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Abstract:

Measurement of the net polarization charge of a KH2PO4 crystal as a function of temperature, applied
electric field, and hydrostatic pressure indicates the existence of a tricritical point near 2 kbar of
pressure. This result is based upon static measurements of the polarization response to applied dc field
in a 0.5 K neighborhood of the ferroelectric transition at pressures of 0, 3, and 3 kbar.

In each case the paraelectric region is well described by the Landau equation of state,
E=A0(T-TO0)P+BP3+CPS5, to within 0.05 K of the transition temperature. Analysis of the data along
lines of constant polarization, which are here called "isopols," indicate that the transition is first-order
at 0 and 1 kbar with the critical field decreasing from 183+60 V/cm at 0 kbar to 43413 V/cm at 1 kbar.
At 3 kbar the B coefficient is positive which indicates a second-order transition. This observation of a
change in the order of the transition is supported by a change in the behavior of the isothermal
dielectric constant which has a maximum for E>0 at 0.5 kbar and at E=O at 3 kbar.

This thesis contains brief introductions to the thermodynamics of phase transitions, the
phenomenological theory of ferroelectrics, and the structural changes in KH2PO4 produced by the
paraelectric to ferroelectric phase transition. Also included is a survey of recent experiments dealing
with the order of the KH2PO4 transition at ambient pressure. Details are described of experimental
apparatus used to obtain high impedance polarization charge measurement, temperature control to +2
mK, and hydrostatic pressure generation to 3 kbar with a stability of 10 ppm.
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ABSTRACT

Measurement of the net polarization charge of a KHoPOg4 crystal
as a function of temperature, applied electric field, and hydrostatic
pressure indicates the existence of a tricritical point near 2 kbar
of pressure. This result is based upon static measurements of the
polarization response to applied dc field in a 0.5 K neighborhood
of the ferroelectric transition at pressures of 0,.1, and 3 kbar.

In each case the paraelectric region is well described by the Landau
“equation of state, E=A0(T—TO)P+BP3+CP5, to within 0.05 K of the
transition temperature. Analysis of the data along lines of constant
‘polarization, which are here called "isopols," indicate that the
transition is first-order at 0 and 1 kbar with the critical field
decreasing from 18360 V/cm at O kbar to 43t13 V/cm at 1 kbar. At

3 kbar the B coefficient is positive which indicates a second-order
transition. This observation of a change in the order of the
transition is supported by a change in the behavior of the isothermal’
dielectric constant which has a maximum for E>0 at 0.5 kbar and at

E=0 at 3 kbar. -

This thesis contains brief introductions to the thermodynamics
of phase transitions, the phenomenological theory of ferroelectrics,
and the structural changes in KHz2PO4 produced by the paraelectric
to ferroelectric phase transition. Also included is a survey of
recent experiments dealing with the order of the KH2POg transition
at ambient pressure. Details are described of experimental apparatus
used to obtain high impedance polarization charge measurement, -
temperature control to %2 mK, and hydrostatic.pressure generation. to
3 kbar with a stability of 10 ppm.

>




I. BACKGROUND
1. Thermodynamics of Phase Transitions
This section introduces those concepts which are used later in

the analysis and discussion of experimental results. A more complete

review of the ideas presented below may be found in Introduction to

Phase'Tranéitions and Critical Phenomena by Eugene Stan]ey.1

- Modern treatments of ther‘modynamicsl’2

adopt the poinf of view
that there exists a thermodynamic potential, U, whose magnitude
depends on]y_ubbn the values of certain étate variables.r When the
functional dependence of U on these state variab]es is known aﬁd they
are specified then the macroscopic state of tHe system is specified.
' If these sfate variables are held fixed by external means all other
parameters of the system adjust in such a way as to mipihize uU.
For a dielectric U is a function of the entropy, S, the strains, x,
and the pelarizafion, P:

‘ U=U(S,x,P), o (1)

dU=TdS-Xdx+EdP,

where T is the temperature, X is the stress and E is the external
app]iee field. Some authors refer to U as the internal eeergy,
-others the enthalpy. This semantic question, which ultimately depends
upon one's choice of the division of energy between the system and
its environment, is of no interest here. CaHen2 and Kitte]3 discuss

the question at the elementary Tlevel for magnetic systems. Leupold
. . 4

derives similar results starting from Maxwell's equations” and treats




2
dielectrics exp]icit]y.5 'It suffices here to say that U so defined
is a minimum when S, x, and P are held fixed and is independent of
appTied.fie]d for perfect paraelectrics, i.e. when P is a function
of E/T only.

Experimentally it is easier to hold the temperature than the
entropy fixed, hence. it is ysefu] to define a thermbdynamic'potential
which is an extremum for constant T, x, and P. Such a potential is _
‘usually referred to as a free energy. It is related to U via a
Legendre transform: . ,

F=U-TS, : (2)
F=F(T,x,P),
dF=-SdT-de+EdP.
A second free eﬁergy,'usefu]-when the applied stress is held constanf,
is defined |
H=U-TS+xX=F+xX, . | | (3)
H=H(T,X,P) |
dH=-SdT+xdX+EdP.
Finally, fn the experiments to be described later it will be ‘the
temperature, stress, and electric field which are held constant.
‘The potential which is a minimum undér these conditibns is
6=U-TS+xX-EP=H-EP, o (4)
6=G(T,X,E), |
" dG=-SdT+xdX-PdE.
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A clear discussion of thermodynamic potentials and Legendre transforms

appeérs in CaHen.2 Leupold has given a complete description of

4 5

Legendre transforms as app]ied to ferromagnets and dielectfics.
first partial derivatives of thermodynamic ﬁotentia]s with

respect to their proper independent variables yield values for the

conjugate variable, e.g. aF/3T1x’P=—S and BF/BPiX’T=E. Second

derivatives yield the so-called response.functions,

_ =1
X,P T X x,T

heat at constant strain and polarization, and ¥

0°F/aT?| o=TC, o and 3%F/ap?| where C_, is the specific

]x,T is the inverse
isothermal clamped die]eétric susceptibility.

A phaée is a homogeheous system characterized by certain
macroscopic parameters. Phase transitions are dramatic in that for
small changes in intensive parameters there are large, even divergent,
changes 1in extensive parameters and/or responsé functions. When ice
melts the temperature changes- only minutely from below 0 C to just
above, yet there is a discontinuous change in volume. In addition

the specific heat diverges as quantities of heat are absorbed with

negligible change in temperature. Ferroelectrics may show simi]ar

~anomalies at their transition temperatures including volume change,

latent heat, structural change, enormous increase in dielectric

_constant; and sudden appearance of a large po1arization.'

One characterization of phase transitions -is by the order of

the lowest derivative of a thermodynamic potential which suffers a
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discontinuity or a divergence at the transition_temperatufe. In the
examb]e of melting ice, the first derivative of F with respect to
temperature, the entropy,‘is'discontinuous,so the transition is
first-order. On the other hand, He4 undergoes a transition from a ‘
~normal fluid, He I, to a superfiuia, He II, with no discontinuity

iﬁ entropy, but the specific heat diverges.‘ The transition is
second-order. The distinction between first- and éecond-qrder will
be of-key‘imboftance later.

The concept of a critical point is introduced By.once again
using.water as an éxamp]e. The projection qf the pressure (p),
volume (v); temperature (T) surface for water 1nfo the pT plane,
Fig. 1, shows the coexistence lines between vabof, water, and ice
meeting at the triple point. Of particular interest is the coexistence
Tine between vapor and water which terminateé in a point known as the
critical point (CP). If one crosses this line the density changes
disﬁontinuous1y. But as one crosses the boundary closer to the .
critical point the discontinuity suffered by the density becomes
smaller, until above the CP no discontinuity is observed. By
traveling around the CP one can go from gas to liquid continuously
with no anoma10u5'behévior. A

Letting'pz and p_ represent the density of the liquid and gas

g

phases respectively, the difference, Py =Pq? goes to zero as the

g
critical temperature is approached from below. Such a quantity
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FIG. 1. The projection of the pressure (p), volume (V), and
temperature (T) surface for water into the pT plane. The coexistence

line between vapor and liquid terminates in a critical point.
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" which i$ non-zero below the critical teﬁperafure and zero above is

a common feature associafed with CP's and is known as the order
parameter for the'transﬁtion. In a férroe1ectric the spontaneous
polarization acts ‘as an order paramefer. If the érysta1~temperature
is lowered through the transition temperature, Té'in Fig. 2, there
._1s a jump in the polarization if the transition is first-order. when
an electric fjé]d is applied to the crystal and the- temperature is
lowered a similar but smaller jump occurs upon crossing the first |
order line. Eventually at the critical field, E., fn Fig.‘2, the
po]arizatiqn changes smoothly as the temperature is lowered through
the transition, but the dielectric constanf diverges. At even

higher fie]ds.thevcrysta1 is po1arized to such an extent that there
is no essential difference'between the paraelectric and ferroelectric |
states near.the fraﬁsition temperature.

| Phase transitions may be characterized further By the way in
which the order parametef tends to zero as the crifica] temperature,

T ., is approached. For example in a liquid system one writes

cr
AL (LU SR (. | S (5)
20(T_.) . 20(T Ter

CY')

to describe the beﬁavior of the order parameter P as T approaches

‘Tcr from below. Theng is the critical exponent. In general a critical

exponent, A, for some function-f is defined as




PARAELECTRIC

FERROELECTRIC

|
% .

-Eer ey

FIG. 2. Phase diagram of KH2P04 in the temperature (T) and
electric field (E) plane at zero pressure. The first-order lines

terminate at critical points (Tcr’ + Ecr)'
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}\="l'im‘8"ln_.f(§)_ : (6)

€% 5 1ne s
where € 1is (T/T )4 . Such exponents appropr1ate1y defined may also

'character1ze d1vergences at a critical point:

iotm st @)
A e*0 9 Ine . : -

.where J is the first d1vergent der1vat1ve of the thermodynam1c
potent1a1 f. A Tist of commonly def1ned cr1t1ca1 exponents is
reproduced from Stan]ey S book1 in Tab]e I.
The 1nterest1ng property of cr1t1ca1 exponents is that they

do not appear to depend upon ‘the details of the phys1ca1 system but-
rather upon general featnres such as-theidtmensiona11ty'and_the-
" symmetry of the Hamiltonian. .

" If one expands a phase diagram with a critical point tnto a
“third dimension the cr1t1ca1 point may be drawn out into a 11ne of-

6 is shown

' :Icr1t1ca1 po1nts One poss1b1]1ty, a tr1cr1t1ca1 point,
-.1n Fig. 3. Phase transition lines-in Fig} 3 are solid if first-
: norder and dashed if second-order. Note'that‘tn the p1ane of zero:l
order1ng field the trans1t1on changes from f1rst-to second-order
‘at the tricritical point.
Tricritical points (TCP's) have attracted considerable theoretiéa]
6-10 < that they are-expected to exhibit different critical

exponents than ordinary critical points. Griffiths7.has proposed
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TABLE I. Summary of definitions of critical-point exponents for

1

die1ectric'systems, after Stanley. Here e=(T/Tcr)-l'

Expo- . Definition Conditions Quantity
nent ' .
£ E P
A e S <0 0 0 specific heat
. ’ at constant E
a Cy o~ e | >0 0 0
B - M~ (-s)B <0 0 #0 zero field
, : polarization
" xp - (e)7Y <0 0 #0 zero-field
' isothermal
susceptibility
Y X7 ~ g ¥ >0 0 0
§ H ~ |M|6 sgn(M) 0 #0 #0 critical
isotherm
v' g~ ()Y <0 0 #0 correlation
length
v g~ e S0 0 0 '
- S T(r) ~ Irl'(d'2+n) 0 0 0 pair correla-

. tion length
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NONORDERING
FIEL D"

TCP
\
\
\
\
] —
NONORDERING
ORDERING i ol
FIELD

FIG. 3. Topology of a tricritical point. First-order lines
are solid, second-order dashed. A tricritical point (TCP) occurs

at the intersection of three lines of critical points (CP's).
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a notation for tricrificai exponents in the zero order{ng field §1ane.
Exponents are subscripted t if the TCP is considered one of a series
of critical points, i.e., part of the dashed 1line in the zero ordering
field plane of Fig. 3. The subscript u 1is used when the TCP is
considered as‘fhe terminus of a ffrst order Tine in analogy to an
"ordinary" critfba] point. Clearly if one does not restrict one's .
seff to the zero ordering field plane it is possible to define a.
1arge number of different kinds of exbonents as the TCP is appfoached
along a vafiety of paths singled out by the topology -of Fig. 3. .The
1mbortant point to keep clear is that every exponent involves a path,
and that path must be clearly stated before the exbonent has meaﬁing.-

Experimentally TCP's have been shown to exist in a number of

systems: He3-He4 mixtur‘es,11 12

13)

magnetic systems (DyAl garnet,

114

FeCl,™"), the structural transition in NH,,C and in the ferro-

15 1ne first three of these suffer from the drawback

electric SbSI.
that the TCP can be investigated only .in the zero ordering field
plane. The wing structure (see Fig. 3) is inaccessible as the fields
which would have to be applied are impossible to produce experimentg]]y
SbSI suffers from other dffficu]ties: it grbws in long slender
crystals inapproﬁriate for dielectric studiés; and it tends to
decompose by the evaporation of iodine.

The impetus for this present work was the conjecture by V. H.

16

Schmidt™" that KH2P04 (KDP) would have a TCP for which the ordering
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' field 1in its phase diagram is experimentally avai]abiel The
existence of such a TCP is of considerable importance as it would
represent an opportunity to study a TCP in its entire phase space.
Moreovér, crystals of high quality are commercia]iy avéi]ab]é in
Qiktua]]y any size, and, although hygroscopic, they are otherwise

quite stable.

2. Description of KH2P04
Potassium Dihydrogen Phosphate (KDP) is the archetype of a class

of isomorphous hydrogen-bonded ferroelectrics. Since the first report

17

of its ferroelectric properties in 19357 it has been the subject -

oftliteral]y hundreds of papers. Only a few of its most fundamental

properties are outlined here. A more complete introduction to work

18

prior to 1960 may be found in Jona and Shirane. Mdre recent results

and an extensive review of existing -literature may be found in

"Ferroelectric Hydrogen-Bonded Systems" by V. H. Schmidt.19

KDP is a ferroelectric; that is, it develops a spontaneous dipd]e
. moment below its transition temperature and that polarization can be

. reversed by épp]ication of an external electric field. Its structure

is shown in Fig. 4 and described by Jona and Shir"ane:l8

Each phosphorus atom is surrounded by four oxygen
atoms at the corners of a tetrahedron which is
~almost regular. (being compressed by approximately
2% along the c axis). These PO, groups, together -
with the potassium atoms, build up a structure




FIG. 4.

13

g
P4 Bl 1 o
= =
- —O0— |~ KN
o —+—r
’5~-Q—.__ »
4
’I 7 y O
b /l
& $° |
t 4 ’\-
22
p dbad & after West.

Structure of KH,PO
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in such a way that K and P atoms alternate
with each other at a distance of c¢/2 in the
direction of the c axis. Every POg is linked
to four other POjq groups, spaced c/4 apart
along c, by hydrogen bonds. Thus the 1inkage
is such that there is a hydrogen bond between
. one "upper" oxygen of one PO, group and one
“"Tower" oxygen of the neighboring P04 group,
and each hydrogen bond 1ies nearly perpendicular
to the ¢ axis. ’

Neutron diffraction,datazo reveal that the hydrogens are ]ocated'
in one of two off-center positions within the hydrogen bond.
Generally in the four hydrogen bonds associated with a PO4 group,
two of the hydrogens occupy off-center positions close to the PO4
group and the other two occupy far positions (close td the
neighboring PO4 groups). It may happen that three hydrogens are
close or far. These Takagi21 configurations are statistically
Tess frequent but are important for the crystal dynamics. Still
rarer, and of no obvious importance, are H4PO4 and PO4 groups.

The remarkable feature of the transition is that, although the two

close hydrogens ére randomly located amongst the four bonds above

the transition, below the transition the close hydrogens are always .

found at the top of the PO4 tetrahedron (or bottom for the opposite

polarization). Thus the transition is order-disorder with respect

to the position of the hydrogen atoms.]8
As pointed out in the description of the crystal structure,

the hydrogen bonds are perpendicular to the c axis along which the
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polarization is directed. Thus it is not the hydrogen ordering
which is directly responsible fof the production of the dipole
moment of the crystal. Rather it is the displacement of the P and
K ions along the c axis which accompanies the hydrogen ordering
whicﬁ is responsible for the net charge displacement and the dipole
moment. Thus the trahsition is a displacive one with respect to
the movement of the K; P; and O 1‘ons.]8

In addition, the crystal polarization is accompanied by a

shear strain perpendicular to the c axis. This shear is directly
proportional to the polarization whether it is field-induced above
the,transitibn or spontaneous below, and with the same (slightly
temperature dependent) constant of pr‘oportﬂ'ona]1"cy.]8

| The hy&rogen ordering has been treated as a two-level problem
by considering only the slightly separated ground state energies
of the double-well potential hydrogen bond, and then casting the
problem in terms of two-by-two Pauli matrices, as can be done for
any two-level problem. The hydrogen atom dynamics are then described

23 Thus, in the parlance of fundamental

as a pseudo-spjn wave.
excitations, one has a pseudo-spin wave interacting with a transverse
optical phonon (associated with the K and P motion) and with an
acoustic phonon (associated with the x-y shear). This rich variety
of phenomena is one of the reasons why KDP has attracted so much

theoretical and experimental interest over the past forty years.
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Moreover, it appears that this crystal is to become of even
further interest owing to the existence of a tricritical point in
its phase diagram. In some sense microscopic descriptions of the
KDP transition foreshadowed this result. In the statistical theory

24 and Takagi21 as developed by Silsbee, Uehling, and

25

of Slater
Schmidt (SUS), and 'in.the theory of Blinc and Svetina23 which takes -
proton tunneling into account, the transition is first-order or
second-o}der depending upon the values of a few parameters describihg
the microscopic interactions. Since the transition (as will be
documented later) fs Jjust barely first-order at atmospheric pressure,
it is perhaps not surprising that small distortions of the crystal ‘
by applied pressure might tip the scales in favor of a second-order
transition fhus producing the TCP. Since much is known regardiné

KDP's structure, it should prove fertile ground for theorists who

would expTain the associated critical phenomena.

3. Introduction to Landau-Ginzburg-Devonshire Theory

The experimental results presented in Chapter III are analyzed

primarily in terms of the phenomenological theory of Landau.26

A brief introduction is given here. For further details the reader
is referred to Landau,26 Ginzbur‘g,27 and Devonshire.28 A complete
account of the phenomenological theory of ferroelectrics may be found

29 30

. in Grindlay's book“” as well as that of Fatuzzo and Merz.
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The central point of the Landau-Ginzburg-Devonshire theory is
that the free energy H(T,X,P) may be expanded in a power series in

the stress and the polarization,

1
PPkl PPl (8
1 1 '
*8L43k%1 3kemn iP5 PRP PP 224 5ke S 3o ket 512 56K 3Pk
- mn '

. = 1
H(T?X,P)~H(T,0,0)+§Zin

. .
+32450m%9 50m%4 570 m.

The sijkl coefficients are tensors of elastic compliances, 353k are

. 1
piezoelastic tensors, and qijkz are electrostrictive tensors. Higher-

order terms may of course be included, but the ones shown are

29

sufficient to describe all known ferroelectric phenomena. Odd

powers of the polarization have been omitted as the crystal symmetry

31

demands. If one restricts consideration to KDP, a uniaxial

ferroelectric, under hydrostatic pressure the equation greatly
simplifies: |

HT,X,P)=H(T,0,0)+3A" Po+dp+1cpOulsx™+iawr?, ()

.where the piezoelectric term is also omitted as KDP has no linear
piezoelastic coupling in the high temperature phase due to symmetry.
A further simplification can be made if one suppresses the display
of the purely elastic energy, %SXZ, and the electrostrictive term,

iQXPZ. The free energy is then

2 4 6

H=1AP“+1BP"+1CP (10)

18 -
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For a fixed pressure this free energy function describes the thermo-
dynamic state of the crystal. The coefftcients A, B,land C may be

" functions of température énd/or pressure. .In particular, the interse ‘
isothermal dielectric constant decrease§ Tinearly with temperature
in the paraelectric phase (Curie-Weiss iaw) extfapo1ating to zero
at TO; the CQrie-Weiss temperature. This behavior can be described
in thé free energy by writing A=AO(T—T0), so that

4 6

-1p 2,1 1
H=3A (T-T )PT+1BP +2CP". (11)

The point of view taken in this thesis is to describe the

~ temperature and pressure dependences'of the parameters AO,TO,B, and
C, suppressing explicit terms depending upon the pressure in the free
energy; This seems destrab1e in an experimental paper as there
remains lack of agreement amongst theoretical treatments of the KDP

32

transition. For example, Hegenbarth and Ullwer lump the

electrostrictive term with'Ao(T-To)P2

accounts for the lowering of the transition temperature with pressure.

33

On the other hand Vaks and Sidnenko™~ take this same electrostrictive

tetm, érgue that strain #s proportional to P2, and Hende Tump it with
the BP4 term and report that it is responsible for the first-order
nature of the transition. - While both treatments may be .correct, the
experiments described here are not sufficient to separate e1éctro—

strictive energy from other pressure effects, let alone separate it

and show that the electrostriction




19
into a quadratic and a quartic part. Hence explicit pressure
dependence due to separaté mechanisms is suppressed.

Experimenfa]]y it is the external field, E, which is held
constant and thus

G(T,X,E)=H(T,X,P)-EP_ (12)
is the appropriate thermodynamic potential to minimize. #or E=0, |
however, there is no difference between H and G. Thus for a crystal
‘whose faces are shorted together bne may minimize H at fixed T, p,
and E=0 with respect to P to find the equilibrium state of the
system. Fig. 5 shows H vs. the parameter P for varfous temperatures
and a positi?e and negative B. If the crystal passes only through
absolutely stable thermodynamic states, the value of P corresponding
to the minimum of H is actually obtained.

At the transition temperature, TC, Fig. 5a shows that three
~distinct véTues of tHe polarization minimize the free energy, so
these polarizations coexist; Slightly aboVe TC the polarization must
‘be zero, whi]e‘slightly below it must jump to a non-zero value. This
Jjump 1in polarization at fhe transition temperature is a characteristic
of a first-order transition. The two positive hills in the free
energy of Fig. 5a are due to the negativity of B. 1In Fig. 5b where
B is assumed positive no such humps appear; P changes fapid]y with

temperature just below Tc’ but it does not jump discontinuously.




20

(a) B<0 (b) B>0
H H
: T'TO p T<TO
S [ T:T0 gl T=TO=TC
s ain Z TO<T<TC \ %Z T>TC
5 ala Z T=T E,r{
C
&IZ TC<T<T1 *
&F T:T1 ¥
Sz T 1o, -&L

2 4 6

+2CP” vs. P for (a) B<0 and (b) B>0.

FiG. 5. H=%AO(T—TO)P +,—"BP

T0 is the Curie-Weiss temperature, TC the Curie temperature, T, the

1
metastability 1imit, and T., the critical temperature.
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It can be shown easily that the inverse die]ectrﬁc constant
(second derivative of H with respect to P) jumps discontinuously at
TC if B js negative (first-order transifion), but.is continuous with
a discontinuous slope at TC if B is positive (second—order transition).
Graphs of these two ideal types of behavior afe shown in Fig. 6.

| If‘metastabie thermodynamic states are allowed, a first-order
transition may exhibit -thermal hysteresis. The picture here is that
the crystal may remain in a Tocal minimum well of the free energy
even when the bottom of that well has higher energy than the absolute
minimum. That is, if the crystal is polarized to P#0 at T<TC and
the temperature raised, the possibility existﬁ that the crystal will
remain polarized for T>TC if the thermal fluctuations are not
sufficient to allow the crystal to "jump the hill" separating it
from the absolute minimum at P=0. The reverse situation may arise
.when the temperature is lowered. No such possibility exists when
the transition is sécond-order. The maximum possible extent of the
hystere§is is of course when the metastable minimum disappears
(becomes 1oca11y'unstab1e). The high and Tow temperaturé Timits
for hysteresis are caHed'T1 and'T0 following Fatuzzo and Merz.30

If a non-iéro electric field is applied to the crystal the full
éotentia] G(T,p,E) must be used. Although G(T,p,E) is not a proper

thermodynémic function of the polarization, it is still instructive

to graph its parametric dependence on P. This is shown in Fig. 7
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rlG.. 5

o t,
(a) B<0O

Idealized behavior of the polarization and inverse

P
E=0
r

-}
AXT (E=0)

0
(b) B>0

isothermal susceptibility for (a) first- and (b) second-order

transitions as predicted from the free energy H=§AO(T—T0)P

The order of the transition depends upon the sign of B.

t= (T/TO)—l.

(After Grindlay

29)

2
+1BP

Here

4

+:CP
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(d)

FIG. 7. The free energy G=H-EP for four bias fields at constant
esaliveili< oo i
C cr
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for various values of E at a fixed temperature T, Tc<T<Tcr' A
first-order traneition may now be induced by the application of e
sufficiently large e1ectrfc field. For fields less than the transitien
field, Eté, the minimum of G is at P=0; for E>Etr the minimum is at
P>0 end the crystal polarization jumps discontinuously to this value
(perhaps with hysteresis). This construction is completely equiva]eht
to the bi-tangent construction to the free energy H which may be more
familiar to-some readers; |

- If the temperature is raised above T, then.the two minima
in Fig. 7c coalesce into one and there can be no further first-
order transition. The temperature, Tcr; and field, Ecr’ where this
Gccurs are the coordinates of the critical point at the terminus
of the first-order Tine in the temperature-electric field e1ane.
This point has the properties of a seeond-order transition.

One can find exact expressions for the various special temperatures
and other quantities of interest directly from the expression for the
free energy. One finds TC by requiring H=0, P#0 have a single
positive root. The temperature Tcr is where the two points of

2=O has only one positive

inflection of H merge into one, hence d2H/dP
root. It is then a sﬁmp]e matter of algebra to solve for the other

quantities of interest. The results are:
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T -T =38%/16A ¢
cC 0 0

cr o
_ 5
E.,=(2(-B/5)°/(C/3)

(- \1/2
APspon(TC)—(-3B/4C)

—onl
T..-T =9B /ZOAOC (13)
3)1/2

where APspon(TC) is -the jump in polarization occurring at Tc'

Standard mean field exponents may be derived by considering
the dependence of such quantities on T—TC. The results are:1
a’=a=0 ,B=%,y =v=1,8=3.

In the context of the mean-field Landau-Ginzburg-Devonshire free
energy expression, the condition for a tricritical point is that B
change continuously from positive to negative as a function of some
parameter. The TCP occurs when B=0. In Chapter III results are

presented which fndicate that a TCP does exist in KDP at high pressure

‘where the coefficient B is driven to zero.

4. Review of Recent Relevant Experiments
Prior to 1969 the transition in KDP was generally thought to

be second-order.18

Recent results indicate that it is in fact first-
order but quite close to being second-order. This opinion is now
supported by a number of experiments done in various countries. In
Russia, Stwkov34 exploited KDP's large electrocaloric effect and

measured the temperature change produced by the sudden application

of an electric field. Gladkii and SidnenkoB.5 measured the polarization




© dielectric constant,
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vs. temperature of the crystal in various e1éctric fields. Garber
and Smo]enko36 made painstaking dilatometric measurements of the
crystal dimensions near the transition. Vallade and coworkers37
in France have measured the polarization vs. temperature dependence
of KDP by optical birefringence. Okada and Sugie” and othefs in
Japan have studied the KDP transitidn extensively. They have
reported on the temperature sweep rate dependencé of the tﬁerma]
hysteresis,38 the difference between the adiabatic and isothermal

39 and hysteresis loop measurements of the

40

polarization vs. applied field at constant temperature. In this

country, Reese has studied the transition in a number of carefully

41,42 The most recent results of all

~done calorimetric experiments.

of these groups are in fair agreement as to fhe coordinates of the

critical point at the end of the first-order 1ine_(éOO—3OO V/cm)

and the facf that KDP obeys the phenoheno]ogica] theory of Landau

to within at least 0.1 K of the transition temperature.
There_are,'hdwever, three experiments described in the literature

which yielded markedly different reshits. The fi?st of these is an

43

x-ray dilatometric study by Kobayashi et al.’ ™ who found a critical

field of 8500 V/cm, much higher than the critical fields of 200-300
V/cm found in the experiments described above. Matsuda and Abe44
calculate the B coefficient in the Landau free energy from measure-

ments of the third harmonic of a 1 kHz ac electric field applied
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to the crystal. Their value is two orders of magnitude Targer (in

absolute value) than reported in the papers cited earlier. Finally,

45 (

Eberhard and Horn EH) studied the thermal hysteresis.of the

transition at various applied fields and concluded Ecr=6500 V/cm.

There is reason to believe this value shdu]d be revised downward

closer to 300 V/cm.46

7

EH have recently revised that result to
1200 V/cm.t
The Tatest published results of all of these workers is displayed
in Table II along with pub]ished48 and unpublished results of the
Montana State University-group.
Far less work has been done on the KDP transition at elevated

49

pressures. Samara ~ evaluated the change of TC and Ao with pressure

using a small-signal ac field to measure the dielectric response of

3 1

the crystal. He found dTC/dp=-4.6 K/kbar and (dAOde)/Ao=—7x]0' kbar~
at pressures to about 7 kbar. The transition temperature then
decreased rapid]y to 0 K at 17 kbar. The transition'temperature
appeéred to approach 0 K with an infinite slope.

32 (HU) performed essentially the same

Hegenbarth and Ullwer
experiment up to 1.6 kbar and found the initial decreasé of Tc
‘with pressure to be -5.6 K/kbar. HU attributed the change .in T
to the electrostrictive term in the free energy and found reasonable
agreement with the required magnitude of the appropriate elastic

constants.




* TABLE II. Summary of recent published values of the parameters in the free

eneréy H=%AO(T-TO)P2+§BP4+%CP6+§DP8 and dérived coordinates of the critical point
at ambient pressure. |
, C, D, _
16'§?;su 10'1lBesu 10'1? 10;27 esu 552;' TchTo’
Strukov>? 3.9 7 -1.9 6.3 0 120 0.07
Sidnenko>? 3.8:0.1  -3.0%0.8 6.5¢.1 0 370 0.16
3.8:0.1  -0.5%0.3 0 3.8:0. 4 87 0.036
Vallade® 3.9 -0.54:0, 05 0 2.85£0.10 124 0.046
3.9 -1.85:0.25  3.3:0.5  0.87+0.5 280 0.11
Okada*? 4.240.1  -1.9:0.1 5.4:0. 4 0 160 0.07
Benepe ™2 (3.81) -0.44 0 2.96 84 0.055
Kobayashi®™®  (3.86) -11.9 11.0 0 8500 1.50
Matsuda44 ---. -110. - -—= -—- ~——
therhard®®  (7.3)% a2 0.6 0 6500 0.51
MSU .8
Sample 1 4.3:0.2  2.35¢0.4 5.91¢1, 0 232470 0.10+0.03
Sample 2 4.0:0.2  1.480.2 3.120. 0 18660  0.08:0.03

8¢
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In neither of the above two experiments was the temperature
resolution sufficient to monitor the order of the transition.

The purpose of the experiments described in this thesis waé
t0 (1) resolve the controversy regarding the coordinates of the
critical point at zero pressure, (2) to monitor those coordinates
with incréésfhg pressure, and (3) determine if the transition Becomes
second-order at high pressure, thus indicating the existence of a

“tricritical point in the phése diagram of KDP.




II. EXPERIMENTAL
.The accomplishment of the goals set forth at the end of
Chapter'I required considerable care in the measurement of polari-
zation, electric field, temperature, and pressure. Results of other
workers which.indjcate the precision necessary are reviewed below.
Then follow descriptions of the actual hardware used to obtain that

precision.

1. Experiménta] Requirements
One measure of the first-order nature of a transition is the

difference between T; and Tc; Here-TO.is that temperature where the
inverse die]egtrﬁc constant in the paraelectric reéion extrapolates
to zero, ahd TC is the actual transitibn temperature. For KDP,
TO"Té values from 0.01 K to 0.63 K appear in the 11‘1:era’cur'e.34'44
Clearly if the T gap was as small as a‘few‘hundredths of a degree,
temperature resolution on the order of millidegrees is called for.

38, and Garber and Smo]enko36 have shown that temperature

Moreover, Okada
drift rates as small as 0.1 K/hr would be too fast to exhibit
equilibrium properties of the crystal. Thus the temperature would
have to be stable to millidegree accuracy. ' .

In earlier pressure studies Samara,49 and Hegenbarth and U]1wer32
found that fhe transitidn]temperature of KDP changed on the order of
-5K/kbar. Thus pressure stability of +0.25 bar would be necessary to

match temperature stability of 2.5 mK. This is 10 ppm at 2.5 kbar,
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a stringent requirement on a small volume system. This difficulty is
compodnded by the use of helium gas as a pressure medium which was
necessary in order to maintain hydrostatic pressure up to 7 kbar at
temperatures as Tow as 70 K.

For reésons discussed in the begfnning of Chapter III, static
dielectric measurements were necessary fo aetermfne the order of the
transition. To cover any reasonable temperature range (e.g. 0.5 K) in
steps of, say, a few hundredths of a degree, a high impedance
e]eétroheter was necessary to measure the polarization charge without
draining that charge to ground excessively over a period of days.

In additioﬁ this charge would have to be stbred on.a large low-leakage
‘capacitor. An effective RC time constant of'8x106 sec is the best so
far obtained. This results in a Teakage of 1.1% in 24 hr. Guarded
circuitry and Teflon insulation were used to insure that leakage

currents to ground did not deteriorate this value.

2. Sample Preparation

Sample No. 1 was obtained from Interactive Radiation, Inc.50
in May of 1974 and stored in a small vial with calcium sulfate
desiccant until June of 1975. Crystal dimensions were 1x1x0.2 cm,
the large faces befng perpendicular to the ferroelectric c¢ axis.
Gq1d electrodes were evaporated onto‘the large faces in a vacuum of

10'4 torrr. The evaporator consisted of a tungsten filament wound
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~with gold wire. The filament was heated white hot with a large

current fed into the vacuum chamber via spark plug feedthroughs.

On one large face 6f the crystal é circle of 32 gauge wire was used

as a mask during evaporation to create a guard ring configuration.

The average diameter of the nearly circular center electrode was
0.671x0.004 cm and the Unp]ated annular guard ring width was
0.0377+0.007 cm. This yielded an effective center electrode area
of 0.40+0.02 cm’.

The temperature of sample No. 1 was lowered to the transition
region five times between July and December of 1975. This took about
three hours on each occasion. No measurements were taken on the first
occasion due to'cryostat problems. On the second trial the small
signal (0.05 V/cm) ac dielectric constant was measured at 1 kHz.

A rounded transition was observed as shown in Fig. 8. The maximum
dielectric constant was 10 000. This run was then terminated. Upon
inspecting the crystal it was found that each of the four corners had
broken off (see Fig. 8). It was then discoveredAthat the compression
spring of the spring-loaded sample holder was fully compressed causing
cbnsiderab]e'pressure at the center o% the crystal from the approxi-
mately 1 mm2 central contact of the crystal holder. This condition
was relieved and the crystal held as 1ightly as the holder and the
available manual dexterity would allow. Run No. 3 was aborted when

the ac measurements indicated a broken lead wire.
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On run No. 4 the ac dielectric constant was higher (smax=12 500)
‘and -the transition was not rounded within the available resolution
(see Fig. 8). A graph of e'l is especially interesting for this
+ crystal as it indicates a downward jump discontinuity in e at the
transition followed by a continuous decrease in & below Tc. This
type qf behaviof is predicted by Landau theory but is not the usual
behavior of KDP; in fact we have seen it in no other crystals.

Run No. 4 Tlasted from 10 September to 8 November during which time
the crystal remained near the transition temperature, although it
was actually brought through the transition fewer than a ddzen times.
Run No. 4 was terminétéd when a buildup of frost around the dewar
top put sufficient pressure on the back-to-air valve to Break the
solder-joint and desfroy the vacuum.

Routine inspection showed that sample No. 1 was badly cracked
around the outside of the guard ring; nearly a third of the oﬁtef
area had broken away. This is likely due to the Qpring‘pressure
of the guard ring contact of the crystal holder. The center electrode
area apPeared:to be free of cracks.' A subsequent attempt to take
further'daéa on sample No., 1 Ted to inconsistencies with previous
data Which:coqu not be recanciled by minor aréa corrections.

Sample No. 2 was obtained from Cleveland Crystalg, Iné.51 in

May of 1974 and stored in a small vial with caTcium sulfate desiccant

until 13 January 1976. Crystal dimensions were 1x1x0.2 cm, the large
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© faces being perpendicular to the ferroelectric c axis. Chrome-gold
electrodes had been evaporated on the éurface by the supplier. No
guard ring was used. The 0.0025 in. diameter solid cbpberweld center

wires of Type A U]traminiature Coaxial Cab1e52

were attached to the
evaporated electrode faces by means of silver pa1'nt53 applied as
small (Z'mmz) dots on either side. Five coats were used in an effort
fo increase the strength of the bond as these lead wires were the
sole support for fhe crystal. Thus the only stress on the freely
hanging crystal was its own weight. The crystal face area was
0.995+0.02 cm2; its thickness was 0.1962:0.0002 cm. .

Sample No. 2 was presshrized with He gas, then vented to
ambient pressure a number of times at room temperature in order to
flush the pressure vessel of moisture and air: four cycles to 500
" psi, three cyc]es_to 1000 psi, two cycles to 1500 psi, and once‘to '
. 15 000 psi. The sample temperature was then Towered to near Tc in
a period of about five hours.

The small signal (0.05 V/cm) ac dielectric constant (e) was
measured at 1 kHz. For 0.3 K above TC a straight Tine was obtained

for-g L

vs. T in accordance with the Curie-Weiss law. A slight
decrease in'e occurred 40 mK above To’ then the dielectric congtant
rose to the incredibly high value of 360 000 after which it stayed
flat for at least 0.2 K aBove To' This high dielectric constant was

checked carefully below To with even smaller ac field (0.005 V/cm)'
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| énd found to be at Teast 300 000. Fig. 9 shows e % vs. T for sample
No. 2. The crystal remained near TC at ambient pressure until
4 March when it was pressurized to 1 kbar. The crystal then remained
near the 1 kbar transition temperature until 4 May when it was
returned to ambient pressure and raised to room temperature.

The crystal, upon inspection, showed no visib]é deterioration.
The crystal was again lowered to the transition temperature, this
time over a period of four days. Electrical measurements af 1 bar
were made, and the crystal was then pressurized to three kbar. The
temperature was then lowered 15 K in about twelve hours. The crystal
reméined near the 3 kbar transition until 19 June. The crystal was
then heated five degrees, and the pressure lowered to 2 kbar. On

30 June the crystal was raised to room temperature, and the system’

was vented to ambijent pressure over a period of days.

3. Temperature Control
The cryostat used to control the pressure vessel temperature
consists of three concentric cylinders with the 0.25 in. high-
Pressure tubing acting as the central connecting axis. A schematic
dfawing of the entire assembly is shown in Fig. 10. The innermost
piece is the pressure vessel (PV) itself at the termination of the
pressure tubing. Surrounding the PV is a copper can 3 in. in diameter

and 12 in. long. The top of the can is attached to the pressure
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FIG. 9. Inverse dielectric constant vs. temperature for sample

Hysteresis is instrumental.
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tubing with soft solder and the body of the can slipped over the PV
from below and attached to the can top with six screws. The top
of the can has three % in. holes allowing the space between the can
and the PV to be evacuated and the electrical Teads to reach the
outside of the PV. |

Surrounding this inner can is a 5 in. diameter brass can whose
top is soft soldered to the bressure_tubing. The Targe can is
attached to its top by a vacuum flange. The top half of the flange

is flat save a small ridge 1 mm wide and & mm high. The Tower half

2
flange is completely flat. An aluminum foil gasket is pinched between
the two bieces with'pressure from a bolt ring. The extruded aluminum
foil has acted as a vacuum tight gasket under 1iquid nitrogen for
months without troub]e.. Off center on the top of the outer can is
silver soldered a 1.5 1n..diameter stainless steel tube through which
the assembly is evacuated and leads for temperature sensors and heaters
leave the cryostat. The entire assembly is supported by this tube
which terminates in a tee. One side of this tee Teads to the vatuum.
pump, and the other to a plexiglas flange through which shielded
electrical leads are brought to ambient pressufe. Finally the large
brass can is immersed in a glass dewar of 11§u1& nitrogen (LN), the

top of the can being kept at least 4 in. below the LN surface.

The actual temperature regulation occurs in two steps. First

the inner can is "roughly" regulated to #0,1 K by means of a heater
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wound around a 0.75 in. copper rod concentric with the high-pressure
tubing énd attached to the 1id of the inner can with silver éo]def.
The heater current is regulated by the voltage of a groﬁnded copper-
constantan thermocouple attached to the copper rod. This point is-

operated about one degree below the PV temperature. This gives a

point of approximately constant temperature along the pressure tubing _

and minimizes temperature gradients on the PV itself by minimizing

heat transfer with its surroundings. The temperature gradient between

the top and bottom of the inner can was measured with a differentia]
thermocouple and found_to.be less than 0.1 K.

The second stage of regulation occurs at the top of the PV
itself. A heater is wound around the outside of the PV and a
temperature~sensitive capacitor controls the heater current. The
capacitance sensor has a resolution of * 2 mK and the top of the PV
is stable to within thfs resolution. The temperature of the sample
is assumed to be that of a second capacitance sensor located at the
bottom of the PV-in a hole drilled into the center of the ciosure
plug. Extensive time histories were taken comparing the PV tempera-
ture with the sample properties. At the fastest scan rates used |
(~ 25 mK/hr) no more than-a 5 hin lag could be aetected between
heating and,coo]iﬁg. The difference betweén the top and the bottom
sensor capacitance was sensitive to the amount of heater current

supplied to the PV. When taking data, care was taken that this
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difference was nearly constant, in order to maintain a constant
temperature difference between the sample and the lower sensor. In
immediate juxtaposition to the capacitance sensor in the closure plug
hole was a copper-constantan thermocouple used to calibrate the,
capacitance sensor. | | |

A1l heater wires and sensor Teads were separately shielded.
They were also thermally anchored to the cryostat at each stage of
the temperature regulation by wrapping them several times around the
appropriate can and the pressure tubing. No heat-conducting medium
was smeared over them, however, as the heat transfer via the small
diaméter wires was calculated to be small compared to heat flow
along the pressure tubing which acted as the main heat path from

the PV.

4; Electronics for Temperature Control

The current to the shield can heater was controlled by the
voltage of a coppef—constantan thermocouple anchored close to the
heater cdi].. The thermocouple voltage was compared to the voitage
on a potentiometric voltage divider. The difference voltage was
then measured by a Leeds and Northrup Model 9834 dc null detector.
The recorder outpuf-of the null detector was in turn fed to the input
of a voltage-controlled power supply which supplied the actual

heater current. The voltage-controlled power supply was built
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in this laboratory after a design by Kepco. Schematics of this
arrangément appear in Figs. 11 and 12 which are taken from .the Ph.D.
thesis of R. S. Parker.54
The fine temperature control and measurement of the PV
temperature employs a Model CSC 460 capacitance temperature controller

marketed by lLake Shore Cryotronics.52

This controller employs
capacitance sensors made up of glass encapsulated strontium
titanate.55’56 The sensor capacitance varies with the temperature
dependent strontium titanate dielectric constant. The useful range
of this controller with the present reference capacitor is from 200 K
to 1 K with the exception of a region around 65 K where the strontium
titanate itself undergoes a phase transition and the slope of the
heater current vs. temperature curve must be reversed. (A switch
for this purpdse is provided on the rear of the chassis.) An
advantage of this controller is that the temperature calibration is
not affected by magnetic fields, making it suitable for use in
nuclear magnetic resonance experiments. In the temperature range
near the KDP transition this instrument has a resolution of * 2 mK.
The capacitance sensors were calibrated in situ against copper-
constantan thermocouples using a Leeds and Northrﬁp K-5 poténtiometer
. and a distilled water ice bath reference.

An automatic filler was employed to maintain the liquid

nitrogen (LN) Tevel in the glass dewar in which the cryostat was
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immersed. The controller waé assembled in the Physics Department
| electronics shop after a design by V. H. Schmidt. It employs a
latching relay configuration contro]]ed by two zener diodes used és

level sensors. The zener voltage changes by a few tenths of a volt

- - depending upon whether the diode is above or below the LN surface;

this change is amplified by two cascaded transistors which control
the relay supplying power to the solenoids controlling the air
pressure above a reservoir dewar. Schematics of the filling system

and the diode filler control are shown in Figs. 13 and 14.

5. Electrical Measurement of Crystal Properties
Dielectric properties of the crystal were measured in one of
two configurations: a small-signal ac bridge and a dc Sawyer-Tower57

configuration.

ac Bridge

The small signal ac dielectric constant was measured using an
ac Wheatstoneibridge which employed a ratio transfofmer as two arms
of the bridge. A Princeton Applied Research Model HR-8 lock-in
amplifier was used as a phase sensitive null detector. No phase-
compensating resistor was used in the bridge circuit as no phase
difference was measurable between signal points‘A and B (see Fig. 13),
and the small vo]fage perpendicular to the reactance remained

constant throughout the transition region. No phase shift was
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expected because of the Tow conductivity of KDP and the polystyrene
feference capacitor, and the high Q of the ratio tranformér. As can
be seen from Fig. 15, tHe value and position of the reference capacitor
were chosen so that the input impedance of the HR-8 preamp and stray
capacitancé to ground had a negligible effect upon the measured

values.

dc Measurements

The configuration used for quasi-static hysteresis loop tracing,
jsopol, and time constant measurements is shown in Fig. 16. An
electric field is supplied to the sample using a battery and voltage
divider. The polarization charge is stored on an 8 uf polystyrene
- capacitor. The voltage thus produced is measured by a Cary 401

12 ohm.

vibrating reed electrometer with an input impedance of 10
The recorder output of the electrometer was monitored with a Fluke
Model 881A differential voltmeter or a Moseley Model 7000AR x-y
recorder. The recorder output of the electrometer is also fed to

a voltage follower and divider circuit which supplies a guard
voltage equal to the %nput voltage seen by the electrometer. Leads
to the electrometer input are guarded; sample No. 1 also included a
guard ring configuration. In addition, all surfaces which might

provide a charge path between the electrometer input and the guard

or between guard and ground were scrupulously cleaned with acetone.
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This included disassembly of BNC connectors and removal of all
remnants of solder flux and fingerprints. Only Teflon insulation
was used in this portion of the circuit with the exception of short
(~ 4 in.) sections of wire at the high-pressure-to-air feedthroughs.
Several epoxy-filled feedthroughs were constructed {details are given
in the Appendix) and only one had sufficiently high insulation

12 ohm) to be suitable for use. Getting such high

resistance (10
_ resistance appears to be a matter of good luck, as fabrication
techniqueé did not change from one feedthrough to the next. The
above precautions were sufficient to maintain lTeakage currents to
a minimﬁm and on the same .order as the "leakage" to the electrometer
input. A block diagram of this arrangement and a schematic for the
vé]tage follower appear in Fig. 16.
During hysteresis loop measurements the potentiometer supplying
the bias field to the crystal was varied with a clock drive. A
fraction of the actual bias voltage was fed to the % input of an
x-y recorder while the recorder output of the electrometer was fed
"to the y axis inputs.
~ During isopoi measuréments the E field was changed manually
keeping the electrometer output, as measured by a Fluke Model 881A
‘differential voltmeter, constant. | |
During measurements of the po]arizéfion relaxation time the

electrometer odtput was once again connected to the y axis of the
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x-y recorder, while the x axis was driven Tinearly in time. A step
change in the E field (~ 5 V/cm) was effected manually, and the

resulting change in polarization measured as a function of time.

6. Pressure System
The overall layout of the pressure generating system is shown
in Fig. 17. There are two high pressure (HP) outlets: one using a

Tiquid p?essure medium, the other gas. The liquid .system, shown in

. the heavier lines in Fig. 17, was used to test the integrity of

PV's before use in the gas system. The PV may bé charggd to 20 000 psi
dikect]y with the.hand‘pump. Higher pressures are obtained by closing
the direct line from the pump to the PV (V-é) and opening value V-4,
then pumping'on the large diameter piston of the pressure intensifier.
'fhe pressure at the sma]l diameter end is roughly mﬁ]tip11ed by the
ratio of 1arge piston area to small piston area. Two precautioﬁs
should be mentioned heke: (1) Since the area ratio of the Tiquid
'inteﬁsifier is 23:1 and the hand pump could proddce 20 000 psi, the
re§u1ting pressure~on the HP end could be as high as 400 000 psi;
This exceeds fhe pressure rating of all components.inc]uding the
intensifier. (2) Many commonly used hydrau11c.med1a sd1id1fy at high
pressure (50 000 psi for 10W motor oil). Damage to gauges, intensi-
'_figrs, ét;. occurs in such cases. One must be sqre'of,the pressure

medium being USed and its Timitations. It is strongly advised that
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54 .
no attempt to use any part of the system be made without reéding the
Appendix which serves as an operating manual for this system.

In the gas system (lighter lines in Fig; 17) the gas flows
froﬁ'right to left starting at a bottle pressure of 3500 psi.. This
is immediately reduced by a standard regulator to 1450 psi. The
ga§ is then passed through an LN-filled cold trap and a filter to
the remote head. The femote head ié é diaphragm pump much like the
fué] pump in an automobile. Two cheék valves on the inlet and
outlet respectively allow gas to pass only from right to left. " Gas
is drawn into and forced out of the head by means of a diaphragm
driven by an o0il line from the hand pump. The gas preﬁsure downstream
of the remote head may be raised to 14 000 psi by this means.
Further {ncrease in pressure is effected by meaﬁs of the das
intensifier located downstream. Details, operating instructions,
and precautioné are found in the Appendix.

The pressure is monitored by measuring the resistance change
of a coil of manganin wire which has a nominal pressure coefficient

7

of resistance of (AR/R)/AP=a=1.67x 10~ bar™Y. These small resistance

58'whea’cstone

changes are heasuked by means of a Cary-Foster type
bridge arrangement, as shown in Fig. 18. In an.actual Cary-Foster
bridge.the reference and sample resistors are interchanged during

measurement, a110w1ng'the effect of contact EMF's to be subtracted

out. In practice it was found that the nécessary reversing switches
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' introduced a great deal of noise into the null detector, and
produced large uncertainties in contact resistance and thermal EMF's
due to the use.of dissimilar metals. Thus, it was decided to dispense
with that facet of the bridge operation, preferring an increased
ability to monitor small changes in pressure over a somewhat
' increased absolute accuracy. '

The slide Wire employed was froh a Leeds and Northrup Type K
potentiometer. This 5 ohm, ten-turn slide wfre had 2x103 divisions

4

and could be interpolated to give effectively 10" parts. Thds the

effective resistance resolution was 10'3 ohm. (A chaﬁge of one

division added 5x10_4 ohm to one side and subtracted it from the

other.) The manganin coil used™?

had an ambient pressure resistance
of 120 ohm, hence the pressure resoiution was AP=(AR/R)/a= 50 psf.

On the other hand, the null detector used was a Keithley Model 148
nanovo]tmetef. Operating on the O.bl millivolt full-scale ranée the
peak-to-peak noise was equivalent to approximately 1 psi;_ Thus the
stability of the pressure, once set, could be monitored to a.much

higher precision than the actual pressure was known.

" The bridge circuit was nominally compensated for ambient

temperature changes by enclosing a matched reference coil of manganin

wire in a cap atop the vessel containing the pressure sensing coil.
Nonetheless, a substantial improvement 1in stabi]ity was obtéined by

enclosing the entire assembly in a styrofoah box filled with fiberglas
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insulation, and thermostating the manganin cell housing. The

60 with an estimated

temperature controller used was a commercial unit
sensitivity of 0.05 K. The Tong term electrical stability of the
entire pressure sensing unit was monitored at a known pressure of

one atmosphere and found to be equivalent to + 0.7 bar over a period

of three days.




ITI. EXPERIMENTAL RESULTS
Section 1 is a discussion of the factors which led to fhe‘choice
of static dielectric measurements as a means to determine the order
of the KH2P04 (kDP) phase transition. Section 2 is an introduction to
the interpretation of constant polarization, isopol, data. 1In
Sections 3 and 4 actual isopol data is presented for ambient and
high pressure respectively. Section 5 contains a discussion of errors.

Sections 6, 7, 8, and 9 are brief accounts of isothermal P vs. E,

tjme constant, pressure hysteresis,.and critical exponent measurements.

. 1. Dielectric Measurements of KH,PO,

The KDP ferroelectric phase transition appears unsuited for
analysis by ac dielectric measurements. This is 1ndeéd,unfortunate
in tHat ac measurements néar 1 kHz are re1at19e1y simple and may be
carried out to high precision. Moreover, fhe distinction between
first and second-order behavior of the dielectric constant in zero’
bias field is quite pronounced, as can be seen in Fig. 6. This
difference is, however, obscured in the case of KDP by the fact
that'the dielectric constant in the ferroelectric phase immediately
be]bw the transition teﬁperature,_Tc, is quite high and essentially
constant. .The difficulty can be seen by comparing Fig. 9 with Fig. 6.
The conventional wisdom js that this behavior is due to domain wall

61

‘motion. ‘Bornare], Fouskova, Gagon, and Lajzerowicz showed that

‘the dielectric constant 12 K below TC could be reduced from
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4.5x10% to 1.4x10* by reducing the size of the applied ac field from
"2 V/cm to 0.5 V/cm. Thjs'wou1d seem to support the domain wall
explanation. In the course of this investigation ac fields as small
as 0.005 V/cm were used 0.05 K below Té with no important reduction:
in dielectric constant. If domain wall motion is fespbnsib]e for
the.high dielectric constant in the ferroelectric region, the walls
are very mobile indeed immediately below TCJ InAaddition the-
dielectric constant could not be 10Wered by inéreasing the frequency
.to 10 kHz, above which the measurements becone suspect owing fo the
dfstributed-reactancé of the great lengths 6f cab1é used.to reach
the crystal in the pressure vessel.

'One‘might, nonethe1ess, hope to determine the:ordeﬁ of the
transition by ac measurements in the presence of bias fields and
confined to the paraelectric region. This‘hope is tﬁwarted by yet
another of KDP's properties: a large e1ectroéa1or1c effect. This
effect manifests itself in the case of small signal ac measurements
as an adiabatic correction.18 The equation of state
E=A0(T-T0)P+BP3%CP5 | (14)
is obtained by differentiating H as in Eq. 13 with fespect to P at
constantAT énd X. One can then calculate the expressions- for the
adiabatic and isothermal dielectric constants,

2

(eT)'1=(4n)‘1(AO(T-T0)+3BP +5cph (15)

| (ES)_1=(4W)_1(Aé(T-TO)+(SB+TA02/CP)P2+SCP4),
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by taking the derivative of E with respect to P while ho1d1h§ the
_ temperatgre and the gntrdpy respectively constant. The difference
stems from -the difference in derivatives:
(aE/BP)S=(aE/aP)T+(aP/aT)E. (16)

18 show that the extra term on the right may be written

Jona and Shirane
asA(TAaz/CP)PZ. This adiabatic correction is larger:than 3 IBj thus
making it impossible to determine the sign of B, and hence the order
of the transition, in a straightforwérd adiabatic dié?ectriq
experiment.

45 have attempted to measure the order of the

Eberhard and Horn
transition in an ac experiment using the thermal hysteresis of the
transftion. Such experiments rest on the assumption that the ratio
" of thérma] hysteresis actﬁa]]y observed to that possible thermo-
dynamically remains constant in 1ncreased bias fields. This is a
point not in evidence and, indeed, unlikely, as the height of the
free energy barrier separating stable and metastable states changes
markedly with applied field and temperature.

Thus isothermal diefectric measurements within the paraelectric
region appeared to the most promising for analyzing KDP. Okada40 has
determined the order of the KDP transition at ambient pressure by
analyzing hxsteresis Toops taken at constant temperatﬁre and with

very slow (200V/cm-hr) electric field sweeps. Similar measurements

have been repeated in this 1aboratory:and are reported in Section- 5.
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They are in general égreement with the constant polarization measure-
ments described next. However, it has been found that even at such
slow sweep speeds the results appear rate dependent. Attempts to
repeat such measurements at high pfessure were hampered by the need
to periodically pump up the pressure fo-compensate for finite leak
rates. Suéh pumping distorts the hysteresis loops. The dilemma is
one of either‘reducing the value of the loops by tracing faster,
pr.aT]owing the preséure to change by an amount great éﬁough to
alter To_by more than 2 mK, the experimental temperature resolution.

Owing to the above difficulties with preQious]y used method; for
determining the ordef.of the KDP transition from dielectric measure-
ments, it was decided to take equilibrium measurements of P, E, p,
ahd T. The methods of analysis used are outlined in Section 2, and

data is presented'in,Sections 3 and 4.

2. Isopols
The?e is a tradition in the Titerature of meaéuring po]arizafion
as a function of field (E) along isotherms, or as a function of'
températufe (T) along isochamps. Most of the data to be presented
here 1s'disp1ayed as a function of T and E a]ong lines of constant
polarization, i.e. along isopols. This approach appears to be new
and thus the following discussion is devoted to the interpretation

of such plots. This discussion is based upon the Landau eqUation
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of state (Eq. 14); however, many of the conclusions baséd on isopol
plots are independent of this equation of state. The reader is
cautioned not to equate the validity of all conclusions with the
.validity of the Landau expansion which is used Hefe mere]y as a
fvehic]é.for introducing the isopol picture. |

The.equation of staté which follows from the Landau free energy
(Eq. 14),.when rewritten, indicates that the isopols are straight
lines in the T-E plane with slopes (AOP)"-1 and E=0vintercepts
T -(BPCPY)/A s |

T= (AP EHT - (BP4cPt) /AL (17)

In the Timit of small P the E=0 intercepts tend to To'. If B,
is negative, as P increases the 1ntercept§ rise above TO, and then
fall as P %ncreases fdrther and the CP5 term begins to dominate. For
B positive the intercepts simply fall farther and farther below T0
- as P increases. The case for neéatiVe B is shown in Fig: 19. The
initial 1ncréase and-subseduent decrease in the T intercepts créates '
a region where "isopols infersect. The first order Tine, FD in Fig. 19;
Alﬁes within the overlap region which is bounded by caustiés ACDB.
BCE is the extensjdn_of a Tine simi]ar'to BD in fhe hegativé E
half-plane not shown in Fig. 19. The-critica1 point, D, is at a
vertex'of the curvilinear triangle formed by the caustics of inter-
- secting isopols. Isopols are shown as solid lines when they correspond

to an absolute minimum of the free energy. After crossing the first

N
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order line they are shown as dashed 1ines and correspond to metastable

thermodynamic states of the Landau free energy. ’

If metastable states are actua]i& manifested by.the crystal the
regions of isopol overlap represent mixed phases. Denoting regions-
of po]arfzation_para]]e] to +E as "up", the mixed phase regfons may
be characterized as in Table ITI. It will be seen in data presented
in :Section 3, that when an isopol crosses a line such as CE in Fig. 19,
" it changes direction,‘heading almost vertically downward. This is

interpreted as the:formation of domains within the crystal. These
are allowed by the Landau'equatfbn of state even though, on the basis -
of tHe free energy alone, such states are not energetiéa]]y favorabTe.
In the Landau equation of state the order of the transition %s.
indicated by the sign of the coefficient B, being negative for first-
order and positive for sepond-order. In. an isopol plot this dif-
ference manifests itself as a convergence or non-convergence of
isopols, respéétive]y. 'The-deduction of the order of the transition
from the behavior of isopols is, however, independent of the Landau
equation. of state. This may be seen by considering an isotherm
drawn through an isopol plot just above Tcr‘(see Fig. 19). If the
1sopo1§ are converging -toward a E#0 pofnt, then the isotherm will
encounter a large change in polarization for a small change in field
near that point of cohveréence, i.e. the dielectric constant will

be high. A dielectric constant higher at E>0 thén at E=0 indicates |
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TABLE III. Possible mixed phase regfons in Fig. 19. Phases
~corresponding to absolutely stable minima of the free energy are
denoted S, states corresponding to'reiative minima are denoted M.

The po]afization is "Qp" when parallel to the applied E field.

Region . - . Para- .Ferro- Ferro-
: electric electric electric

"Up" i "down"

BDG S M

cba - M S

BGF S M M

AFCG M S M
- S M

ACE




|
)

|

"slope respectively of a graph of -AO(T-TO)/P2 vs. P-.
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a critical poinf, and thus a first order transftion is 1mp1iéd. On
the other hand, if the isopols do not cohverge except for E=0,
a second-order transition is indicated.
The advantage of displaying data in isopol plots rather fhan
as maxima in the die]ectric.constant is the numerica1 convenience ‘
aﬁd graphical c]arity’affbrded by fitting straight lines. In addition,

deviation from the simple Landau picture becomes obvious when the

~actual crystal isopols deviate from the high temperature extrapola-

tions.’

The method for extracting Landau parametérs frdm isopol data
is as follows. A least squarestraigﬁt Tine fit to paraelectric isopols -
is calculated. As follows from Eq. 14, Ao is optained'from the slopes
of the isopols using

A= (3E/3T) /P, | (18)
An approximate value of T, is found from a plot of the extrapolated
T(E=0) intercepts vs. P for the three smallest isopols. Tﬁis plot
is a-straightsline and should extrapolate to TO (;ee~Eq. 17 and Fig.
26).' Thé.parameters B and C are then deduced from the interéept and
spe 2. In practfce

T0 is then varied a sma]]_amount (within the experimental error) to

prodUce the best straight line on this graph. In this latter pro-

. cedure, points from the higher polarization isopols are heavily
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weighted owing to the large scatter produced on this type of graph

by the low polarization isopols for which T—T0 is quite small.

3. Isopol Data at Ambient Pressure

Actual data for two different samples of KDP at ambient pfeSsUre
are shown in Figs. 20 and 21. Convergence of isopols from thé high
temperature region toward a E#0 point is dbvious in both cases;
Thi§ §uggests that the transition is indeed firstro}der at ambient
pressure. The solid Tines drawn in Fiés. 20 and 21 are the‘isopo1s
as.predicted by the Landau equation of state for the best fit
parameters AO,TO, B, and C as given'in Table II. As can be seen, the
Landau expahsipn'gives a good representation of the data thfoughout '
the paraelectric region. In the ferroe]éctric region major’de?iations
occur when the 1sopo]s.t0rn nearly vertically downward. This behavidr
is attributed to the formation of domains within the crystal. This
belief 1s_supported by the proximity of the'"bends“ td the Mixed _
bhase boundaries degcribed in Section 2 of this Chapter. ‘

The properties of the crystal as dedﬁced‘fromnisopo1 analysis
are in good agreemént with properties measured by other techniqués
Thia number of Taboratories (see Table If); AThis gives “increased
confidence that deductions based upon isobo] plots are valid, and
streﬁgthens arguments made at higherzpressures where other data are

as yet not available for comparison.
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FIG. 20. Isopols of sample No. 1 at 0.001 kbar.
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_ 4. TIsopol Data at High Pressure

Data for sample No. 2 at pressures of 0.0016, 1.00, and 3;00
kbar are presented in Tables IV-VI and plotted in Figs. 21-23. The
ambient pressure critical field of 186 #60 V/cm is reduced to 43+
13 V/cm by 1 kbar of hydrostatic pressure based on the calculation
of Ecr from the best fit Landau parameters. The Landau equation of
state once again provides a good description of the data in the
paraelectric region. |

At three kbar the transition appears to be second order, that
is, the extrapolated isopol intercepts all fall bg]ow TO. The |,
dielectric constant has its maximum value at E=0.

Fig. 24 shows a graph of -A (T-T )/P? vs. P* for sample No. 2
at thfee different pressufes. The y-intercépt of these graphs

corresponds to B; the slope is C. Table VII summarizes the Landau

" parameters at the three pressures as deduced frbm the data using the

procedure outlined at the end of Section 2 of thié Chapter.

Table VII and Fig. 24 show that B values show a systematic,
a1though-éppérent1y non-linear, increase with pressure. Comparison
of the.i and 3 kbar B values indicates B=0 at about 2 kbar, while
a linear éitrapd]ation of the decrease in B from 0 to 1 kbar indicates
B=0 at about 2.5 kbar. The actual value probably 1ies somewhere in

between.
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TABLE IV. Data for Sample No. 2 at 0.0016 kbar.

95%

p | Ao Standard 95% _  Standard ‘

3’ ‘ o3 Errgr Confidence 0’ Error, Confidence
10 esu N 10 10 Sesu Interval mK ‘mk . Interval
0.621 7 3.91- 0.05 1 0.13 9.8 3.0 7.7
1.194 8 3.90 0.047 0.12 4.9 2.8 6.9
2.388 6 4.07 0.06 0.17 27.2 2.8 7.8
3.582 - 5 4.21 0.029  0.09 47.3
4.776 4 3.95 0.071 0.31 41.9 7.7 22.8
5.97 16 3.52 0.144  0.31 21.0 4.3 9.1
7.167 9 4.09 0.375 0.89  -12.5 6.7 15.8

.K 4.01 vvar=0. .19

13

£/




TABLE V. Data for Sample No. 2 at 1.00 kbar.

P, Ag> Standard . 95% Standard 95%
3 _3 Error Confidence T-Tg» Error, ° - Confidence
10%¢su N . 10 “esu 10-3esu  Interval  mK mK Interval

Decreasing Temperature

1.00 12 3.62 0.062 0.14 2.7 4.2 9.4
2.00 10 . 3.61 0.081 0.19 7.6 5.5 12.7
3.00 6 3.81 0.15 0.42  "21.4 6.7 18.6
4.00 4 3.80 0.14 0.60 23.2 4.5 19.4
Increasing Temperature
1.00 8 3.62 0.084. 0.21 3.1 3.6 8.8
2.00 6 -3.56 0.114 0.32 7.6 4.5 12.5
3.00 6 3.74 0.12 0.33 . 20.5 4.5 12.5
4.00 6 3.60 0.05 - 0.14 15.6 2.0 5.6
5.00 9 3.52 0.064 0.15- - 2.7 2.2 5.2
© 6.00 8 3.56 0.165 0.16 - -43.7" 1.8 4.3
7.167 not calculated assuming 'Ab -147.5 NA N A

Ao = 3.64 vvar=0.11 0.08
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TABLE VI.  Data for Sample No. 2 at 3.00 kbar.

A,>

Standard

? () 95% Standard 95%
Wess 0 w00y 10w Cnine®me e Contidence
0.50 14 4.23 0.085 0.19 +10.6 5.8 12.6
1.00 15 4.13 0.071 0.15 - 2.4 4.8 10.4
2.00 16 4.09 0.054 0.12 -15.8 3.8 8.1
3.00 16 410 0.054 0.12 -30.0 4.0 8.6
4.00 9 3.90 0.085 0.20 -82.4 5.2 123
5.00 5 3.74 0.039 0.12  -169 2.4 - 7.
6.00 3 3.53 0.106 1.35  -309 8.0 101.

A= 4.04 18 0.20

“Yvar=0.

G/
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FIG. 24. -AO(T-TO)/P2 VS. p2 at 3 pressures.
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~ TABLE VII. Landau parameters for Sample No. 2 as a function of pressure.’

. # - - . ) - ) L - ]
k?ar K K/kbar 10 3esu loillesu 107 %su X V/cm
0.0016 122.12+0.1 - 3.93+0.2 -1.48+0.1 3.1x0.4 0.081%#0.03 18660
: -4.54+0.05 _ : :
1.00£0.002 117.72+0.1 . 3.64+0.1 -0.89+0.1 3.6:0.4 0.027+0.01 43213
3.00:0.002 108.24+0.1 4.04+0.2 +0.90:0.1 -6.10.4 NA NA

*Stable to +0.0005 kbar
. #Absolute calibration not tied to Nationa] Bureau of Standards
t™Not measured differentially due to scale change

NA Not app]fcab]e, transition is second-order-

LL
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5. Errors'
Standard errors and confidence intervals for the slopes and
intercepts of isopols were calculated in the usual wéy. The Montana
State Uhiversity Math-Stat Tibrary program MR§G62 was used. Standard
errors are in general agreement with the cTajmed témperature’reso]ufion
of 2 mK combined with pressure induced T0 variation of 2 mK.

Error bars are deliberately omitted from Fig. 24 in favor of
'Fig. 25 which shows the effect of varying T0 by +0.01 K about the
best value. Similar results obtain 1% T, is held fixed and the 1sopo1'
intercepts varied. When .T-TO is on the order of the standard error
in T the §catter in such a plot is large indeed. This is not to
. suggest, however, that jnfercebt data from the Towest bo]arization
isopols is not significant in indicating the transition order. If,
instead, one chooses td'graph T(E=0) vs. P2 for the Towest pb]ari—
'zation isopols, -as in Fig. 26, one finds a difference in the sign
of the slopes between the first-order (0 and 1 kbar) and the second-
order (3 kbar) data which is unequivocal even if 95% confideﬁce
intervals are used as error bars.

Because of the large uncertainty in the T-T0 values for the Tow
polarization isopols only the high bo}arization'isopo]s were used
in the least squares fits from which besf vd]ues of the B and C
parameters were deduced. Then To was varied slightly to bring the

Tow po]arizatibn intercepts into agfeement. The final justification’




4 T l ! | |
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FIG. 25. Effect of the variation of To by + 0.01 k on Fig. 24.
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FIG. 26. T(E=0) intercepts of low polarization isopols, described
by T(E=O)=TO+(B/AO)P2. Relative displacements on vertical scale

arbitrary. Slope change indicates change in the sign of B.
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for this process is the good agreement with the original polarization

data which this procedure produced.

6. Isothermal P vs E
In addition.to tﬁe above isopol plots, isothermal measurements
of the polarization as a function of slowly varying E field were made
at 0.5 and 3 kbar. Double hyéteresis loops similar to those reported
for KDP at ambient pressure were produced at 0.5 kbar. These have

been interpreted as indicating a first-order transition.
addition, the P-E curve starting from P=0, E=0 is a graph»of the
equation of sfate. From this curve values of B and C may be deduced

40 did, following a method due originally to Sidnenko and

" as Okada
G]adkii.35 This technique was used and the resulting Landay‘parameters
. found to be in reasonable agreement with those deduced from 1sdp01
plots. However, these values appeared to be sweep rate dependent even
at E field sweep rates as slow as 240 V/cm-hr. For this reason a

. great deal of confidence is not placed in the exact value of the
parameters so deduced. Nonetheless, the general shape of these

curves is highly significant. If on a P vs. E graph the éctual'

curve rises above the extrapolation of the straight Tine portion

of the.curve near the origin, the dielectric constantlis necessarily -

. greater during that rise indicating a F#0 critical point. If the

curve fa11s only below the extrapo]ated straight Tine no such point
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is indicated. Fig. 27 shows just this difference between the 0.5

and 3 kbar P-E traces.

‘ 7. Time Constants-

A Time constants of the polarization response were measﬁred at
ambient pressure. The hope was that these could be used to identify
the critical point and then compared to similar meagurements at
" high pressure. Measurements were made by perturbing an edui1ibr1um
T, E, P configuration by manually increasing the field in a small
step (AE~5 V/cm) and observing the return to édui]ibrium as a function
of time (t). The 1/e time constants were then deducéd from a plot
of Tog P vs. t. The vé]ues found are shown in Fig. 28. They are

39 It is noted that

. generally 4x ionger than. those found by Okada.
lines of constant time constant are very nearly isopols in the .
paraelectric region. Measurements of time’constants in the immediate
neighborhood of fhe'criticaj point were difficult to obtain owing'to
their increased length. On one occasion (marked « in Fig. 28) thé
change in polarization produced by AE was larger than the initial
polarization and showed no sign of halting its upward creep jn over -
‘a half hour. |

At elevated pressures time constant data was not faken owing to

the lack of complete equilibrium caused by finite Teak rates and

perturbations caused by intermittent pumping.
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P,

IO3esu 5
T=-To=0.07 K

dE/dt=600 V/cm-hr

E,V/cm
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5 7
P, = 1277//
103 esu e T-To= O.11 K
// dE/dt=234V/cm-hr
//
o 200 400 600  E,V/cm
. | T-To=0.12K asd o
dE/dt=223V/cm-hr _ -~
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3' '>0 ONLY
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400 600 E,VZcm
() L [l 1 |

FIG. 27. [Isothermal P vs. E plots at 0.5 and 3 kbar,
iy SRHOLAnD
t—E—AO(T—TO)P—BP HaP s

Here

Spikes at 3 kbar are due to pressure pumps.
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FIG. 28. Time constants for polarization relaxation at 0 kbar.
The + marks the critical point as calculated from isopol data.
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8. Pressure Hysteresis
In addition it shouid be noted that a pressure hysteresis in

the value of To’ and in some cases Ao’ has been noticed. In order
to maintain the pressure of the system constant to within +0.25 bar,
it was necessary to pump the system at intervals ranging from 30 min
at 3 kbar to 2 hrs af 1 kbar. If a éef of isopols was begun one
'day, and the sygtem 1ef£ overnight without pumping,_ubon returning to
the standard pressure the crystal would almost invariably show a shift
in T0 as deduced by a systematic shift in the isopols. Unless ‘
otherwise nbted'a11 of the data presented refers to single runs
lasting éround the clock, often for several days.

In the case of the 1 kbar data two sets of isopols taken a'FQ11
week apart show identical (to within experiﬁenfa] error) isopol
structure except for T0 even though one was taken as temperature was
increased and the other as temperature decreased. On the other hand,
the three kbar data showed a shift in both T and A  when left
unpumped én]y 8 hours. This type of hysteresis makes it difficult
to determine the parametérs of the crystal unambiguously as a function

of pressure.
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9. Critical Exponents

The only critical exponent directly accessible to meésurements
méde here is Y, the exponent for the dielectric susceptibility:

| X~ ((T-T ) /T,) Y=Y, | (19)

'Since x=dP/dE one may write for small AP and AE that AE=APe™'. Thus
it can be seen that the mean field value of 1 for v follows from
straight 1ine isopols. At 3 kbar the P=O.5x103 esu isopol findicates

=-d(Tog E)/d(10g €)=1.03+0.04 to within 0.02 K'of Tc' The error
interval is the 95% confidence interval. Indirectly, mean field
values for other exponents in the paraelectric region are implied by
the fact that the data can successfully be fit by the mean field
Landau expansion.

Data in the ferroelectric region does not obey a simple equation
of state, neither does it scale with mean field exponents. This
behavior is attributed fo the formation of domains within the crystal
and-one's subsequent inability to measure the true intradomain
_po]arization, rather than.any breakdown of mean field theory or

scaling Taws.
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IV. DENOQUEMENT
1. Summary

This investigation bggan with the conjecture by V. H. Schmidt16
that a tricritical point.might be produced in the phase diagram of
KH2P04 (KDP) by the application of hydrostatic pressure. I% this
were the case, KDP's paraelectric to ferroelectric transition would
a]tgr ffom first-order at ambient pressure to second-order at high
pressure, the point of cross-over being the tricritical point (TCP).
If there were a TCP the two critical pbint§ at the terminations of
the first-order 1ine in the temperature (T) aﬁd'e1ectric field (E)
plane would merge at E=0. At the time of this conjecture, however,
there was éomg dodbt (ih the mind of at least ohe reviewer) that.the
transition was in fact first-order at ambient pregsure. Even émongst
those experiments which supported a first-order transition at ambient
pressure, there was disagreement as to the coordinates of the critical
points.

Hence'the‘purbose of the eiperiménts described in this thesis
was to (1) resolve the controversy regarding the coordinates of the
critical point at zéro pressure, (2) to monitor thdée coordinates
with increasing pressure, and (3) determ{ne if.the transition becomes
second-order at high pressure, thus indicating the existence of a
tricritical point in the phase diagram of KDP. | |

A review of recent high precision experiments indicated that

- even a "simple" dielectric experiment which could meet the above goals
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would require teﬁperature resolution on the order of #2 mK, pressure
stability of +10 ppm at pressures of several kbar, and High impedance -
static polarization measurements. In addition,‘meaéu}ements.would 4
have to be made as near to equilibrium as possible owing to the
djstortion of results when variab1es are a]]owed to dr%ft "quickly"
near the transition§ this result has long been knowﬁ to workérs in.
- crticial phenomena but has not generally been abpreciated by workers
in ferroelectricity. | |

Apparatus was'assehbled tb meet the above requi}ements. The
- major cdmponents were a two stage cryoétat for témperatufe control,
guarded cikéuitry for polarization charée measurements, a
bery]]ium—copper pressure vessel, and a pressure generating systém
for application of hydrostatic pressure using He gas.

The temperaturé aﬁd electric field dependence of the net
polarization of a KHZ‘PO4 crystal was mapped out in the E>0 half
plane in a 0.5 K neighborhood of its ferroelectric transition at
pressures of 0.0016, i, and 3 kbar. The data were ana]yzed by the N
- apparently new technique of considering the T and E dependence.a1ong

Tines of constant polarization, isopols.

2. Conclusions
On the basis of the static measurements of the net polarization

of KDP as a function of temperature and electric field in a 0.5 K
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neighbofhood of its ferroe]ectrfé‘transition at pressures of 0.0016,
1.00, and 3.00 kbar, the fo]]owing‘conclusions appear valid. - |
~ 1. In the paraelectric region thé‘po1arization is well described
“by the Landau equation of state

3

cp°

- E=A0(T-T0)P+BP _
' tq-within 0.05 K of the-transition temperature at hydrestatic
pressures of 0.0016, 1.00, and 3.00 kbar.

2. Based on the best fit Landau parameters to the polarization

data on two crystals, the ferroelectric transition is first-order

at ambient pressure with the critical point at the fermination of

the first order line Tlocated at Tcr-T0=0,08i0.03-K and Ecr=200i60 V/cm.

This conclusion is suppdrted‘by increases. in the isothermal dje]ectfic
' ~constant and the po]arizétion relaxation tihe constant in the vicinity
of the critical point. _ ,

. 3. At 1.00 kbar T, of sample No. 2 changed by -4.540.05 K,

and the critica1 point ioved substanfia]]y closer to the tehperature

axis: T_-T = 0.027+0.01 K, E.=43%13 V/cm. .

cr o

4. At 3.00 kbar the transition is second-order as based upon
the analysis of isopols which indicates a positive B in the‘Landau
expansion, and supported by the isothermal diejecfricrconstant

maximum, occurring at E=0.




| tution to be studied. The present result combined with Peercy's
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5. A tricritical pofnt is expected to exist at 2.0t0.5 kbar

based upon the interpolated behavior of the best fit Landau parameters

as a function of pressure.
3. Significance and Recommendations
for Further Study
The results presented in this thesis_have significance beyond

mére1y mapping out the phase space of KDP. It is Be]ieved thai this
is the first material with an indicated tricritical point (TCP) whose
entire three-dimensional phase space is experimentally accessible.
Thié should allow critical exponents for wing critical points to
soon be measured for the first time.

~ Other members of the KDP family whose transitions-are barely
first order at ambient pressure (e.g. Cesium Dihydrogen Arsenate)

may have TCP's thus aT]owing the effect, if any, of chemical substi-
15

recent discovery of a TCP in SbSI, may encourage a search for
other ferroelectrics with TCP's. Results from a numbef of such
ferroe]ectrics would allow further tests of'universé1ity.

The fact that the isopol analysis outlined in Chapter III
Has-produced results in good agreement with other methods is
sign%ficant. Dielectric measurements are in genera1-experimenta11y
simpler at high pressure than neutron or x-ray diffract{on, or light

scaftering techniques. Thus a convenient means is afforded to check
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-the order of phgse transitions which are border—1ine first or second-
order.

As for KDP itself the findings reported here indicate that the
transition regibn aroﬁnd.Z kbar should be thoroughly explored. TayTor
expansions of microscopic descriptions of KDP produce a "B" coefficient
-which is the -sum of a number of competing plus and minus terms.64
Careful measurement of the pressure dependence of microscopic
parameters near the trénsitibn temperature would aid in the develop-
ment of a microscopic picture of the TCP.

It is felt that measurements of the noise voltage and current of
. KDP near the transition might provide an excellent means of identifying
both CP's and TCP's. In addition, auto-correlation of the noise
voltage should provide a means for direct examination of the correlation
time in various regions of the phase space.

It is clear that the final chapter of this investigation has

not yet been written.
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Pressure System Manua]z

This Appendix is not intended as a tomp1efe service manual for
the entire pressuré system. Detai]ed‘descripfions of each component,
its operétibn, and repair are given in separate manuals published by
the manufacturer. It is suggésted that these.be cohsu1ted before
oﬁerating aﬁy componént for. the first t{me.

What this Appendix does contain is an overview of the entire
systeh operation; valve open-c1o§ed conditions for various modes of
* operation, general precautions, and other items peculiar to this
system which cannot be found in the manufacturers' literature. .

The system consistsiof two major Subsystems: one employing a
liquid hydraulic médﬁum at the work point, the other supplying a.

gas mediqm. The two subsystems are described separately.

Liquid System

The Tiquid system is shown in the darker lines of Fig. 17. The
hydraulic fluid used to 30 000 psi may be aslsjmp1e as SAE 10W HD
motor o0il. Higher pressure, up to 100 000 psi; bequires a mixtdré of.
.1 part kerosene and 2 parts SAE 10W 011.: (Caution: many outlets now
sell diesel oil as kerosene. Kerosene is cd]oriess.) Pure 10W oil
so11difies at 250 QOO psi causing consideréb]e system démage. Be sure

of the pfessure medium.




%

The system should be charged with hydraulic fiuid, taking care
to remove as much air as possible from the Tines. This may be done
by cyciing the intensifier severq] times until no air appears at the
discharge line or the work point. The procedure is as follows.
Procedure A: Removal of air from liquid sygtem.

1) C]ose-vaives V-3, V-4, V-5, and V-7, open V-8 and V-9, and pump
with the work point open until no air bubbles appear in the discharge
Tine. | L

2) Close V-9, open V-5 and continue pumping. This retracts‘fhe

intensifier. A very rapid permanent pressure increase at gauge G-1

. will occur when the intensifier is fully retracted.

3) When the intensifier is fully retracted, close V-5 and V78, open
V-9 and V-4, and pump to advance the intensifier. Again pressure
will rise dramatically at the end of the stroke.

4) Repeat the pfocedure from step 1 until no air éppears ét the
Work point or the discharge line at any point of the operation.
Procedure B: Rressure production with ﬁhe liquid system.

1) Close valves V-3 and V-6.

2) Remove air from system following procedure A.

3) Retract the intensifier: close V-4, V-9, open V-5 and V-8, and
pump until a sharp permanent pressure rise occurs at G-1.

4) Close V-4, open V-8 and V-9, and pump to a maximum of 15 000 psi
at G-1. ' '
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5) If higher pressure is desired, close V-8, and, with‘v—slopen,
open V-4. Now close V-5 and pump to a maximum pressure of 100 000 psi
at G=2. N.B. The bressures on G-1 and G-2 should be in the abproxié
 mate ratio of the intensifier piston aneas,'1:23; If this rafio'
deviates appreciably (say 15%), stop: sbmething is wrong.
6) To relieve the pressure crack V-5 open.

7) 'if necessary retract the intensifier as per step 3.

Gas System

The gas system is comprised of the iighter lines in Fig. 17.
Liquid T1ines through valve V-3, V-6, and V-7 are also used. Beforé
préssUrjzing the gas line, one should check that the 11quid'pre$sure
system has been bled (see procedure A of this Apbendix)”and that the
remote head has been primed (see the manufacturef's manua]).v The
‘followiné procedure may then be used to obtain gas pressures to
100 000 psi. |
Procedure C: Gas pressurization.

1) Fill the Tiquid nifrogen trap with Tiquid hitrogen.

2) Close V-2; V=8, V-5, V=6, V-7, V-8, V-9, VH-2, VP-2, and open
VP-1, VH-1, V-1 and V-3. -

3) Close the small unlabeled through-valve immediately downstream
of the regulator on the_He bottle, open the main bottle valve, énd

set the regulator -to 1450 péi.
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4) Crack the small through-valve on the regulator open, thereby
admitting He to the system. The Tiquid nitrogen in the trap will
boil. When the boiling stops, open the small va1ve_sévera] turns.
5) The system is now bressurized to approximéte]y 1450 psi. At
this point the gas intensifier can be retracted if it is not already
in its retracted position. A meter showing the position of the
intensifier piston 1n'its stroke is located on the front of the
pressure panel. Retraction is accomplished by cracking V-7, then '

waiting for the piston motion to stop. Valves V-7 and V-5 are then

opened fully and V-4 cracked, and the intensifier allowed to retract -

fully. The intensifier is fully retracted when G-1 reads zero and
no oil flows in the return line. The object here is to prevénf the
. intensif%er from moving too rapidly. The speed is about right when
alélow but continuous stream of oil f]ows in the return 1ine to the
reservoir. Valves V-4, V-5 and V-7 should then Ee closed.

6) The sysfem downstream of the remote head may now be pressurized
to 14 000 psi by pumping. Be sure V-6 and V-7 are closed, and V-3
open. |

7) If higher pressure is desired, advance the gas 1ntensifier.by
closing V-3, opening V-7 and pumping.

8) If pressure higher than that attained by a single sfroke of the
iﬁtensifier is desired, the intensifier must be recycled. _Careful]y

note the pressure on G-1.
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9) Close VP-1 and retract, the intensifier as in step 5.

10) Répressurize the intensifier volume with the remote head as in ‘
sfep 6. | | |
11) Close V-3, open and close V-6, open V-7, and pump to'advance the'
intensifier until the pressure reading on G-l matches the value noted
Jin steﬁ 8. Open VP-1 and'continyé pumping‘to increase the. pressure
at fhe work point. |

12) Repéét steps 8-11 as needed to reach the desired pressure.

The eduipment upstream of VH-1 should not be left pressurized

for great lengths of time. High pressure gas leaks back'thrOUgh

the check valves and the low pressure end of the system éan'reach
pressures great enough to blow the protective rupture disks. The
manufacturer also Warns égainst leaving the remote head under pressure.
. The procedure for venting the low pressure lfne follows. |
Procedure D: ~Venting theé Tow pressure Tine. |
1) Close the main valve on the  supply ténk.
2) Crack VH-2, venting the system up to cheék valve 1.
3) Close VH-1 and complete venting by opening V-2 until the gas
bottle regulator reads less than 50 psi.
4) ‘Pressure on the high pressure side of VH-1 may be maintained by
periodic pumping on the intensifier through V-7. 1t has been found

that Hanging 5 to 20 kg on the end of the pump handle is an aid to
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making small pressure corrections when some delicacy but considerable

force is - needed.

High Pressure Electrical Feedthroughs

Electrical feedthroughs were fabricated from Harwood 3-M stain]eés
steel high-pressure tubing. The tubing was coned and threaded on one
end, cut square on the other, and etched inside by heating for 20-30
minutes in a Kel-F beaker containing 25 m]ﬁtap water, 10 ml concen-
trated HN03, and 15 ml concentrated HF. The acid solution was
periodically circu]atedAthrough the tubing with an eye drbpper.

The center conductor was 27 gauge enameled magnet wire. Eccobond 104
epoxy to which 5 percent by weight alumina powder had been added

was thoroughly mixed and then out-gassed by pumping on the mixture
with a mechanical fore—pump for 15 to 20 min. A Tygon tube was then
filled with heated ehoxy and attached to the préssure tube by a hose
clamp. The epoxy was then squeezed into the stainless-steel tube
containing the center wire. After the epoxy set, standard male-to-
cable BNC fittings were soldered to the pressure tubing with copper
spacers employed to match the pressure tubing 0D to the BNC ID. Later
experience showed it to be considerably easier to sé]der the spacers
to the tubing before fi]]ing the tubing with epoxy. Connection to
other mg]e-ended cables was made using a female-female adapter which

was never removed from the feedthrough side in order to prevent
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straining the somewhat delicate center pin connectioné on the

feedthrough BNC's.
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