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Molecular dynamics simulation of the soft mode for hydrogen-bonded ferroelectrics
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Numerical simulations of dipole dynamics have been studied by employing a recently proposed modified
strong dipole proton coupling'SDPQ model of the phase transition in the hydrogen-bonded type of ferro-
electrics. The obtained results in the form of the spectral density of the polarization fluctuation along the polar
axis and along the lateral direction are simulated and correlated with known experimental data obtained
primarily by Raman and infrared spectroscopy on KDP and DKDP lattices. A central@€akppears in the
calculated spectral density of the longitudinal polarization fluctuation in the ferroelectric phase of KDP and
DKDP. The simulated CP indicates an order-disorder mechanism of excitation in the paraelectric ph&se near
in both crystals. By increasing the temperature to 460 K, the crossover to the displacive behavior for KDP
lattice is predicted. The model also predicts a low-frequency flat anomaly for KDP and a CP for DKDP in the
spectral density of transversal polarization fluctuations, as was earlier detected by infrared and Raman spec-
troscopy. The superiority of the MSDPC model is additionally tested in the description of the experimentally
obtained pressure-induced change of the CP line shape for KDP.
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[. INTRODUCTION based on an order-disorder model. In the newly proposed
model, the CP is assumed to be composed of two parts: a
The mechanism of the ferroelectric phase transition inpolarization fluctuation mode and a libration mode of,PO
KH,PO, -type ferroelectrics (KDP) is not yet fully tetrahedra. Moreover, the additional experimental data ob-
explained-? One of the peculiar properties, which is not tained later by far-infrared reflectivityand impulsive stimu-
easy to incorporate in the model, is a description of thdated Raman scatterifgupport order-disorder phase transi-
simple H— D isotope exchange effect on the phase transitiortion. However, it should be noted that the explanation for a
temperaturdl .. Thus, a large shift o ; from 122 K to 225 physical origin of exchange effects was not included in the
K, due to isotope exchange, appears to be one of the mostodel.
powerful tests for the quality of the proposed model. Recently Sugimoto and Ikefigroposed a strong dipole-
The first widely accepted model offering a solution for proton coupling SDPQ model with a large isotope effect on
this problem, based on proton tunneling in the doublethe transition temperature without including the tunneling
minimum potential, was proposed by BliAcThe large in-  motion of protons. In the SDPC model the isotope effect is
crease ofT . caused by the exchange effect is explained bydue to the difference in ground-state energies between proton
the difference of tunneling frequency due to the mass differand deuteron in the potential of the hydrogen bond affected
ence between proton and deuteron. In the suggested tunnédly the ordering of the dipole momer(iaduced by distortion
ing model the collective tunneling motion coupled with the of PO, tetrahedra A new improvement of the SDPC model
polar phonon mode softens to trigger the phase transitionwas also recently suggestedy introducing continuous
The low-frequency polar mode was later detected as an irthree-dimensional changes of the dipole instead of one-
tense central pealCP) in the Raman spectruhand has been  dimensional changes only along theaxis, as was consid-
interpreted as a ferroelectric overdamped soft mode coupleered in the original SDPC model. The influence of the intro-
with the collective proton tunneling mode. Thus, in such aduced modifications on the ferroelectric phase transition was
tunneling model the phase transition is of a displacive typeexamined by employing a Monte Carlo calculatbit. is
with a softening of the optical phonon mode. There are sevshown that the spontaneous polarization along the polar
eral experimental results which are inconsistent with thisaxis in the vicinity ofT is better described with the modified
model that were discussed in detalfollowing this discus- SDPC(MSDPQ model than with the original SDPC model.
sion one finds that there is no strong experimental evidenc&he additional superiority of the MSDPC model compared to
for such a proton tunneling mode from the neutron scatteringhe original model is the ability to describe the discontinuity
data and, in addition, the polar mode is heavily overdampeth the transversal dielectric constant around Moreover, it
even at room temperature where an underdamped soft modealso shown that the MDSCP model reduces a gap between
is expected. the previously calculated and experimentally detected shift
It should be noted that in the Raman spectra it is difficultof T, for the isotopic exchange effect.
to distinguish between an overdamped oscillatory soft mode, The efficiency of the MSDPC model to predict the isotope
which comes from a displacive model, and a relaxationakffect in T, and transversal dielectric constant anomaly sug-
mode, characteristic of an order-disorder model, due to simigests that it can be used for a more detailed description of
lar spectrum shapes in the frequency domain. Thereforgphase transition in KDP lattices. In this work the MSDPC
Tominaga and UraBesuggested an additional interpretation model will be employed to examine the dynamic properties
for the CP observed in thB, symmetry Raman spectrum of the phase transition in hydrogen bonding ferroelectrics.
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The Langevin equations, with potential derived from the TABLE I. Evaluated parameters for the longitudinal polarization
MDSPC model, are used in numerical calculations of thedy employing the characteristic constamé=110 meVu!'=4.8
longitudinal and transversal polarization dynamics in KDP* 10 %°Cm, andty=2x10""s.

and DKDP crystal lattices. In the calculated longitudinal po-

larization fluctuation spectra, a CP appears and increases by y foH o le . HM L, | OFE @are
reachingT, from below. Above and nedf., the CP also h™/(us)® h%(ns)® toh™/(ug)® (em™7)  (cm™7)
?qlménatteg th? tf]pegtra and g'Ves us an O?ﬁortw_"t_i’ fro; a depp 146  —0.09 3.405 150 195
ailed study of the dynamic mechanism in the vicinityTlef. .o 74 003 3405 184 105

Moreover, together with expected peaks, transversal polar-
ization fluctuation spectra also show a flat low-frequency
anomaly for KDP and CP for DKDP. All these results will be
discussed and correlated with experimental data.

For a description of the dynamics behavioMbflipoles in
the ferroelectric phas@gearT=0 K), the same classical ap-

proximation to the motion of dipole moments has been used
Il. MODEL AND COMPUTATIONAL DETAILS as in the SDPC mod&* and can be represented by the

The calculation and simulation procedure will be pro-following equations:
vided in two steps. The KID) ground-state energy terms in

the potential energy of the dipole system have nonlinear d?ul IEpot
form and an analytical approach to the problem is possible M, 4 i
only nearT=0 K. Thus, in the first step, a harmonical ap- t Im

proximation of the equations of motion will be applied and

dynamical parameters for the lowest longitudif@blarized d2uP
. . Mi (9Epot .
alongc) and transversdpolarized along,b) modes will be M, —=—-——1, i=1...N, 2
calculated. In order to study the polarization dynamics in a dt %
wide temperature rangep to 460 K, numerical integration
of the classical Langevin equations will be undertaken in the 2, ¢
dui Epot
second step. M =
Before starting to simulate the dynamics of dipole mo- dt? i

ments by employing the model, the main characteristics of

the model can be briefly summarized. In the MDSCP model aAs can be noted here, the two additional equations are
a unit PQ dipole in the three-dimensional hydrogen bond added in the MDSCP model and it is expected that the effec-
network such as KDP is not directed only alongxis and  tive mass of the dipole moment in the transverse direction
can be described as a vecior=(u, 1, uf) with compo- M, differs from the effective mass! along thec axis. Fol-
nents along the crystal axia,b,c). In the SDPC model, the |owing a procedure similar to that done earfi&it is ex-
proton position and ground-state energy directly depend opected that in the ferroelectric phagearT=0 K) most of

the interaction with the two neighbor dipoles and it is de-the dipole moments differ slightly from the saturated dipole
scribed as the force==K(u;+pu;) along the oxygen- (dipole directed along the axis with saturated valug.).
hydrogen-oxygen bond with a constant of proportionalty, The linearized equations of motion are obtained by expand-
An additional new constant of proportionalitg, , has been ing the right-hand sides of Ed2) to a linear term in the
introduced in the MDSCP model to describe the transversadmall deviations of the dipole from the saturated one. The six
dipole interaction. The new form of the fordg, , which  modes of the dipole moment wave, with wave vedtpiap-
acts on H(D) was obtained earligEq. (1) in Ref. 9. Ina  pear as solutions for two dipoles per unit cell. The problem is
similar way the parameters of elastic deformation enefgy, simplified for the center of Brillouin zonekE&0) where the
andA, , are introduced into the potential energy given for|ongitudinal mode(along c) and transversal modélong

the system oN dipoles and Rl hydrogen bonds: a,b) are decoupled.
N The two longitudinal modes are the ferroelectric and an-
EpotZE %(MiaerM:oz)Jr g’ulcz tiferroeleciric mode with frequenciearg= \(fo+4f)/M
i=1 and wape= V(fo—4f,)/M. The force constant$, and f
N2 4 have the same meaning as in the SDPC model, but their
B E 2 (Jh2+ 122 —h) 5 values are different in the MSDPC model and they are cal-
=1 i".p : culated from the MSDPC parametdiable | in Ref. 9 and

presented in Table |. The value for the effective miysss

The first term describes the elastic deformation energwydjusted so that the ferroelectric mode frequeneyg
(A,A, >0) of the tetrahedra for an induction of dipoles in =150 cmi'! for KDP) has the same value as the frequency
the arbitrary direction and the second term describes thef the lowest experimentally detected; mode S
ground-state energy of\2 protons or deuterons. The param- mode.?* This value ofM leads to the longitudinal mode
eterh describes the effect of magd or D) and the geomet- frequencies in KDP and DKDP as shown in Table I.
ric effect while the parameteéris approximately the same for The four additional new modes obtained inside the MS-
both lattice<® DCP model are related to the transversal dipole dynamics. It
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TABLE Il. Evaluated parameters for the transversal polarization d2ub JE dub
by employing the characteristic constamid=110 meVu"'=4.8 M, i pOt—FOML ﬂ_,_ Fo(t), i=1,...N,
X10°% Cm, andty=2x10 %s. dt? P dt
)
f5 f1 M, w_ W
WP () A (pg)?  t5h"(ug)? (em™h)  (cm™) M d?uf 9Bt M dpuf RS
S —ToM——+F%(1),
KDP 0091  —0.009  0.508 100 123 dt? apf de
DKDP 0.105 —0.003 0.508 117 123

where F;(t) andI'y are the stochastic force and damping
constant, respectively. The behavior of stochastic forces is

determined by condition
can be noted that two degenerate low-frequency magdes

= J(f5+2f1)/M, involve the motion of protons while the (FF(O)FF(t)) =20 oM KT8 8,58(t). 4

otherl two_ high-frequency ~ degenerated mode&,.  kqiowing this condition forF®(t), the temperature of the

= \/(f0—2f1_)/ML. appear without proton motion. The system,T, is kept at a constant value.

modes polarized in a direction perpendicular to ¢texis are In the simulation, a unit cell corresponds to the tetragonal
expected to be Qetected in the infrared reflectivity spectrosypit cell of the crystal with four PQtetrahedra. A model
copy as well as in Raman spectroscopy vBthandB, sym-  system is the three-dimension@D) supercell, which con-
metry species in the ferroelectric pha$e). Indeed, in the  jgts of 2<2x 2 unit cells. Simulation of the dipole dynam-
low infrared spectroscopy of KD_P several peaks at 100,.112}05 is calculated for such model system f 32 PQ, di-
131.5, 180, and 242 cnt, assigned as three translation poles by imposing periodic boundary conditions and using a
modes of K-PQ and two libration modes of P can be  \sgriet algorithm!” The stochastic force acting on the dipole

found in the FE phas@.Since there is no additional infor- ,oment holds at a constant value over the time inteisal
mation to obtain a more accurate correlation between thesgtolz_ The integration step (0:510 % s) and time interval

five experimental and two calculated modes, the effectivg;x 10-14s) are shorter than the fastest oscillation in the
mass M, is adjuied to reproduce the lowest-frequencygysiem (-20.0x10 14s). It is convenient to introduce di-
rrlodew_l= 100 cm = Values for transversal force constants mensionless variables proportionald@ndc polarization,

fy andfy, together with transversal mode frequencies, were

calculated from the MSDPC parameteend are given in 1 N
Table 1. Smaller values of transversal effective dipole mass Sa(t)= NP 21 ©i(L),
Ms 1=

and transversal force constants compared to their longitudi-
nal counterparts are obtained by adapting the lowest- N
frequency mode together with the value of the transversal 1 E c
dielectric constantd,~59 at 140 K. Se(t) = Nub 51 Ki (D), )

The peak positions ofgg in KDP and DKDP(Table ) s
show an expected isotope effect. One notes that the pedd to define spectral density functions which are propor-
position in DKDP is at a frequency 1.23 times higher thant@onal to experimentally measured Raman spectral intensi-
that of KDP. This is in accordance with Raman spectroscopyi€s:
data for the S modé* (for KDP, w1=142 cm?! oat T s
=100 K, and for DKDP,w=165 cm - at 213.6 K. The :_f _ _ it
obtained values for antiferroelectridFE) modes[ware G(se,0)=5—| ([5c(0)=(sc)I[sc(t) ~(sc) e dlt,
=195 cm ! (Table )] are in closer vicinity to the experi-

mentally measured antiferroelectric modg@d4, 160, and B 1 (= (ot
214 cm ) (Ref. 16 than the same frequency calculated for G(Sa,w)= Zﬁgsa(o)sa(t»e dt. (6)
the SDPC model gare=73 cmi ).
For the study of the motional dynamicsMfdipoles in the It can be noted that in the simulation procedure the damp-

vicinity of the phase transition, a more rigorous treatmentjng constant remains as the one unknown and temperature-

beyond the linear approximation, is required because thihdependent parameter.

nonlinearity of the equations becomes important. The long-

range part of the direct interaction between dipole moments IIl. RESULTS AND DISCUSSION

is expected to induce fluctuations of the dipole moments.

Thus, these effects can be described by employing a set of The molecular dynamics simulations have been per-

Langevin equations in terms of stochastic forces and damgormed by employing classical Langevin equations. Spectral

ing, densities were evaluated in the wide temperature interval
aroundT,. The phase transition is obtained in the vicinity of
130 K and coincides with earlier Monte Carlo calculations of

d2p? JE dp? T.. Temperature dependences of the spectral densities,
M, ——-=— p:t—FoMid—t'JrF?(t) G(s.,»), calculated for the damping constantl
dt I =26.5 cmi !) in the FE phase and in the paraelectRE)
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FIG. 1. Spectral densities calculated #05=26.5 cm ! along FIG. 3. The first derivative of the spectral densities multiplied
the polar axis of KDP at several temperatures in the ferroelectriby w? calculated fol",=26.5 cni! along the polar axis of KDP at
phase. several temperatures in the paraelectric phase.

phase of KDP are shown in Figs. 1 and 2. The choice of thpeak S peak. In the temperature beloW, the CP mode
damping constant value was taken in accordance with thdisappears and th® peak remains at about 145 ¢ ex-
medium damping 8/8,=0.1) case which was suggested hibiting behavior similar to simulated spectral densities
earlier’* As is expected in the low-temperature region only shown in Fig. 1.
one inelastic peak from the oscillatory mode at 150 ém The good correlation of experimental Raman spectra of
can be seen. This peak exhibits a shift towards lower freKDP and spectral densities simulated with the MSDPC
guencies with an increase of the damping constant at highenodel was used as a basis for more detailed examination of
temperatures. An additional CP is also present in the FEhe central part of the spectrum in the PE phase. As is well
phase. The intensity of the CP strongly increase3-asT . known, the central mode is treated as a soft mode and it is
for T<T.. In the PE phase, only one broad inelastic peak atesponsible for the phase transition in KDP. However, the
around 70 cm? is obtained at high temperature, nefr real structure of the central mode is inconclusive regarding
=460 K. Below 380 K, this peak transforms into CP-typethe relaxational or oscillatory nature of the mode and de-
and its intensity increases @s- T, for T>T,. Itis knowrf  pends on the model involved. Since both of these models can
that the longitudinal polarization modes can be comparedit the central portion of the Raman spectra, additional con-
with well-known B,(z) Raman spectra of KDP in the con- siderations of experimental and theoretical evidence are re-
figuration X(Y X)Y for the PE phase and witA;(z) in the  quired for a more accurate description of the nature of the
FE phas® where B,(z) modes change inté\;(z) modes phase transition in KDP. In order to resolve possible contri-
due to the transformation from,4 to C,, symmetry afT..  butions to the soft mode, the calculated spectral densities are
In the FE phase, Raman spectra also show an additional sidgrultiplied by the square of the frequency and the first de-
rivative of these functions is shown in Fig. 3. This form is
025 , , , convenient to resolve the oscillatory contributions from the
\ relaxational contributions. The contribution of the harmonic
oscillator with frequencyw, appears to be positive with a
maximum within the frequency interval (@,) and changes
sign atwg. In contrast, the relaxation contribution described
] with correlation timer shows a maximum the position of
which is proportional to X, with a positive contribution in
the whole frequency interval. Indeed, the two types of con-
tributions are clearly seen in Fig. 3. The high-temperature
mode (460—-220 K exhibits clear oscillatory character,
showing a shift towards low frequenciéisom 85 cmi ! to
60 cm !). The second contribution can be seen as a low-
. . = frequency peakbelow 25 cmi'!) at temperatures below 220
0 40 80 120 160 K, with a dominant contribution in the positive region of the
derivative intensity and a maximum which shifts to zero fre-
quency. Thus, one concludes that the peak shows relaxational
FIG. 2. Spectral densities calculated 135=26.5 cnm* along ~ and soft mode character. This peak gives a dominant contri-
the polar axis of KDP at several temperatures in the paraelectribution to the spectral density of the whole CP and its tem-
phase. perature dependence can be approximated by the relaxation

020}
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FIG. 4. Spectral densities calculated 5= 26.5 cnT ! along FIG. 5. Temperature dependence of the inverse of relaxation
the polar axis of KDP at several temperatures in the vicinity oftime of the longitudinal polarization iillthe paraelectric phase for
phase transitionT., in the paraelectric phase. KDP and N=32 dipoles;I'y=26.5 cmi * (solid circles and I'y

=3.3cm ! (solid squares for DKDP N=32 dipoles; I'y

mode functionG, /(1+ w27?), in accordance with the order- =26.5 cmi* (open circlesandI’y=3.3 cm * (open squargsThe
disorder mechanism. The inverse relaxation timeshows a obtained data are fitted to relati¢f) and shown as a solid line for
critical decrease according to the relation from the Ising“PP andfas_e; das;jh_edl line for tr':e DKbDP "”}F“CS'P Res‘é'ts for the
theory of the order-disorder phase transitfoin the vicinity system ofN=108 dipoles are shown by soliKDP) and open

of temperaturel, (DKDP) triangles.

1 T-T, the lowest experimentally measuféand calculated oscilla-
i () tory mode (110-160 ct) in the FE phase. In the PE phase
nearT., the intensity of the relaxation mode is around three
where g is an “isolated spindipole)” relaxation time. The  orders of magnitude larger than the intensity of the oscilla-
calculated central peaks below 180 K in the PE-phasetory mode and a description of the spectral density with the
shown in Fig. 4, are fitted to relatidf?) and the parameters relaxation mode function, as in the case of KDP, is possible.
To=128+2 K and7,=1.9+0.1x 10 13 s are deduced. The The parameter§,=264+4 K andr,=3.2 0.2x10 ®s are
fitted graph is shown in Fig. 5. The calculated points arededuced by fitting relatiori7) in the temperature regionr(
obtained by employing two different damping constaligs —T,<0.4T,). The data are calculated for two different
=26.5cm?! (solid circle and TI'y=3.3cm ' (solid damping constantd(,=26.5 cm * andI',=3.3 cm *) and
squaresas can be seen in Fig. 5. One notes that the calcupresented in Fig. 5. One notes that the fitted data are nearly
lated points are independent of the damping constant belomdependent of the damping constant in the monitored tem-
temperature T—Ty)/To=0.4. The independence of the perature region, supporting the relaxation character of the
damping constant is expected for the relaxational mode and
thus supports the fact that in the temperature region below  o.025 \
180 K the simulated low-frequency peak reflects an order- |
disorder type of phase transition. It should be noted that in !
experimentally detected Raman and infrared spectra the 00201y \\
similar low-frequency mode with relaxation characteristic P

240 K

was assigned as tiienode®? Additionally, it can be men- . o015} | 180K
tioned that the evaluated, is in good agreement withr, 's;
=1.1x10 s obtained from the pulse Raman experiment. & ootol

The similar simulation for DKDRFigs. 6 and Y shows
that the CP and the inelastic peak are well resolved in the
whole temperature range. In this case, the CP can be as 0005}
signed to the relaxational soft mode. The inelastic peak ex-
hibits opposite behavior than that expected for a soft mode: 0.000 ‘ .
its frequency increases with lowering temperature in the PE o 40 80 120 160 200
phase. Such behavior is in accordance with an order-disorde
model where the relaxation mode originates from the jumps
between two potential wells and the oscillatory mode is re- FIG. 6. Spectral densities calculated 15=26.5 cnT* along
lated to oscillations within the potential well minima. It can the polar axis of DKDP at several temperatures in the ferroelectric
be noted that good agreement exists between the position phase.

® (Cm'1)
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FIG. 7. Spectral densities calculated f65=26.5 cm * along FIG. 8. Spectral densities calculated for several values of the
the polar axis of DKDP at several temperatures in the paraelectriparameteh along the polar axis of KDP at 300 K. The inset shows
phase. dependences aby andI” on the parameten.

central mode. The influence of the size of the model systeradditional parameters in the model. Thus, in the MSDPC
on the temperature dependance of CP widths was also examodel the whole ferroelectric interaction between the dipoles
ined for both crystals. Simulations were performed on theis due to the isotopic-sensitive interaction via hydrogen
larger model consisting dil =108 dipoles and correspond- bonds. On the contrary, the DDD interaction between longi-
ing to 3X3X 3 unit cells of the crystal. The obtained results tudinal dipoles—i.e., paramet® in the SDPC—model, is
are shown in Fig. 5. The newly obtaindg and 7, param-  assumed to be insensitive to isotopic exchange. Thus, one
eters coincide(within the same amount of erfowith the  expects that the reintroduction of the DDD interaction can

previous data calculated for the smaller unit cells. reduce the isotopic ratio fof, closer to the experimental
It is showrf* that in the random phase approximation of value.
an order-disorder model the single dipole relaxation tifge Moreover, because of the high sensitivity fofo the hy-

depends on the local dipole potential—i.e., on the height otirogen bond length, this parameter may be a good candidate
the potential barrieM. On the other hand, the phase transi-for explanation of the behavior of the CP under pressure. The
tion temperaturel . (or Ty) depends on the interaction en- effect of pressure on the KDP lattice can be explained by the
ergy between dipoles. Significantly largey obtained for the  change ot from 110 meV towards larger values. The spec-
DKDP lattice compared to the KDP lattice is in accordancetral density was calculated as a function fofat 300 K as
with the expected shift iff; for H— D exchange. According shown in Fig. 8. A clear CP structure for the lowbsind the
to the SDPC model, only the parameterwhich describes change of this structure to the oscillatory-mode-type struc-
an interaction between dipold¢sependent on HD) mass ture for other largeth values may be observed. The data
and geometry of the hydrogen bdnds responsible for the shown in Fig. 8 can be fitted to the damped harmonic oscil-
isotope effect inT,. One can note that the obtained isotopiclator, and the influence ofi on damping constant' and
ratio for Ty (~2.1) is somewhat larger than the experimentalfrequencyw, is shown in the inset of Fig. 8. The effect of
one (~1.8). However, by a comparison af, values ob- pressure on the CP was measured e&flemd the change of
tained for KDP and DKDP, it can be seen that this parameteboth I' and wq is in good qualitative agreement with the
is also affected by isotopic exchange. This is an importanpredicted behavior due to increasing paramédtein the
result of the present calculation since the paramegeis  model. The effect of increasinig is responsible for the de-
related to a local single-dipole potential. For example, thecreasing interaction between dipoles as well as for the in-
experimentally measured, for KDP and DKDP(Ref. 7  creasing harmonicity of the local potential, and the dipole
shows an even larger ratie<(7) than the ratio obtained here excitation in this vicinity should be considered more oscilla-
(~2). Thus, one finds that by changing a single parametetory in nature. Furthermore, this effect involves less nonlin-
h, one can change the interaction between the dipoles as wedhrity in the model and affects more the linewidth than the
as the depth of the potential wells of the dipole. frequency of the simulated soft modeee inset in Fig. B It

It should be mentioned that the dynamical behavior neais important to note that the appearance of inelastic oscilla-
the critical point could be additionally affected by a direct tory modes in the Raman spectra due to increasing pressure
dipole-dipole (DDD) interaction in accordance with the on the KDP lattice can be explained within the MSDPC
original SDPC model. As was discussed earligne DDD  model without including any tunneling effect.
interaction from the original SDPC model was neglected in The temperature dependence of the spectral densities for
the present MSDPC model. This was done in order to emthe fluctuation of polarization in a direction perpendicular to
phasize the importance of introducing transversal dipolehe ¢ axis of KDP has been calculated fbg=26.5 cm !
components, which also interact with protons, and to avoidand is shown in Fig. 9. The high-frequency modg=w .
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FIG. 9. Spectral densities calculated #0§=26.5 cm* along FIG. 11. Spectral densities calculated Tay=26.5 cm ! along
the axis perpendicular to the polar axis of KDP at several temperahe axis perpendicular to the polar axis of DKDP at several tem-
tures. peratures.

=123 cm *andI'=T",=26.5 cm ! (proton dynamics is not Spectral densities of the transversal polarization fluctua-
included in the mode exhibits invariant behavior in the tion are also simulated for the DKDP lattice by employing
whole examined temperature inter{dD—460 K. The low- I';=26.5 cm ! at various temperaturd&ig. 11). One notes
frequency modéproton dynamics is included in the mode that the low-frequency modes(_ =117 cmi 1) has a slightly
shows an expected peak ab_ =100 cnm' with Ty, larger frequency than in KDP and it overlaps with the
=26.5 cm' ! in the low-temperature region. The frequency =123 cm ' mode at low temperatures. The CP can be also
of the mode shifts to lower frequency values with increasingseen with maximum intensity around 300 K. Above 300 K
damping of the mode as temperature approadhes the FE  the intensity of the CP decreases and a broad peak appears
phase. AboveT,. the frequency slowly increases from around 70 cm!. The w, mode exhibits the same
60 cmi ! at 150 K to 70 cm?® at 460 K with decreasing of temperature-independent behavior as in the KDP lattice over
the damping constant. A mode with such characteristic softhe entire temperature interval examined. The oscillatory
behavior in the PE phase is not experimentally detecteccharacter of the mode at 70 crhin the PE phase is sup-
However, the low-frequency spectral densitfbelow ported by the additional simulation of spectral density for a
25 cmi 1) for T'y=3.3 cmi ! shows a fast increasing in the smaller value of the damping constardty=3.3 cmt). A
FE phase and nearly constant values in the PE plfeige clear narrowing of this mode with the unchanged contribu-
10). This behavior of the low-frequency region originatestion of the CP mode can be seen in Fig. 12. In Fig. 12 one
from the nonlinear properties of the dipole system and can belso notes the narrow. mode at 123 cm?, as is expected.
qualitatively correlated with the low-frequency flat anomaly Thus, the CP in DKDP can be assigned as relaxation type,
experimentally detected in the KBP>2324 indicating the existence of local potential wells along the
lateral directions=a and £b. The experimental evidence

240K

200K

G(s, o),

G(s, o)t

o(cm™

@ (cm‘1)

FIG. 10. Spectral densities calculated #35=3.3 cm ! along
the axis perpendicular to the polar axis of KDP at several tempera- FIG. 12. Spectral densities fdf,=3.3 cm ! along the axis
tures. perpendicular to the polar axis of DKDP at several temperatures.
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for an additional CP mode in the DKDP was detectedin The model also predicts the low-frequency flat anomaly
mode Ramal? and infrared” spectra and in dielectiémea-  for KDP and the CP for DKDP in the spectral density of
surements. For DKDP as well as for KDP, there is no experitransversal polarization fluctuations as was earlier detected
mental evidence for the existence of a low-frequency transexperimentally. Besides these results, the importance of in-
versal mode with temperature behavior similar to the  cluding transversal dipole components in the model seems to
mode. However, there is a low-frequency mode atphe additionally supported by recent preliminaap initio
110 cm'*, which frequency, contrary to other modes, in- cajculation&® for KDP and DKDP. It is shown that unstable
creases in the HD exchange process similar to the.  modes for the atomic configuration in the PE phase were not
mode: only the ferroelectric mode polarized alosgbut also two
degenerate modes appearing polarized perpendicular to
IV. CONCLUSION Additionally, the MSDPC model was employed to de-
scribe the experimentally measured, pressure-induced change
The recently proposed MSDPC motigiredicts fairly  of the CP line shape for KDP at room temperature. The simi-
well the critical behavior of the dielectric constant in the |, change in the CP line shape was reproduced by increasing

vicinity of the phase transition along the polar axis and alongparameteh in the model b increases as the hydrogen bond

the lateral direction. Therefore, one can an extend investiggsacomes shorterIn the earlier discussiof?, the same ex-

tion of thg suggestedl model to th'e process of the descriptio eriment was used as important support for a displacive type
of dynamical properties of the dipoles in hydrogen-bonde f phase transition associated with proton tunneling. The

ferroelectrics. Molecular dynamics simulation of the low- ove calculation clearly shows that this phenomenon as
frequency modes based on the MSDPC model was studie%P y P

by employing numerical integration of the classical Langevinwe” as the 'SOtOP'C. effect can be Qescr|bed W'th”.] the MS-
equations. The obtained results, in the form of the spectreﬁ)PC modellpredlctlng the order-disorder mechanism of the
density of polarization fluctuations along the polar axis and°hase transition. , _ ,

along the lateral direction, are correlated with earlier known Finally, it is possible to emphasize the difference in the
experimental data primarily obtained by Raman or infrareoqescr'pt'on _of central components of Ion_gltudlnal polariza-
spectroscopy on KDP and DKDP lattices. One notes that thon fluctuations by employing the tunneling model and the
model qualitatively predicts most of the expected low-MSDPC model. As was mentioned above the tunneling
frequency modes in KDP and DKDP lattices. Even more model describes the isotope effectTigin the framework of
some of simulated modes show structural features which catiie displacive nature of the phase transition. This was addi-
be additionally correlated with experimental data. tionally supported by a description of the pressure-induced

The properties of the simulated CP in the PE phase havehange of the CP line shape. However, there are three impor-
been investigated in order to resolve the character of the sofant disagreements between the experimental data and tun-
mode in KDP. It was shown that according to the MSDPCneling model predictions(i) The soft mode below, is the
model the soft mode is of oscillatory character at high tem-CP mode and not th8 mode as suggested by the tunneling
perature(460 K). The frequency of the mode softens by de-model. (ii) In the process of H:D exchange theS mode
creasing the temperature and, n@ar, an additional relax- shifts to the higher frequencié$,opposite to what is ex-
ation type of mode appears as the soft mode. Thus, the modpécted for deuterated lattices in the tunneling modi@l)
supports a crossover from the displacive to the order-disordekccording the pressure experiment the shortening of the hy-
relaxation mechanism in the PE phase. In the PE phase dffogen bond induces an inelastic peak. This inelastic peak
DKDP the order-disorder description is valid up to 460 K appears to be due to a decrease of the soft-mode damping
and 7, shows an isotopic effect. and not due to an increase of the frequéA@s can be ex-

In the FE phase of KDP and DKDP, along with expectedpected if this frequency is related to the tunneling
inelastic peaks, the CP appears in the calculated spectral defnequency? As was shown above the MSDPC model sup-
sity of longitudinal polarization fluctuations as a result of theports all of these experimental features, showing that the
relaxational mode, in accordance with an order-disordemtroduction of proton tunneling is not essential for a descrip-

mechanism. tion of the phase transition in KDP lattices.

1V.H. Schmidt, Ferroelectricg2, 157 (1987). 8H. Sugimoto and S. Ikeda, Phys. Rev. L&, 1306 (1997).
2M. Tokunaga and T. Matsubara, Ferroelectfi&s 175 (1987. 9D. Merunka and B. Rakvin, Phys. Rev.@®, 11 967(2000.
3R. Blinc, J. Phys. Chem. Solidk3, 204 (1960). 104, Sugimoto and S. Ikeda, J. Phys.: Condens. Mafte5561
41.P. Kaminow and T.C. Damen, Phys. Rev. L&, 1105(1968. (1994.

5Y. Tominaga and H. Urabe, Solid State Commdih. 561(1982.  ''H. Sugimoto and S. lkeda, J. Phys.: Condens. MaBe603
6S. Shin, Y. Tezuka, S. Saito, Y. Chiba, and M. Ishigame, J. Phys. (1996.

Soc. Jpn63, 2612(1994. 12y, Takagi, Ferroelectricg2, 67 (1987).
’S. Yoshioka, Y. Tsujimi, and T. Yagi, Solid State Commu06, 13T, Shigenari and Y. Takagi, J. Phys. Soc. J$#.1650(1977
577 (1998. 14y, Tominaga, M. Kasahara, H. Urabe, and |. Tatsuzaki, Solid

174101-8



MOLECULAR DYNAMICS SIMULATION OF THE SOFT . .. PHYSICAL REVIEW B 66, 174101 (2002

State Commun47, 835(1983. 20F Brehat and B. Wyncke, J. Phys. Z1, 4853(1988.
5B, Wyncke and F. Breat, J. Phys. A9, 2649(1986. 2IM. Tokunaga and I. Tatsuzaky, Phase Transitién87 (1984.
16, Agui and Y. Tominaga, J. Phys. Soc. Jii2, 832 (1993. 22p 5. Peercy, Phys. Rev. Le#tl, 379(1973.
M. Haile, Molecular Dynamics Simulatioriwiley, New York, ~ 23P. Simon, F. Gervais, and E. Courtens, Phys. Re®7B1969
1992. (1988.

18M.E. Lines and A.M. GlassPrinciples and Applications of Fer- 24 A, Volkov et al, Ferroelectric5, 531(1980.
roelectrics and Related Materiallarendon, Oxford, 19%7 25G. Collizi, J. Kohanoff, and R.L. Migoni, Europhys. Conf. Abstr.
19k, Brehat and B. Wyncke, Phys. Status Solidil®8 83 (1985. 26A, 6 (2002.

174101-9



