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Quantum paraelectricity versus ferroelectricity: Nonlinear polarizability model
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The suppression of ferroelectricity by quantum fluctuations is investigated within a nonlinear polarizability
model. A mass dependence of the quantum fluctuation dominated state is discovered which can extend to rather
high temperatures as compared to known quantum paraelectrics. In addition a crossover from order-disorder to
displacive dynamics is observed when ferroelectricity is suppressed. A phase appears in a regime where
deviations from the high-temperature behavior set in, where polar precursors coexist with paraelectric quantum
fluctuations. Elastic stiffness is found to crucially contribute to mode-mode coupling and the stability of the
system.
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Polar dielectrics have been a field of intense research fdoy the rigid ion massn,. The model has various advantages
many decades because of their enormous potential fais compared tab initio approaches, e.g., first principles
applications: In this regard, mainly the huge static dielectric methods! or effective Hamiltonian approach&since it is
constantseg are of interest, which are intimately related to parameter free, highly transparent, and, to a large extent,
the dynamical properties of the system. A limiting factor for gnalytically tractable. It also reproduces, in quantitative
applications is the strong temperature dependeneg.d®e-  agreement with experimental data, many temperature-
cently enormous progress has been achieved here with thgpendent dynamical propertisThe success of the model
discovery of the perovskite-based system CAGD1, s hased on the fact thafectron-latticeinteractions are ex-
which exhibits a nearly temperature-independent dielectricjicitly incorporated. Those have long been believed to be
constant over a broad temperature regime and does not sh Welevant to ferroelectric systems, since these are mostly in-

any Iattlce_ instability A similar stabl!lzatlon of the dlelectrlc_ sulators with a band gap of several eV. The importance of
constant is known to take place in quantum paraelectrics

e SITQ (Re. 3 and KTaq. where comlete moce. LECUSIPHonGn weraclone i feroeectcs, Powever '
softening is suppressed by quantum fluctuations. A stabiliza* 9 y

tion of the soft mode at small frequencies and consequentl en ionp and transition metal states triggers the soft mode

large dielectric constants is observed over extended temperdynamics and induce an anisotropic charge distribution fa-
ture regimes, since here the temperature is an ineffectivéoring the polar stat& Phenomenologically this is incorpo-
parameter and the system reacts only upon changing direct &t€d in a shell model representation where a nonlinear core
higher order interactionin this quantum limit the effective Shell coupling atm, is considered® This coupling consists
dimensionality is enhanced @=45 The unexpected finding Of an attractive harmonic tergy and a fourth order repulsive
of isotope-induced ferroelectricity in SrTiQRef. 6 has re-  termg, which tend to compensate each other with decreasing
newed the interest in the quantum fluctuation dominated retemperature. Lattice stability is guaranteed by a second
gime, since conventional anharmonic lattice interaction modnearest-neighbor core-core couplifigbetween the polariz-
els predict the absence of any isotope effeclanits origin ~ able units, whereas the nearest-neighbor couplings
is still debated, but a consistent explanation has been giveifirough the shells only. Since the double well potential de-
in Ref. 7, where it has been shown that in the quantum refined throughg, andg, is in the relative core shell displace-
gime, with the ineffectiveness of temperature, an anomalougent coordinate aty, and siten, i.e., wy,, which defines an
mass dependence of the effective potential sets in, favoring iategrated dipole moment, the exact solutions of the model
lattice instability. differ considerably from conventiondl,-type models. In the
Here we focus on this regime and investigate ¢bepe-  continuum limit kink, breather, and traveling pulse excitons
tition between ferroelectricity and quantum paraelectricity inexist® and in the lattice case nonlinear periodic wave solu-
perovskite-type ferroelectrics. This regime has also previtions have been foudd together with pseudoperiodic dis-
ously been investigated theoretically, where a phenomendglacement patterns on new length scales accompanied by
logically derived equation has been proposed in Ref. 8 te¢harge ordering®
account for the deviations from the high-temperature regime. A very convenient way to study the quantum paraelectric
An approach based on amcomponent vector model for and ferroelectric states is provided by using the self-
structural phase transitions has been presented in Ref. gpnsistent phonon approximatig8PA), which corresponds
where specifically the critical exponents have been shown tto a cumulant expansion of the third order ternwig, in the
change discontinuously in the limit— . Here we use the equations of motioh'®
nonlinear polarizability model in its simplest diatomic linear _ 2 _
chain representatiol?,where the BQ unit is represented by GoWin + OaWiy = Win(Gp + 30a((Wip) D)1 = grwy, (1)
a polarizable cluster mass; while the A sublattice is given  with
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phase transition temperature is defined by the condiipn _
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. . ) FIG. 1. Temperature dependence of the square of the soft mode
wherey is the unit cell reduced mass. Whig andg, have frequency for varying potential barrier height. The inset shows the
to be determined self-consistentfyandf’ are obtained from  high temperature extrapolatdd exirapolated@s function ofg,. Note
the experimental optic and acoustic zone boundary frequenhat the observed seemingly trivial linear relation between
cies which are explicitly given by Te.extrapolatec@Ndg, does not persist at very high temperatures where

w%o(q = 2mla) = 2f/mz,w$A(q = 2mla) saturation of the soft mode frequency setgRef. 10.
= 1my[4f’ + u wfz(q =0)]. _self-con_sisten_tly deriyeq value gfr increases with decreas-
ing barrier height. This increase is caused by the fact that the
In addition measurements of the elastic constants providéipole moment defined by E@2) decreases faster thap
further information orf’. It is important to note here, that at indicating increased electron localization. The parallel shifts
high temperatures and in the limit; >m, the soft mode is  of the soft mode frequency to higher values with decreasing
Iocallzed with zero group velocity approaching the valuepotential barrier height demonstrate that the barrier height in
wf=2f/my. In this limit each atom is independent of its the displacive limit does not affect the Curie constant. Ex-
neighbors and feels only the surrounding electron gas. Thigapolating the linear in temperature regime of the soft mode
corresponds to a large value gf and a large amount of frequency to zero yields the high-temperature extrapolated
screening. With decreasing temperature the ions begin to inF; o ap0/ated Which is shown as a function gj in the inset of
teract with each other and transfer energy to their nelghbours|g 1, and the expected linear relation between both is ob-
to finally become acoustic phonons with frequeney  served. From Fig. 1, it is obvious that a certain critical value
=4f/m,sin’(qa) when the limitgr=0 is reached. Simulta- of g, exists at which the ferroelecric transition takes place. In
neously the acoustic mode is strongly depressed whgn the above example, transitions take place for all values of
>m, andT is large and starts interacting with the soft mode|g,| > 1.52.
with decreasing temperature, which results in anomalies in The mass dependence of the soft mode in the quantum
the elastic properties of the system. In addition, for high regime is shown in Figs. 2 and 3. While in our previous
the shell is infinitely separated from its core and the ion fullycalculation$ on isotope induced ferroelectricity only the in-
ionized, while for decreasing temperature localization sets ifluence of the isotope substitution has been presented, we
and charge density wave formation becomes possible. show here a systematic study of the variationsrpfin the

In the quantum regime the limg:=0 is never fulfiled quantum regime. We see that variations of the polarizable
since the lattice instability is suppressed by quantum fluctuamassm; have very different effects on the dynamics than
tions. Using Eqs(4) and(2) this limit can be investigated as those of the rigid ion massy,. Increasingm,, the soft mode
a function of the double-well potential barrier height, andshifts to smaller frequencies and the system is closer to a
typical results for the soft mode frequency as function oflattice instability) as observed in isotope-substituted
temperature are shown in Fig. 1. The barrier height is relSrTi0,.° The soft mode shifts have a parallel behavior here,
evant to the transition mechanism, as deep wells corresporic., the Curie constant does not change with increasing mass,
to the order-disorder limit while shallow wells are typical for while the high-temperature extrapolat&gis strongly mass
the displacive limit. Thug), has been limited to small values dependent. Note that neither,w? nor uw? are constant at
to guarantee that the displacive limit is realized. any temperature, as expected from harmonic theories, but a

In all the cases we investigated the soft mode frequencyonlinear variation with both is observed for small which
saturates at low temperatures by quantum fluctuations and &aturates at large masses ofsge inset to Fig. 2 This ob-
nearly independent of temperature for a rather broad regimservation is important to isotope effects dpwhich are un-
which increases with decreasing barrier height. Simultaconventional in the smalin; limit. Varying the rigid ion
neously, a nearly parallel shift in the soft mode frequency tasublattice massn, has different effects on the soft mode,
higher values is observed. This is due to the fact that thgince here the extrapolatéld is nearly independent ah,
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FIG. 4. The phase diagram of the quantum fluctuation domi-
. ' nated regime and the ferroelectric regime as a function of the in-
20 40 60 volved massesy, m,. The valueg, qiicar defines the potential bar-
Temperature [K] rier height at which a ferroelectric state appears.

FIG. 2. Temperature dependence of the square of the soft modgom displacive to order-disorder dynamics. In this regime
frequency for varying massy. The inset shows the squared soft ferroelectricity can easily be induced by small variations in
mode frequency as function of; at different temperatures. m,.
On the other hand, in the displacive limit the mass depen-
while the Curie constant becomes strongly mass dependerdence is less pronounced and nearly vanishes for sufficiently
A comparison to perovskite ferroelectrics is possible hergargem,. Obviously small masses more easily facilitate tun-
only if g, andg, do not change with changing mass. This  neling dynamics between the potential wells and freezing
is, however, mostly not the case, since the experimentallihto either of the wells at the critical temperature than heavy
determined temperature dependencies of the soft modes vaginits which follow the displacive soft mode dynamics with a
considerably from compound to compound, and it is just thisnuch longer time scale. The crucial role of the polarizable
temperature behaviour which yields the self-consistent valsublattice mass for the phase diagram can be further investi-
ues ofg, andg,. Correspondingly our results are not appli- gated by comparing the onset temperature of quantum fluc-
cable to replacing, e.g., Sr in SrTi®y Ba. Instead these tuations, i.e., the deviations from the high-temperature be-
results apply to systems where theion sublattice mass is havior of the soft mode, with the extrapolated meanfield
replaced by its isotope, and it is hoped that correspondingrcﬁ,)<trapolated respectively, the real instability poifit, where
experiments will be performed in the future. |g,| is larger than the critical value beyond which a ferroelec-

A mass-dependent phase diagram can be constructed Byc instability sets in. This is shown in Fig. 5. A new regime
calculating, for given mass, the critical valuegfat which  in the phase diagram appears which is dominated by quan-
the ferroelectric instability takes plaa&ig. 4). While, as  tum fluctuations but simultaneously carries polar character
expected from Fig. 3, the variation of, has nearly no effect due to the proximity to the ferroelectric state. We term this a

on the phase diagram, changesripare crucial to the exis- “polar quantum” state. In this state the elastic properties are
tence regime of both phases. For snmjlquantum fluctua-

tions dominate the dynamics. In addition the critical value .
. . . . Extrapolated T,
|g,| increases strongly in this limit indicative of a crossover ; * Onset temperature
] of quantum fluctuations
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FIG. 3. Temperature dependence of the squared soft mode fre- FIG. 5. The high-temperature extrapolatBg.yapolaed@nd the
quency for varying masay. The straight lines correspond to ex- temperature at which quantum fluctuations set in, i.e., the tempera-
trapolations from the high-temperature regime and their intersecture where deviations from meanfield behavior occur, as functions
tions with the temperature axis defifig exyrapolated of my.
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has competing effects on the dynamics since it would lead to
complete electron localization at finite wave vector, i.e.,
charge-density-wave formation, but this is inhibited by the
soft mode induced precursor effects. Increase$’ jr'stiff-
ening,” lead to dramatic decreasesgf, which brings the

w[THz]

of [THZ] system to its s_tability Ii_mi'g where_optic and acou_stic _modes
start mixing(Fig. 6). This in turn induces anomalies in the
1.67 . acoustic mode dispersion at small wave vectors which cru-
. * cially affect the elastic propertigsee inset to Fig. )6 Thus
10 the stiffening has the paradoxied role of simultaneously soft-

ening not only the transverse optic mode but also inducing
elastic softening on new length scales. Experimentally, ex-
actly this behavior has been observed—not in the quantum
limit but in the vicinity of the structural phase transition—in
PbTiO; (Ref. 20 where an increased softening of the soft

047 mode occurs close td. coinciding with anomalies in the

I transverse acoustic branch at small wave vector. Varying the
0.0 7= T T T ' core-shell coupling has no effect at all on the soft mode or

0 20 40 60 80 100

the Curie constant, since the selfconsistency Ifiegs. (4)
and (2)] automatically adjusts the value of to keepw?
FIG. 6. Temperature dependence of the squared soft mode fr&€onstant.

Temperature [K]

quency for various values df. The inset shows the lowest two In conclusion, we have studied the existence regimes of
lattice modes as a function of wave vectprfor the largest and quantum fluctuations in ferroelectric systems as functions of
smallest value of’ in the figure. the double-well potential barrier height, the masses, and the

elastic properties. While the variation of the rigid sublattice

anomalou¥’ and indicative of the formation of preformed mass has nearly no effect on the phase diagram, the role
polar clusters. With increasing mass, which corresponds played by the polarizable mass is crucial: it defines not only
to a stabilization of the polar instability, the new phase dethe phase boundary between the polar and the quantum
creases and the phase boundary lines merge. paraelectric state, but also governs the dynamics, which are

As can be seen in Fig. 5, quantum fluctuations are nodriven from displacive to order-disorder with decreasing
restricted to small temperatures but can be present at ratherassm,. A phase is observed whan, is varied wherein
high temperatures if the polarizable mass is small. In thigjuantum fluctuationsoexistwith polar precursor dynamics
regime an unexpected and interesting role is played by thevidenced by anomalies in the elastic constadhfs inter-
core-core coupling between the polarizable uritswhich  esting role is found to be played by the elastic properties of
determines the elastic properties of the material since in ththe system: a stiffening interaction between the cluster
limit q—0 the acoustic mode is given bw?,(q—0) masses induces strong softening of the optic mode in addi-
=4f'g’a?/m,. As is obvious from Eq(4), the soft mode tion to anomalies of elastic constants on new length scales.
itself does not depend directly dn but only indirectly from  The stiffening also induces a strong competition between
the dynamical information provided through E&). On the  charge-density-wave formation and ferroelectricity, but the
other hand, pronounced optic acoustic mode coupling idatter always prevails. A stabilization of the dielectric con-
known to set in in the vicinity of the phase transition, sincestant at rather high values and over a broad temperature in-
there the optic mode approaches the acoustic mode limiterval can be obtained in this regime and also in the limit of
Stiffening the interaction between the polarizable units thersmall massesn.
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