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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) å, γ' = 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 CSH2PO4. 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.OX10-12 seconds. Interaction strengths and pressure dependences along each
principal axis were found to be Jb/k = 266.0 K - 12.0 K/kbar * P, Jc/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 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) 8, y' = 10,8.08(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) = 0.0829 in space group P21/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 CSH2PO4. 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 I.OXlO""12 seconds. 
Interaction strengths and pressure dependences along each 
principal axis were found to be Jj3Zk = 266.0 K - 12.0 
KZkbar * P, JcZk = 2.1 K - 0.13 KZkbar * P and JaZk =. 0.3 
K - 0.09 KZkbar * P.

Based on the resonance results a second 
ant iferroelectric 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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CHAPTER I

INTRODUCTION TO THE PHASE TRANSITIONS IN CsH2PO4

Introduction
For many years the study of structural phase

transitions has made up a considerable portion of the work 
done in solid state physics. This interest is quite 
natural in light of the profound changes in the physical 
properties of a material which can be induced by small 
changes in extensive variables such as temperature, 
pressure or externally applied fields. Of the very large 
number of solids which undergo structural phase 
transitions, one important subset is 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 crystal 
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
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piezoelectric crystal classes also possess a spontaneous 
polarization which can be expressed as an electric dipole 
moment per unit volume. The spontaneous polarization of 
polar systems is a function of temperature so a current 
can be generated by these materials as temperature is 
varied. Thus these crystals are also referred to as 
pyroelectric.

Some pyroelectric crystals are also ferroelectric. A 
ferroelectric crystal is one which has two possible 
electrically polar equilibrium states which can be 
reversed, by an externally applied electric field. These 
states have the same crystal structure and differ only 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 low 
temperature phase is said to be ferrodistortive.

A ferroelectric system has a spontaneous polarization 
Ps which decreases with increasing temperature . and 
disappears at the structural phase transition to the high 
temperature paraelectric phase. This transition
temperature is known as the Curie temperature Tc- If the 
spontaneous polarization decreases to zero continuously 
on approaching Tc from below the phase transition is
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categorized as second order. For a first order 
transition Pg goes to zero discontinuously at Tc. Clearly 
the spontaneous polarization is the order parameter for 
the ferroelectric phase. In the paraelectric phase the 
dielectric permitivity e diverges following the Curie- 
Weiss law

on approaching the transition temperature. Here Tq is the 
Curie-Weiss temperature which is equal to Tc for second 
order transitions and less than Tc 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. In this 
case the prototype phase unit cell doubles at Tc 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 polarizations of equal
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magnitude in opposite directions. Thus the effect of 
these sublattice polarizations is to produce a phase 
having zero net polarization. Antiferroelectric systems 
make up a subclass of the ant!polar phases which can be 
forced into ferroelectric order by the application of an 
external electric field larger than the coercive field. 
Figure I shows a schematic view .of. the distortions 
associated with each type of phase transition.

The dynamic behavior at paraelectric to ferroelectric 
and paraelectric to antiferroelectric phase transitions is 
associated with the condensation of a lattice vibration 
mode which conforms to the structural distortion of the 
low temperature phase. The frequency of this soft mode 
decreases as the transition is approached from above until 
it freezes in at the transition temperature. For 
ferroelectric transitions the soft mode condenses at the 
center of the Brillouin zone. For antiferroelectric 
transitions which yield a cell doubling the soft mode 
condensation takes place.at the Brillouin zone boundary of 
the high temperature phase. This characteristic slowing 
of a phonon mode can be monitored by means of - nuclear 
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.1 Older reviews by Jona and 
Shirane2 and by Fatuzzo and Merz3 are also useful. An 
introduction to phase transitions by Stanley4 covers the 
general properties of phase transitions and much of that 
development can be applied to ferroelectric and 
antiferroelectric phase transitions.

EreyiQus Experimental Results for QsR2EQ4 
Cesium dihydrogen phosphate, CsHgPO4 (hereafter 

referred to as CDP), is a hydrogen bonded system which is 
paraelectric at room temperature and undergoes a 
ferroelectric phase transition at 153 K.3 Unlike KHgPO4 
(KDP) and ferroelectrics isostructural with it, CDP has a 
third antiferroelectric phase which has been observed by 
dielectric measurements6 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 dTc/dP = -8.5 and 
dTn/dP = -6.7 K/kbar respectively. The pressure-
temperature phase diagram for CDP, which has been derived 
from dielectric measurements,6 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



CL I O O

PRESSURE (kbar)

Figure 2. Pressure-temperature phase diagram for CsH2PO4. The triple
occurs at T = 124.6 K and P = 3.3 kbar. point
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kbar by means of differential scanning calorimetry.7 
These experiments revealed four new phases in addition to 
the paraelectric phase observed at ambient 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, CsD2PO4 or DCDP, has 
a similar pressure-temperature phase space but the 
transitions occur at much higher temperatures. At 
atmospheric pressure the paraelectric-ferroelectric 
transition occurs at Tc = 267(3) K and the pressure 
derivative of Tc is -8.5(3) K/kbar. The triple point 
between PE, FE and AFE phases is at a temperature of 
218.0(3) K and P = 5.2(2) kbar. Above the triple point 
the PE-AFE phase boundary has.a pressure derivative equal 
to -2.5 K/kbar. CDP and the deuterated isomorph have the 
same FE phase structure (space group PZ1)8 but the large 
difference in transition temperatures (Tc = 153 K for CDP 
and Tc = 267 K for DCDP) indicates that the nature of the
hydrogen bonding plays a key role in the phase transition.

I
At room temperature CDP is monoclinic (space group 

P21/m) with two formula units per unit cell.9 Cesium 
atoms and PO4 groups are centered on mirror planes 
perpendicular to the b axis at the fractional coordinates 
y = 1/4 and 3/4. Phosphate groups are linked together by
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hydrogen bonds of two inequivalent types; hydrogens in 
bonds approximately parallel to the c axis are ordered in 
off center sites in the hydrogen bond, while hydrogens 
linking phosphate groups in zig-zag chains along the b 
axis are positionally disordered in double minimum 
potential wells similar to those found in KDP.10 The 
hydrogen bond is usually represented in the literature as 
O-H"""0 and that convention will be followed henceforth. 
In addition we will use the nomenclature adopted by 
previous workers which identifies the c-chain hydrogen 
bond as O-H(I)"""O and the b-chain bond as 0-H(2)"""0. 
The b-chain hydrogen positions were obtained from a 
refinement of neutron diffraction data with two half 
occupancy hydrogens placed symmetrically about the center 
of symmetry at (0,1/2,1/2) . The positions determined were 
separated by 0.49 8 . A projection of the paraelectric 
phase structure9 on the a-c plane is shown in Figure 3.

Upon cooling through the ferroelectric transition 
the b-chain hydrogens11 (or deuterons8) order in one of 
the possible off center sites in the 0-H(2)"""0 bond while 
the positions of c-chain hydrogens are unaffected. This 
ordering is accompanied by a relative shift of Cs+ and 
PO43- groups along the b axis which produces a spontaneous 
polarization along the b axis and removes the mirror 
symmetry plane of the paraelectric phase.



Figure 3. The crystal structure of CsH2PO4 viewed in projection on the a-c 
plane. Two unit cells along a are shown.
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As the transition temperature is approached in the 
prototype phase, local areas of long range correlation 
build 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 distributions 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 Tc and, as correlation lengths 
increase with decreasing temperature, the scattering 
distribution becomes more sharply peaked. Thus 
quasielastic neutron scattering 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 
DCDP12'13 *14 have been investigated by means of neutron 
scattering. For DCDP strong quasielastic scattering was 
observed in narrow reciprocal space planes perpendicular 
to the ferroelectric axis which indicates that 
correlations are strongly one dimensional. Analysis of 
the data yielded a correlation length of 600 R along the b 
axis at Tc + 0.3 K . At that temperature the correlation 
length along the a and c axes is only about 30 R i Because
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the lattice dimensions differ the correlation extends over 
about six chains in the c 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 c 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 Tc 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 I. produced an acceptable fit to neutron scattering 
data.12 The largest displacement is of the deuteron in 
the 0( 3) -D( I) ‘‘••0(4) bond from a central position to one 
close to 0(4). In addition it can be seen that cesium 
atoms and PO4 groups move toward each other in the y 
direction breaking the mirror plane symmetry of the 
paraelectric phase and creating a polarization along the b 
axis. There is also a significant deformation of the PO4 
tetrahedron due to the ordering of b-chain deuterons which 
is analogous to that seen in the case of KDP.15 For DCDP 
P-O(I) and P-0(2) distances (1.57 # 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 crystal,lographically 
equivalent in the paraelectric phase with a length of 1.53 
&. The displacements of Table I produce bond lengths of 
dp_0(3) = 1.61 & and <3p_o(4) = 1.47 R. For both kinds of 
O-D* * *0 bonds the long P-O distance is associated with the 
oxygen which is closest to the deuteron.

Table I. Atomic displacements in Angstroms from, the para
electric phase structure due to the ferroelectric 
mode of CsD2PO4 near Td. These results were determined by 
fitting neutron scattering data.12

Atom X Y Z

D(I) 0.198 0.131 -0.001
D (2) 0 0.048 .0
Cs 0 -0.038 0
P 0 0.105 0
0(1) 0 0.048 0
0(2) 0 0.04 8 0
0(3) 0.040 -0.003 -0.0005
0(4) -0.040 . O.0O3 0.0005
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Neutron scattering experiments using CsH2PO4 are 

hindered by the very high incoherent background scattering 
from hydrogen atoms. However, the reported results12 are 
qualitatively similar to those summarized above for the 
deuterated crystal. Once again the correlations 
associated with the ferroelectric transition are strongly 
one-dimensional along the b axis. The displacements of 
Table I. in a chain model calculation yield theoretical
neutron scattering distributions similar to those

( ,observed.

Neutron scattering experiments have been carried out 
as a function of temperature and pressure for DCDP to 
investigate both ferroelectric and antiferroelectrie
ordering.14 For pressures greater than 5.2 kbar, in the 
paraelectric phase, a diffuse scattering peak is observed 
for Miller indices h = 2n + I. This indicates precursor 
antiferroelectrie ordering which leads to a doubling . of 
the unit cell along the a axis below Tn. The presence of 
scattering at half integer reciprocal lattice points is 
observed at pressures as low as 3.0 kbar for temperatures 
within a few degrees of Tc.. With increasing pressure the 
intensity of antiferroelectric mode scattering increases 
smoothly becoming dominant at the critical pressure Pc. 
Thus both ferroelectric and antiferroelectric fluctuations 
are present near the triple point. At all pressures the
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interaction along a is very weak amounting to a 
correlation length of only a few lattice constants even 
very near the critical temperature. Although scattering 
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 general properties observed for the CDP system 
lead to the hypothesis that the ordering transitions can 
be parameterized by three interaction strengths. The 
ferroelectric ordering which takes place along b-axis 
hydrogen-bond chains is due to the dominant interaction 
given by Jj|. An interaction along the c axis, given by 
Jc, leads to ordered b-c planes made up of adjacent 
ferroelectric b-axis chains. Finally interactions between 
neighboring chains in the a direction are given by Ja. It 
is clear that Ja is positive for pressures below 3.3 kbar 
because ordering in the a direction is ferroelectric. If 
the structure doubles along a in the antiferroelectric 
phase it seems reasonable to hypothesize that Ja has a 
pressure dependence such that it decreases with increasing 
pressure, passes through zero at about 3.3 kbar and 
becomes negative for the antiferroelectric phase.

It is generally agreed that Jjj is about 100. to 150 
times as strong as Jc and Jc .is in turn about 10 times as
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large as Ja. Because Jc >> Ja the interaction 
perpendicular to the b axis is often expressed as

Jĵ  = I/2(Ja + Jc) = 1/2 Jc•
; ) ' ■ ■

Thus the intrachain and interchain interactions can also 
be expressed in terms of Jjj, Jĵ  and y = Ja/Jc . Here y
is a measure of the asymmetry between J_ and Jri. Values
for these interaction strengths can be determined using a 
variety of methods including neutron scattering, frequency 
dependent dielectric measurements and nuclear magnetic 
resonance. Some values for the interaction strengths as 
determined by various methods have been compiled by Imai16 
and are reproduced rhere as Table 2.

Several NMR experiments, have been carried out on CDP 
and DCDP at ambient pressure. The quadrupolar splitting 
of Cs has been measured as a function of temperature 
for both the ferroelectric and paraelectric phases.22 In 
the paraelectric phase the quadrupolar splitting is zero 
when the crystal a and c axes are perpendicular to the
applied static field. For this crystal orientation the

.
I q 335Cs NMR response consists of a single Zeeman line which 
has a well defined spin lattice relaxation time T1. This 
condition was exploited by Blinc et al.23 to determine the
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-Table 2. Interaction strengths for the pseudo-ID Ising 
model from Reference 16. The primary reference is cited 
in line one. Experimental methods are indicated by the 
following letter codes: dielectric (D), neutron scattering 
(N) and calorimetric (C).

Reference 17 18 19 20 21 16

Method D N D C D C

j,i/k
(K)

505 - 234 278 266
V

2 87-

CDP Jj/k 
(K)

1.8 - 3.4 2.1 OCO 1.9

JiZJ,,
(X103)

4 — 14.5 7.6 11 6.6

jIIzk
(K)

683 650 - 535 611 467

DCDP ji/k
(K)

0.42 '1.1 — 2.5 1.1 W OO

(X103)
0.6 1.7 - 4.7 I . 8 8.1
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correlation time (tq) for polarization fluctuations above 
Tc. By assuming that Jj|/J^ = 170 and y = JcZJ9 = 10 
then fitting T1 data to a pseudo-bne-dimensional-Ising 
model a value for Tq of 1.7 XlO-15 seconds was obtained.

A study of the temperature dependence of the nuclear 
quadrupole resonance (NQR) spectra of natural abundance 
17O in CDP24 has shown.two sets of lines with different 
behavior at Tc. One set of lines, which is attributed to 
oxygens in 0-H(2),,*0 bonds lying in chains'along the b 
axis, is unsplit above Tc and split below. The value of 
the NQR frequency above Tc is equal to the average of the 
two frequencies of the split lines below Tc. This 
demonstrates that protons in b-chain bonds are 
positionally disordered in structurally equivalent double 
potential wells in the paraelectric phase. On passing 
through the ferroelectric phase transition b-chain protons 
order in one of the two sites of the paraelectric phase. 
The second set of NQR lines, attributed to oxygens in 0- 
H(I)111O bonds lying along the c axis, is unchanged on 
passing 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 quadrupole 
splitting results show that b-chain deuterons are 
positionally disordered about the center of symmetry above 
Tc and ordered in one of the Off center sites in the 
hydrogen-bond below Tc. In addition the 2H spin lattice 
relaxation time decreases critically on approaching Tc and 
is very short compared to that of the deuteron in 
KD2PO4.26 The anomalously small value of T1 is attributed 
to the quasi-one-dimensional nature of correlations in 
CDP. The correlation time obtained for the deuteron 
intrabond jump time was Tq = 0.9 X IO-12 seconds. This 
is comparable to the value of vQ = 1.2 x IO-12 sec. 
obtained for DKDP.2 6 It 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 PO4 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. Hydrogens in the b axis H-bonds are 
positionally disordered between two positions located
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symmetrically about the center of symmetry at the midpoint 
of the 0-H(2)••*o bond. As the temperature is lowered, 
for pressures below 3.3 kbar, the motion of protons within 
the 0-H(2)*••0 bonds, as well as that of the Cs and PO4 
groups perpendicular to the mirror plane, become strongly 
correlated in the b direction. Within a few degrees of Tc 
correlations perpendicular to the b axis grow until at Tc 
the crystal is ordered ferroelectrically. The 
ferroelectric order is indicated by the appearance of a 
spontaneous polarization along the b axis with Cs+ and 
PO43- ionic groups displaced in opposite directions from 
the mirror plane of the paraelectric prototype phase. In 
addition the protons in 0-H(2)•* 1O bonds are ordered with 
one proton near each PO4 group.

For pressures above 3.3 kbar the low temperature 
ordered phase is antiferroelectric. Thus the crystal has 
no spontaneous polarization below the transition 
temperature (Tn) but a polarization can be induced by the 
application of an electric field greater than the coercive 
field. It has been hypothesized12 that this phase is 
caused by a change of sign in the interaction between 
neighboring b-axis chains in the a direction. The unit 
cell would double along the a axis and each half of the 
unit cell would be ordered ferroelectrically 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. In addition the coupling in the c direction is 
roughly an order of magnitude stronger than that along the 
a axis.

Theory of the Phase. Transitions in CDE
Because of the strongly one-dimensional character of

the ferroelectric and antiferroelectrie transitions in
CDP, theoretical treatments have been dominated by various

2 7forms of the pseudo-one-dimensional Ising model. 
Ordering for a given unit cell (or half of the unit cell 
in the antiferroelectric phase) is represented by the 
pseudospin variable Sĵ j which takes on the values +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 polarization of the 
unit cell is accompanied by ordering of protons in one of 
two off-center positions in the hydrogen-bonds. Thus the 
ordered position of a proton can also be represented 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 is 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 Jj|» and 
an interaction between spins in adjacent chains described 
by the constant J^, the Hamiltonian for the system can be 
written as28

H =  tJ||si+i,jsij + 2 I JImnsijsi+m,j+n 
i,j m,n

+ ^sijHijI•

Here an external field given by HjJ acts on a dipole of 
moment n. The index i indicates the location of 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 Sĵ j. In the following it is 
assumed that the intrachain interaction Jjj is much, 
greater than Jjy . This Hamiltonian contains no explicit 
dynamic behavior so it is also necessary to assume that 
some additional coupling to the lattice causes spins to

4I 0flip spontaneously.
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'The dynamic behavior of a system containing J 
parallel chains, each of which contains I spins, is given

o 2by the master equations

dt pcsI l - - S ij....Slj,t)

'I. Wij(SlliTj ,sU ' t)

L  wij(sii' "" sIi' *,s ij)iTj
* e • • * t * • • ̂ Ŝ j.#t) •

The term P ( s ^ ,... ,ŝ .j,t) is the. probability that a given 
spin configuration (S1 1 ,...,s^j} occurs and 
W ij(Sii,...,sij) is the conditional probability per unit 
time that the spin s^j changes Orientation. It has been 
demonstrated that the transition probabilities are given 
by

wIj csIl1 * * ,SIJ) “ (2'c) 1 [I - Sĵ t a nMnPh^) I

where p = 1/kT and the local field at the site (i,j) is 
given by:

1Ij" <J | I^) <si + l.j + sI - I O 1

I/" ). Jl__S + H . ..
n ,m Imn i+m,j+n ij

The parameter (2r) 1 is just the probability per unit time
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that a pseudo-spin will reorient due to interaction with 
the lattice.

With the above expression for W^j and the master 
equations, the time dependent ensemble average of the spin 
polarization at site ( i , j) obeys the following 
differential equation:

T ( d / d t ) < s ^ j >  = -  <EUj> + <tanh( up hj j ) > •

Here the ensemble average <s^^> is defined as:

<sij> sijP<sll
(s)

where the summation is taken over all possible spin 
configurations. Now we can.separate <s^j> into a static 
component I, which is the average equilibrium value of 
s ̂ j , and a fluctuating component <8s^j >. Thus <s^j> is 
given by:

<sij> = s +  <8sij>
with

IL [I - (ZPJjl) 2 exp( -4p J I I ) ]17 2
T l T c

T <. T

Here the number of neighboring chains is specified by the 
parameter z. Similarly the local field at the site (i,j)
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can be divided into static and time dependent components 
as:

Hfj£(t) = Hij + 8Hf£f(t),

where the static component is given by

Hlj - (J,|/p) (Slilij + S ^ lij) + Bh. } Jim n,

and the time varying component by 

- HljTt) +

With these definitions the differential equation for the 
dynamic, behavior of <6sUj> becomes:

T (d/dt) <8sij > = -[<8sij> - y/2(<8si + 1 j> + <,Ssi_l j>)]

+ p|i( I - 0)8Hfff(t),

with

r I - 2e-2pJlI T I T
©  =  [ _3I - 2(zpJ|) exp(-8pJ I I) T < Tc,

and

Y = tanh(2pJ I 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:

<6Sq>

and

J exptiq* ] <&s^j>
i-j

Hgff(t) =N 1 ^ expEiq'r^j] Hi^ff(t).
i»j

Thus the differential equation for the time behavior of 
<8s^j> becomes

r (d/dt)<8Sg> = - <5Sq> + ycos(q|jd||)<6Sg>
a f f+ Nppd - 6)8Hg (t) .

The quantity qj | is the component of the wave vector g 
along the chains and d || is the distance between adjoining 
spins in a chain. If we assume a sinusoidal perturbation 
field Hgff(t), then the response polarization has the 
same sinusoidal time dependence and is given by

P (t) = (p/V) <5s > elti>t. q q o

Here V is the volume of the system and <8Sg>0 is the 
following solution of the differential equation for <5Sg>:

NP p(I - 0)
<*Sq>0 I - ycos(qj|d j j) + iut
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If we substitute for <8s_> it can be .seen that the time4 o
dependent polarization assumes the following form: 

pq(t) = Re[X(q,to)SHqOltot].

Thus we can identify the generalized dynamic 
susceptibility for the I-D Ising model as:

X1^ q , <o)
X1_D(q-0)

I + ioiTI-D q

where

Xl-D(q’0) = n
1 - 6

kT I - ycos(qI|d|I)

and

T .
1_Dq I - .ycos(qj |d| I)

Here n is the spin density while y and 0 have been defined 
above.

Now couplings perpendicular to the chains can be 
explicitly included by adding the interaction in the 
Fourier transform Of the effective field as follows:

8H®ff(t) = BH (t) + — 2 Ji(q) P (t).q q nil 4

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

Pq(t) = Re[X1_D(q,ft>)

*{5H eltot + ---=- J,(q)P„(t)}]q nji2 1 q
with a dynamic susceptibility given by

X1 (q,u>)
X(q,<») = — ------ ---------------  .I - (z/nn )X1_D(q,u)Jĵ (q)

This result can also be expressed using the definition of 
the l-D dynamic susceptibility as

X(q,(o)
X(q,0)
I + iaiTg

with

X(q,Q) ________________________
I - (z/nn2)x1_D (g,0)J,(q)

and
rkT

T = — T------- X (q , 0) .
q np (I - 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)
nil

X1_D (0,0) 0I
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which has the approximate solution

zJ,(0) -2j|I—  —-- = exp ---- •
kTc kTc

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

31for a system with strictly one dimensional interactions.

The Present inyestigati&n
We have seen above that an understanding of the phase 

transitions in CDP has been built up piece by piece from 
the results of many complementary experimental techniques. 
Because the paraelectric-antiferroelectric phase 
transition appears only at high pressure, relatively 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 low-temperature neutron 
diffraction experiment. It is clear that any further



investigation of the antiferroelectric phase would be 
facilitated by knowledge of this structure. Secondly the 
133Cs spin lattice relaxation time was measured as a 
function of temperature and pressure to investigate the 
dynamics of the ordering in CDP as the ferroelectric and 
antiferr©electric phases are approached in the 
paraelectric phase. This information, in conjunction with 
a suitable pseudo-one-dimensional Ising model, was used to 
extend our understanding of the effect of pressure on the 
interactions which lead to the ordered state.
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CHAPTER 2

NEUTRONDIFFRACTIONDETERMINATION OF THE 
ANTIFERROELECTRIC PHASE STRUCTURE

IntL Q diIC tiQ R

Dielectric experiments6 have shown that CDP has a 
third, antiferroelectric, phase for pressures greater than 
3.3 kbar and temperatures less than 125 K. As a practical 
matter, further investigation of the properties of the 
antiferroelectric phase would, greatly benefit from an 
accurate determination of its structure. In particular we 
would like to determine the distortion which leads to a 
sublattice polarization along the b axis. Also the 
positions of the b—chain protons, which are disordered in 
the paraelectric phase, must be determined to test the 
prediction that protons will order in ferroelectric chains 
along b while adjacent chains in the a direction will be 
oriented in opposite directions.

A determination of the AFE phase structure requires 
that the sample be held at a temperature less than about 
120 K and a pressure above about 3.6 kbar to insure that 
the sample is well within the AFE phase. Any apparatus 
capable of maintaining the required pressure will be
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essentially opaque to x-rays so a structure determination 
must be carried out by neutron diffraction.

The conventional means of performing this experiment 
is to place the sample in a clamped anvil pressure cell 
which is in turn mounted on a two axis diffractometer for 
neutron diffraction.32,33 This approach has several 
inherent problems for our purposes. First, and most 
serious, is the geometric limitation on the amount of data 
which can be collected from an anvil cell. The design of 
such an apparatus34 only allows data to be collected in a 
very narrow annulus between the pressure pistons. Thus it 
is impossible to obtain a full structure determination 
with the data available from a single experiment. In 
addition the pressure within a clamped cell is transmitted 
by a liquid medium which may not be completely hydrostatic 
and the properties of ferroelectric materials are very 
sensitive to anisotropic applied forces. Finally the 
pressure inside the cell usually can not be determined 
with greater than 0.5 kbar accuracy.34

For these reasons the current experiment was designed . 
to use an existing aluminum high pressure vessel33 and 
low-temperature cryostat mounted on a four circle 
diffractometer (Station H-6S) at the High Flux Beam 
Reactor at Brqokhaven National Laboratory. This 
arrangement allowed accurate control and measurement of
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the hydrostatic pressure applied to the sample through the 
helium gas pressure medium. In addition, the 
configuration of the aluminum pressure vessel and Dewar 
system allowed the sample to be rotated about three axes 
so that a full hemisphere of diffraction peaks was 
accessible.

Experimental
A large single crystal of CDP was grown by slow 

evaporation from a stoichiometric water solution of Cs2CO3 
and P20S1 The sample used for the neutron diffraction 
experiment was cut from the large crystal using a diamond 
wire saw. The sample was then polished with distilled 
water and a membrane filter as a polishing lap, to remove 
the roughness and strains from the saw cuts. The 
resulting sample was approximately cubic in shape with a 
volume of 9.53 mm3 delimited by the faces ( + 1,0,0), 
(0,+l,0), (-9,0,10), and (13,0,-10).

All reported measurements were carried out at the 
Brookhaven National Laboratory High Flux Beam Reactor with 
a monochromatic neutron beam produced by diffraction from 
the [220] planes of a germanium single crystal. The 
neutron wavelength was 1.16044(1) R as determined by 
diffraction from a standard KBr crystal. For high 
pressure measurements the sample was mounted in a cavity
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at the center of a cylindrical aluminum sample holder 
which in turn was placed in an aluminum high pressure 
cell.35 The pressure cell was clamped to the cold head of 
a closed-cycle helium refrigerator35 and surrounded by a 
0.95 cm wall aluminum vacuum can which also provided 
protection in case of a pressure cell failure. The 
pressure vessel is shown in Figure 4. The apparatus was 
mounted on a computer controlled four circle 
diffractometer with the crystal [100] direction nearly 
along the diffractometer <£ axis. A diagram of a four 
circle diffractometer with the standard notation for each 
rotational angle indicated is shown in Figure 5. Sample 
space pressure was monitored by measuring the resistance 
of a manganin coil in the .pressure generation system. 
Temperature was measured with a silicon diode sensor 
mounted at the tip of the refrigerator cold head and
regulated by a Lake Shore Cryotronics Model DSC 8OC

3 7temperature controller.

The combination of sample holder, pressure cell and 
vacuum can produced an extremely long path length in 
aluminum for the neutron beam which varied as a function 
of the diffractometer angles Q and X. At X= 0 the path 
length for both incident and diffracted beams was 2.94 cm 
and in the worst case (at X= 90° and $2 = 45°) the path
length for each beam was 7.41 cm. For this reason the
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Figure 4. Schematic view of the pressure vessel and vacuum 
can used for the neutron diffraction experiment.
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T Rotation

X Rotation
Beam trapIncident X-ray
Counterbeam Diffractedbeam

Q Rotation

29 Rotation

Figure 5. Schematic of a typical four-circle 
diffractometer. The crystal is oriented about the three 
axes X, 0, and Q so that reflections to be measured lie 
in the plane defined by the incident beam and the 
detector. (Figure after Ladd and Palmer38)
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effect of aluminum scattering and absorption was evaluated 
at room temperature by comparing 72 reflections observed 
with the crystal mounted on a standard goniometer to the 
same reflections taken with the crystal mounted in the 
pressure cell. These reflections were selected to span 
the range from 0 to 90 degrees in both 20 and X on 
approximately ten degree intervals. The survey showed 
strong aluminum powder diffraction for the (ill), (200), 
(220), and (311) reflections and weaker diffraction for 
the (400), (331), (420) and (422) reflections. The 
intensity of these lines increased with path length 
producing an additional dependence on the diffractometer 
angle X . The overall background scattering outside of 
aluminum powder lines was approximately twice that for the 
sample in air.

Cell constants were determined at ambient temperature 
and atmospheric pressure by a least-squares fit to sin2© 
values for fifteen pairs of Friedel equivalents with the 
sample outside the pressure apparatus (Table 3-a). The 
crystal was mounted in the pressure cell, and the sample 
space was pressurized with He gas to 3.6 kbar and the 
temperature slowly lowered through the paraelectric/anti- 
ferroelectric phase boundary determined from dielectric 
measurements^ to ,a temperature of 100.7 (5)K, and the 
pressure was raised to 3.60 kbar.
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Table 3. Crystal data for 
diffraction. Estimated 
parenthesis.

CsH2POjI as determined by neutron standard deviations are in

a b c

Temperature (K) 297 100.7(5) 130.0(5)
Pressure (bar) I 3600 3600
Phase PE* AFE PE
Space Group PZ1Zm P2i P21/m
a (&) 7.932(2) 15.625(9) 7.827(4)
b 6.388(1) 6.254(2) 6.268(1)
C 4.8848(9) 4.886(1) 4.884(1)
P (°) 108.19(2) 108.08(3) 108.16(3)
v (R3) 235.14(8) 453.7(3) 227.8(1)
Z 2 4 2
Number of 
observations 30 30 32

» Sample mounted on a hollow aluminum pin and standard 
goniometer head.

■^^Least-squares fit to sin20 values of reflections with 
45°< 0 <55° which were outside aluminum powder
diffraction lines.
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A search of reciprocal space along hOO, OkO and 001 
showed superlattice reflections with half integral values 
of the h index in hOO scans. This was verified by 
scanning bi-diagonals in reciprocal space (i.e. hko, hoi, 
Oklj. The only reflections observed in the antiferro- 
electric phase which were not observed in the paraelectric 
phase were those having Miller indices h/2. It was 
concluded that the unit cell for the antiferroelectric 
phase of CDP doubles along a* as has been reported for 
DCDP.14 Under these conditions, cell constants were 
determined for the antiferroelectric phase (Table 3-b) and 
intensity data for 1744 reflections spanning the h 2. 0 
hemisphere to Sin(G)ZX = 0.5983 S-1 were collected by the 
0 - 2 6  step scan method. For 20 less than 60° a constant 
scan width of 2° with 50 steps per scan was used. For 20 
greater than 60° the scan width was determined from the 
expression W =  1.00 + 3.025 » tan(6) with a constant step 
width of 0.04°. Two standard reflections were measured 
after each 50 reflections and their intensity was constant 
within 2% over the course of the experiment. Details of 
the intensity measurements are summarized in Table 4.

Upon completion of data collection in the 
antiferroelectric phase the sample was allowed to warm at 
a rate of about 10 K per hour while a strong superlattice 
reflection (331) was monitored. The intensity of this
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Table 4. Details of experimental intensity

A) Crystal
Weight
Volume (from dimensions)
Absorption coefficient

B) Intensity measurements
Neutron wavelength
Monochromator
Temperature
Pressure
[sin(6)/X]max
Step width
Number of observations
Number of observations removed 
due to poor baseline correction
Number of unique observations
Agreement between symmetry-equivalent 
intensities
Neutron transmission factors:

Maximum

measurements.

32.1 mg 
9.53 mm3 
0.8555 cm-1

1.16044(1) R  

Ge (220) 
100.7(5) K 
3.60 kbar 
0.5983 &-1 
0.04 0 
1744

159
842

0.064 

0.8583
Minimum 0.8355
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reflection, which is associated with the structure of the 
antiferroelectric phase, dropped smoothly to background 
levels at 121(1) K and 3.64 kbar. This limited 
determination of the paraelectric/antiferroelectrie phase 
boundary is consistent with the phase diagram previously 
reported for CDP.6

Sample temperature and pressure were set at 
130.0(5) K and 3.60 kbar and cell constants determined for 
the paraelectric phase at high pressure (Table 4-c). In 
the paraelectric phase all of the superlattice reflections 
caused by the doubling of the unit, cell are absent. Thus, 
by measuring intensities for the superlattice reflections 
in the paraelectric phase, aluminum scattering from the 
apparatus could be accurately determined for roughly half 
of the antiferroelectric phase data set. Background 
intensity scans corresponding to 842 reflections having 
indices h = n/2 were measured in the same manner as in the 
antiferroelectrie phase.

Data Eeduction
As the first step in data reduction, each reflection 

was corrected for aluminum scattering using a point-by
point subtraction of a background scan taken in the 
paraelectric phase. For reflections with odd h indices 
the background scans match the corresponding
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antiferroelectric phase reflections almost exactly in 26 
and X. However, for even" h indices it was not possible 
to obtain matching background scans due to the presence 
of the sample reflection in both phases. A reasonable 
correction for even index reflections was found by 
assigning each background scan a small rectangular 
neighborhood in 26 and X so that the background scan 
which most nearly matched the 26 and X values of a 
reflection could be selected. These neighborhoods were 
chosen by dividing the sampled region into strips about 
0.5° wide in 26 then placing divisions half way between 
successive reflections in the direction. This scheme 
was chosen to produce a tight mesh in 26 at the expense of 
the density in X . This is desirable because the aluminum 
powder lines are a stronger function of 26 than of X. 
The correction process was carried out using an 
interactive graphics program which displayed the 
reflection, the corresponding background scan and the 
resulting reflection after subtraction. The program 
allowed for minor shifting of the baseline scan to correct 
for some mismatch in 26 values and also permitted the 
operator to. reject a reflection which had an aluminum 
background grossly different from the baseline scan. Of 
the 1744 reflections observed 176 were removed from the 
data set for this reason. After subtracting the aluminum 
contribution a uniform background count derived from the
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original scan was added to each step. This background 
level was calculated by taking the average value for the 
highest and lowest ten percent of the scan, interpolating 
linearly to the center of the scan and multiplying the 
resulting value by two so that the uncertainty due to 
baseline subtraction was carried through to the counting 
statistics.

The resulting reflections were integrated using the 
highest and lowest ten percent of the scan as a background 
level and the variance in intensity was calculated as 
cfC2aj “ T where T is the total number of counts. It 
should be noted that ffc2(I) calculated from the corrected 
data does not exactly reflect the counting statistics of 
the raw data set but rather is based upon the mean value 
of the background counts. Clearly the larger the 
deviation of the aluminum background from linearity the 
larger will be the error in calculation of <rc2(I). The 
intensity data were corrected for absorption by numeric 
integration over an 8 x 8 x 8 Gaussian grid39 with linear 
absorption coefficient n = 0.8555 cm-1 derived from 
tabulated40 absorption cross-sections for Cs, P and 0 and 
assuming an absorption cross-section for hydrogen 
including incoherent scattering equal to 40.0 x IO""24
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An analytic expression based on the dimensions of the 
pressure apparatus was derived for the neutron beam path 
length through aluminum as a function of the 
diffractometer angles $2 and X. The range of path lengths 
was divided into twenty equal parts and each reflection 
was assigned a scale factor number corresponding to the 
calculated path length. The crystal orientation in the 
apparatus was chosen so that the highest density of 
reflections, (those in the.b-c plane) fell near X= 0° 
where the aluminum path length was 'a minimum. Thus five 
of the twenty subdivisions had no reflections and six had 
less than ten reflections each. The most poorly 
determined subdivisions were condensed, producing a total 
of ten subgroups. This allowed the refinement of a 
separate scale factor for each group of reflections so 
that absorption of neutrons by the apparatus could be 
compensated to some extent.

Structure. Eeflnement
Structural refinements were carried out using the 

full-matrix least-squares program UPALS42 where the 
quantity

^ WtFol2 - (Ki < FciI2I2
i

was minimized with ten scale factors and an empirical
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weighting function for each reflection given by

M(Pol) - (C1 * Tcl2 CFol2) + <C2 * Fol2)2]"2.

In the weighting function, C1 is the slope of the least- 
squares line based on a normal probability analysis43 of 
equivalent reflections and C2 is the instability constant. 
For the present structure refinement the values of C1 and 
C2 were 1.134 and 0.01 respectively. Nuclear scattering 
lengths used44 were cesium: 0.5420 x IO"12 cm; hydrogen - 
0.3741 X IO-12 cm; phosphorus: 0.5130 x 10 12cm; and 
oxygen: 0.5805 X IO-12 cm. Many symmetry-equivalent 
reflections had different calculated variances due to the 
magnitude and strong angular dependence of the aluminum 
background scattering so all refinements were made using 
the unaveraged data set to preserve this information. 
Refinements were based on the 925 reflections with F0 
greater than 2a.

The only clearly defined systematic absences in the 
data set occurred for reflections having indices OkO with 
k = 2n + I indicating a 2-fold screw axis along h. It has 
been suggested14 that the antiferroelectric phase of DCDP 
(and by implication CDP as well) has the space group PZ1Za 
which would require the systematic absence of . reflections 
hOl with h = 2n + I. In the current data set these 
reflections are systematically weak but not absent. On
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this basis we would expect the structure to conform to 
space group P21 with the possibility that atomic positions 
are nearly consistent with an a-axis glide plane symmetry 
element. Until an initial trial model was found all 
refinements were made under the less restrictive 
assumption that the structure conformed to space group
p2I-

A trial model based on the structure of the 
paraelectric phase9 with the asymmetric unit.cell doubled 
along the a axis did not refine in a satisfactory manner. 
Similarly, trial models derived using direct methods45 
were not chemically reasonable. Possible x and z atomic 
coordinates were determined by examining the Barker 
section (the x-z plane at y = 1/2 for space group P21) of 
a Patterson synthesis computed from the data set. 
Relative y coordinates were derived from the body of the 
Patterson map and distances and angles between all sets of 
coordinates were calculated. This procedure identified 
one of the two unique PO4 groups in the asymmetric unit. 
A trial structure containing this group and a second PO4 
group obtained by translating half a lattice constant in 
the x direction was refined with one scale factor, 
isotropic type I extinction and isotropic temperature 
parameters. A Fourier difference synthesis based on this 
refinement located the cesium atoms and c-chain hydrogens.
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Further refinement of a model including all atoms except 
b-chain hydrogens produced a Fourier difference synthesis 
with elongated scattering density along the O-H"'"0 bonds 
which did not clearly distinguish the remaining hydrogen 
locations. The b-chain hydrogens were initially placed at 
the center of the bonds and another refinement carried out 
varying all parameters except Cs(D y  which was fixed at 
y = 1/4 to establish an origin. In this refinement, b- 
chain hydrogens refined to off-center positions in the 
bonds corresponding to antiferroelectric ordering with 
oxygen to hydrogen distances roughly 1.0 R for the short 
bond and 1.5 R for the long bond. All of the interatomic 
vectors calculated from this trial structure were present 
in the Patterson synthesis of the data set.

Atoms are identified within the asymmetric unit 
according to the following number system. The first 
number after each chemical symbol indicates the location 
of the atom within the unit cell (ie. Cs(I) has an x 
coordinate less than 1/2 and Cs(2) an x coordinate greater 
than 1/2). For oxygen atoms the second number is chosen 
to correspond to the numbering of published paraelectric9 
and ferroelectric11 structures. Oxygens 0(11) and 0(12) 
lie in the y mirror plane in the PE phase and are 
hydrogen bonded in chains along the c axis. Oxygens 0(13) 
and 0(14) are respectively above and below the mirror
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plane and are hydrogen bonded in zig-zag chains along fc>. 
The numbering of hydrogen atoms was chosen to reflect the 
location of the hydrogen within the 0 - H *'‘ 0 bond. The 
second number for each hydrogen identifies the near oxygen 
and the third number is that of the far oxygen. Thus the 
b-chain hydrogen bond centered at (0,1/2,1/2) would be 
represented as 0(13)-H(134)* * °0(14) in the antiferro- 
electric phase.

In the course of refining trial structures, large 
correlations were observed between parameters related 
through the a-glide-plane pseudo-symmetry element (i.e. 
Cs(I) to Cs(2), 0(13) to 0(24), etc.). To prevent 
oscillations caused by these correlations, refinements 
were carried out in stages so that only weakly correlated 
parameters were varied at any one time. One cycle of 
refinement consisted of the following steps: refinement of 
scale factors, isotropic extinction parameter, and 
position and thermal parameters for atoms Cs(I) to H(143) 
with all other atomic parameters held fixed followed by a 
similar refinement of parameters for atoms Cs(2) through 
H( 23 4) .

In addition to the basic properties of the structure 
which are revealed in the trial model, two important 
features must be considered through the . refinement and
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comparison of alternative models. First, the structure 
could be refined in either of the space groups PZ1 or 
PZ1Za. Space group PZ1Za is an attractive choice because 
the a-glide plane symmetry element produces sublattice 
polarizations along the unique b axis which are 
necessarily equal in magnitude and opposite in direction. 
While we would expect a true AFE material to be non-polar 
in this manner, the systematic absences required for PZ1Za 
were not strictly observed in the data set. Perhaps the 
most important information which must be found to 
characterize the AFE phase is the location of hydrogens in 
the b-chain hydrogen bonds.

Based upon the observed doubling of the unit cell 
along the a axis and dielectric measurements which confirm 
the antiferroelectric nature of the phase, it seems 
reasonable to hypothesize a model in which b-chain 
hydrogens order in ferroelectric b-c planes with 
neighboring planes ordered in opposite directions. While 
this is the most plausible physical model for hydrogen 
locations, the strong possibility of multiple domain 
formation implies that the neutron diffraction experiment 
might not distinguish a unique configuration. Thus two 
possible disordered hydrogen models were considered. The 
first was a model with the b-chain hydrogens fixed at 
(0,1/2,1/2) and (I /2.,1/2,1/2) corresponding to the center
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of the O-H-1‘0 bond as has been done for the thermally 
disordered case in the.PB phase.9 A second possible model 
had two ordered partial occupancy hydrogens in each bond 
constrained to preserve unit occupancies in each bond. 
This model did not refine well producing chemically 
unreasonable hydrogen positions (0-H distances less than 
0.9 &) and, in space group P21, unstable occupancies which 
were not consistent with AFE ordering.

Results for the five most probable of these
alternative models are presented in Table 5. The
significance of each model was tested against the model 
having the lowest R value (Model A: Space group P21 with 
AFE ordering of b-chain hydrogens) using the Hamilton R- 
factor ratio test46 to produce the probability (a) that 
the trial model must be rejected in favor of Model A. 
Model A is the standard model in space group P2% with 
antiferroelectric ordering of b-chain protons while Model 
B is the equivalent structure in space group P21Aa. 
Models C and D were made under the assumption that the fa- 
chain protons were at the center of the O-H-'"0 bonds. 
Finally Model E (in space group P21/a) had two partial 
occupancy protons in each b-chain hydrogen bond. It can 
be seen that models A and B are of nearly the same 
significance while the other possible models are clearly 
ruled out. The position and thermal parameters with the



Table 5. Summary of least-squares refinements of alternative models

Model A B C D E
Space group P2I P21/a P2I P21/a P21/a
Hydrogen atoms (b-chain) ordered ordered centered centered multi-

domain
Number of parameters 154 82 149 80 93
Number of observations
Agreement indices

925 925 925 925 925

R(F2) 0.0713 0.07 50 0.0792 0.0824 0.0753

v f2) 0.0793 0.0829 0.0914 0.0959 0.0847
S

Significance test vs. Model
2.15

A
2.25 2.41 2.55 2.23

R/Ra - 1,049 1.153 1.20 9 1.068
O (%) - 75 >>99 >>99 >99



52

associated standard deviations for Model A are presented 
in Tables 6 and 7 while those for Model B are listed in 
Tables 8 and 9.

Discussion
It can be seen from the results presented in Table 5 

that the structure refined in space group P21 produced an 
agreement index RW (F2) = 0.0793 while the refinement in 
space group P21/a yielded a somewhat poorer agreement with 
RW (F2) = 0.085. However the R factor ratio test shows 
that the increased number of parameters required for Model 
A versus Model B nearly accounts for the improved 
agreement. The probability for rejecting model B in favor 
of Model A is only about 75% which cannot be said to be 
conclusive. If the atomic positions for Model A are 
examined in Table 6 it is clear that atoms with x I 1/2 
are nearly related to those with x I 1/2 through the a- 
glide plane symmetry operation which yields the location 
of atom(2) from atom(l) through the operation (1/2 + x, 
1/2 - y , z). The presence of this near glide plane 
symmetry is probably the cause of the large correlations 
between atoms in refinements using space group P21 
constraints.

In the paraelectric phase Cs atoms and the screw axis 
image (through the symmetry operation [-x, l/2+y, -z]) of
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Table 6. Atomic positions and estimated standard 
deviations, in parentheses, for the antiferroelectric 
phase of CsH2PO4. These results are from the refinement in space group Pl1 model A.

Atom x/a y/b z/c

Cs(I) 0.1311(2) 0.2500 0.0242(8)
Pd) 0.1205(3) 0.7638(10) 0,5280(8)
0(11) 0.1993(2) 0.7574(9) 0.3930(9)
0(12) 0.1625(3) 0.7555(10) 0.8475(8)
0(13) 0.0618(3) 0.9553(8) 0.4136(11)
0(14) 0.0665(4) 0.5513(8) 0.4142(12)
H(112) 0.1810(4) 0.7557(15) 0.1765(17)
H( 143) 0.9887(5) 0.0160(14) 0.5093(22)
CS (2) 0.6314(3) 0.2458(8) 0.0236(8)
P( 2) 0.6203(3) 0.7375(10) 0.5274(9)
0(21) 0.6993(2) 0.7520(9) 0.3924(10)
0(22) 0.6625(3) 0.7420(10) 0.8487(8)
0(23) 0.5654(4) 0.9484(8) 0.4143(11)
0(24) 0.5626(4) 0.5457(7) 0.4143(12)
H(212) 0.6813(5) 0.7419(15) 0.1755(18)
H(234) 0.5126(6) 0.9871(15) 0.4854(21)
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Table 7. Thermal parameters and estimated standard 
deviations, in parentheses, for the antiferroelectric 
phase of CsH2PO4. These results are from the refinement 
in space group P21 (Model A). Thermal parameters are 
expressed as
exp [-2jr2 (a* 2U11I!^* 2U22R2+C0 2U3 3l2+2a0b*U12hk 

+2a*c*U33hl+2b*c*U23kl)].
Tabulated results are multiplied by IO4.

Atom Oil

I 
cs

I 
CS

I 
P D33

I 
C4

I 
rH

I 
P U13 D23

Cs(I) 20(3) 10(2) 6(2) -1(2) 6(2) .2(25)
Pd) 18(3) 9(2) 4(2) 4(2) 5(2) 1(2)
0(11) 17(2) 14(2) 6(2) -5(2) 3(2) 7(2)
0(12) 26(3) 22(2) 3(2) -2(3) 5(2) -6(2)
0(13) 20(2) 22(3) 4(3) 4(2) 5(2) 7 (2)
0(14) 27(3) 2(2) 26(3) -2(2) 15(3) -.8(19)
H(112) 28(4) 32(4) 11(4) -12(4) 10(3) -.3(4)
H(143) 14(4) 18(4) 32(4) 2(3) 4(3) -.9(28)
Cs (2) 23(3) 10(2) 7(2) -3(3) 1(2) -1(2)
P( 2) 23(3) 7(2) 11(2) 3(2) 6(2) 5(2)
0(21) 20(3) 19(2) 9(3) -9(3) 4(2) 9(3)
0(22) 27(3) 20(2) 6(2) -3(3) 4(2) -5(2)
0(23) 28(3) 23(3) 4(3) 4(2) 7(2) 7(2)
0(24) 27(3) 1(2) 25(3) -4(2) 10(2) .3(19)
H(212) 39(5) 24(4) 17(5) -18(4) 10(3) -9(4)
H(234) 33(6) 22(4) 16(4) -2(4) 6(4) -.4(30)
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Table 8. Atomic positions and estimated standard 
deviations, in parentheses, for the antiferroelectric 
phase of CsH2PO4. These results are from the refinement 
in space group P21/a model B.

Atom x/a y/b z/c

Cs(I) 0.1312(1) 0.2500 , 0.0237(4)
Pd) 0.1204(1) 0.7627(6) 0.5274(4)
0(11) 0.1994(1) 0.7528(5) 0.3921(5)
0(12) 0.1625(1) 0.7565(5) 0.8480(4)
0(13) 0.0621(2) 0.9547(4) 0.4135(6)
0(14) 0.0661(2) 0.5510(4) 0.4146(6)
H(112) 0.1812(2) 0.7565(8) 0.1764(9)
H(143) 0.9883(3) 0.0151(8) 0.5130(11)
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Table _ 9. Thermal parameters and estimated standard 
deviations, in parentheses, for the antiferroelectric phase of CsH2PO^. These results are from the refinement 
in space group Pa1Za (Model B). Thermal parameters are expressed as
exp [-2 jr2 (a<,2U11h2+b'1:2D22k2+c62U33l2+2a,:ib*D12hk 

+2a*c*U13hl+2b*c*U2gkl)].
Tabulated resultes are multiplied by IO4.

Atom D11 D22 D33 D12 D13 D23

Cs(I) 
Pd) 
0 (11) 
0 (12) 
0(13) 
0(14) 
H(112) 
H( 143)

22(2)
21(2)
19(1)
26(1)
24(2)
27(2)
32(2)
24(3)

10(1)
8(1)

16(1)
20(1)
12(1)
11(1)
28(2)
19(2)

6(1)
6 (1)
7(1)
4(1)

12(2)
15(2)
14(2)
24(2)

.2(14)
.2(13)
K D

.8(14)
4(1)

-3(1)
2(2)

.6(20)

3(1)
6(1)
4(1)
4(1)
8(1)

10(1)
9(2)
6(2)

K D
- 2(1)

-.4(16)
-.4(13)

3(1)
-4(1)
2(3)

-2(2)
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P atoms are both at y = 1/4. In the antiferroelectric 
phase this symmetry constraint no longer holds and the 
relative separation between cesium atoms and screw axis 
translated phosphorous atoms along the y axis yields a 
sublattice polarization. For Model A in space group P21 
the relative displacement of P(2) with respect to Cs(I) 
along the b-axis is 0.07 8(9) S and that of Pd) with 
respect to Cs(2) is -0.112(10) R. Thus the sublattice 
polarizations are not of equal magnitude within 
experimental uncertainty. Unlike space group P21, 
sublattice polarizations along the unique b-axis are 
constrained by symmetry in space group P21/a to be 
equal in magnitude with opposite signs. For Model B in 
space group P21/a the relative displacement between Cs(I) 
and Pd) is 0.079(4) R. These values are quite similar to 
the 0.07(4)R displacement observed in the ferroelectric 
phase.11

Atomic positions for the antiferroelectric phase in 
space group P21 have been used to calculate distances and 
angles between atoms in hydrogen bonds as well as within 
PO4 groups. Similar calculations have been made for the 
ferroelectric11 and paraelectric9 phase structures for 
comparison purposes. All calculations were made using the 
Oak Ridge National Laboratory program ORFFE.47 Distances 
and angles with their derived standard deviations for
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hydrogen bonds are presented in Table 10 and for PO4 
groups in Table 11.

Bond dimensions for the ordered protons in c-chain 
hydrogen bonds in the AFE phase are essentially the same 
as those derived from the paraelectric9 and 
ferroelectric*"1" structures. Thus the antiferroelectrie 
phase transition has no effect on the ordering of c-chain 
protons.

Significance testing of alternative models demon
strated clearly that b-chain protons are ordered in off 
center positions in the hydrogen bond. Antiferroelectric 
ordering is demonstrated by the fact that the proton is 
near 0(14) in one half of the unit cell and near 0(23) in 
the other half. In addition oxygen to hydrogen distances 
are similar to those found for other systems having 
ordered double minimum hydrogen bonds. In particular the 
average length of the short and long bonds in the 
antiferroelectrie phase (1.041 and 1.433 Angstroms 
respectively) compare well with those for the ferro
electric phase (1.016 and 1.464 Angstroms).

Examination of the PO4 group dimensions presented in 
Table 11 shows that the antiferroelectric ordering of b- 
chain protons leads to distortions similar to those due to 
ferroelectric ordering. The oxygen which is near a proton
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Table 10. Distances and bond angles of 0 - H 0 bonds 
for a) the AFE phase at 100 K and 3.6 kbar, b) the PE 
phase at room temperature and I bar (Reference 9) and c) 
the FE phase at 83 K and I bar (Reference 11).

Hydrogen Bond a b C

c-chain Hydrogens
0(11) —  0(12) 2.461(6)8 2.537(7) 2.55(1)
0(12) ••• H(112) 1.542(9) 1.7(1) 1.550(8)
0(11) —  H(I12) 1.007(9) 0.9(1) 1.001(6)

0(11) ■— H(112) •* -0(12) 174.5(7)° 166(11) 172.8(6)

0(21) —  0(22) 2.538(6)8
0(22) ••• H(212) 1.531(10)
0(21) —  H(212) 1.010(10)

0(21)— H(212) * **0(22) 173.9(8)° .

b - chain Hydrogens
0(13) —  0(14) 2.476(9)8 2.472(9) 2.48(1)
0(13) H(143) 1.413(12) 1.236(5) 1.464(8)
0(14) —  H(143) 1.064(12) 1.236(5) 1.016(7)

0(13)— H(143) * • '0(14) 176.3(9)° 180.0 177.6(9)

0(23) —  0(24) 2.472(9)8
0(23) —  H(234) 1.019(13)
0(24) ’ 1 * H (2 3 4) 1.454(13)

0(23)— H(234) • 1 ‘0(24) 179.0(10)
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Table 11. Distances and bond angles of PO4 groups for a) 
the AFE phase at 100 K and 3.6 kbar, b) the PE phase at 
room temperature and I bar (Reference 9) and c) the FE 
phase at 83 K and I bar (Reference 11).

Group a b C

P —  O(Il) 1.569(tf?A 1.566(6) 1.570(7)
P —  0(12) 1.495(5) 1.480(5) 1.494(8)
P —  0(13) 1.507(7) 1.528(4) 1.497(9)
P —  0(14) 1.580(7) 1.528(4) 1.603(10)

P —  0(21) 1.574(7)
P —  0(22) 1.499(7)
P —  0(23) I . 577( 8)
P —  0(24) 1.499(7)

0(11) —  P — 0(12) 106.9(3)° 106.9(2) 106.7(4) -
0(11) —  P — 0(13) 109.4(4) 106.1(2) 110.7(4)
0(11) —  P -- 0(14) 103.5(4) 106.1(2) 102.2(4)
0(12) —  P — 0(13) 115.8(5) 113.6(2) 115.0(4)
0(12) —  P — 0(14) 110.6(5) 113.6(2) 111.5(4)
0(13) —  P — 0(14) 110.0(3) 109.9(3) 109.9(5)

0(21) —  P — 0(22) 106.8(3)
0(21) —  P — 0(23) 102.6(4)
0(21) —  P — 0(24) 110.6(5)
0(22) —  P — 0(23) 111.4(5)
0(22) —  P — 0(24) 114.8(5)
0(23) —  P — 0(24) 109.9(3)
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moves away from the phosphorous and the oxygen with a long 
H-bond moves toward the phosphorous. In addition the PO4 
group is twisted slightly away from the short O-H bond. 
Thus, unlike in the paraelectric phase, 0(1) and 0(2) are 
at different y coordinates and the vector between 0(3) and 
0(4) is tipped away from the y axis.

The above comparisons with ferroelectric and 
paraelectric phase structures show that the structure 
obtained for the antiferroelectric phase in space group 
P21 is believable. The results for space group P21/a are 
essentially the same as can be seen from an examination of 
the atomic positions obtained for each model. The only 
significant remaining question which is unresolved by this 
data set is whether the antiferroelectrie phase belongs to 
space group P21 or P21/a. If the structure does not 
conform to the symmetry constraints of space group P21/a 
it might be possible to distinguish an assymmetry in 
dielectric response due to the slight difference between 
sublattice polarizations of opposite orientation.
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CHAPTER 3

HIGH-PRESSURE-LOW-TEMPERATURE NMR APPARATUS

Introduction
In the most general terms an NMR experiment for the 

determination of relaxation times in solids is carried out 
in the following fashion. The sample to be investigated 
is placed in a static magnetic field Hq which causes the 
nuclear magnetic moments to align either parallel or anti
parallel to H0. By convention the direction of the static 
field is taken to be along the z axis of the laboratory 
coordinate system. The parallel alignment is slightly 
favorable energetically so more moments will be aligned 
parallel to the static field producing a net magnetization 
Mq directed along Hq. A nucleus has spin as well as a 
magnetic moment so the magnetic moment will also process 
about Hq with a characteristic frequency

W0 = YH0

where y is the gyromagnetic ratio of the nucleus of 
interest and W0 is referred to as the Larmor frequency. 
If a radio frequency (rf) field of angular frequency wQ is 
applied perpendicular to H0 the magnetization will rotate
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away from H0 at the Larmor frequency. For a given rf 
field strength H1, a pulse of duration t will produce a 
tip angle of

0 = yB^t.

Thus the magnetization can be rotated into the plane 
perpendicular to H0 by applying a pulse of duration

tjT/2 = n/2 TE1 .

The. field H1 is usually applied by a solenoidal coil 
perpendicular to Hq which surrounds the sample. After the 
magnetization has been rotated into the x-y plane it 
continues to precess at the Larmor frequency producing an 
oscillatory emf in the NMR coil which is proportional to 
the magnitude of the magnetization in the x-y plane. This 
signal is customarily referred to as the free induction 
decay or FID. Immediately after the n/2 pulse all nuclear 
moments are aligned, but as they, precess at slightly 
different rates about H0 they become dephased and the 
magnetization in the x-y plane decays with a 
characteristic time T2 which is referred to as the spin- 
spin relaxation time. Similarly the magnetization along 
H0, Mz(t), returns to the equilibrium value M0 with a 
characteristic time T1 as

M0 - mZ 
at T1
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This equation has the solution

Mz(T) = MqEI - exp(-T/T1)I.

It will be shown in Chapter 4 that the spin-lattice 
relaxation time T1 gives a measure of the dynamics of the 
NMR nuclei. Thus by finding T1 as a function of 
temperature and pressure it is possible to monitor changes 
in atomic motions.

A block diagram of the apparatus for carrying but NMR 
experiments is shown in Figure 6. A sample is surrounded 
by a coil and placed in the field of an electromagnet. 
The NMR spectrometer produces rf pulses at the Larmor 
frequency ( in this case 6.5 MHz) which are amplified and 
transmitted to the NMR coil. After a pulse ends the 
precession of the magnetization in the x-y plane induces 
an emf in the NMR coil which is amplified and phase 
detected by the receiver. The resulting FID is digitized 
with 8 bit resolution at a rate of one point per 
microsecond and displayed on an oscilloscope or x-y 
recorder for further analysis.

We have constructed an apparatus which allows NMR 
experiments to be carried out while varying temperature 
and pressure over a range of values appropriate for the 
investigation of phase transitions in hydrogen bonded
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Figure 6 . Block diagram of the basic NMR experiment. The insets show A) the rf
pulse, B) the resulting free induction decay following a n/2 pulse, and C) the
FID after phase sensitive detection and amplification.
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ferroelectrics. The transition temperatures of these 
crystals vary as a function of applied pressure, and spin 
lattice relaxation times can be as long as many minutes, 
so the system must control sample temperature and pressure 
with a high degree of stability and accuracy. For the 
materials of interest the apparatus must provide the 
following environmental conditions at the sample: I) 
maintain temperatures from 100 to 240 K with ±2 mK 
stability, and 2) maintain hydrostatic pressures as high 
as 5 kbar using He gas as a pressure medium. In addition 
the apparatus must be constructed entirely of nonmagnetic 
materials and must be less than 5 inches in diameter at 
the level of the sample space so it can be placed between 
the pole faces of an existing electromagnet. The magnet 
is a Variah Model 3800 fifteen inch magnet which can 
produce fields to 12 kG with a five inch gap between pole 
faces. Finally, feedthroughs must be constructed which 
will provide electrical access to the sample space for NMR 
and dielectric measurements under conditions of high 
pressure and low temperature.

A number of high-pressure NMR experiments have been 
reported which are reviewed by Benedek48 and more recently 
by Jonas49, and Jonas et al.50 None of the techniques 
described in the literature fulfill both the temperature 
and pressure range requirements stated above and thus were
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not readily adaptable to our purposes. Designs of 
pressure vessels usable to 4 kbar and above, which are 
cooled by flowing gas systems over the range from room 
temperature to 77 K, have been reported,51-54 but the 
temperature stability of these systems is at best about 
+ 50 mK. The system we have built uses a liquid nitrogen 
Dewar and nested isothermal shields for temperature 
control and a beryllium-copper pressure vessel usable to 7 
kbar. After this system was completed5 5 a smaller 
apparatus with similar capabilities was reported by 
Trokiner et al.56

We first describe the mechanical details of the 
pressure vessel and cryostat, followed by an explanation 
of the temperature control system. Next the design and 
construction of high-pressure electrical feed-throughs is 
discussed and a brief account of the pressure generation 
apparatus is given. Last we present features of the NMR 
sample coil and associated circuitry as well as some 
properties of the arrangement for making dielectric 
measurements.

Apparatus Description
A cross-sectional view of the pressure vessel and the 

bottom end of the cryostat is shown in Figure 7. The 
high-pressure vessel (A) has a sample space 28.7 mm in 
diameter by 40.6 mm long and is supported by 6.35 mm-o.d.
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Figure 7. High-pressure vessel and bottom section of the 
low-temperature cryostat system.



69

X 1.59 mm-i.d. high-pressure tubing (B) supplied by 
American Instrument Co.57 The pressure seal between 
tubing and pressure vessel is made with a gland nut and 
collar (C) of 304 stainless steel. The pressure vessel is 
surrounded by a copper isothermal shield (D) suspended 
from the pressure tubing by means of a copper clamp. This 
shield is, in turn, surrounded by a second isothermal 
shield (E) maintained at liquid-nitrogen temperature by 
contact with a liquid-nitrogen reservoir (P). The liquid 
nitrogen level is monitored by two Zener diodes suspended 
at the top and bottom of the. reservoir so that an 
automatic fill from a storage Dewar is initiated when both 
diodes are warm and concluded when the nitrogen level 
reaches the upper diode. The space inside the cryostat 
wall (G) is evacuated to IO-5 Torr to minimize heat 
conduction to the sample vessel. Vacuum is maintained by 
a conventional oil diffusion pump and rotary roughing pump 
system and measured with an ion gauge tube. To prevent 
fluctuations in pressure caused by varying levels of 
liquid nitrogen in the storage reservoir the pressure 
tubing is isolated by a vacuum space (H) and thermally 
grounded to the reservoir bottom by a copper clamp (I).

Temperatures within the system are monitored by 
copper-constantan thermocouples (J1-J3) mounted at the top 
of the inner shield, and at the top and bottom of the



70

pressure vessel. Each thermocouple is referenced to a 
second junction immersed in liquid nitrogen. Thermocouple 
voltages are measured with a Keithley Model 177 
microvoltmeter.58 The temperature of the pressure vessel 
is also monitored by CS-400 capacitance sensors (K1, K2) 
made by Lake Shore Cryotronics59 which are placed in 
cavities at the top and bottom of the vessel. Sample cell 
temperature is controlled by a heater (L) which is powered 
by a Lake Shore Cryotronics Model CSC-400 capacitance 
temperature controller.5 9 The temperature of the inner 
shield is .maintained by a heater (M) which compensates for 
the heat lost to the liquid-nitrogen reservoir through a 
thermal leak (N) and to a lesser extent through leads, 
pressure tubing, and radiative cooling. The thermal leak 
consists of several strands of copper braid connected 
between the nitrogen reservoir and shield. Increasing the 
cross section of the thermal leak decreases the thermal 
time constant of the system but increases the rate of 
liquid-nitrogen consumption. The apparatus typically 
requires from 30 to 50 pounds of liquid nitrogen per day. 
The shield heater is supplied by a home built power supply 
which controls the heater voltage so that the difference 
between thermocouples (Jl) and (J2) is I + 0.1 K. Thus, 
as the pressure vessel temperature is varied under the 
control of the CSC-400, the inner shield temperature is
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automatically held I K colder than that of the pressure 
vessel.

, The pressure vessel heater is made by winding a layer 
of number 28 copper wire around the vessel, cementing it 
in place with GE 7031 varnish. Winding another layer in 
the opposite direction, cementing it in place, and 
continuing until the coil resistance is about 10 ohms. 
The completed coil is coated with varnish and wrapped with 
alternating layers of Teflon tape and aluminum foil. The 
inner shield heater is constructed in a similar manner 
using number 28 nichrome wire. Electrical connections 
from thermocouples, temperature sensors, and heaters are 
routed through the top of each isothermal shield and along 
the outside surface of the liquid-nitrogen reservoir to 
vacuum feedthroughs at the top of the cryostat. To 
minimize thermal gradients, all of the leads are thermally 
grounded with GE 7031 varnish and copper brackets at each, 
point of temperature control, namely at the top of the

i

pressure vessel, the top of the inner isothermal shield, 
and at the bottom of the liquid-nitrogen reservoir.

Access to the sample space of the pressure vessel is 
by means of a conventional unsupported area type seal 
shown in Figure 8. The seal consists of a mushroom plug 
(A), a deformable Be-Cu O ring (B), and a support plug 
(C). The three high-pressure electrical feedthroughs
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Figure 8. High-pressure vessel unsupported area 
and exploded view of one high-pressure 
feedthrough (D-J).
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required are spaced 120 degrees apart in the mushroom 
plug. The pressure vessel, mushroom plug, support plug, 
and O ring were machined from 1/2 hard Berylco 25 Be-Cu 
rod stock supplied by Cabot Berylco.60 Before machining, 
the Be-Cu rods were ultrasonically tested for internal 
flaws by United States Testing Co.61 After machining, all 
points of contact between the various components were 
carefully polished on a lathe using I-urn alumina grit. 
With the exception of the 0 ring seal, the Be-Cu 
components were hardened for 3 hours at 315°C in an argon 
atmosphere followed by an air quench.

High Pressure Electrical Eeedthtoughs 
The electrical feedthroughs use a spherical geometry 

and pressure seals of extrudable plastic similar to those 
described by other workers.62,63 However, feedthroughs 
for NMR experiments must be nonmagnetic and have as high a 
conductivity as possible. For this reason the design was 
modified so that the feedthroughs could be fabricated from 
Be-Cu and hardened. The feedthroughs consist of a plug 
(D) 4.76 mm in diameter with a hemispherical end which 
rests in a matching depression 1.43 mm deep in the 
mushroom plug. The feedthrough plug is electrically 
isolated from the mushroom plug by a Teflon or Kel-F disk 
1.8 mm thick (E) which makes the pressure seal by 
extruding around a 304 stainless steel pin 1.27 mm in

73
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diameter (F) threaded into the feedthrough plug. External 
electrical connections are made to these pins which pass 
through holes in the mushroom plug. The holes in the 
mushroom plug are 1.52 mm in diameter for the first 2.5 mm 
to limit the amount of plastic extruded around the 
stainless steel pins. For the remaining distance the 
holes are 2.29 mm in diameter to provide clearance for 
insulating sleeves of Kapton 2.03 mm in diameter (G). The 
plugs are held in place by alignment pins which pass 
through a pressure plate (H) and are isolated from it by 
Kapton sleeves (I).

The feedthrough plugs are machined to have 4.76 mm 
diameter hemispheres at one end which are drilled and 
tapped in the center for the threaded stainless steel 
pins. The hemispheres are then polished with 1-um alumina 
grit on a polishing cloth. The matching depressions are 
made with a 4.76-mm ball end mill and are polished with 
alumina, grit using a fixture made by welding a 4.76 mm 
diameter ball bearing to a drill rod. The plastic seal is 
preformed by pressing 4.76 mm ball bearings into a Teflon 
disk using the depressions in the mushroom plug as a form. 
After the depressions have been made in the disk the ball 
bearings are clamped in place with the.pressure plate and 
holes are drilled for the stainless steel rods using the 
holes in the mushroom plug as a guide. When the
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feedthroughs are assembled the stainless steel capscrew 
(J) is tightened to about 2 N-m torque so that the 
feedthrough plugs compress the Teflon gasket enough to 
seal at low pressure.

High Pressure Ssnsratigri System 
Pressurized helium gas is supplied to the NMR Dewar 

system by a generation, system which is shown schematically 
in Figure 9. High purity helium gas at 1500 to 2000 psi 
is supplied from a standard compressed gas cylinder to a 
metal diaphragm pump (AMINCO Remote Diaphragm Gas 
Compression Head57). By opening V-3 and actuating the 
remote head with an oil pump (AMINCO Hand-Operated 
Hydraulic Booster Pump57) the gas pressure upstream of the 
check valve between VH-I and the gas intensifier 
(Autoclave Engineers, Inc. Liquid to Gas Intensifier64) 
can be increased to about 15,000 psi. The pressure at the 
NMR work point can be further increased to 7 k-ba'r by 
closing valves VH-I and V-3, opening valve V-7 and 
advancing the piston of the gas intensifier using the oil 
pump. The gas pressure at the NMR work point is determined 
by measuring the resistance of a manganin coil in the 
pressure system using a Cary-Foster bridge circuit.65 
When the desired pressure has been reached the pneumatic 
valve VP-I is closed to isolate the work point from the 
rest of the pressure system. Small changes in the
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Figure 9. Block diagram of the high-pressure generation apparatus. Heavy lines
represent the pressurized oil system while light lines carry helium gas.
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operating pressure can be made by changing the temperature 
of a ballast pressure vessel in the pressure control 
Dewar.

A further increase in pressure can be obtained by 
repeating the following cycle as necessary. With VP-I 
closed, retract the gas intensifier piston by opening 
valves V-7 and V-4, then open V-5 very slowly to gradually 
release the pressure on the oil side of the intensifier. 
Close V-4, V-5 and V-7 to keep the intensifier piston from 
retracting fully, then open valves VH-I and V-3 and 
repressurize the intensifier using the remote head. Close 
VH-I and increase the pressure to match that at the NMR 
work point by advancing the intensifier piston. When the 
pressures on each side of VP-I are equal, as determined 
by comparing the pressures indicated by G-3 and the 
manganin cell, VH-I can be opened and the working pressure 
increased by advancing the intensifier piston. The 
operation of an earlier version of this system has been 
described in much greater detail by Western.65

The pressure generation system is enclosed in a room 
with sand filled walls and the NMR high-pressure dewar is 
enclosed to protect apparatus and personnel in the event 
of a pressure system failure. . The NMR system is enclosed 
on two sides by the magnet pole pieces and on the 
remaining two sides by wood blocks 4 inches thick attached
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to the magnet yoke with aluminum brackets. If a high- 
pressure apparatus fails there are two possible sources of 
concern. When a rupture occurs small fragments of metal 
can be expelled with kinetic energy roughly that of rifle 
bullets. In addition the expanding gas can be at a very 
high temperature as it escapes from a small orifice. For 
this reason it is very important that pressure be released 
from the system before opening high-pressure connections. 
Anyone attempting to operate the high-pressure apparatus 
should carefully read both the pressure system manual65 
and the high-pressure safety manual produced by Harwood 
Engineering Co.66

Design and Construction of JJMB Sample CQiis 
The NMR sample coil is usually constructed of number 

28 copper magnet wire wound on an insulating coil form 
which in turn is mounted vertically in the sample space of 
the pressure vessel. One end of the coil is grounded to 
the mushroom plug and the other is connected via one of 
the above-described high-pressure feedthroughs to a 100 pF 
variable capacitor ( marked O in Figure 7.) mounted at the 
bottom of the vessel. The capacitor is placed inside the 
vacuum system near the sample coil to minimize the 
resistance of this series resonant circuit and maximize 
its Q. Resonance is achieved by adjusting the variable 
capacitor with a retractable rotary motion feedthrough
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mounted in the bottom of the cryostat vacuum can. 
Following Clark and McNeil,67 the transmit and receive 
functions are separated at the other end of this 
capacitor, where the rf pulses are supplied through a 
coaxial cable and the pulse response is routed to the 
receiver by a second cable. Both coaxial cables are Type 
UT-47 50 ohm microcoax made by Uniform Tubes.68 They are 
routed to the top of the cryostat in the same way as the 
other leads, where they connect to coaxial vacuum 
feedthroughs.6 9

Careful design and construction of the NMR coil has a 
large effect on overall system performance. Together the 
NMR coil and the variable capacitor make up a series 
resonant circuit (see Figure 6) so at a given working 
frequency f0 the values of capacitance C and inductance L 
must be chosen such that 2nf0 = (LC)-1^2. Thus the coil 
should be wound with an inductance that can be brought 
into resonance within the variable capacitor's range. The 
NMR coil will produce an rf field strength H1 (in gauss) 
given by 70

H1 = 3 (PQZVf0)1/2

where P is the pulse power in watts, Q is the quality 
factor defined as Q = 2nf0L/R, V is the coil volume in 
cm3, and fQ is the NMR frequency in MHz. It can be seen



80

that a lower volume or a higher Q will produce a stronger 
rf field for a given pulse power. The sensitivity of a 
coil to the NMR signal is increased similarly. 
Unfortunately the ringdown time Tr ( in microseconds) of a 
resonant circuit also increases with increasing Q as70

Tr = 0.9 QZf0.

Because the free induction decay in solids can be as short 
as 100 microseconds the circuit Q must be limited so that 
Tr is less than about 15 microseconds. The coil volume, 
however has no effect on Tr so the coil should be made to 
fit the sample as closely as possible. For the current 
apparatus a Q of 50 to 100 produces acceptable rf field 
strengths while limiting the circuit ringdown time to less 
than 12 microseconds. The usual practice is to wind a 
cylindrical coil with a turn spacing equal to twice the 
wire diameter and the coil length roughly the same as its 
diameter. To obtain an acceptable Q it is necessary to 
make the turn spacing as even as possible. This can be 
accomplished by tightly winding two wires on a mandrel and 
removing one of them before mounting the coil.

The rf field is applied as short ( about 30 ps) 
pulses with a strength H1 of order 20 G in a static field 
of up to 12 kG. Thus it is necessary to mount the NMR 
coil and associated leads rigidly to avoid mechanical
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distortions due to interaction between an applied pulse 
and the static field. It is quite possible for a poorly 
mounted coil to produce a microphonic signal which is 
longer than the free induction decay. Two possible 
approaches .to coil mounting which have been used 
successfully with this apparatus are potting the coil in 
an adhesive or winding the coil on a threaded form and 
covering it with adhesive. In both cases the material 
used must not contain a nucleus which is a candidate for 
NMR measurement in a sample. Threaded cylinders of Teflon 
are very convenient coil forms as they are simple to 
fabricate and contain no protons. In addition the 19F NMR 
signal from Teflon is quite strong with a short T1 which 
is useful for tuning the NMR apparatus when the nucleus of 
interest has a very long relaxation time or low 
sensitivity. The book by Fukushima and Roeder71 contains 
a number of additional ideas concerning NMR probe 
construction as well as considerable useful lore on all 
aspects of experimental NMR.

A coil system for use at high pressure should also 
fill as much as possible of the sample space volume. This 
decreases the amount of pressurized He gas in the system 
which makes the system safer by decreasing the amount of 
stored kinetic energy and also allows the system to be 
pressurized more easily. The volume absorber must be non
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conducting so it does not reduce the circuit Q by 
confining flux from the NMR coil and it must not contain 
any nucleus of interest. A thick cylinder of Macor 
machinable ceramic72 with an outer diameter just less than 
that of the sample space and an inner diameter designed to 
hold an NMR coil can serve as both a coil mount and volume 
absorber.

A general purpose NMR coil was constructed under 
these guidelines in the following manner. Two lengths of 
enameled number 28 copper magnet wire were stretched 
between a vise and a pair of pliers to remove any kinks. 
The wires were then wound tightly on a cylindrical Al2O3 
crucible73 2.5 cm long with an outside diameter of 1.27 
cm. One strand of wire was carefully unwound while the 
second strand was held in.tension, leaving a coil 1.2 cm 
long consisting of 18 evenly spaced turns centered on the 
crucible. The coil was then coated with Sauereisen number 
31 ceramic adhesive74 to hold it in place. The resulting 
coil had an inductance of 4.7 uH and a Q of 70 at an 
operating frequency of 14 MHz. A nonconducting sleeve was 
machined from Macor72 which would slip over the pressure 
plate for the high pressure feedthroughs and the bottom 
end of the ceramic crucible. When the crucible, sleeve 
and pressure plate are cemented together the coil is 
rigidly held colinear with the center line of the sample
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space. This coil will accept samples as large as 1.0 cm 
in diameter by 1.0 cm long. It has been used for NMR 
measurements on stacked polymer disks, powdered samples in 
glass tubes and a cylindrical single crystal.

Technique for Concurrent.Dielectric Measurements
Measurement of the dielectric constant of hydrogen- 

bonded ferroelectric crystals requires electrodes on the 
crystal faces perpendicular to the ferroelectric axis. 
Electrodes are made by sputtering a layer of gold 
approximately 20 nm thick onto faces, which have been 
prepared by polishing with successively finer grades of 
alumina grit ('63,. 8, and 5. (im).. Leads of number 3 0 copper 
wire are attached to each, electrode with a spot of silver 
epoxy and' the leads are soldered to the alignment pins 
of the high-pressure feedthrough plugs. For ferroelectric 
crystals, dielectric measurements are usually carried out 
on samples in the shape of thin plates with the large 
faces perpendicular to the ferroelectric axis. For our 
NMR experiments larger crystals with the longest dimension 
along, the ferroelectric axis are desirable. While the NMR 
samples are not of optimum geometry for accurate 
dielectric measurements, it is possible to determine 
directly how near the sample is to the ferroelectric 
transition.



84

CHAPTER 4.
NMR MEASUREMENT OF THE 133Cs SPIN-LATTICE RELAXATION 

TIME AS A FUNCTION OF TEMPERATURE AND PRESSURE

Introduction
One of the primary features of the phase transitions 

in CDP is the appearance of a lattice (or sublattice) 
polarization caused by a relative displacement of Cs and 
PO4 groups with respect to the mirror plane of the 
paraelectric phase. Thus it is clear that the local 
environment of a Cs atom changes on passing through the 
phase transition and the NMR technique allows us to 
monitor precursor motions of the Cs atoms with respect to 
the local electric field gradient.

Experimental
The sample for NMR experiments was cut from a large 

single crystal of CDP grown by slow evaporation from a 
stoichiometric solution of P2O5 and Cs2CO3. The roughness 
left from saw cuts was removed by polishing with distilled 
water on a membrane filter. Two natural faces, [1,0,0] 
and [-1,0,0], which can be readily identified as cleavage 
planes, were preserved so that the crystal orientation 
about the c axis could be determined. A cut face was 
polished perpendicular to the c axis by orienting the 
crystal on the [1,0,0] face and a natural edge formed by
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the intersection of the [1,0,0] and [1,0,2] faces. The 
resulting sample was about 0.83 cm3 in volume with its 
largest face perpendicular to the c axis.

An NMR coil adapted to this sample was constructed 
following the general principles outlined in Chapter 3. A 
cylindrical sample holder of Macor72 ceramic was machined 
with an outside diameter just less than that of the 
pressure vessel sample space. A cylindrical cavity 1.90 
cm in diameter was machined at one end so that the sample 
holder could be mounted by slipping it over the high- 
pressure feedthrough pressure plate. A cylindrical cavity 
1.65 cm in diameter and 2.05 cm long was machined at the 
other end of the sample holder to accept an NMR coil. A 
rectangular coil form 0.97 by 1.17 cm was covered with 
Teflon tape and 25 turns of Teflon insulated number 30 
wire were tightly wound on it. The coil was then coated 
lightly with Sauereisen74 Number 8 ceramic adhesive to 
hold it in place. The adhesive was heated and allowed to 
cure for 24 hours so as to remove as much water as 
possible. The coil cavity of the Macor sample holder was 
coated with Sauereisen74 Number 31 ceramic adhesive and 
the coil form and coil were pressed into the cavity 
extruding the adhesive around the coil assembly. The 
adhesive was allowed to cure and the coil form was removed 
leaving a rectangular sample space 0.97 X 1.17 cm and 2.05
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cm long with the NMR coil centered along its length. The 
resulting Q of the installed NMR coil was about 6 0 at 6.5 
MHz.

A brass ring 1.905 cm O.D. and 0.64 cm thick was 
glued to the high-pressure feedthrough pressure plate with 
GE 7031. varnish. The sample holder was glued in place 
resting on the brass ring and centered by the pressure 
plate. A rectangular block of Teflon 0.57 cm thick was 
placed in the bottom of the coil cavity to center the 
sample and absorb more free volume in the sample space. 
The CDP sample was placed on the Teflon block with the 
[0,0,-1] face down so that the crystal c axis was parallel 
to the rf field and perpendicular to Hq. A cone shaped 
Teflon cap was placed over the sample to further reduce 
the sample space volume and offer some protection from oil 
which might enter the gas pressure system. The sample 
holder and mushroom plug assembly was mounted in the 
pressure vessel and the assembled dewar was placed in the 
Varian Model 3800 electromagnet. The dewar apparatus was 
aligned so that the sample coil was centered in the most 
homogeneous region of the magnetic field by maximizing the 
133Cs NMR signal.

The Spin-Lock Ltd. Model CPS 2 NMR spectrometer^& 
operated in our lab functions in the following manner. 
Refer also to Figure 6 in Chapter 3. A free running
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oscillator operating at 6.5 MHz provides the fixed NMR 
frequency to a gated amplifier which produces high power 
rf pulses of controllable width and phase. These pulses 
are transmitted to the NMR resonance circuit by means of a 
50 ohm triaxial cable. These pulses produce rf field 
strengths in the NMR coil of the order of ten gauss. A 
second triaxial cable from the resonance circuit routes 
the induced emf due to processing nuclear spins to a high 
gain amplifier. The amplified emf, which is also at the 
NMR frequency of 6.5 MHz, is mixed with a phase shifted 
reference signal to produce a final signal which is the 
envelope of the oscillatory NMR response. This phase 
detected signal is usually reffered to as the free 
induction decay or FID. The input pulses typically 
produce an emf of several hundred volts across the NMR 
coil while the signal due to the precession of magnetic 
moments in the sample is typically of the order of tens of 
microvolts. Therefore the receiver is protected from the 
rf pulses by crossed diodes to ground which limit the 
receiver input signal to about one volt. After a pulse 
ends the NMR coil rings down with some time constant and 
the receiver circuit must recover from saturation before 
the NMR signal can be detected. The dead time for the 
system configured as described above is about 40 
microseconds. At the end of the applied rf pulse the
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spectrometer sends a trigger signal to the Gould Model 
2805 digitizer to initiate a 2048 point digitization of 
the FID. The stored FID is displayed on an oscilloscope 
and can be transferred to an x-y recorder so the FID 
amplitude can be measured from hard copy.

Measurement Technique
A variety of strategies can be used for measuring the 

spin-lattice relaxation time T1.77 For this experiment 
the saturation recovery method was chosen. This technique 
consists of saturating the 133Cs Zeeman line with a long 
sequence of very closely spaced n/2 pulses which ensures 
that the magnetization along H0 is zero. The amount of 
magnetization which has recovered after a time v is 
measured by applying a single n/2 pulse and recording the 
resulting FID. A schematic representation of the pulse 
program is shown in Figure IOA and a typical FID in Figure 
10B. Because the amplitude of the FID is proportional to 
M(t) and the magnetization should recover from saturation 
in the following manner

M(?) = M0 [I - exp (-TZT1)]

it is clear that the FID amplitude I(t ) can be expressed 
as

In (I0 - I) = In(I0) - TZT1
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Figure 10. A typical pulse sequence for determining T1 is 
shown in part A. A saturating comb of about 100 closely 
spaced n/2 pulses is followed after a time r by a jt/2 
pulse which generates the free induction decay. In part B 
a typical digitized FID is shown.
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Thus we measure the FID amplitude for several values of r 
including a point with t  greater than five times T1 to 
establish the value of Iq. Then by plotting the quantity 
(I0 - I) as a function of r on semilog paper the value of 
T1 can be determined. A typical plot of (I0 - I) versus t 
for the 133Cs resonance of CDP is shown in Figure 11.

The description of the NMR experiment above and in 
the first section of Chapter 3 contains a number of 
implicit experimental conditions. First the static field 
H0 and the NMR frequency w must be chosen such that the 
resonance condition is satisfied. For our experimental 
frequency of 6.5 MHz, 133Cs has a resonance field of 
11.639 kG. The resonant circuit containing the NMR coil 
must be tuned to resonance at 6.5 MHz so that the maximum 
signal to noise ratio is obtained for the FID. The static 
field must be aligned with respect to the crystal in such 
a way that the quadrupole splitting is collapsed and the 
relaxation can be characterized by a single relaxation 
time. Finally the spectrometer must be adjusted so that 
the width of the applied pulses yields a tip angle of jt/2 
and the reference signal for the phase sensitive detector 
is in phase with the received FID. All of these 
parameters must be adjusted before each determination of 
T1 at a new temperature or pressure. In particular the 
properties of the NMR coil and the rf feedthroughs change
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Figure 11. A typical semilog plot of FID amplitude versus recovery time. For
this case (at T = 19 8.6 K and P = I  bar) a least squares fit to the data yields
a relaxation time of 236 seconds.
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as either temperature or pressure varies causing the 
resonance condition to change. This affects the amplitude 
of both the applied pulses and the measured FID. For these 
reasons the following sequence of tuning steps was carried 
out before each relaxation time measurement:

D H 0 was tuned to resonance.
2) The orientation of H0 about the NMR coil axis was 
adjusted for the largest FID. This corresponds to a 
133Cs quadrupole splitting of zero.

3) The resonant circuit variable capacitor was tuned 
to resonance. This setting yields a maximum FID 
amplitude at a given pulse repetition rate.

4) The width of the applied pulse was varied to 
produce the maximum FID (which corresponds to a 
n/2 pulse) and the reference phase was adjusted 
to produce a gaussian line shape.

5) If necessary the receiver gain was adjusted so that 
the largest FID (for v much greater than T1) was 
about 95% of the value which would saturate the 
receiver. This produces the greatest possible 
dynamic range so that the digitizer can resolve 
about seven binary bits of data

Because an exceptionally large sample was used and the 
coil filling factor was quite good, it was possible to 
tune the system based on a FID recorded at a fixed 
repetition rate of about one half T1.
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Experimental Results
A preliminary measurement of the 133Cs resonance 

showed the characteristic quadrupole splitting of a spin 
7/2 nucleus which collapsed to a single line when Hq was 
directed at an angle of 90 degrees to the crystalline a 
axis.22

An initial test of the system was carried out by 
measuring the 133Cs spin lattice relaxation time as a 
function of temperature at ambient pressure for comparison 
with the results of Blinc et al.23 The results of these 
measurements as well as those due to Blinc are shown in 
Figure 12. The magnitude of T1 far from the FE transition 
was 252 seconds compared to about 350 seconds for the 
sample of Blinc et al. This indicates that the 
concentration of paramagnetic impurities was roughly 
similar for both samples. In addition T1 decreased 
critically on.approaching the ferroelectric transition at 
153 K as expected.

The sample temperature was raised to about 195 K and 
the pressure raised to 1.5 kbar. Further relaxation data 
was recorded with decreasing temperature to the FE 
transition at 142 k . The pressure for each point was 1.5 
+ 0.0 5 kbar and the temperature was allowed to stabilize 
to + 0.05 K before initiating data acquisition. Spin
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Figure 12. Spin lattice relaxation rate for 133Cs in CsH2PO4 at a pressure of I 
bar. The results of Blinc et. al. are included for comparison.
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lattice relaxation results for the 1.5 kbar isobar are 
shown in Figure 13.

The sample temperature was then raised to about 200 K 
and the pressure increased to 3.6 kbar. At this point a 
small pressure leak appeared which caused the sample space 
pressure to drop at a rate of about 0.002 kbar/hour. 
Because of this leak and the loss of pressure due to 
cooling, data was taken in fixed sequence for three 
isobars at 3.0, 3.3 and 3.6 kbar. First the sample was 
cooled to a new temperature and the pressure was adjusted 
to about 3.05 kbar. The sample space temperature and 
pressure were allowed to stabilize and a set of relaxation 
data recorded when the pressure had decreased to about 
3.01 kbar. Then the pressure was increased to about 3.35 
kbar and data was recorded after conditions had stabilized 
at 3.30 kbar. Finally the pressure was increased to about 
3.66 kbar and a final data set recorded after stability 
was reached at 3.60 kbar. The sample was then allowed to 
cool slowly to a new temperature. Usually the sample 
space pressure was near 3.0 kbar by the time temperature 
had stabilized at a new value and the data acquisition 
cycle could be repeated. After relaxation data had been 
recorded down to the transition temperature for each 
isobar the sample temperature was increased to about 215 K 
and a final data set recorded far from the transition.
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All of the data for these isobars had pressures within + 
0.05 kbar and temperatures within ± 0.05 K. The relaxation 
data as a function of temperature for pressures of 3.0, 
3.3 and 3.6 kbar are graphed in Figures 14 through 16.

NMR data sets were analyzed using a least-squares 
fitting proceedure due to Brandt78 to determine T1 as well 
as the standard deviation. Values of relaxation time and 
the associated standard deviations for all five isobars 
are presented in the Appendix. It is assumed that spin- 
lattice relaxation rates due to different mechanisms are 
additive and that the observed relaxation rate T1 is made 
up of a component due to spin diffusion (T^) and a 
critical component (Tlc) due to motions associated with 
the onset of ordering as follows:

For each of the five isobars it is assumed that the 
relaxation rate at the highest temperature data point is 
entirely due to spin diffusion and this component does 
not vary with temperature. The critical component at all 
lower temperature points is obtained by subtracting the 
high temperature relaxation rate from the relaxation rate 
at the current point. For the isobars at elevated pressure 
the high temperature points are considerably below room
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Figure 14. Spin lattice relaxation rate for 133Cs in C s H 9P O 4 at a pressure of
3.0 k b a r .
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Figure 15. Spin lattice relaxation rate for
3.3 k b a r .

Cs in C s H 2P O 4 at a pressure of
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Spin lattice relaxation rate for Cs in C s H 2P O 4 at a pressure of
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temperature so this procedure may cause the value of T^p 
to be slightly overestimated. The derived values for Tlc 
are also tabulated in the Appendix.
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CHAPTER 5
THEORETICAL ANALYSIS OF 133Cs SPIN-LATTICE 

RELAXATION TIME DATA

Introduction
It has been shown that the ferroelectric and 

antiferroelectrie phase transitions in CDP are a result of 
structural distortions from the paraelectric phase which 
yield a displacement of cesium atoms. These displacements 
result from a freezing in of a lattice mode which is 
present above Tc. Thus the quadrupolar relaxation time of 
133Cs, which is due to cesium motions with respect to the 
local electric field gradient (EFG), can be interpreted to 
produce a measure of precursor ordering as a function of 
temperature and pressure. It has also been shown in 
Chapter I that the interactions which lead to ordering in 
CDP can be represented in terms of a pseudo-Ising model. 
It is clear that the real value of the 133Cs spin-lattice- 
relaxation data presented in Chapter 4 lies in the way 
they can be used to test and interpret this theory of the 
phase transition. In order to carry out the analysis a 
relaxation theory is derived from the Ising model dynamic 
susceptibility and that expression is used to determine 
the correlation time for Cs motions as well as strengths 
of the interactions Ja, Jj3 and Jc. The theoretical 
approach presented here is based on the development of
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Blinc and coworkers2 3 which has been clarified and 
corrected by Schmidt.79

Relaxation ThSQry for the Qasg of QDP Data
A nuclear magnetic resonance experiment such as has 

been carried out on CsH2PO4 can be expressed theoretically 
in terms of the following Hamiltonian

H = Hz + Hq (t).

Here Hz is the Zeeman term and HQ(t) represents the 
quadrupolar interaction which can be separated into static 
and fluctuating components as:

Hq (t) = iQ + 6HQ(t).

For this experiment Hz is much greater than H^ft) and the 
orientation of the sample was chosen so that the 
quadrupolar splitting due to the static component of the 
quadrupolar interaction was zero. For this special 
situation the 133Cs spin levels are equally spaced 
producing a single resonance line due to Zeeman splitting. 
By definition such a Zeeman line has a unique relaxation 
time T1 which is determined by the fluctuating component 
of the quadrupolar interaction.

It is well known that the spin-Iattice-relaxation 
time due to quadrupolar interactions for a nucleus with
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spin equal to I and a quadrupole moment of Q is given by:

II

e4Q2 21 + 3
H*

 | I I
40h2 I2(21 - I)

[J(1)(to) + 4J(2)(2to)].

In this expression J^^(to) is the spectral density of the 
autocorrelation function of fluctuations in the EFG tensor 
at the cesium site. The EFG tensor can be represented in 
the laboratory coordinate system (given that Hq is 
parallel to the ,z axis) as

V (±1) - Vxz + ivyz

v<±2> - (1/2 ) (Vxx - Vyy) ± ivxy.

Using this notation the spectral density can be written as 
follows:

j(k) (4») = f. <V(k) (0)V( k) (t) > exp(itot) dt. ̂—CD

Spin lattice relaxation.is caused by fluctuations in the 
EFG so only the time varying component needs to be 
considered. This component is given by

6V(t) = ^ Vi(SiU) - <s>)

where Si is the local order parameter and Vi is the 
difference between the paraelectric and ferroelectric EFG
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tensors at the cesium site. Now the spectral density of 
fluctuations of the EFG tensor at the Cs site can be 
written in terms of fluctuations in the local order 
parameter in the following manner:

J(k) (»>) = J  ^ Vi(k) (0)Vi(-k) (t)
i

6Ss^(O)8s^(t) exp(itot) dt.

By introducing the Fourier transform of s^, invoking the 
random phase approximation and assuming that the dominant 
relaxation mechanism is due to long wave length 
fluctuations, the spectral density can be expressed as

J(k) (to) = lV0(k) I2 j (<!>)

with
— CO

j(to) = N ^ I GSg(0)8Sg(t) exp(iwt) dt. 
q

Finally the above expression for the spectral density of 
fluctuations can be related to the theoretical model of 
the CDP phase transition presented in Chapter I by means 
of the fluctuation dissipation theorem. In this case the 
fluctuation dissipation theorem relates the local order 
parameter fluctuations to the imaginary component of the
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dynamic dielectric susceptibility as follows

]<»> jq(w) =
q q

In the above expression C is the Curie-Weiss constant and 
N is the number of b-chain protons. The dynamic 
susceptibility for the pseudo-Ising model derived in 
Chapter I is

X(q,to) I - (z/nn2)X1_D(q,a))Jĵ (q)

The factor z gives the number of nearest neighbor proton 
chains (in this case z = 4) and the interaction J^(q) is 
given by

Jĵ (q) = 1/2 [ Jacosh(iq*a) + Jccosh(iq*c) ].

With the above equations and substituting an integral over 
the first Brilloun zone for the summation over wave vector 
q the following expression for j(<o) is obtained

jU>
2ToFsiny

2n
{[D(x,y) Ecos(z)]2

+ (WTq)2J 1 dxdydz.

In this expresssion y is the monoclinic angle and
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substitutions have been made to simplify the notation 
using the following variables:

E = tanh(2pJI I)

F ■= 2exp(-2p J j I) .

For the NMR frequency of 6.5 MHz the quantity Ut q is 
very small and can be ignored. Integration over the

r. .coordinate z yields

To further simplify the notation we introduce two new 
variables a and b such that

a = 1  - tanh(2pjj|) = I - E
and

D(x,y) = I - zpJjF(I +a) 1 (cosx + acosy)

b = zpj||F (I - a)-I

With this notation j(u) can be written as

j(o>)
2-c ̂Fsiny [I - b(cosx + acosy)]

02TI

*{[a-b(cosx+acosy)]*[2-a-b(cosx+acosy)]I-3/2dxdy
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Now b << I for all T>TC and (2 - a) >> b so the following 
approximations can be made

[I - Mcosx + acosy) ] = I
and

[2 - a - Mcosx + acosy) ] = [2 - a].

By using these approximations the expression for j (<o) 
becomes

_ 2t Fsinr r7i f -3/0j((o) = — r-----I I [a - Mcosx + acosy)] dxdy.
Tt (2-a>3/ J OjO

Further integration over the x coordinate yields

4ToFsiny . n I[2b/(a+b-bacosy)] dy
2 3 / 2 J 1/2Tt (2-a) 4 J O (a-b-bacosy) (a+b-bacosy)

where ![•••] stands for the complete elliptic integral 
given by

I(k) = f Z (I - k2sin2a)1/2 da 
jO

Now the quantity [a + b - bacosyI is approximately equal 
to [a + b] so j (to) can be further simplified as

j(to)
4"CgFsinr ,it I[2b/(a+b)] dy

jr2(2-a)3/2(a+b)1/2 (a - b - bacosy)
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The integration over y produces our final expression for 
j(<d) as follows

4rQFsinY I[2b/(a+b)]
j(to)— a/o 1/2jt(2-a)d/z[(a+b) (a-b+bo) (a-b-ba) I z

which is valid for all temperatures above T within the !;
approximations listed above. !

In order to clarify the meaning of j(w) it is
possible to identify four regimes on decreasing
temperature toward T^. At very high temperatures no
correlations exist so there is no critical component of
relaxation. As temperature is decreased below room
temperature correlations begin to increase along b-axis
chains producing a 1-d regime. As temperature decreases
further correlations become important in the c direction
producing a 2-d regime which extends to within a few
degrees of T . Finally within three or so degrees above ic
T correlations in the a direction between H-bonded planes c
become important producing a narrow 3-d regime.

In the high temperature regime no correlations are 
present because kT>>J|| and I >>(1-a)>>b>>ab. Applying 
these relationships yields

j (<tf)hi-T ” 4T0sinY.
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It is clear that j (to) has no temperature dependence and 
consequently T1 will remain constant in this regime.

For the l-d regime the relative interaction strengths 
are characterized by l>>a>>b>>ab so the spectral density 
becomes

 ̂̂ l-d “ ZtoFsiny/(2 a ) 2 = I/Zt0Siny exp(4pJ j|).

I ■ ■In this regime relaxation is determined by the interaction 
along b-axis H-bond chains. In this case as the 
temperature decreases the number of PO4 groups having 
either two close or two far protons in b-axis H-bonds 
decreases as ferroelectric ordering along the chains 
becomes more favorable.

In the 2-d regime the interaction order becomes 
l>>a>Xa-b) >>ab so a+b = 2b which yields

i<»>2-d
tQFsiny
nb1/2(a-b)

In this case the critical behavior of j (<0) and
“1consequently T1 is governed by the component (a-b) which

can be expanded producing a temperature dependence given
by (T-T „ ,) 1. The 2-d Curie temperature can be ̂ C 2 — u
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determined from the relationship

2J||/kTc2-d = - ln CssJ1/<l+«>kTc2_d].

The temperature Tc2_^ occurs a few degrees below the 
actual transition temperature Tc and it represents the 
point at which the relaxation time due to the 2-d 
mechanism extrapolates to zero.

Finally a few degrees above Tc the 3-d regime occurs 
with the following interaction order of precedence 
I>>a>>(a-b+ab)>>(a-b-ab). Thus the approximation can be 
made that a-b+ab = 2ab and j (co). is given by

ToFsiny
nb (2a)^ 2 (a-b-ab)^ 2

This equation can be expanded to yield a critical 
temperature dependence of (T-Tc) ^ 2 where Tc is given by

2J|j ZkTc = -InCzJjZkTc].

This is t h e  same relationship presented in Chapter I. 
Because Tc is greater than Tc2_d the relaxation rate 
increases more quickly in the 3-d region and a break in 
slope should be observable if detailed measurements are 
made in the this temperature range.
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From the above discussion it is now possible to 
express the spin-lattice-relaxation time in terms of the 
spectral density of order parameter fluctuations j (io) 
which is in turn a function of the fundamental 
interactions Jq, and Jc- We can asssume that all of the 
NMR data was taken in the fast motion regime so j(«) = 
j (2(d). With this assumption and the definition of the 
electric field gradient the spectral density can be 
expressed as

[J(1)((d)+4J(2)(2«d)] = [Vxz2+Vyz2+(Vxx-Vyy)2+4Vxy2]j(<o).

2 2From the work of Kanda and Fujimura the only components 
of the EFG tensor which change on reversing ferroelectric 
domains in CDP are

eQVyz/h = ± 7.6 kHz

and
eQVxzZh = ± 12.5 kHz.

The neutron diffraction experiment has shown that the 
sublattice polarizations as measured by the relative 
displacements between Cs atoms and PO^ groups are 
nearly the same as the polarization measured for the 
ferroelectric phase at a pressure of I bar. For this 
reason it is possible to assume that the above values for
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the EFG tensor components can be used for data at all
pressures. These values for V^j as well as I = 7/2 for 

13 3the spin of Cs can be inserted in the expression for T1 
to yield a usable expression for the spin-lattice- 
relaxation rate

1 7 --- = 2.87X10 j (u)) .
T1

It is clear that this expression represents the relaxation 
rate due to motions associated with the phase transition. 
Thus this expression must be compared to the relaxation 
rate referred to in Chapter 4 as Tlc which has the 
relaxation component due to spin diffusion removed.

Data Analysis
In the expression for Tlc there are four physical 

parameters which can be varied, namely xQ, Ja, J jj and Jc. 
It is assumed that the correlation time Tq is independent 
of temperature and pressure while the interaction 
strengths vary linearly with pressure and are independent 
of temperature. From the general arguments above it is 
clear that spin-lattice relaxation data could provide a 
measure of J, only in a narrow temperature range above T 
which decreases to zero as pressure is increased to 3.3 
kbar. An examination of the data presented in Chapter 4 
shows that not enough T1 data were recorded even for the
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most favorable case at a pressure of I bar to determine
Ja- Thus Ja is determined following a procedure due to

8 0Blinc and Sa Barreto which relies on the pressure 
derivatives of T^ and T . The NMR data can then be used to 
fit the theoretical expression for T1 with the adjustable 
parameters vQ, J|| and

Pitting of T1 data at each isobar was carried out 
using a matrix-search least-squares procedure which was 
constrained such that J j j and were related through the 
relationship

■ 2 j |  I ZkTc = - I n t z J j y k T c ]

where Tc is known for each isobar. The value of the 
elliptic integral I [ 2b/(a+b)] was obtained by numeric 
integration

The fits, of NMR data to theory, yielded a correlation 
time of

-12T = l.oxio seconds o

and the interaction strengths with their respective 
pressure dependences were found to be.

Jj I /k = 266.0 K - 12.0 KZkbar * P,

J Zk = 2.1 K - 0.13 KZkbar * P c
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and

Ja/k = 0.3 K - 0.09 K/kbar * p.

In addition the following parameters can be derived from 
the interaction values presented above:

Jj/k = 1.22 K - 0.11 K/kbar * P

J I I / = 218

and

JcZJa = 1/d = 7.

The critical component of T1 along with the theoretical 
curve derived from the above values for tq, Ja, J^ and Jc 
are plotted for each isobar in Figures 17 through 21.

Eissussioa
The interaction values presented above are generally 

consistent with those shown in Table 2 as well as with the 
results of neutron scattering experiments.12113'14 Given 
the pressure dependence for Jc it can be seen that Jc 
changes sign at a pressure of 16.2 kbar and a temperature 
of 38 K. This can be interpreted as implying a second 
triple point at these conditions. Above this pressure the 
ordered phase would have alternating orientations of 
ordered b-axis chains along the c axis as well along a. 
Thus each chain would have all four nearest neighbor
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TEMPERATURE (K)
Figure 17. Critical component of the spin lattice relaxation rate for 133Cs in
C s H 2P O 4 at a pressure of I b a r . Solid line is from the pseudo-Ising model
fitting.
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»  Cs133 AT 6.5 Mhz< -  Tc " 140.BK
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Figure 18. Critical component of the spin lattice relaxation rate for Cs in
C s H 2P O 4 at a pressure of 1.5 k b a r . Solid line is from the pseudo-Ising model
fitting.
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•  Cs133 AT 6.5 MHz-  Tc '  124 K
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Figure 20. Critical component of the spin lattice relaxation rate for 133Cs in
C s H 2P O 4 at a pressure of 3.3 k b a r . Solid line is from the pseudo-Ising model
fitting.
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Figure 21. Critical component of the spin lattice relaxation rate for 133Cs in
C s H 2P O 4 at a pressure of 3.6 k b a r . Solid line is from the pseudo-Ising model
fitting.
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chains ordered in the opposite sense. To date no 
experiments have been carried out in the pressure and 
temperature range where the occurrence of this new 
antiferroelectric phase is predicted. Verification could 
be carried out by means of a dielectric or neutron 
diffraction experiment.

In a similar manner the interaction extrapolates 
to zero at a pressure of about 22 kbar and a temperature 
of zero Kelvin. It is doubtful that the linear pressure 
dependence can be stretched to such an extent but a very 
high pressure experiment could approximate the pressure at 
which the ordered phase vanishes and provide additional 
information on the pressure dependence of J^.
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CHAPTER 6 
CONCLUSION

The experimental results presented in this work have 
shown several important properties of the pressure and 
temperature behavior of the phase transitions in CsH2PO4. 
The high pressure neutron diffraction experiment confirmed 
that the pressure induced antiferroelectric phase comes 
about as a result of a doubling of the paraelectric phase 
unit cell in the a direction. In addition the neutron 
diffraction structure determination showed that, at 
pressures for which the transition becomes 
antiferroelectric instead of' ferroelectric, protons in fa- 
axis chains still order ferroelectrically in off center 
positions in the hydrogen bond, and these chains still 
order ferroelectrically in each b-c plane, but the 
ordering of these planes becomes antiferroelectric along 
the a axis. Sublattice polarizations for the 
antiferroelectric phase calculated from ionic 
displacements are similar in magnitude to the polarization 
in the ferroelectric phase. The structure could be 
refined in either of the space groups P2  ̂or P21/a with 
nearly the same goodness of fit (Rw (F^) equal to 0.07 93 
and 0.0829 respectively). Considering the difficulties 
presented by interference from the experimental apparatus
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these results compare well with more conventional 
structure determinations, the best of which yield RW (F2) 
values in the neighborhood of 0.03.

In order to investigate the dynamics of the CDP phase 
transitions as a function of temperature and pressure an 
NMR dewar system was constructed. Experience from the 
reported set of NMR experiments has shown that the dewar 
system can be used at temperatures as low as 100 K and 
pressures as high as 4.0 kbar. Long term temperature 
stability could be maintained to +0.005 K and pressure 
stability was better than ± 0.03 kbar at 3.6 kbar. It 
seems probable that the apparatus could be used to 
pressures in excess of 5.0 kbar.

Data for the spin-lattice relaxation time of 133Cs 
was recorded as a function of temperature at five isobars 
(pressure equal to I bar, 1.5 kbar, 3.0 kbar, 3.3 kbar and 
3.6 kbar). From this data the correlation time for 
ordering fluctuations was found to be

Tq = I.OXlO-12 seconds

and the interaction strengths and pressure dependences 
were found to be

J| I /k = 266.0 K -.12.0 K/kbar * P

Jc/k = 2.1 K - 0.13 K/kbar * P
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Ja/k = 0.3 K - 0.09 K/kbar * P

These expressions' evaluated at I bar compare well to those 
found by other workers.

Based on this set of experiments several points 
remain unresolved. It is not clear whether the structure 
of the antiferroelectrie phase conforms to space group P21 
or P21/a. It is possible that a close examination of 
dielectric measurements in the antiferroelectric phase 
could show art asymmetry if the space group is P21. 
Careful measurements of 133Cs spin-Iattice-relaxation time 
over a range of several degrees above Tc at • ambient 
pressure would yield a more accurate measure of Ja than 
was possible from the experiments reported here.

From the pressure derivative of Jc a second 
antiferroelectric phase has been predicted at pressures 
above 16.2 kbar and temperatures below 38 K. For this 
phase each ordered b-chain would have an orientation 
opposite to that of its four nearest neighbor chains. In 
addition a rather weak case can be made for the vanishing 
of the ordered phase above about 22 kbar. Investigations 
at higher pressure than those reported here could be used 
to refine the interaction pressure dependences and search 
for the second antiferroelectric high pressure phase.
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Table 12. Relaxation times and rates for 133Cs in CsH2PO4
at ambient pressure. The NMR frequency was 6 .5 M H z . The
contribution to relaxation due to paramagnetic impurities,
T lt3, is taken to be the longest relaxation time observed
and !/T1C = 1/Tl " 1/Tlp-

Temperature
(K)

T1
(sec)

IO3ZT1 
(sec-1)

IO3ZT10
(sec-1)

297 .1 245(4) 4.08(7) -
198.6 236(4) 4.24(7) 0.2(1)
182.3 136(3) 7.35(16) 3.3(2)
175.6 97(2) 10.3(2) 6.2(2)
175.5 92(2) 10.9(2) 6.8(2)
171.1 72(2) 13.9(4) 9.8(4)
166.5 55.7(9) 18.0(3) 13.9(3)
160.3 36.4(9) 27.5(7) 23.4(7)
160.2 . 34.3(6) 29.2(5) 25.1(5)
156.3 18.1(4) 55.2(12) 51.1(12)
153.4 34.8(6) 28.7(5) 24.6(5)
153.3 33.5(7) 29.8(6) 25.7(6)
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Table 13. Relaxation times and rates for 133Cs in CsH2PO4 
at a pressure of 1.5 + 0.03 kbar. The NMR frequency was 
5.5 MHz. The contribution to relaxation due toparamagnetic impurities, 
relaxation time observed Ti_, is taken to 

andFl/Tlc = !/T1 - be the longest 
1/Ttp.

Temperature Ti IO3ZT1 IO3ZTlc
(K) (sec) (sec-1) (sec-1)

196.6 215(4) 4.65(9) -

186.9 173(4) 5.78(13) 1.13(15)
182.1 174(2) 5.75(7) 1.10(10)
175.1 143(2) 6.99(10) 2.34(12)
171.1 120(2) 8.15(14) 3.52(17)
166.1 95(1) 10.5(1) 5.85(14)
161.2 80(1) 12.5(2) 7.85(22)
156.6 54.3(8) 18.4(3) 13.8(3).
151.8 39.7(7) 25.2(4) 20.6(4)
149.1 31.1(6) 32.2(6) 27.6(6)
146.1 21.6(4) 46.3(9) 41.6(9)
144.2 16.2(3) 61.7(11) 57.0(11)
143.3 14.7(2) 68.0(9) 63.4(9)
142.3 10.2(2) 98(2) 93(2)
141.5 11.6(3) 86(2) 81(2)
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Table 14. Relaxation times and rates for 133Cs in CsH2PO4
at a pressure of 3.00 + 0.03 kbar. The NMR frequency was
6.5 MHz. The contribution to relaxation due to
paramagnetic impurities, T^p , is taken to be the longest
relaxation time observed andF l/Tlc = !/T1 - 1/Tl p .

Temperature
(K)

T1
(sec)

IO3ZT1
(sec-1)

IO3ZTlc
(sec-1)

216.7 389(7) 2.57(5) -
186.4 261(5) 3.83(7) 1.26(9)
176.2 169(3) 5.91(10) 3.34(11)
167.9 142(2) 7.04(10) 4.47(11)
161.7 119(2) 8.40(14) 5.83(15)

124(2) 8.06(13) 5.49(14)
156.3 99(1) 10.1(1) 7.53(11)
151.9 73(1) 13.7(2) 11.1(2)
145.9 56.9(8) 17.6(2) 15.0(2)
141.0 36.2(5) 27.6(4) 25.0(4)
137.2 25.6(4) 39.1(6) 36.5(6)
134.1 19.4(3) 51.6(8) 49.0(8)
132.3 13.6(2) 73.5(11) 70.9(11)
130.3 8.5(2) 118(3) 115(3)
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Table 15. Relaxation times and rates for 133Cs in CsH2 PO4
at a pressure of 3.30 + 0.03 kbar. The NMR frequency was
6 . 5 MHz. The contribution to relaxation due to
paramagnetic impurities, T ip» is taken to be the longest
relaxation time observed ancr 1/Tlc = !/T1 - 1/Tjp.

Temperature
(K)

T1
(sec)

IO3ZT1
(sec-1)

IO3ZTi0
(sec-1)

216.4 386(7) 2.59(5) -
186.1 297(5) 3.37(6) 0.78(8)
176.2 244(4) 4.10(7) 1.51(9)
167.5 172(2) 5.81(7) 3.22(9)
161.7 136(2) 7.35(11) 4.76(12)
156.2 109(2) 9.17(17) 6.58(18)
151.7 93(1) 10.8(1) 8.21(11)
146.0 62.2(9) 16.1(2) 13.5(2)
140.9 45.6(7) 21.9(3) 19.3(3)
137.1 29.5(5) 33.9(6) 31.3(6)
134.2 23.0(3) 43.5(6) 40.9(6)
132.0 17.7(3) 56.5(10) 53.9(10)
130.3 14.9(2) 67.1(9) 64.5(9)
127.7 8.8(2) 113(3) 110(3)
126.6 7.0(1) 143(2) 140(2)
125.9 5.6(1) 179(3) 176(3)
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Table 16. Relaxation times and rates for 133Cs in CsH2PO4 
at a pressure of 3.60 ± 0.03 kbar. The NMR frequency was 
6.5 MHz. The contribution to relaxation due to 
paramagnetic impurities, Ti-, is taken to be the longest 
relaxation time observed ancr 1/Tlc = !/T1 - l/Tjp.

Temperature
(K)

Tl
(sec)

IO3ZT1
(sec-1)

lo3ZTlc
(sec-1)

215.7 428(11) 2.34(6) -
196.1 264(6) 3.79(9) 1.45(11)
185.8 229(4) 4.37(8) 2.03(10)
176.3 213(3) 4.70(7) 2.36(9)
167.1 176(2) 5.68(6) 3.34(8)
161.3 . 151(2) 6.62(9) 4.28(11)
155.9 113(2) 8.85(16) 6.51(17)
151.6 89(1) 11.2(1) 8.86(12)

. 145.7 74(1) 13.5(2) 11.2(2)
140.5 48.2(7) 20.7(3) 18.4(3)
137.0 39.2(6) 25.5(4) 23.2(4)
133.0 27.4(4) 36.5(5) 34.2(5)
132.2 24.9(4) 40.2(6) 37.9(6)
13 0.1 .17.1(2) 58.5(7) 56.2(7)
127.9 12.9(2) 77.5(12) 75.2(12)
126.7 10.7(2) 93.5(18) 91.2(18)
125.9 9.5(2) 105(2) 103(2)
124.6 8.1(2) 124(3) 122(3)




