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Modified strong-dipole proton-coupling model for hydrogen-bonded ferroelectrics
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The ferroelectric phase transition of hydrogen-bonded ferroelectricsP&Htype, was investigated by
employing a model of the strong-dipole proton coupliSPPQ. Besides the change of the dipolar component
along thec axis, which was earlier considered within the original SDPC model, the continuous three-
dimensional changes of the dipole were introduced in the model. The influence of these changes on the
ferroelectric phase transition was examined by employing Monte Carlo calculation. It is shown that the
experimental data for the spontaneous polarization along the pdaais are better described with such a
modified SDPC model in the vicinity of the ferroelectric transition temperaflige, than with the original
SDPC model. The additional superiority of the modified model compared to the original is the ability to
describe experimentally detected discontinuity in the transversal dielectric constant drgurld is also
demonstrated that the modified SDPC model reduces the gap between the previously calculated and the
experimentally detected. of KD,PO, ferroelectric.

INTRODUCTION Besides these successes, SDPC model exhibits some
weaknesse¥'!! For example, one cannot describe the tem-
The ferroelectric phase transition of the hydrogen-bondegberature behavior of the transversal dielectric constant be-
ferroelectrics such as KIRPQ, (KDP) is not yet fully under-  cause the interaction of the proton and the dipole moment of
stood. One of the simplest, but a powerful test for the newlyPO, tetrahedron is considered only for the distortion of the
proposed theoretical models, is a simple-D isotope ex- tetrahedron,i, with the corresponding electric dipole mo-
change. Wheiil is replaced byD, KDP-type crystal shows a ment, u;, along thec axis. It can be also notédthat the
large shift in the ferroelectric phase transition temperaturepbtained value of ¢ for KD,PQ, (DKDP) is shifted at much
Tc, from 122 to 220 K. As is well known, the first suggested higher temperaturé458 K) than is experimentally measured
statistical theory of the phase transition based on the order-(220 K). In the process of theoretical considerations of the
disorder mechanism in the proton configurations is not ablénelastic neutron-scattering in KDP and DKDP crystate-
to describe this isotope effect. Later, the model of the protorsults of the SDPC model was improved by introducing
tunneling in the double minima potential has been propose#lonte Carlo simulations, instead of simple mean field ap-
by Blinc? and widely accepted. From the new detailed strucproximation(MFA) in the treatment of the dipoles along the
tural data for KDP-type lattices it is noted that the bond ¢ axis. Recently, Fujif® discussed importance of the interac-
length itself is related with the isotope effect. These factgion between dipolar components perpendicular tocthais
have been used as a basis for a model known as “geometrénd protons. In the rotator-proton model suggested by R ujii
cal model.” However, this simple model cannot explain thethe electric polarization arises from tetrahedral groups which
absence of the phase transition in the so-called zercare described by orientation rotators with six directions and
dimensional hydrogen-bonded ferroelectriésMoreover, it  protons mediate interactions between the neighboring PO
was suggested that the phase transition arises due to tigeoups. The parameters of the rotator-proton model are esti-
order-disorder mechanism of the tetrahedral, Be@up?® mated by employing the MFA. Inside of the model the iso-
Recently, a model for the phase transition involving thetope effect was explained by assuming the difference of
geometrical properties and the strong dipole-proton coupling;otator-proton(deuteron coupling constants, without intro-
SDPC model, was developed by Sugimoto and IK8da.  duction of tunneling. An important difference between the
the model PQ tetrahedron was treated as a dipole. This in-rotator-proton model and SDPC model should be pointed
volves that the proton dynamics is described in the asymmetut. For the rotator-proton model the four configurational
ric double-well type potential and the isotope effect is de-proton energies around RQroups are deduced directly
scribed without the effect of proton tunneling. Besides a newthrough the fitting procedure while in the SDPC model en-
explanation for the isotope effect, the SDPC model was usedrgies of proton states are obtained by quantum mechanical
to calculated the distribution of excitation energies ofcalculations in the double-well potentil.
proton!? It was found that these energies are related to the The additional improvements of the SDPC model have
excitation energies obtained by the inelastic neutronbeen investigated in this study. From the above consideration
scattering experiment. The same model was also adapted iiocan be noted that one of the possible improvements of the
solve a problem of the isotope effect detected by the paranodel can be based on an unrestricted change of a dipole in
magnetic probes in KDP-type of crystalBy employing the  all directions and not only along theaxis, as was proposed
SDPC model it was possible at least qualitatively to describén the original SDPC modéf This expansion implies a more
the changes of the polarization fluctuation in the vicinity of realistic description of the dipole network in the KDP-type
probe due to the isotope effelt. lattice. The temperature behaviors of both components of
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FIG. 1. Schematic structure &O,"" tetrahedron and its dipole
moment with the corresponding direction of the forces on neighbor t‘, 04
protons:(a) tetrahedron dipole along thedirection;(b) tetrahedron : A 7 1; ]
dipole along the—c direction. o~ <o
i <
polarization(along thec axis and perpendicular to tleaxis) o g Y !

have been calculated and compared to the experimental va &3 ;3

ues and also to the obtained values from the previously sug !

gested models. It is shown that the obtained changes in this

modified SDPC model leads to the significant decrease in the FIG. 2. Schematic structure &0, tetrahedron and its dipole

discrepancy between the measured and the calculgiddr ~ moment with the corresponding direction of the forces on the neigh-

DKDP lattice. bor protons:(a) tetrahedron dipole along theedirection, (b) tetra-
hedron dipole along the-a direction, (c) tetrahedron dipole along
the b direction, and(d) tetrahedron dipole along theb direction.

PARAMETERS FOR THE MODIFIED STRONG-DIPOLE

PROTON-COUPLING MODEL dipole orientations, as shown in Fig. 2. According to the

Regarding the originally suggested SDPC model there argodef® a new constant of proportionalityk, , of the
two major improvements which could lead to a more accu-Proton-dipole interaction can be introduced for these dipole
rate thermodynamic parameters. The first possibility is tadirections.
include the low lying excited proton states and the second is In order to describe potential enerd,, for such ex-
to introduce the unrestricted changes of a dipole in all direcpanded model oN distorted tetrahedra connected witN 2
tions. One expects that because of the high excitation enerdyydrogen bonds, it is convenient to use schematic structure
levels in the proton potential the first effect will not give of KDP shown in Fig. 3. In Fig. 3 two types of tetrahedra
significant improvements for the thermodynamical propertiedenoted as | andlland four types of protong=1, 2, 3, 4
of the model in the vicinity of phase transition. Therefore,can be noted. The tetrahedron | in the case of dipole direc-
the second improvement that allows the changes of a dipole
in all directions has been chosen for the closer examination ., ., .,

A spontaneous polarization in a three-dimensional hydro- ; | '
gen bond network such as KDP-type crystal appears atong |——------ o
axis while hopping and eventually localization of protons is
along thea (or b) axis. In the SDPC model a dipole moment e; ' SR L
of PO, group contribute only along the axis and for a i T i
possible contributions in other directions it will be described L3 Edle, L3
as a vectop = (u?,u”, u°) with the components along the : B i
crystal axis(a, b, 9. A polarization along the axis can be
simply related to the proton position around the B (LN B, e
tetrahedrort? as shown in Fig. 1. In the ferroelectri€E) 3 2
phase for the polarization along the positive directiorcof
the lower protongdenoted as 3 and 4 in Fig) are closerto - 4 s 4
oxygen atoms on the tetrahedron than the upper pratss N R
noted as 1 and 2 in Fig.)1In the SDPC modé! a proton ZERE 1 o
position and ground-state energy directly depends on inter _ B £_>
action with the two neighbor dipoles and it is described as 2 : : ¢« e
the force,l_:ij =K(ui+u;), along _oxygen-hydrogen-oxygen
bond, x, with constant of proportionalityk. In terms of the 3 4
interaction one can also concludeig. 1) that a tetrahedron FIG. 3. Simplified projection of KEPO, structure on theab
dipole repulses protons when it is pointed to the oxygerpjane. The two types of tetrahedrénand 1) with the correspond-
atoms to which these protons are bonded and attracts protoig neighbor protonsg=1,2,3,4) are denoted. A dipoje . of type
when it is pointed to the opposite direction. By the analogy, tetrahedrori’ is assigned together with dipolgg. , of four sur-
for =c dipole directions the proton configurations and direc-rounding type Il tetrahedril, p. Arrows are pointed in the direc-
tions of the acting forces are also introduced fos and+b tion of positive forces on protonis, p due to induced dipoles.
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TABLE |. Parameters and results of the modified SDPC mogél=4.8x 103°C m).

h A IK A 1K, K T, C

eV h(pd)?  hMpd W) Ml K kdpd K K
KDP 0.110 1.84 0.6 0.11 0.135 1948 1.0 120 2600
DKDP 0.058 1.84 0.6 0.11 0.135 1925 1.2 250 2900

tion along +a axis, repulses protons 1 and 3 and attractgleduced from the same experimental parameters as for the
protons 2 and 4. Similarly, the tetrahedron Il repulses prostandard SDPC model. The perpendicular paramétersnd

tons 2 and 3 and attracts protons 1 and 4 for the same dipol&, are determined by condition that Monte Carlo simula-
direction. Tetrahedra in the lattice are denotediagi tion reproduced expected experimental data for KDR,

=1,..N), and type | tetrahedra are denoted ids (i’ ~120K ande,~59 at 140 K*® All used and calculated
=1,...N/2). Each tetrahedron of the type | is connected toparameters are collected in Table I.
four tetrahedra of the type Il by the proton of typeThere- Monte Carlo calculations have been employed for KDP

fore, the dipoles of type Il can be described with the pair ofand DKDP lattices withN dipoles by imposing periodic

the indiced’,p. The same pair of the indices are used for theboundary conditions and by using Metropolis importance

proton and for the force description. sampling method® Dimensionless parametess ands, are
For an arbitrary orientation of neighboring dipoles a forceused to define the polarization along taeand along thec

on proton is constructed from special cases showed in Fig. direction and they are defined as

and Fig. 2 and can be written in a form

N
1
b b
Fira= K (it ) K (g + o= w3 ), Sa =N A 2 Mo
Mg i=1
(€
b b
Fir o= K(= i = ) )+ K (s g+ if = w3 5), Lo
1
c c a b a b ( ) SC:NMH izl ,LLIC
Fi',3:K(,Uvif+:Uvi/,3)+KL(_MiI+Mi/+Mi1,3+Mi1,3): s
By employing these parameters the polarization components
b b i p =, = -
Fi',4:K(—Micr_,U«icr ,4)+KL(_/U«iar+/~Lir+/J~ia/,4+ pp ) are obtained:P,=pugs,/Vq(e=a,b,c), whereVy repre

sents the space occupied by one dipole m’jdis saturated
A force is positive when points to the positiee(or b) axis.  dipole moment for KDP. Monte Carlo calculation is used to
For the induced dipole along theaxis an elastic deforma- evaluate the temperature dependent distribution functions
tion energy is described with the paramefe(A>0)."%In P (s,) andPy(s,). Average over the distribution functions
expanded model a new additional parameterfor induc-  for the absolute values is denoted(és|)y . In this notation
tion dipole in the perpendicular direction has been intro-the spontaneous polarization is defined as
duced. The importance of the effect of the transversal dipole
interaction is emphasis in this study, therefore the previously
introduced direct dipole-dipole interaction can be neglected P.(T)= Hs lim (|q]) @
in the comparison to the transverse contribution in further € Voo VN
consideration. Thus, the potential energy for systeniNof

dipoles and R hydrogen bonds in the modified model is |t can be shown that the dielectric constant alongethis is

H

obtained: given:
NTALD . . A
Bpo= 2, | 5 (i + 17 ) 4 o uf eaN.T) =t =N(s2y, (5)
- < herex is th dependi he latti
S S (R m @ heress e consant dependng o e e paameters

=12 is the high frequency dielectric constant for K&Rn

The first term describes the elastic deformation energy of thg,q paraelectri¢PE) phase a dielectric constant along the
tetrahedra for an induction of dipole in the arbitrary direction 5yis is given as

(A, A, >0) and the second term describes the ground state
energy of 2N protons or deuterons. The parametede-
scribes the effect of magsl or D) and the geometric effect
while the parameteris approximately the same for the both
lattice (1=0.22A). The four parameter@, A, , IK, and
IK,) should be obtained from the experimental data forSimilarly, in the FE phase where the order parameter is dif-
KDP lattice. It can be shown thak and IK can be easily ferent from the zera, is given as

SC(N,T)=8x+$N<s§>N, 6)
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FIG. 4. Monte Carlo calculation of the temperature dependence ) )
of (|s¢]) parameter for the KEPOtype lattice withN="500 di- FIG. 5. Temperature dependence of the transversal dielectric

poles (full circles). The solid line represents the experimental dataconstant for KBPO,, calculated from the modified SDPC model
for the relative polarization of K§PO,. The dashed line represents (full circle), experimental datésolid line), and calculated from the
the order parameter calculated from the rotator-proton model anfPtator-proton modefdashed ling

the dashed-dotted line represents the same parameter calculal

from the original SDPG model, ®&sults fore, ande;* are shown in Fig. 6 and in the PE

phase these results can be fitted to Curie-Weiss law. The
obtained constants Q=2600-200K and T,=121.5

@) +0.3K) are in a good agreement with the experimental
values!* In the FE phase one can also use the similar tem-

. . __perature dependence as for Curie-Weiss law with negative
Monte Carlo calculations were performed on the KDP lattic€,qgtant value(C=—660+40K and T,=130.9+0.8K).

with N=500 dipoles. For the dipole components alongahe The giscontinuity in the dielectric constant & and the
axis and along thé axis the random values are taken be- jifference in T, and T, temperature wherdo<To<T,
tween—12u{ and+12u¢' and for the component along the clearly support the first order of the phase transition.

K 2 2
eolN.T) =6+ SN (Isd)?)-

c axis between- 3,uSH and +3,uSH . The average was calcu- Monte Carlo calculation for the DKDP lattice is provided
lated for a certain temperature from the data of 1 5  on N=2846 dipoles network. All parametess A, , IK, and
X 10° Monte Carlo steps. IK, are the same as for KDP except paramétemhich was

The order parametef|s|) exhibits temperature depen- taken from the original SDPC model For the dipole com-
dence as shown in Fig. @ull circles). In Fig. 4 the tempera- ponents along the axis and along thé axis the random
ture dependence of the experimentally obtained relative po¢alues are taken betweenl4ud and +14uf and for the
larization as well as the theoretically obtained ordercomponent along the axis between— 4ul and +4ut.
parameters from the rotator-proton modednd data from The number of Monte Carlo steps i810°. The simulated
the previous Monte Carlo calculation in the SDPC mébtlel parameter|s.|) is shown in Fig. 7 and can be compared
are shown. The results from the modified SDPC model showvith the relative longitudinal polarization for DKDP. As is
better description of the experimental results than the earligiell known, the experimentally measured longitudinal polar-
SDPC results. Moreover, in the near vicinity B the modi-  1Zation shows sharp phase transition at 22& KComparing
fied SDPC model exhibits better agreement with experiment€ calculated and the experimental results one notes that the
than the rotator-proton mod®.A discontinuity atTc indi- calculated transition behavior does not exhibit sharp transi-

cates the first order type of phase transition behavior as was " aHs experln:ﬁntalt);jgta ('jn tﬁe tertnpercf;}[';uretlntervalTaround
experimentally detectél and theoretically discussed ' C: HOWEVET, the oblained phase transition temperatyre
earlier? ~250K is significantly lower than the calculated onEg(

For the same numbers of dipoles the temperature depen: 510 K) in the standard SDPC modeISimilarly, as in the -
se of KDP, the longitudinal component of the dielectric

dence of the transversal component of the dielectric consta L metant can be calculated and Curie-Weiss constant is de
is calculated by employing relatiai®) and shown in Fig. 5. ) )
y smploying o) g duced C=2900+300K andT,=245+1 K). All employed

The model calculation shows a small discontinuitylgtand d caleulated for KDP and DKDP latti 1 thi
a good agreement with the experimi@nin the PE phase and calculated parameters for an attices in this

while a poor agreement can be s%%n in the FE phase. This feodified model are collected in Table |.
opposite to the rotator-proton modeilvhere a better agree-
ment is in the FE than in the PE phase. DISCUSSION AND CONCLUSION
Longitudinal dielectric constant is calculated from rela- It was shown! that if SDPC model were treated under the
tion (6) for T=125K and with relation(7) for T<120K. assumption of permanent dipoles, this would lead to an
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- — FIG. 7. Monte Carlo calculation of the temperature dependence

. of {|s¢|) parameter for the KEPO,-type lattice withN=2864 di-
poles(full circles). The solid line represents experimental data for
the relative dielectric constant of KBPO,. The arrow denotes the
temperature position of the phase transition obtained by the original
SDPC model.
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. _ order nature of phase transition in KDP crystals was ex-
0ozl .. o ] plained as a consequence of the term in potential energy
. ' which comes from long-range polarization forteer from
the mechanical energy associated with the shear strain which
000 e 1 M e T accompanies the polarizatiohHowever, for more detailed
100 120 140 160 180 approach to order of phase transition more sophisticated
T(K) Monte Carlo methods are requir&t.
Improvements in the description of the critical effects in
DP lattice also have an impact on much accurate descrip-

FIG. 6. Temperature dependence of the longitudinal dielectricK

constant(a) and the inverse of the longitudinal dielectric constant . . .
(b) for KH,PO, obtained from the modified SDPC modél tion of the isotope effect. Thus, the isotope effect can be seen

circle), experimental datdsolid line), obtained from the rotator- &S @ Strong support for the modified SDPC model. Employ-

proton model(dashed ling and the best fit of the modified SDPC 1N similar criteria one can also tests the quality of the other
model (dotted ling. alternative models. For example, in the recent model for the

phase transition in KDPDKDP) lattice 2° which is based on
the interplay between the tunneling motion of the protons

Ising-type model. Calculated results show that such a moddReuteronj the polarizability change of the neighboring PO

is poori®! Therefore, the simple continuous change of di-groups and the geometrical effects of hydrogen bondd ¢he
poles along thes axis in the SDPC model should be taken for DKDP lattice is predicted on 168 K. Thus the obtained
into account. Besides the significant success of the SDPGifference between predicted and experimentally obtained
modet®~*2such model shows no any lateral polarization ef-T in this model exhibits larger deviation- 55 K) than for
fect. Further step in expansion of the model is to assume the modified SDPC model.

change of dipole in the directions perpendicular to polar axis. Efficiency of the modified SDPC model to predict the
In this study the model with the continuous three-isotope effect of the saturation of polarization, critical tem-
dimensional changes of the dipole in KDP-type lattice wasperature and Curie-Weiss constant indicates that this model
implanted in the SDPC model. The anomalous behavior otan be also used for more detailed descriptions of the short-
the transversal dielectric constant in the vicinityTof was  range type interaction around the dipole. A paramagnetic
qualitatively predicted by employing the modified SDPC probe is usually employed for the study of slow-motional
model. Moreover, the calculated order parameter shows dynamics in the PE phases of the hydrogen-bonded ferro-
discontinuity and better fit of the experimental data than theelectrics. By applying the modified model a probe can be
original SDPC model. This better fit to the experimental datareated as a dipole with different parameters than the original
indicates that coupling of order parameter to the transversene. One expects that such treatment would lead to more
dipole components can be responsible for the first order naaccurate description than it was obtained earlier by employ-
ture of phase transition in KDP. It can be noted that the firsing original SDPC mode'?
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