definition of

the .1-D dynamic susceptibility as

X(g.0)
X(q:m) = Tmmm s
1 + ioet
with
X (g,0)
X(g,0) = ~~———-—-159 --------------
1 - (z/np )Xl_D(q,O)Jl(q)
and
kT
T = e X(q:o)i

d nuz(l - 0)

We know that the static susceptibility X(0,0) is singular
at.-the transition temperature so Tc can be determined from
the equation

ZJJ,(O)

1 - 5—“ Xl_D(O:O) =0
ny
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which has the approximate solution

ZJl(O) *ZJII
______ - exp —_————

ch ch

It can be seen that the small interaction perpendicular to
the chains (given by Jl) causes the ordering transition to
take place quite far above zero Kelvin which is the result

for a system with strictly one dimensional interactions.31

We have seen above that an understanding of the phase
transitions in CDP has been buiit up piece by piece from
the results of many complementary experimental techniques.
Because the paraelectric—antiferrbelectric phase
transition appears only at high pressure, relétively few
experiments have been carried out to determine its
properties. Thus this work was initiated to expand our
knowledge of the pressure and temperature dependence of

the ordering in CDP.

The experiments described in the remaining chapters
of this work were carried out to investigate two aspects
of the phase transitions in CDP. First the structure of
the pressure induced antiferroelectric phase was
determined from a high-pressure 1ow—temperatufe neutron

diffraction experiment. It is clear that any further




30

investigation of the anfiferroelectric phase would be
facilitated by knowledge of this structure; Secondly the
133Cs spin lattice relaxatioﬁ time was méasured as -a
function of temperature and pressure to‘investigate the
dynamics 'of fﬁe ordering in CDP as the ferroelectric' and

antiferroelectric phases are approached in the’
paraelectrié phase. Thié information, in conjunétion with
a suitable péeudo—one—dimenéional Ising model, was used to

extend our understanding of the effect of pressure on the

interactions which lead to the ordered state.





































































































































































































































































































































