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Influence of NH4—Cs substitution has been studied in the mixed Cs;.
(NH)H,PO, crystals system by means of dielectric measurements. The
x-T phase diagram was determined: for ammonium concentrations up to
0.1 the system has a monoclinic paraelectric phase with a transition into
a ferroelectric phase whose temperature increases with increasing
ammonium concentration. For ammonium concentration 0.4 to 1.0 the
system shows a tetragonal paraclectric phase and a transition into an
antiferroelectric phase. No solid solutions with concentrations between
0.1 and 0.4 could be grown. The system was further studied with the
quasi-one-dimensional Ising model and the three-dimensional
anisotropic Ising model .
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INTRODUCTION

In the mixed crystals of the KDP family the glass state forms due to the
competition of antiferroelectric (AFE) and ferroelectric (FE)
interactions'!. In the present work, the influence of the Cs = NH,
cation substitution on the phase transition and the possible formation of
a glass state were studied in mixed Cs, (NH,),H,PO, (CADP) crystals
with 0 < x £ 1. Two main points of interest make this system different
from the other mixed crystals in the KDP family: on the one hand we
will study the effects of the substitutional impurities on the ferroelectric
properties of the quasi-one-dimensional CsH,PO, ¥*. On the other
hand, the ionic radii of Cs™ and NH," are quite different and the pure
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crystals, NH,H,PO, (ADP) and CsH,PO, (CDP), belong to different
crystalline structures: tetragonal and monoclinic, respectively.

EXPERIMENTAL

CADP single crystals were grown from water solutions by the slow
evaporation method. The concentration in the solid solutions was
determined by direct chemical analysis. The auto-balanced Quad Tech
7600 Precision RLC Meter and Tesla BM-595 bridge were used for
measurements of the complex dielectric constant in the frequency range
10 Hz - 1 MHz. A closed cycle helium cryostat (Janis Research Co.,
Inc. Model C210) was used in temperature range 15-350 K. Samples in
the form of rectangular plates (0.5x0.5x0.1 cm’) were oriented along
the crystallographic axes. Mixed sputtered Au-Pd as well as silver paint
electrodes were used.

RESULTS AND DISCUSSION

Phase Diagram
For mixed CADP crystals the monoclinic modification grows from

water solutions with ammonium concentrations 0<x<0.35. At higher
concentrations (0.35< x<1) only crystals in the tetragonal modification
grow. Both, monoclinic and tetragonal modifications of CADP (with
concentrations in crystal x=0.09 and 0.4, respectively) grow from water
solution with x~0.35. The ammonium concentration in the crystals
differs significantly from that in the aqueous solutions and varies
between 0 and 0.09 in the monoclinic modification and between 0.4 and
1 in the tetragonal modification. Thus, mixed CADP crystals do not
form in the concentration ranges 0.09<x<0.4.
The temperature dependences of the dielectric permittivity of
monoclinic CADP measured along the FE b-axes and tetragonal CADP
measured perpendicular to the tetragonal c-axes is shown in Fig. 1,2.
The temperature of the FE phase transition of monoclinic CADP
monotonically increases from 154.5 K to 175 K with increasing x. The
peak of dielectric permittivity €, slightly smears out when x increases
and its value at T,, g,,,, decreases from 3-10° in pure CDP down to
2-10* for CADP with x=0.1. At x > 0.3 the temperature of g,,,, becomes
frequency dependent.

The shape of the dielectric hysteresis loops do not change with
increasing x and only an increase in the coercive field is observed. The
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saturated spontaneous polarization in monoclinic CADP slightly
increases with increasing x (about 20-30%).

160 180 200 220 240 260 280 %80 150 1k 200 240 280 3%
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FIGURE 1 g(T) for FIGURE 2 ¢, (T) for

monoclinic CADP with x=0, tetragonal CADP with

0.03, 0.09 measured at x=0.42, 047 and 0.97

frequency 1 MHz. measured at frequency 1

MHz.

In the tetragonal CADP crystals with x > 0.5 the temperature behavior
of ¢, and g  practically does not depend on x and the step-like anomalies
of ¢(T) and €,(T) at Ty shift to lower temperatures with decreasing x
(Fig.2). For x<0.5 a broad cusp arises instead of the step-like anomaly,
characteristic of smearing out the AFE phase transition. However, the
low-frequency dispersion indicative of glass - like behavior does not
appear in the vicinity of Ty down to the lowest ammonium
concentrations (x=0.4) corresponding to tetragonal modification. The
temperature hysteresis increases with decreasing x and it reaches the
value 10 K for CADP 0.4.

The xT-phase diagram of CADP (Fig.3) was plotted based on the phase
transition temperatures T, and Ty, determined from dielectric data. The
concentration dependences of both T, (in monoclinic CADP) and Ty (in
tetragonal CDP) are nonlinear. On the cesium rich side the unusual
result is the increasing of T, when x increases. Moreover, the initial
slope of this dependence is anomalously large; dT /dx= 780 deg. For
comparison, the initial slope in Cs(H,.D,),PO, is 115 deg!.

It is interesting to note that on the ammonium rich side large Cs
concentration (~40%) do not seem to modify the principal features of
the AF transition, whereas in RADP, KADP and RADA at x>30% the
glass phase occurs!") .
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FIGURE 3. xT-phase diagram of Cs, (NH,) H,PO,.

Critical Behavior of the Static Permittivity in Monoclinic CADP

The critical behavior of CDP is usually described in the terms of the
quasi-1d Ising model (eq. (1)) or the three-dimensional anisotropic Ising
model (eq. (2)) !

C
gh:gboo—‘r (1) ; gh:g[)w+—_ (2)
2‘]1/ -
Texp(~ )=,

The analysis of the critical behavior of ¢, in CADP is complicated by
the influence of the high temperature conductivity (T>250 K) and the
effect of the electrodes. These facts explain the large difference of the
parameters in egs. (1,2) found in the literature®. Our results point out
that an increase of the temperature range to high temperature and a
decrease of the measuring frequency lead to an increase of C and A4 in
eqs. (1, 2). An increase of y due to an additional contribution of
hopping conductivity to the complex permittivity is also observed. The
fitting of the experimental points close to T, decreases J,, and increases
J, . The neglect of ¢, increases C, 4 and J,, but decreases J, and
v . At T>250 K the static dielectric constant g, was calculated as the
high-frequency limit of ¢, (v) and it is close to that measured at the
frequency 1 MHz. At T > 330 K the difference between ¢, (1 MHz) and
&,, Increases exponentially. So, the dielectric data at fixed frequency
v=1 MHz gives the best fit only below 330 K.
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FIGURE 4 Temperature dependence of inverse dielectric permittivity
1/, in CDP and CADP with x=0.07. The solid and dotted lines are the
fittings by eqgs.(1) and (2).

In order to avoid errors due to the dielectric dispersion in the
vicinity of T, the low temperature limit of the fitting must be restricted
T=T+15 K. Figure 4 shows the best fitting results with eqgs. (1, 2) for
pure CDP with g, = 8 and other free parameters. The results forC,J,,,
J, are similar to the ones found in the literature. The results of the
nonlinear curve fitting depend on the details of the fitting procedure
because the parameters in egs. (1,2) are mutually dependent.

CADP |[C/K |)/K LK |y TABLE I Fitting

X=000 | 35224 [ 2946 | 291 [136 | Parameters of the quasi-
one-dimensional  Ising
x=0.03 | 3645 [305.5 [5.02 |1.40 | model and the exponent y
— of the three-dimensional
x=0.07 |[2921 |339.7 |4.16 |1.48 anisotropic Ising model

x=0.09 |3033 |3640 [3.25 [1.52 | for different CADP
compositions.

Figure 4 shows the fit of the experimental data eqs (1, 2). An
increasing of J,, with increasing x is observed (Table I). The initial
slope of the J,(x) dependence is estimated as d.J,,/dx ~ 2000+ 500.
On the other hand, J, decreases when x increases. As a result, the
anisotropy of the interaction (J,/J, ) increases with increasing x. The
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Curie constant C decreases by a factor 0.44-0.55 when x increases
from O to 0.1, instead of increasing proportionally to P2, This suggests
that equation (1) is not correct, probably because of the omission of the
proton tunneling. The three-dimensional Ising model seems to describe
better the behavior of the crystals, especially in the temperature region
close to the transition point (Fig. 4). Nevertheless, the same problem
with the Curie constant is observed. The parameter y has the tendency
of increasing with increasing x (Table I), as it was also observed for
CDP upon deuteration'” and substitution Cs —T1 P,

A possible explanation of the failure of the quasi-one-dimensional
model is a crossover between a non-interacting random local
temperature defect region and interacting defect region due to the
increase in the correlation length along the b- axis when temperature
approaches to T..

CONCLUSION

The CADP phase diagram shows an opposite influence of the Cs—NH,
and NH, —Cs substitutions on the phase transition temperature of the
monoclinic and tetragonal modifications. No indications of the glass
state were found. The quasi-1d-Ising model has to be improved in order
to take into account the peculiarities of the monoclinic CADP crystal
system. The 3d-anisotropic Ising model seems to better fit the system,
especially in the region close to the transition point.
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