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Molecular dynamics simulation of the soft mode for hydrogen-bonded ferroelectrics

D. Merunka and B. Rakvin
Ruder Bosˇković Institute, P.O. Box 180, 10002 Zagreb, Croatia

~Received 3 May 2002; revised manuscript received 9 August 2002; published 6 November 2002!

Numerical simulations of dipole dynamics have been studied by employing a recently proposed modified
strong dipole proton coupling~MSDPC! 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 peak~CP! appears 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 phase nearTc

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.

DOI: 10.1103/PhysRevB.66.174101 PACS number~s!: 77.84.Fa
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I. INTRODUCTION

The mechanism of the ferroelectric phase transition
KH2PO4 -type ferroelectrics ~KDP! is not yet fully
explained.1,2 One of the peculiar properties, which is n
easy to incorporate in the model, is a description of
simple H→D isotope exchange effect on the phase transit
temperatureTc . Thus, a large shift ofTc from 122 K to 225
K, due to isotope exchange, appears to be one of the m
powerful tests for the quality of the proposed model.

The first widely accepted model offering a solution f
this problem, based on proton tunneling in the doub
minimum potential, was proposed by Blinc.3 The large in-
crease ofTc caused by the exchange effect is explained
the difference of tunneling frequency due to the mass dif
ence between proton and deuteron. In the suggested tu
ing model the collective tunneling motion coupled with t
polar phonon mode softens to trigger the phase transit
The low-frequency polar mode was later detected as an
tense central peak~CP! in the Raman spectrum4 and has been
interpreted as a ferroelectric overdamped soft mode cou
with the collective proton tunneling mode. Thus, in such
tunneling model the phase transition is of a displacive ty
with a softening of the optical phonon mode. There are s
eral experimental results which are inconsistent with t
model that were discussed in detail.2 Following this discus-
sion one finds that there is no strong experimental evide
for such a proton tunneling mode from the neutron scatte
data and, in addition, the polar mode is heavily overdam
even at room temperature where an underdamped soft m
is expected.

It should be noted that in the Raman spectra it is diffic
to distinguish between an overdamped oscillatory soft mo
which comes from a displacive model, and a relaxatio
mode, characteristic of an order-disorder model, due to s
lar spectrum shapes in the frequency domain. Theref
Tominaga and Urabe5 suggested an additional interpretatio
for the CP observed in theB2 symmetry Raman spectrum
0163-1829/2002/66~17!/174101~9!/$20.00 66 1741
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based on an order-disorder model. In the newly propo
model, the CP is assumed to be composed of two part
polarization fluctuation mode and a libration mode of P4

tetrahedra. Moreover, the additional experimental data
tained later by far-infrared reflectivity6 and impulsive stimu-
lated Raman scattering7 support order-disorder phase trans
tion. However, it should be noted that the explanation fo
physical origin of exchange effects was not included in
model.

Recently Sugimoto and Ikeda8 proposed a strong dipole
proton coupling~SDPC! model with a large isotope effect o
the transition temperature without including the tunneli
motion of protons. In the SDPC model the isotope effec
due to the difference in ground-state energies between pr
and deuteron in the potential of the hydrogen bond affec
by the ordering of the dipole moments~induced by distortion
of PO4 tetrahedra!. A new improvement of the SDPC mode
was also recently suggested9 by introducing continuous
three-dimensional changes of the dipole instead of o
dimensional changes only along thec axis, as was consid
ered in the original SDPC model. The influence of the int
duced modifications on the ferroelectric phase transition w
examined by employing a Monte Carlo calculation.9 It is
shown that the spontaneous polarization along the polac
axis in the vicinity ofTc is better described with the modifie
SDPC~MSDPC! model than with the original SDPC mode
The additional superiority of the MSDPC model compared
the original model is the ability to describe the discontinu
in the transversal dielectric constant aroundTc . Moreover, it
is also shown that the MDSCP model reduces a gap betw
the previously calculated and experimentally detected s
of Tc for the isotopic exchange effect.

The efficiency of the MSDPC model to predict the isoto
effect in Tc and transversal dielectric constant anomaly s
gests that it can be used for a more detailed description
phase transition in KDP lattices. In this work the MSDP
model will be employed to examine the dynamic propert
of the phase transition in hydrogen bonding ferroelectri
©2002 The American Physical Society01-1
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The Langevin equations, with potential derived from t
MDSPC model, are used in numerical calculations of
longitudinal and transversal polarization dynamics in KD
and DKDP crystal lattices. In the calculated longitudinal p
larization fluctuation spectra, a CP appears and increase
reachingTc from below. Above and nearTc , the CP also
dominates the spectra and gives us an opportunity for a
tailed study of the dynamic mechanism in the vicinity ofTc .
Moreover, together with expected peaks, transversal po
ization fluctuation spectra also show a flat low-frequen
anomaly for KDP and CP for DKDP. All these results will b
discussed and correlated with experimental data.

II. MODEL AND COMPUTATIONAL DETAILS

The calculation and simulation procedure will be pr
vided in two steps. The H~D! ground-state energy terms i
the potential energy of the dipole system have nonlin
form and an analytical approach to the problem is poss
only nearT50 K. Thus, in the first step, a harmonical a
proximation of the equations of motion will be applied a
dynamical parameters for the lowest longitudinal~polarized
alongc) and transversal~polarized alonga,b) modes will be
calculated. In order to study the polarization dynamics i
wide temperature range~up to 460 K!, numerical integration
of the classical Langevin equations will be undertaken in
second step.

Before starting to simulate the dynamics of dipole m
ments by employing the model, the main characteristics
the model can be briefly summarized. In the MDSCP mo
a unit PO4 dipole in the three-dimensional hydrogen bo
network such as KDP is not directed only alongc axis and
can be described as a vectormi5(m i

a ,m i
b ,m i

c) with compo-
nents along the crystal axis (a,b,c). In the SDPC model, the
proton position and ground-state energy directly depend
the interaction with the two neighbor dipoles and it is d
scribed as the forceF5K(m i1m j ) along the oxygen-
hydrogen-oxygen bond with a constant of proportionality,K.
An additional new constant of proportionality,K' , has been
introduced in the MDSCP model to describe the transve
dipole interaction. The new form of the forceFi 8,r which
acts on H~D! was obtained earlier@Eq. ~1! in Ref. 9#. In a
similar way the parameters of elastic deformation energyA
and A' , are introduced into the potential energy given f
the system ofN dipoles and 2N hydrogen bonds:

Epot5(
i 51

N FA'

2
~m i

a21m i
b2!1

A

2
m i

c2G
2 (

i 851

N/2

(
r51

4

~Ah21I 2Fi 8,r
2

2h!. ~1!

The first term describes the elastic deformation ene
(A,A'.0) of the tetrahedra for an induction of dipoles
the arbitrary direction and the second term describes
ground-state energy of 2N protons or deuterons. The param
eterh describes the effect of mass~H or D! and the geomet-
ric effect while the parameterI is approximately the same fo
both lattices.8,9
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For a description of the dynamics behavior ofN dipoles in
the ferroelectric phase~nearT50 K), the same classical ap
proximation to the motion of dipole moments has been u
as in the SDPC model10,11 and can be represented by th
following equations:

M'

d2m i
a

dt2
52

]Epot

]m i
a

,

M'

d2m i
b

dt2
52

]Epot

]m i
b

, i 51, . . . ,N, ~2!

M
d2m i

c

dt2
52

]Epot

]m i
c

.

As can be noted here, the two additional equations
added in the MDSCP model and it is expected that the ef
tive mass of the dipole moment in the transverse direct
M' differs from the effective massM along thec axis. Fol-
lowing a procedure similar to that done earlier,10 it is ex-
pected that in the ferroelectric phase~nearT50 K) most of
the dipole moments differ slightly from the saturated dipo
~dipole directed along thec axis with saturated valuems).
The linearized equations of motion are obtained by expa
ing the right-hand sides of Eq.~2! to a linear term in the
small deviations of the dipole from the saturated one. The
modes of the dipole moment wave, with wave vectork, ap-
pear as solutions for two dipoles per unit cell. The problem
simplified for the center of Brillouin zone (k50) where the
longitudinal mode~along c) and transversal mode~along
a,b) are decoupled.

The two longitudinal modes are the ferroelectric and a
tiferroelectric mode with frequenciesvFE5A( f 014 f 1)/M
and vAFE5A( f 024 f 1)/M . The force constantsf 0 and f 1
have the same meaning as in the SDPC model, but t
values are different in the MSDPC model and they are c
culated from the MSDPC parameters~Table I in Ref. 9! and
presented in Table I. The value for the effective massM is
adjusted so that the ferroelectric mode frequency (vFE
5150 cm21 for KDP! has the same value as the frequen
of the lowest experimentally detectedA1 mode (S
mode!.12,14 This value ofM leads to the longitudinal mode
frequencies in KDP and DKDP as shown in Table I.

The four additional new modes obtained inside the M
DCP model are related to the transversal dipole dynamic

TABLE I. Evaluated parameters for the longitudinal polarizati
by employing the characteristic constantshH5110 meV,ms

H54.8
310230C m, andt052310214 s.

f 0 f 1 M vFE vAFE

hH/(ms
H)2 hH/(ms

H)2 t0
2hH/(ms

H)2 (cm21) (cm21)

KDP 1.46 20.09 3.405 150 195
DKDP 1.74 20.03 3.405 184 195
1-2
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MOLECULAR DYNAMICS SIMULATION OF THE SOFT . . . PHYSICAL REVIEW B 66, 174101 ~2002!
can be noted that two degenerate low-frequency modesv2

5A( f 0
'12 f 1

')/M' involve the motion of protons while the
other two high-frequency degenerated modes,v1

5A( f 0
'22 f 1

')/M' appear without proton motion. Th
modes polarized in a direction perpendicular to thec axis are
expected to be detected in the infrared reflectivity spect
copy as well as in Raman spectroscopy withB1 andB2 sym-
metry species in the ferroelectric phase~FE!. Indeed, in the
low infrared spectroscopy of KDP several peaks at 100, 1
131.5, 180, and 242 cm21, assigned as three translatio
modes of K-PO4 and two libration modes of PO4, can be
found in the FE phase.15 Since there is no additional infor
mation to obtain a more accurate correlation between th
five experimental and two calculated modes, the effec
mass M' is adjusted to reproduce the lowest-frequen
modev25100 cm21. Values for transversal force constan
f 0
' and f 1

' , together with transversal mode frequencies, w
calculated from the MSDPC parameters9 and are given in
Table II. Smaller values of transversal effective dipole m
and transversal force constants compared to their longit
nal counterparts are obtained by adapting the low
frequency mode together with the value of the transve
dielectric constant («a;59 at 140 K!.

The peak positions ofvFE in KDP and DKDP~Table I!
show an expected isotope effect. One notes that the p
position in DKDP is at a frequency 1.23 times higher th
that of KDP. This is in accordance with Raman spectrosc
data for the S mode14 ~for KDP, v5142 cm21 at T
5100 K, and for DKDP,v5165 cm21 at 213.6 K!. The
obtained values for antiferroelectric~AFE! modes @vAFE
5195 cm21 ~Table I!# are in closer vicinity to the experi
mentally measured antiferroelectric modes~114, 160, and
214 cm21) ~Ref. 16! than the same frequency calculated f
the SDPC model (vAFE573 cm21).

For the study of the motional dynamics ofN dipoles in the
vicinity of the phase transition, a more rigorous treatme
beyond the linear approximation, is required because
nonlinearity of the equations becomes important. The lo
range part of the direct interaction between dipole mome
is expected to induce fluctuations of the dipole momen
Thus, these effects can be described by employing a se
Langevin equations in terms of stochastic forces and da
ing,

M'

d2m i
a

dt2
52

]Epot

]m i
a

2G0M'

dm i
a

dt
1Fi

a~ t !

TABLE II. Evaluated parameters for the transversal polarizat
by employing the characteristic constantshH5110 meV,ms

H54.8
310230 C m, andt052310214 s.

f 0
' f 1

' M' v2 v1

hH/(ms
H)2 hH/(ms

H)2 t0
2hH/(ms

H)2 (cm21) (cm21)

KDP 0.091 20.009 0.508 100 123
DKDP 0.105 20.003 0.508 117 123
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M'

d2m i
b

dt2
52

]Epot

]m i
b

2G0M'

dm i
b

dt
1Fi

b~ t !, i 51, . . . ,N,

~3!

M
d2m i

c

dt2
52

]Epot

]m i
c

2G0M
dm i

c

dt
1Fi

c~ t !,

where Fi(t) and G0 are the stochastic force and dampin
constant, respectively. The behavior of stochastic force
determined by condition

^Fi
a~0!F j

b~ t !&52G0MakTd i j dabd~ t !. ~4!

Following this condition forFi
a~t!, the temperature of the

system,T, is kept at a constant value.
In the simulation, a unit cell corresponds to the tetrago

unit cell of the crystal with four PO4 tetrahedra. A model
system is the three-dimensional~3D! supercell, which con-
sists of 23232 unit cells. Simulation of the dipole dynam
ics is calculated for such model system ofN532 PO4 di-
poles by imposing periodic boundary conditions and usin
Verlet algorithm.17 The stochastic force acting on the dipo
moment holds at a constant value over the time intervalDt
5t0/2. The integration step (0.5310214 s) and time interval
(1310214 s) are shorter than the fastest oscillation in t
system (;20.0310214 s). It is convenient to introduce di
mensionless variables proportional toa andc polarization,

sa~ t !5
1

Nms
H (

i 51

N

m i
a~ t !,

sc~ t !5
1

Nms
H (

i 51

N

m i
c~ t !, ~5!

and to define spectral density functions which are prop
tional to experimentally measured Raman spectral inte
ties:

G~sc ,v!5
1

2pE2`

`

^@sc~0!2^sc&#@sc~ t !2^sc&#&eivtdt,

G~sa ,v!5
1

2pE2`

`

^sa~0!sa~ t !&eivtdt. ~6!

It can be noted that in the simulation procedure the dam
ing constant remains as the one unknown and tempera
independent parameter.

III. RESULTS AND DISCUSSION

The molecular dynamics simulations have been p
formed by employing classical Langevin equations. Spec
densities were evaluated in the wide temperature inte
aroundTc . The phase transition is obtained in the vicinity
130 K and coincides with earlier Monte Carlo calculations
Tc . Temperature dependences of the spectral densi
G(sc ,v), calculated for the damping constant (G0
526.5 cm21) in the FE phase and in the paraelectric~PE!

n

1-3
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D. MERUNKA AND B. RAKVIN PHYSICAL REVIEW B 66, 174101 ~2002!
phase of KDP are shown in Figs. 1 and 2. The choice of
damping constant value was taken in accordance with
medium damping (b/b050.1) case which was suggeste
earlier.11 As is expected in the low-temperature region on
one inelastic peak from the oscillatory mode at 150 cm21

can be seen. This peak exhibits a shift towards lower
quencies with an increase of the damping constant at hig
temperatures. An additional CP is also present in the
phase. The intensity of the CP strongly increases asT→Tc
for T,Tc . In the PE phase, only one broad inelastic peak
around 70 cm21 is obtained at high temperature, nearT
5460 K. Below 380 K, this peak transforms into CP-ty
and its intensity increases asT→Tc for T.Tc . It is known4

that the longitudinal polarization modes can be compa
with well-known B2(z) Raman spectra of KDP in the con
figuration X(YX)Y for the PE phase and withA1(z) in the
FE phase12 where B2(z) modes change intoA1(z) modes
due to the transformation fromD2d to C2v symmetry atTc .
In the FE phase, Raman spectra also show an additional

FIG. 1. Spectral densities calculated forG0526.5 cm21 along
the polar axis of KDP at several temperatures in the ferroelec
phase.

FIG. 2. Spectral densities calculated forG0526.5 cm21 along
the polar axis of KDP at several temperatures in the paraele
phase.
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peak (S peak!. In the temperature belowTc the CP mode
disappears and theS peak remains at about 145 cm21, ex-
hibiting behavior similar to simulated spectral densiti
shown in Fig. 1.

The good correlation of experimental Raman spectra
KDP and spectral densities simulated with the MSDP
model was used as a basis for more detailed examinatio
the central part of the spectrum in the PE phase. As is w
known, the central mode is treated as a soft mode and
responsible for the phase transition in KDP. However,
real structure of the central mode is inconclusive regard
the relaxational or oscillatory nature of the mode and
pends on the model involved. Since both of these models
fit the central portion of the Raman spectra, additional c
siderations of experimental and theoretical evidence are
quired for a more accurate description of the nature of
phase transition in KDP. In order to resolve possible con
butions to the soft mode, the calculated spectral densities
multiplied by the square of the frequency and the first d
rivative of these functions is shown in Fig. 3. This form
convenient to resolve the oscillatory contributions from t
relaxational contributions. The contribution of the harmon
oscillator with frequencyv0 appears to be positive with
maximum within the frequency interval (0,v0) and changes
sign atv0. In contrast, the relaxation contribution describ
with correlation timet shows a maximum the position o
which is proportional to 1/t, with a positive contribution in
the whole frequency interval. Indeed, the two types of co
tributions are clearly seen in Fig. 3. The high-temperat
mode ~460–220 K! exhibits clear oscillatory characte
showing a shift towards low frequencies~from 85 cm21 to
60 cm21). The second contribution can be seen as a lo
frequency peak~below 25 cm21) at temperatures below 22
K, with a dominant contribution in the positive region of th
derivative intensity and a maximum which shifts to zero fr
quency. Thus, one concludes that the peak shows relaxat
and soft mode character. This peak gives a dominant co
bution to the spectral density of the whole CP and its te
perature dependence can be approximated by the relax

ic

ic

FIG. 3. The first derivative of the spectral densities multipli
by v2 calculated forG0526.5 cm21 along the polar axis of KDP a
several temperatures in the paraelectric phase.
1-4
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MOLECULAR DYNAMICS SIMULATION OF THE SOFT . . . PHYSICAL REVIEW B 66, 174101 ~2002!
mode functionG0 /(11v2t2), in accordance with the order
disorder mechanism. The inverse relaxation time 1/t shows a
critical decrease according to the relation from the Is
theory of the order-disorder phase transition18 in the vicinity
of temperatureT0,

1

t
5

T2T0

t0T0
, ~7!

wheret0 is an ‘‘isolated spin~dipole!’’ relaxation time. The
calculated central peaks below 180 K in the PE-pha
shown in Fig. 4, are fitted to relation~7! and the parameter
T0512862 K andt051.960.1310213 s are deduced. The
fitted graph is shown in Fig. 5. The calculated points
obtained by employing two different damping constantsG0
526.5 cm21 ~solid circles! and G053.3 cm21 ~solid
squares! as can be seen in Fig. 5. One notes that the ca
lated points are independent of the damping constant be
temperature (T2T0)/T050.4. The independence of th
damping constant is expected for the relaxational mode
thus supports the fact that in the temperature region be
180 K the simulated low-frequency peak reflects an ord
disorder type of phase transition. It should be noted tha
experimentally detected Raman and infrared spectra
similar low-frequency mode with relaxation characteris
was assigned as thef mode5,6,19Additionally, it can be men-
tioned that the evaluatedt0 is in good agreement witht0
51.1310213 s obtained from the pulse Raman experimen7

The similar simulation for DKDP~Figs. 6 and 7! shows
that the CP and the inelastic peak are well resolved in
whole temperature range. In this case, the CP can be
signed to the relaxational soft mode. The inelastic peak
hibits opposite behavior than that expected for a soft mo
its frequency increases with lowering temperature in the
phase. Such behavior is in accordance with an order-diso
model where the relaxation mode originates from the jum
between two potential wells and the oscillatory mode is
lated to oscillations within the potential well minima. It ca
be noted that good agreement exists between the positio

FIG. 4. Spectral densities calculated forG0526.5 cm21 along
the polar axis of KDP at several temperatures in the vicinity
phase transition,Tc , in the paraelectric phase.
17410
g

e,

e

u-
w

d
w
r-
in
e

e
s-

x-
e:
E
er
s
-

of

the lowest experimentally measured20 and calculated oscilla-
tory mode (110–160 cm21) in the FE phase. In the PE phas
nearTc , the intensity of the relaxation mode is around thr
orders of magnitude larger than the intensity of the osci
tory mode and a description of the spectral density with
relaxation mode function, as in the case of KDP, is possib
The parametersT0526464 K andt053.2 0.2310213 s are
deduced by fitting relation~7! in the temperature region (T
2T0,0.4T0). The data are calculated for two differen
damping constants (G0526.5 cm21 andG053.3 cm21) and
presented in Fig. 5. One notes that the fitted data are ne
independent of the damping constant in the monitored te
perature region, supporting the relaxation character of

f

FIG. 5. Temperature dependence of the inverse of relaxa
time of the longitudinal polarization in the paraelectric phase
KDP and N532 dipoles;G0526.5 cm21 ~solid circles! and G0

53.3 cm21 ~solid squares!, for DKDP N532 dipoles; G0

526.5 cm21 ~open circles! andG053.3 cm21 ~open squares!. The
obtained data are fitted to relation~7! and shown as a solid line fo
KDP and as a dashed line for the DKDP lattice. Results for
system ofN5108 dipoles are shown by solid~KDP! and open
~DKDP! triangles.

FIG. 6. Spectral densities calculated forG0526.5 cm21 along
the polar axis of DKDP at several temperatures in the ferroelec
phase.
1-5
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D. MERUNKA AND B. RAKVIN PHYSICAL REVIEW B 66, 174101 ~2002!
central mode. The influence of the size of the model sys
on the temperature dependance of CP widths was also e
ined for both crystals. Simulations were performed on
larger model consisting ofN5108 dipoles and correspond
ing to 33333 unit cells of the crystal. The obtained resu
are shown in Fig. 5. The newly obtainedT0 and t0 param-
eters coincide~within the same amount of error! with the
previous data calculated for the smaller unit cells.

It is shown21 that in the random phase approximation
an order-disorder model the single dipole relaxation timet0
depends on the local dipole potential—i.e., on the heigh
the potential barrierV. On the other hand, the phase tran
tion temperatureTc ~or T0) depends on the interaction en
ergy between dipoles. Significantly largerT0 obtained for the
DKDP lattice compared to the KDP lattice is in accordan
with the expected shift inTc for H→D exchange. According
to the SDPC model, only the parameterh, which describes
an interaction between dipoles@dependent on H~D! mass
and geometry of the hydrogen bond#, is responsible for the
isotope effect inT0. One can note that the obtained isotop
ratio for T0 (;2.1) is somewhat larger than the experimen
one (;1.8). However, by a comparison oft0 values ob-
tained for KDP and DKDP, it can be seen that this parame
is also affected by isotopic exchange. This is an import
result of the present calculation since the parametert0 is
related to a local single-dipole potential. For example,
experimentally measuredt0 for KDP and DKDP~Ref. 7!
shows an even larger ratio (;7) than the ratio obtained her
(;2). Thus, one finds that by changing a single parame
h, one can change the interaction between the dipoles as
as the depth of the potential wells of the dipole.

It should be mentioned that the dynamical behavior n
the critical point could be additionally affected by a dire
dipole-dipole ~DDD! interaction in accordance with th
original SDPC model. As was discussed earlier,9 the DDD
interaction from the original SDPC model was neglected
the present MSDPC model. This was done in order to e
phasize the importance of introducing transversal dip
components, which also interact with protons, and to av

FIG. 7. Spectral densities calculated forG0526.5 cm21 along
the polar axis of DKDP at several temperatures in the paraele
phase.
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additional parameters in the model. Thus, in the MSD
model the whole ferroelectric interaction between the dipo
is due to the isotopic-sensitive interaction via hydrog
bonds. On the contrary, the DDD interaction between lon
tudinal dipoles—i.e., parameterB in the SDPC—model, is
assumed to be insensitive to isotopic exchange. Thus,
expects that the reintroduction of the DDD interaction c
reduce the isotopic ratio forT0 closer to the experimenta
value.

Moreover, because of the high sensitivity ofh to the hy-
drogen bond length, this parameter may be a good candi
for explanation of the behavior of the CP under pressure.
effect of pressure on the KDP lattice can be explained by
change ofh from 110 meV towards larger values. The spe
tral density was calculated as a function ofh at 300 K as
shown in Fig. 8. A clear CP structure for the lowesth and the
change of this structure to the oscillatory-mode-type str
ture for other largerh values may be observed. The da
shown in Fig. 8 can be fitted to the damped harmonic os
lator, and the influence ofh on damping constantG and
frequencyv0 is shown in the inset of Fig. 8. The effect o
pressure on the CP was measured earlier22 and the change o
both G and v0 is in good qualitative agreement with th
predicted behavior due to increasing parameterh in the
model. The effect of increasingh is responsible for the de
creasing interaction between dipoles as well as for the
creasing harmonicity of the local potential, and the dipo
excitation in this vicinity should be considered more oscil
tory in nature. Furthermore, this effect involves less nonl
earity in the model and affects more the linewidth than
frequency of the simulated soft mode~see inset in Fig. 8!. It
is important to note that the appearance of inelastic osc
tory modes in the Raman spectra due to increasing pres
on the KDP lattice can be explained within the MSDP
model without including any tunneling effect.

The temperature dependence of the spectral densities
the fluctuation of polarization in a direction perpendicular
the c axis of KDP has been calculated forG0526.5 cm21

and is shown in Fig. 9. The high-frequency modev05v1

ic
FIG. 8. Spectral densities calculated for several values of

parameterh along the polar axis of KDP at 300 K. The inset show
dependences ofv0 andG on the parameterh.
1-6
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MOLECULAR DYNAMICS SIMULATION OF THE SOFT . . . PHYSICAL REVIEW B 66, 174101 ~2002!
5123 cm21 andG5G0526.5 cm21 ~proton dynamics is no
included in the mode! exhibits invariant behavior in the
whole examined temperature interval~40–460 K!. The low-
frequency mode~proton dynamics is included in the mod!
shows an expected peak atv25100 cm21 with G0
526.5 cm21 in the low-temperature region. The frequen
of the mode shifts to lower frequency values with increas
damping of the mode as temperature approachesTc in the FE
phase. AboveTc the frequency slowly increases from
60 cm21 at 150 K to 70 cm21 at 460 K with decreasing o
the damping constant. A mode with such characteristic
behavior in the PE phase is not experimentally detec
However, the low-frequency spectral density~below
25 cm21) for G053.3 cm21 shows a fast increasing in th
FE phase and nearly constant values in the PE phase~Fig.
10!. This behavior of the low-frequency region originat
from the nonlinear properties of the dipole system and can
qualitatively correlated with the low-frequency flat anoma
experimentally detected in the KDP.12,15,23,24

FIG. 9. Spectral densities calculated forG0526.5 cm21 along
the axis perpendicular to the polar axis of KDP at several temp
tures.

FIG. 10. Spectral densities calculated forG053.3 cm21 along
the axis perpendicular to the polar axis of KDP at several temp
tures.
17410
g

ft
d.

e

Spectral densities of the transversal polarization fluct
tion are also simulated for the DKDP lattice by employin
G0526.5 cm21 at various temperatures~Fig. 11!. One notes
that the low-frequency mode (v25117 cm21) has a slightly
larger frequency than in KDP and it overlaps with thev1

5123 cm21 mode at low temperatures. The CP can be a
seen with maximum intensity around 300 K. Above 300
the intensity of the CP decreases and a broad peak app
around 70 cm21. The v1 mode exhibits the same
temperature-independent behavior as in the KDP lattice o
the entire temperature interval examined. The oscillat
character of the mode at 70 cm21 in the PE phase is sup
ported by the additional simulation of spectral density fo
smaller value of the damping constant (G053.3 cm21). A
clear narrowing of this mode with the unchanged contrib
tion of the CP mode can be seen in Fig. 12. In Fig. 12 o
also notes the narrowv1 mode at 123 cm21, as is expected
Thus, the CP in DKDP can be assigned as relaxation ty
indicating the existence of local potential wells along t
lateral directions6a and 6b. The experimental evidenc

a-

a-

FIG. 11. Spectral densities calculated forG0526.5 cm21 along
the axis perpendicular to the polar axis of DKDP at several te
peratures.

FIG. 12. Spectral densities forG053.3 cm21 along the axis
perpendicular to the polar axis of DKDP at several temperature
1-7
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D. MERUNKA AND B. RAKVIN PHYSICAL REVIEW B 66, 174101 ~2002!
for an additional CP mode in the DKDP was detected inE
mode Raman13 and infrared20 spectra and in dielectric24 mea-
surements. For DKDP as well as for KDP, there is no exp
mental evidence for the existence of a low-frequency tra
versal mode with temperature behavior similar to thev2

mode. However, there is a low-frequency mode
110 cm21, which frequency, contrary to other modes, i
creases in the H→D exchange process similar to thev2

mode.13

IV. CONCLUSION

The recently proposed MSDPC model9 predicts fairly
well the critical behavior of the dielectric constant in th
vicinity of the phase transition along the polar axis and alo
the lateral direction. Therefore, one can an extend invest
tion of the suggested model to the process of the descrip
of dynamical properties of the dipoles in hydrogen-bond
ferroelectrics. Molecular dynamics simulation of the low
frequency modes based on the MSDPC model was stu
by employing numerical integration of the classical Lange
equations. The obtained results, in the form of the spec
density of polarization fluctuations along the polar axis a
along the lateral direction, are correlated with earlier kno
experimental data primarily obtained by Raman or infra
spectroscopy on KDP and DKDP lattices. One notes that
model qualitatively predicts most of the expected lo
frequency modes in KDP and DKDP lattices. Even mo
some of simulated modes show structural features which
be additionally correlated with experimental data.

The properties of the simulated CP in the PE phase h
been investigated in order to resolve the character of the
mode in KDP. It was shown that according to the MSDP
model the soft mode is of oscillatory character at high te
perature~460 K!. The frequency of the mode softens by d
creasing the temperature and, nearTc , an additional relax-
ation type of mode appears as the soft mode. Thus, the m
supports a crossover from the displacive to the order-diso
relaxation mechanism in the PE phase. In the PE phas
DKDP the order-disorder description is valid up to 460
andt0 shows an isotopic effect.

In the FE phase of KDP and DKDP, along with expect
inelastic peaks, the CP appears in the calculated spectral
sity of longitudinal polarization fluctuations as a result of t
relaxational mode, in accordance with an order-disor
mechanism.
y
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The model also predicts the low-frequency flat anom
for KDP and the CP for DKDP in the spectral density
transversal polarization fluctuations as was earlier dete
experimentally. Besides these results, the importance of
cluding transversal dipole components in the model seem
be additionally supported by recent preliminaryab initio
calculations25 for KDP and DKDP. It is shown that unstabl
modes for the atomic configuration in the PE phase were
only the ferroelectric mode polarized alongc, but also two
degenerate modes appearing polarized perpendicular toc.

Additionally, the MSDPC model was employed to d
scribe the experimentally measured, pressure-induced ch
of the CP line shape for KDP at room temperature. The si
lar change in the CP line shape was reproduced by increa
parameterh in the model (h increases as the hydrogen bon
becomes shorter!. In the earlier discussion,22 the same ex-
periment was used as important support for a displacive t
of phase transition associated with proton tunneling. T
above calculation clearly shows that this phenomenon
well as the isotopic effect can be described within the M
DPC model predicting the order-disorder mechanism of
phase transition.

Finally, it is possible to emphasize the difference in t
description of central components of longitudinal polariz
tion fluctuations by employing the tunneling model and t
MSDPC model. As was mentioned above the tunnel
model describes the isotope effect inTc in the framework of
the displacive nature of the phase transition. This was a
tionally supported by a description of the pressure-indu
change of the CP line shape. However, there are three im
tant disagreements between the experimental data and
neling model predictions:~i! The soft mode belowTc is the
CP mode and not theS mode as suggested by the tunneli
model. ~ii ! In the process of H→D exchange theS mode
shifts to the higher frequencies,14 opposite to what is ex-
pected for deuterated lattices in the tunneling model.~iii !
According the pressure experiment the shortening of the
drogen bond induces an inelastic peak. This inelastic p
appears to be due to a decrease of the soft-mode dam
and not due to an increase of the frequency22 as can be ex-
pected if this frequency is related to the tunneli
frequency.2 As was shown above the MSDPC model su
ports all of these experimental features, showing that
introduction of proton tunneling is not essential for a descr
tion of the phase transition in KDP lattices.
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