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Study of the Tricritical Point in KH,PO,4 by y-Ray and Neutron Diffractometry
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The existence of a pressure-induced tricritical point in potassium dihydrogen phos-
phate was investigated by direct measurements of the spontaneous shear angle as a func-
tion of temperature using y-ray diffractometry at pressures up to 2.15 kbar, High-reso-
lution neutron diffractometry was applied to the measurement of the critical behavior of
the lattice constant ¢ at various pressures up to 3.5 kbar. The results of the two methods
agree and indicate tricritical behavior at a pressure of about 2 kbar.

Active experimental studies have shown that a
number of physical systems have more than two
field variables, As a consequence, considerable
attention has been paid to systems that display
“higher order” critical points.? He3-He* mix-
tures exhibit a tricritical point® in the (7, s, 1)
field-variable space,* where T is the tempera-
ture, s the difference in the chemical potentials,
and 7 the field conjugate to the superfluid order
parameter, Magnetic field-induced transitions in
DyAlG (dysprosium aluminum garnet)® and FeCl,°®
have provided examples of magnetic tricritical
points (TCP) in the (H applied,H staggereds T) space;
furthermore, applied pressure generates tricriti-
cal lines in a four-dimensional space.” Applied
pressure or stress has also been found to induce
changes in critical phenomena in the antiferromag-
net MnO,® the perovskite crystal SrTiO,,° ammon-
ium halides,!® and the ferroelectrics SbSI!! and
KH,PO, (KDP).'?

In ferroelectrics, two field (or intensive) vari-
ables are temperature 7T and electric field E;
pressure plays an important role by modifying
the strength of certain terms in the Hamiltonian
and can be considered as a fieldlike variable. In-
deed, hydrostatic pressure induces a change in
the order of the ferroelectric transition in SbSI !
and KDP 2 at zero electric field. The latter ma-
terial was investigated recently by Schmidt and
co-workers!? using static dielectric measure-
ments under pressures up to 3 kbar., The ferro-
electric phase transformation which is first order
at ambient pressure was found to be second order

at a pressure of 3 kbar,

Here we report the first direct microscopic
measurements of the spontaneous shear u«,, using
y-ray diffractometry and of the variation «,, of
the lattice parameter ¢ using neutron diffraction
in the vicinity of the ferroelectric transition of
KDP at pressures up to 3,5 kbar at E=0, Thetwo
quantities u,, and u,, are related to the order
parameter, i.e,, the spontaneous polarization P,,
in the following way: u,, is linearly coupled to P,
via piezoelectricity, and recent studies®'1* at
ambient pressure have established the proportion-
ality of these two quantities near T.. Electro-
striction causes u,, to be proportional to the
square of P,.

In contrast to the previous dielectric measure-
ments'? which determine the macroscopic polar:
ization, both the y-ray!® and neutron!* scattering
techniques yield microscopic values of the order
parameter and do not require an external field,
With an electric field E applied, these methods
allow study of the entire tricritical region in the
variable space (T, E, p), whereas the dielectric
method is not useful in that part of the region in
which the crystal breaks up into domains, Fur-
thermore, these techniques provide information
from a relatively large bulk sample, whereas
x rays can penetrate only a short distance and
may yield results affected by surface strains,

The 4 X6 X7-mm® KH,PO, samples used were
perfect single crystals, The pressure cell'® con-
sisted of an autofrettaged high-strength aluminum
alloy body and its associated safety shield. The
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pressure medium was helium, A primary two-
stage compressor, together with a pressure in-
tensifier, were used, The pressure was mea-
sured by a Manganin gauge. The pressure cell
was immersed in a cryostat, Slow temperature
slopes of typically 0.1 K per hour were run through
the temperature range of interest, The precision
of the temperature measurement was 0,01 K.¢

Both the y-ray and the neutron experiments
were performed at the Institut Laue-Langevin
with the same pressure-cell/cryostat system,

For the first experiment we used the y-ray dif-
fractometer?” at a wavelength of A =0,03 A and an
angular collimation in the scattering plane of 30
seconds of arc to measure directly!® the sponta-
neous shear angle at different pressures as a
function of the sample temperature,

For the second experiment a neutron high-res-
olution parallel-crystal arrangement was used,®
The monochromator was a KD,PO, single crystal
plate, At a wavelength of 3.2 A the angular posi-
tion (resolution 0,01° of the (004) reflection was
monitored as a function of temperature to yield
the corresponding variation of the constant lat-
tice c. The studied range in pressure was 0,001
to 3.5 kbar,

A comparison of the shear data at 1 bar, 1 kbar,
and 2,15 kbar (Fig, 1) shows that the step at T,
characteristic of a first-order transition decreas-
es with increasing pressure. Given the uncertain-
ty due to the temperature inhomogeneity of the
sample, it is difficult to know whether this step
has really disappeared for the pressure of 2,15
kbar. Further studies are necessary to clear up
this point conclusively.

The shear u,, is connected to the polarization
by the relationship

Uyy=byePy,

where b, is a piezoelectric constant, At ambient
pressure the value of this constant can be obtained
within the temperature range of 0 <7 .- T s1°K
by comparing the spontaneous shear measure-
ments of Bastie et al.’® and Zeyen and Meister,*
both in good agreement, with polarization data of
Benepe and Reese.' This leads to a value of b,
=(4,8310,02) x10-7 esu.

Neglecting the pressure dependence of b,,,2° an
attempt has been made to compare our results to
the polarization curves deduced by Schmidt et al.
from their static dielectric data at various pres-
sures (Fig. 1). Although the agreement is not
quantitatively good, both types of experiments

338

4 Uyy(mrad) APy
(esu)
xXe
— x
oy N xe —-10000
++
“F
7500
2kb0f/ j
3L
- 5000
) x ny 1bar
|+ Uyy 1kbar
4 Uxy 2)5kbar 1 2500
T Pz  Ref 19
— P, Ref12
1 L 1 ] 1 1 1 ] 1 TC'T °K

1
1 05 01 0

FIG. 1. Temperature dependence of the spontaneous
shear u,, from y-ray measurements for various pres-
sures. These data are compared with polarization
measurements by Benepe and Reese (Ref, 19). Full
lines are calculated from the work of Schmidt et al.
(Ref, 12) and Baker ¢ al. (Ref, 12),

are compatible with the existence of a TCP at a
pressure close to 2 kbar,

The temperature behavior of u_, in the vicinity
of T, can be written as®

U {T) = T + QP .2,

where «o,7T stands for the usual thermal expansion
and @,, is an electrostriction coefficient describ-
ing an elongation of the lattice parameter ¢ re-
sulting from the appearance of the spontaneous
polarization P,, Figure 2 shows that the step in
u,, at T, disappears completely at the pressure
of 3.5 kbar, An extrapolation of a, for tempera-
tures below T, yields the purely electrostrictive
part

Au(T) =u,(T) - a,T
=Qq, P, A7) for T<T,.

A comparison of Au,,(T) and P,(T) at ambient
pressure within the temperature range of 0< 7T,
- T <2 K gives a value of @,,=(3,2+0,2)x107!2
esu practically independent of temperature and
in good agreement with the value reported in the
literature, 2

Because of the long-range character of dipolar
interactions, the critical behavior of uniaxial
three-dimensional ferroelectrics is expected to
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be essentially classical.?® In particular, re-
normalization-group theory? indicates that the
temperature dependence of the order parameter
is described by the classical exponent =3 for a
second-order phase transition (apart from small
logarithmic corrections). When a tricritical
point is approached a value of B=1% is expected in
three-dimensional systems.?® Therefore we. have
attempted to fit our results using a classical
Landau-type expansion of the free energy,

F=a(T-T,)P,2+bP_,*+cP,%+....

The temperature dependence of P, is obtained by
setting 8F/8P,=0; near T, this leads to

- 7
P2=[ﬁ(l%'—72} for b>0, ¢c>0

(B=3%, second-order transition),

and
a(T - T) 1/a
P,=[——"’E——— for =0, ¢>0
(B=4%, tricritical point),
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FIG. 2. Temperature dependence of the spontaneous
strainu,, from neutron measurements for various
pressures, The inset shows the discontinuity at room
pressure,

Figure 3 shows clearly that near T, u,,= QP>
is proportional to T, ~ T at 3.5 kbar and propor-
tional to (T, — T)Y2 at 2 kbar., This indicates that
the coefficient b vanishes for a pressure of p =2
kbar, i.e., that a TCP exists at this pressure.

An attempt to fit our results by a Landau expan-
sion over the wider temperature range T, -2 K
<T<T, has been made, but the introduction of
higher order terms up to the eighth power of P,
is required to obtain good agreement. As a re-
sult the number of adjustable parameters is large
and their determination is not very accurate.
Nevertheless, the fitting procedure always leads
to a value of the coefficient b which is negative
at 50 bar, positive at 3.5 kbar, and vanishingly
positive at 2 kbar, Consequently the present mea-
surements of the spontaneous shear u,, and strain
U, confirm the results of the dielectric measure-
ments as far as the existence of the pressure in-
duced tricritical point is concerned.

Finally, one may note that the change of the
order of the transition with pressure in KDP is
not unexpected and may be qualitatively explained
by an increase of the tunnelling frequency  of
the protons with pressure. This increase of Q
has been invoked® to explain the pressure de-
pendence of T.. According to the theory of Blinc
and Svetina,?” this leads to a decrease of the jump
of the order parameter. A quantitative compari-
son with this theory requires additional accurate
data.

In order to determine the tridimensional phase
diagram, high-resolution neutron-diffraction
measurements of both «,, and u,, for various
pressures, temperatures and electric fields ap-
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FIG. 3. Temperature dependence of the first and
second powers of the polarization-induced strain A,
These plots indicate the change in g from g = 5 at
p =3.5kbar to 8~3 atp = 2 kbar,
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plied to the sample crystal are currently under
way.

We are indebted to J, Paureau for loaning us
the pressure cell during y-ray experiments., We
thank R. Serve for highly appreciated technical
assistance,
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